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a b s t r a c t

In this study the effect of a ramp up to artificial aging (AA) temperature in combination with

natural aging (NA) was analyzed for two different industrial aluminium alloys. The alloys

differ in their Mg/Si ratio as well as their copper (Cu) content. Both alloys have, however, a

comparable amount of solute and dispersoid forming elements. The peak aged conditions of

the alloys were investigated. NA prior to AA reduces the strength as compared with directly

aged regardless of ramping. The hardness up to peak is very similar for conditions with and

without the ramp if NA is performed, but for the Cu rich alloy a clear increase in peak

hardness could be measured when ramped from the supersaturated solid solution (SSSS).

The peak strength plateau is shorter for the ramped samples regardless of the NA time.

Investigations by (scanning) transmission electron microscopy found longer but fewer pre-

cipitates when ramped from the SSSS and an increased precipitate number density when

ramped after NA. Fewer hybrid-type precipitates and less overaged precipitates, e.g. B’, and

more L/C could be found for all ramped conditions. Atom probe tomography measurements

showed that more solute is left in the matrix between the precipitates when ramped directly

from the SSSS. This was related to a lower precipitate number density.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

AleMgeSi(-Cu) alloys, commonly referred to as the 6xxx

series, are widely found in different applications of e.g.

the automotive industry. Their high strength-to-weight ratio,

relatively good weldability, formability and corrosion
C.M. Hell).

d by Elsevier B.V. This
resistance make them an interesting candidate for replacing

other heavier alloys [1].

Alloys of the 6xxx series are age hardened and receive their

strength from the interaction of precipitates which are

embedded in the matrix, with gliding dislocations [2]. The

precipitates are constituted of the main alloying elements (Al,

Mg, Si and Cu) and their formation is sensitively influenced by
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the thermomechanical history of the alloy. By quenching from

the solution heat treatment (SHT) temperature, one creates a

precipitate-free supersaturated solid solution (SSSS) in which

all of the alloying elements sit on Al lattice sites, creating

substitutional point defects. Additionally, a high vacancy

concentration gets trapped within the matrix. Keeping the

SSSS at temperatures in which diffusion cannot be neglected,

usually � 0:3 homologous temperature, the point defects will

group together and form new structures and eventually pha-

ses in the form of precipitates with the ultimate goal of suc-

cessively lowering the systems free energy [3]. First,

coherently embedded clusters are going to be formed in the

SSSS and grow into larger, metastable and semi-coherently

embedded precipitates [4]. Those will ultimately transform

into the alloy's thermodynamic equilibrium phases which are

usually incoherently embedded. During these trans-

formations, the main growth and coherency direction of the

metastable phases is parallel to the <100 > directions of the

parental aluminum matrix [5]. As internally in the alloy the

precipitates undergo changes of their number density, size,

shape and composition; one can externally notice changes of

the alloy's mechanical and physical properties. The typical

precipitation sequence of AleMgeSi alloys is denoted as [6]:

SSSS/Clusters/GP� zones/b
00
/b0;B0;U1;U2/b; Si

For AleMgeSi alloys that contain small amounts of Cu, the

precipitation sequence is [5,7]:

SSSS/Clusters/GP� zones/b
00
; L;C/Q 0;b0

Cu/Q;Si

At peak strength, one finds a maximum amount of b”, L and

some Q0/B0 precipitates [8]. In overaged conditions of the 6xxx

series, one will find that many of the b“ and L phases have dis-

solved or transformed intomoremature phases that follow later

in the precipitation sequence, e.g. Q0 or B0. Quite often the

observed precipitates constitute building blocks of different

typesofphases.Thosephasesarecalledhybridprecipitates [6,9].

A typical heat treatment for a 6xxx alloy consists of the

SHT, the quench to room temperature (RT) and a subsequent

artificial aging (AA) step at elevated temperatures, typically

around 150 �C to 250 �C, to accelerate the precipitate formation

[5]. During that process various parameters can influence the

peak strength of 6xxx alloys. Milkereit et al. [10] reviewed the

quench sensitivity and showed that a critical cooling rate is

needed to suppress quench induced precipitation which can

ultimately reduce the alloys age hardening potential.

The 6xxx0s temperature sensitivity can also be seen in its
Table 1 e Alloy composition measured by optical emission sp
alloys 6110 and 6082 in at. % and wt.%. The range is given in w

Si Mg Cu Fe Mn

6110

at. % 0.734 0.882 0.094 0.083 0.282 0.08

wt. % 0.760 0.790 0.220 0.170 0.570 0.16

0.7e1.5 0.5e1.1 0.2e0.7 < 0.8 0.2e0.7 0.04

6082

at. % 0.878 0.725 0.004 0.102 0.257 0.08

wt. % 0.910 0.650 0.010 0.210 0.520 0.16

0.7e1.3 0.6e1.2 < 0.1 < 0.5 0.4e1.0 <0
characteristic so called “negative effect of natural aging”

[4,11]: Keeping the SSSS of a dense alloy dtypically an alloy

with a solute content � 1at:%d at RT prior to the AA step,

referred to as natural aging (NA), one will see a later onset of

the hardening response and a drop of peak strength relative to

the directly aged (without NA) heat treatment [11]. Much effort

has been put into understanding this. It is now commonly

accepted that NA leads to the co-evolution of several types of

competing clusters, some of which hinder the formation of

precipitates in the following AA treatment [4,11,12]. Not much

effort has yet been put into investigating the effect of ramping

the alloy up to AA temperature. In this work we have selected

two industrial common 6xxx alloys d AA6110 and AA6082 d

and studied the effect of ramping to AA in combination with

NA before AA. The alloys were chosen due to their different

Mg/Si ratio and Cu content but otherwise relatively similar

amount of dispersoid forming solute. The alloys were ramped

to AA either directly after thewater-quenchdfrom the SSSSd

or after 28 days of NA, hence from a clustered state.

Investigating the effect of a ramp to AA temperature does

not just give us the possibility of comparing a typical indus-

trial heating process to a heat treatment commonly con-

ducted on lower laboratory scale. But it introduces the heating

rate to AA temperature as a new parameter that can beworthy

exploring. Due to their size or complex geometry, components

produced in industry are usually subjected to the elevated AA

temperatures at a slower pace, compared to the conventional

small-scale samples in research laboratories. Yet in our

experience, precipitate statistics acquired and fed into digital

twins are often from samples that were submerged into pre-

heated oilbaths, as an example one may look into the work

from Myhr et al. [13]. Therefore we investigate the effect of a

linear heating ramp to AA temperature on the hardness evo-

lution, as well as precipitate type and size distribution on two

different industrially relevant 6xxx Al alloys to study how a

slower heating affects the microstructure and properties.

2. Methods and materials

2.1. Alloys and sample preparation

Extruded 6mm thick profiles of the commercial alloys AA6110

and AA6082, in the following refererd to as 6110 and 6082,

were water cut into 20 � 35 � 6 mm rectangular samples. The

alloys’ compositions are given in Table 1. The samples were

ground with a Struers Rotopol 60 from 1200 grit SiC paper down
ectroscopy and the range of chemical composition for the
t. % in accordance to the AA standard.

Cr Zn Ti Zr V B Al

4 0.025 0.011 0.003 0.011 0.008 97.784

0 0.060 0.020 0.010 0.020 0.003 97.217

e0.25 < 0.3 < 0.15 e e e e

3 0.025 0.011 e 0.011 0.010 97.894

0 0.060 0.020 e 0.020 0.004 97.436

.25 < 0.2 < 0.1 e e e e
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to 4000 grit SiC paper. The samples of the two alloys were

solution heat treated for 45 min at 550 �C for the 6110 and

525 �C for the 6082. The SHT and the 0.02 K
sec ramp to AA

temperature were done in a Nabertherm Forced Convection

Chamber Furnace NA 15/65 and Nabertherm Forced Convection

Chamber Furnace NA 17/HR, respectively. The furnaces were

preheated, either to the SHT temperature or to RT.

Quenching was done directly into 25 �C ± 5 cold water. The

AA was carried out at 175 �C ± 0.5 in a preheated Memmert

Oilbath. The samples of the ramped treatments were trans-

ferred after the ramp simultaneously within < 10 s into the

oilbath for further AA. Natural aging was done at RT for 28

days at 20.5 �C ± 0.5. Fig. 1 shows a schematic of the heat

treatment and its inset displays the furnace and sample core

temperature evolution during the ramp to AA. The core tem-

perature was measured by inserting and centering a type K

thermocouple with a 1.5 mm diameter into a 1.6 mm wide

drilled channel and fixating it with a screw.

Resistivity and hardness measurements were carried out

for all conditions after another grinding with 4000 SiC paper.

10 measurements were taken on individual samples per time

step to follow the artificial aging response. The time steps

were: 0 min, 10min, 20min, 40min, 80min, 160min, 5 h, 10 h,

24 h, 3 d, 7 d. Micro hardnessmeasurements were done with a

dwell time of 10 s and a load of 1 kgf at an Innovatest Vickers

hardness testing machine and the resistivity measurements

with a Sigmatest 2.069. Themeasurements of the natural aging

response were taken on one sample each for hardness and

resistivity. Table 2 gives an overview of the different terms
Fig. 1 e Schematic sketch of the heat treatment. The SHT temp

samples were naturally aged at RT for 28 days. Artificial aging tr

started at RT and a 2 h linear ramp up to AA temperature preced

the ambient furnace temperature (blue) and the sample's core t
used to distinguish between the different heat-treatments in

this study.

2.2. TEM sample preparation and (S)TEM setup

TEM samples were prepared by cutting normal to the extru-

sion direction and grinding down to 80 mm thin sampleswith a

final grit of 4000, punching and electropolishing in a Struers

Tenupol-5 electropolishing unit. The electrolyte was a meth-

anol: nitric acid (2:1) mixture. The parameters during the

etching processwere: 20 V, single flow, flow rate: 20, light stop:

60, Temperature: �25 �C ±8.
TEM investigations were carried out on a Jeol JEM 2100with

a LaB6 cathode at an acceleration voltage of 200 keV and a

condenser aperture of 70 mm. The HRTEM images were ac-

quired with a 20 mm objetive lens aperture. The micrographs

were recorded with a Gatan 2k Orius CCD camera. STEM in-

vestigations were carried out on a Jeol JEM ARM200F, double

corrected (S)TEM with a cold field emission gun at 200 keV. A

condenser aperture of 40 mm, corresponding to a semi-

convergence angle of 27.42 mrad and a Gatan detector with

inner and outer collection angle of 51e203 mrad for high-

angle annular dark field (HAADF) recordings were chosen.

2.3. TEM image analysis

As the metastable precipitates are needles, rods or laths with

elongation parallel to <100 > Al, TEM investigations were

performed in grains with these orientations along the viewing

direction. Due to specific grain texture in extruded materials,
erature was 550 �C (6110) or 525 �C (6082) for 45 min. Some

eatment was conducted either in a pre-heated oilbath, or it

ed the isothermal age hardening process. The inset shows

emperature (orange) during the linear ramp.

https://doi.org/10.1016/j.jmrt.2022.10.139
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Table 2 e Used nomenclature to distinguish the 4
different heat-treatments.

Abbreviation Explanation

DAA: Direct Artificial Aging starts in

preheated oilbath, � 2 min natural

aging at room temperature.

DrAA: Direct Artificial Aging with a 0.02

K
sec

ramp starting in cold (RT)

furnace.

NA þ AA: Natural Aging and Artificial Aging

in preheated oilbath after 28 days

storage at room temperature.

NA þ rAA: Natural Aging and Artificial Aging

with a 0.02
K
sec

ramp from RT after

28 days storage at room

temperature.

Fig. 2 e Reconstructed bulk volume of 6110 DrAA

displaying the microstructure at peak hardness. Iso-

concentration surfaces are drawn at a threshold of 11 at.%

Mg þ Si to emphasize the precipitates. All the atoms

recorded are referred to as bulk atoms. The atoms not part

of the precipitates, are referred to as matrix atoms.
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such grains are most likely to be found along the extrusion

direction, which was chosen as viewing direction. The TEM

precipitate statistics quantification builds on [14]. For each

condition a set of bright field (BF), dark field (DF), convergent-

beam electron diffraction (CBED) and high-resolution TEM

(HRTEM) micrographs were taken in the [001] zone axis of Al.

The mean precipitate length lmean was determined by

measuring � 400 precipitates from different BF images. The

thickness t of the same areas was measured through 2-beam

CBED by tilting slightly off zone [15]. The number density

was determined by counting N precipitates per area from DF

images and the corrected number density r per DF was

determined as the average from up to 5 areas, each deter-

mined through [14]:

r ¼ 3N

At
�
1þ lmean

t

� (1)

Through fitting rectangles to � 200 precipitate cross sec-

tions (CS) from HRTEM micrographs, the average CS was

found. Deviations from the mean are expressed through the

standard error for the CS and the standard deviation for r and

lmean.

2.4. APT sample preparation and acquisition

Samples from the DrAA and DAA treatments of both alloys

were prepared for analysis by atom probe tomography (APT).

The sampleswere cut into small rods and ground on SiC paper

to the dimensions 20 � 0.4 � 0.4 mm. A two-step manual

electropolishing method was carried out at room temperature

with a horizontal micro-loop setup [16]. A solution of 25 vol%

perchloric acid in glacial acetic acid was used as electrolyte in

the first step. 10 vol% perchloric acid in glacial acetic acid, as

well as, 2 vol% perchloric acid in 2-butoxyethanol solutions

were used in the second, needle-sharpening step. A polishing

voltage of ~ 20 Vdc and 4e12 Vdc was applied in the first and

second step, respectively.

The APT experiments were carried out with a laser-

assisted Local Electrode Atom Probe, LEAP 5000XS, from

CAMECA. The analyses were performed in laser mode at a

temperature of 30 K and pressure below 3.0 � 10�9 Pa. The

energy of the applied laser pulses was calibrated for each
individual analysis to yield an equivalent pulse fraction of 25%

[17]. The pulse frequency was kept at 250 kHz, and the

standing voltage during the analysis was automatically

adjusted by the instrument in order to maintain a detection

rate of 0.005 evaporation events per laser pulse. 25million ions

were collected during the APT acquisitions for 6110 DAA and

44million for 6110 DrAA. Datasets consisting of 13million and

15 million ions were analyzed for alloy 6082 DAA and DrAA.

2.5. APT data analysis

The softwareAP SuiteTM 6.1wasused for the reconstruction and

analysis of the APT data. A differentiation is made between

atoms belonging to the bulk and to the matrix of the data. The

bulk covers every atom in the volume, while the matrix is the

volume between the precipitated phases, as visualized in Fig. 2.

The bulk composition is the composition of the total analyzed

volume by APT including both the precipitates and the matrix

surrounding them. The matrix atoms belong to the volume be-

tween the precipitates and were extracted by the use of iso-

concentration surfaces. Due to trajectory aberrations caused

by a difference in evaporation fields between the matrix and

precipitate phases, the precipitates in 6xxx alloys typically

appear dilated in the APT data, and their interface with the

matrix is not sharp [18,19]. The thresholds of the iso-

concentration surfaces were, thus, selected as a compromise

between maximizing the matrix volume for further analysis

while excluding both the precipitates and their diffuse interface

https://doi.org/10.1016/j.jmrt.2022.10.139
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with the adjacent matrix. Concentration profiles were addi-

tionally applied to confirm the selected thresholds.
3. Results

In this section the results of the hardness and conductivity

evolution during NA and AA are presented. The precipitate

statistics fromTEM, as described above, is presented aswell as

the precipitate-type analysis for the eight different conditions.

At the end of this chapter, the results from the APT analysis

are given.

3.1. Hardness and conductivity measurements

3.1.1. Change of hardness and conductivity during natural
aging
Fig. 3 shows the hardness and conductivity response for the

two alloys during NA. The hardness evolution during NA

shows for both alloys an initial stage which develops into a

rapid hardening stage after roughly 20 min [12]. During the

initial stage not much change in hardness can be detected.

6082 shows after roughly 300 min a transition into a slow

hardening regime. 6110, however, is still in the rapid hard-

ening stage after the same amount of NA time. The transition

from rapid hardening to slow hardening occurs roughly after

25 h. The 6082 alloy seems to show an additional stage after

roughly 1 month of NA where the hardening kinetics flatten

out.

The conductivity curve shows a qualitatively similar but

opposite behaviour. The onset of clustering, seen by a

decrease in conductivity, seems to start later in the 6110 alloy.

One could argue that there is no apparent initial stage in the

conductivity plot of the 6082 since the conductivity already

changed by 0.1 MS
m within the first 10 min. The onset of the

rapid stage in the conductivity plot looks similar for both al-

loys and is taken as a reference for the end of the initial stage.

The rapid stage of conductivity change can be seen to occur

for the 6082 after 10min of NA. The 6110 alloy shows the onset
Fig. 3 e (a) Hardness curves and (b) Conductivity curves of the 60

and conductivity evolution during NA, as introduced by Banhar

are just a description of the hardness/conductivity evolution and

the two plots.
of the rapid stage after roughly 30 min NA. Even though the

rapid stage starts later in the 6110 it lasts much longer, for

nearly 270 min. The rapid stage of the 6082 seems to have

transitioned into the slow stage after roughly 70 min.

3.1.2. Hardness and electrical conductivity evolution during
artificial aging
Fig. 4 displays the hardness and electrical conductivity evo-

lution of the two alloys during AA for the DAA (blue, solid) and

NA þ AA (blue, dashed) and DrAA (red, solid) and NA þ rAA

(red, dashed) heat treatments. In the 6110 alloy, see Fig. 4 (a)

and (c), the DrAA treatment slows down the AA hardening

kinetics compared to the DAA treatment but increases the

peak hardness value. The NA þ AA and NA þ rAA treatments

of 6110 lead to a delayed AA response and a lower overall

hardness. The hardness plateau is shorter for both heat

treatments with a ramp compared to no ramp. The conduc-

tivity curves of the different heat treatments show little

changes within the first 20 min of AA. However, heat treat-

ments which were subjected to 28 days of NA showed a sub-

stantially lower initial conductivity value compared to the

conditions without NA. After 20 min AA an explosive increase

in conductivity is seen for the DAA treatment. The conduc-

tivity curve of the NA þ AA treatment shows a change in

conductivity which follows after 20 min AA a linear appearing

change in the semi-logarithmic plot. The two ramped heat

treatments (DrAA and NA þ rAA) show a course which is

qualitatively similar to the one of the NA þ AA treatment. In

the overaged regime after around one day of AA, all the curves

seem to follow a similar growth behaviour.

The hardness and conductivity curves for the 6082 alloy

can be seen in Fig. 4 (b) and (d). In general, 6082 shows a lower

hardness compared to 6110, but a higher conductivity. For the

6082, the DrAA treatment does not result in a higher peak

hardness value, nor does it delay the AA response when

comparing to the DAA treatment. The thermal stability of the

hardness for the ramped heat treatments is reduced, as well.

Furthermore, the double peak which is sometimes encoun-

tered in 6xxx type alloys, disappeared when ramped. The
82 and 6110 during NA. The different stages of the hardness

t et al. [12] are indicated. Note that the names of the stages

do not necessarily correspond to the same time stamps in

https://doi.org/10.1016/j.jmrt.2022.10.139
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Fig. 4 e Hardness and conductivity curves of the AA response at 175 �C for (a), (c) 6110 and (b), (d) 6082. The first

measurements of the DAA and NA þ AA treatments were taken right before the AA treatment and relate to either the as

quenched condition (blue solid line) or the 28d naturally aged condition (blue dashed line). The first measurements of the

ramped curves (red) were taken right after the 2 h linear ramp finished and before the isothermal heat treatment started.

The dark arrows in the hardness curves mark the conditions corresponding to 10 h isothermal AA that are near peak

hardness and were chosen for further (S)TEM and APT investigations.
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conductivity curves show a similar trend as the ones of the

6110. The conditions with NA prior to AA showed for the 6082

a lower initial conductivity value. The DAA treatment shows a

strong logarithmic growth behaviour after around 20 min AA

in the semi-logarithmic plot, comparable to the one observed

in the 6110. The NA þ AA heat treatment results in a delayed

exponentially appearing increase of change after 20 min of

AA. The two ramped conditions show a higher similarity in

the change of conductivity with the NA þ AA heat treatment.

During the overaged regime after around one day of AA, the

four heat treatments follow a similar trend which appears

linear in the semi-logarithmic plot.

3.2. Precipitate statistics studied by TEM

The TEM precipitation analysis were conducted on the 4

conditions per alloy after 10 h isothermal AA at 175 �C.
3.2.1. 6110

Fig. 5 shows examples of bright field (BF) and dark field (DF)

micrographs of the peak hardness conditions and the

measured precipitate size distributions. Table 3 summarizes

the results of the TEM analysis for this alloy. The following

observations can be drawn:

� 28days NA reduced precipitate number density but

increased precipitate size regardless of ramping.

� The ramp reduced precipitate number density for

the direct aging case while increasing it slightly after

28days NA.

� DrAA shows an increased precipitate aspect ratio ðlmeanffiffiffiffiffi
CS

p Þ
compared to DAA. This is not seen as drastically for the

NA þ AA and NA þ rAA cases.

https://doi.org/10.1016/j.jmrt.2022.10.139
https://doi.org/10.1016/j.jmrt.2022.10.139


Fig. 5 e Example BF and corresponding DF micrographs for the 4 conditions investigated of the 6110 alloy and the thickness

t of the portrayed images. (a) DAA, t: 58.5 nm; (b) DrAA, t: 52.7 nm; (c) NA þ AA, t: 76.2 nm; (d) NA þ rAA, t: 44.1 nm. All

samples had 10 h of isothermal annealing at 175 �C. The <100 > directions are indicated. (e) Normalized histograms of the

measured needle length with a binwidth of 5; (f) Normalized histograms of the measured CS with a binwidth of 3.

Table 3 e Summary of the precipitate statistics for alloy 6110 after 10 h isothermal AA at 175 �C.

AA from SSSS AA after NA

DAA DrAA NA þ AA NA þ rAA

Average needle length [nm] 10.6 ± 0.5 19.0 ± 0.8 27.0 ± 1.2 28.9 ± 1.2

Average CS [nm2] 9.9 ± 0.4 9.1 ± 0.4 12.3 ± 0.6 12.8 ± 0.7

Precipitate aspect ratio 3.4 6.3 7.7 8.1

Average number density ½ #

mm3
	 (133 ± 16.8)x103 (85 ± 18.8)x103 (51 ± 9.2)x103 (64 ± 2.2)x103

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 1 : 4 2 2 4e4 2 4 04230

https://doi.org/10.1016/j.jmrt.2022.10.139
https://doi.org/10.1016/j.jmrt.2022.10.139


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 1 : 4 2 2 4e4 2 4 0 4231
3.2.2. 6082
Fig. 6 shows BF and DF micrographs from the 6082 alloy for

the analyzed 10 h AA at 175 �C conditions and the measured

precipitate size distributions. Table 4 summarizes the re-

sults of the TEM analysis of the 6082 alloy. The following

observations can be drawn:

� 28days NA decreased the precipitate number density and

increased the precipitate CS if not ramped.
Fig. 6 e Example BF and corresponding DF micrographs for the 4

t of the portrayed images. (a) DAA, t: 40.3 nm; (b) DrAA, t: 44.5 n

samples had 10 h isothermal AA at 175 �C. The <100 > direction

needle length with a binwidth of 5; (f) Normalized histograms o
� The ramp increased the precipitate number density and

lowered the precipitate CS after NA.

� The ramp decreased r and increased the average precipi-

tate length when directly aged but lowered the average

length for ramping after NA.

3.3. Precipitate types studied by HAADF-STEM

The precipitate types were analyzed on the basis of several

HAADF micrographs of precipitate CS taken in the bulk of a
conditions investigated of the 6082 alloy and the thickness

m; (c) NA þ AA, t: 50.9 nm and (d) NA þ rAA, t: 43.5 nm. All

s are indicated. (e) Normalized histograms of the measured

f the measured CS with a binwidth of 3.
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Table 4 e Summary of the precipitate statistics for alloy 6082 after 10 h isothermal AA at 175 �C.

AA from SSSS AA after NA

DAA DrAA NA þ AA NA þ rAA

Average needle length [nm] 25.0 ± 1.1 31.0 ± 1.4 39.2 ± 1.7 31.1 ± 1.7

Average CS [nm2] 10.2 ± 0.4 9.8 ± 0.5 12.7 ± 0.7 7.5 ± 0.4

Precipitate aspect ratio 7.8 9.9 11.0 11.4

Average number density ½ #

mm3
	 (63 ± 5.5)x103 (52 ± 3.9)x103 (39 ± 1.2)x103 (65 ± 4.4)x103
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grain. Precipitates that grew on dislocations or dispersoids

were omitted. The images of those precipitate CS were cate-

gorized into five different groups based on the occurrence of

typical building blocks of different phases and phase-typical

morphologies:

1. b
00
perfect: Perfect b”-type precipitates contain only the “eye”-

like b”-building block [5]. Structural imperfections, like the

visible incorporation of Cu or stacking faults were toler-

ated. In the example images of b
00
perfect and b

00
Hybrid in Figs. 7

and 8 the typical b”-eye is highlighted.

2. b
00
Hybrid: Hybrid b”-type precipitates show a large continuous

region of b”, but other phases, e.g. U2 or Q0 were structur-

ally incorporated into the precipitate CS. In the example

image of a b
00
Hybrid from Fig. 7, the Q0 building block is high-

lighted besides the b”-eye.

3. L/C: The<100 > oriented precipitates of the hybrid L-type or

ordered C-type [7].

4. Q0/B0: Precipitates showing structures of the isostructural Q0

and B0 phases, as seen in Figs. 7 and 8.

5. Hybrid/post-b”: Phases that did not fit into one of the other

categories. Typically overaged phases, e.g. b0, U2, or hybrid

phases without a dominating sub-structure.

To avoid searching biased for precipitates, e.g. by the

strong contrast of Cu-rich precipitates, the magnification was

always kept at 10 M � or higher while searching through the

grains. Table 5 and Table 6 display the occurrence and the

amount of measured precipitates for the two alloys and the

different heat treatments. The main occurring precipitate

after 10 h AA was of the b“-type for all conditions. However, it

can be seen that ramping and NA influenced the relative

occurrence of the different precipitate types.

NA for 28 days increased the amount of hybrid phases and

post-b“ in both alloys. For the Cu-rich 6110, ramping led to an

increase of the L/C phase, aswell as a reduction of b
00
hybrid. For the

6082 a slight increase ofB’ phaseswas foundwhenno rampwas

applied. The ramp, on the other hand, led to the increase of

b
00
perfect. Figs. 7 and 8 display example precipitates of each of the

categories found in the two alloys.
Table 5 e Summary of the precipitate type statistics for alloy 6

b
00
perfect b

00
hybrid

L/C Q

DAA 48.6% 35.1% 2.7%

DrAA 43.8% 18.8% 25%

NA þ AA 16.8% 28.6% 23.4%

NA þ rAA 20.7% 12.1% 36.2%
3.4. APT analysis

The concentration of solute in bulk after 10 h isothermal AA

treatment for DAA and DrAA is presented in Table 7 for 6110

and Table 8 for 6082. Some deviations in the measured com-

positions from the given alloy compositions are expected. APT

measurements are done on a small volume of the material

and provides insight into the local microstructure and

chemical composition of that volume. A surplus of Cu can be

linked to re-deposition of Cu during sample preparation by

electropolishing [20]. Furthermore, a portion of Si has already

been consumed by primary particles and dispersoids [21].

The tables display three columns for each condition. The

bulk composition is the overall composition of Mg, Si and Cu

measured in the full dataset. The matrix composition is that of

Mg, Si and Cu in regions outside of the precipitates. The col-

umn named solid solution represents the amount of solute

remaining in thematrix, and is given as the ratio of thematrix

concentration to the bulk concentration of each element. The

higher the value given in this column, the larger is the amount

of the total solute content still in solid solution at the analyzed

peak hardened conditions.

3.4.1. 6110
For the Cu-containing Mg-rich 6110, a clear difference between

theDAAandDrAAheat treatments can be seen in theAPT data.

Iso-concentration surfaces set at a thresholdof 1.3 at.%Mgwere

used to extract thematrixvolumebetween theprecipitates. The

measuredmatrixcompositionofDAAandDrAAwerecompared

to their respective measured bulk composition, to calculate the

degree of solute depletion between the precipitates. The

amount of solute left in the matrix between the precipitates is

significantly higher for theDrAA compared to DAA. TheMg and

Si contentof6110DrAAisabout twoandthree timeshigher than

for the 6110 DAA. The largest standard deviation of the statis-

tical error of themeasuredbulk andmatrix solute compositions

is below 0.003 at.%.

3.4.2. 6082
The matrix of 6082 DAA and 6082 DrAA was extracted by

removing the precipitates defined by iso-concentration sur-

faces drawn at 0.35 at.% Mg. The solute remaining in the
110. Percentages may not total 100% due to rounding.

’/B0 Hybrid/post-b” Measured precipitates

e 13.5% 37

e 12.5% 17

e 31.2% 77

e 31% 58
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Table 6 e Summary of the precipitate type statistics for
alloy 6082. Percentages may not total 100% due to
rounding.

b
00
perfect b

00
hybrid

L/C Q’/B0 Hybrid/
post-b”

Measured
precipitates

DAA 53.1% 25% 6.3% 9.4% 6.3% 32

DrAA 80.8% 7.7% e 3.8% 7.7% 26

NA þ AA 35% 17.5% 5% 10% 32.5% 40

NA þ rAA 51.2% 25.6% 4.7% 4.7% 14% 43

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 1 : 4 2 2 4e4 2 4 0 4233
matrix showed no significant difference between DAA and

DrAA treatments for this alloy. The amount of Mg and Si still

dissolved between the precipitates was close to 10% and 30%,

respectively, for both DAA and DrAA. The largest standard
Fig. 7 e Examples of the different precipitate categories in 6110.

of ~6 nm¡1 and share the same scale bar. The precipitates disp

NA þ rAA 6110 sample (b
00
hybrid, L, Hybrid). Atomic overlays of th
deviation of the statistical error of the measured bulk and

matrix compositions in Table 8 was 0.005 at.%.
4. Discussion

4.1. The effect of clustering on the peak strength
microstructure

Esmaeili et al. [22] suggested that the decomposition of

AleMgeSi(-Cu) alloys' as-quenched SSSS is a two-stage process

which can be followed by tracking the change of hardness and

conductivity during NA, refer to Fig. 3. The 28days of NA dis-

integrated the SSSS substantially which can be seen by the in-

crease of hardness by roughly 30HV or the decrease of
The micrographs were Fourier-filtered with a cut-off radius

layed were found in the DAA 6110 sample ðb00
perfectÞ and the

e Q′ and b” building blocks are indicated.
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Fig. 8 e Examples of the different precipitate categories in 6082. The micrographs were Fourier-filtered with a cut-off radius

of ~6 nm¡1 and share the same scale bar. The precipitates displayed were found in the DAA 6082 sample (b
00
perfect, b

00
hybrid, C, B′)

and the NA þ AA 6082 sample (Hybrid). Atomic overlays of the Q′, B′, b” and b
00
hybrid structures are indicated.
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conductivity by ~ 1 MS/m, for both alloys compared to their as-

quenched values. She associated the changes during the initial

stage and rapid stage to so-called quenching clusters while the

further decomposition and change of hardness and conductiv-

ityduring theslowstagewasrelatedtoNAclusters. It isnotmuch

knownabout the clusterswhich formduringNA. The combined

results of different analysis methods indicate that during NA

clusters of different stoichiometry evolve [11,12,23,24]. A

sequence was, however, not found since contradicting results

were found and APTs are running at their detection and sensi-

bility limit due to the small size and similarity of the clusters [4].

The majority of results lets assume that first mono-clusters
Table 7 e Concentration of the solutes Mg, Si and Cu
measured by APT for DAA and DrAA 6110 in bulk and in
matrix as well as the amount of solute preserved in solid
solution.

at.% DAA DrAA

Bulk Matrix Solid
solution

Bulk Matrix Solid
solution

Mg 0.90 0.25 27.9% 0.86 0.49 56.5%

Si 0.41 0.08 19.7% 0.49 0.30 61.1%

Cu 0.19 0.10 51.6% 0.12 0.09 74.8%
evolve, which later on incorporate other elements and develop

into co-clusters. The formation of SieSi mono-clusters can be

assumed to happen early on, due to Si's low solubility in Al and

its high diffusivity. Those SieSi mono-clusters start to incor-

porate Mg at later stages of NA and transform into MgeSi co-

clusters of different stoichiometry [12,23e25]. Peng et al. [26]

showed from first-principles calculations that vacancies can be

incorporated into those different clusters, e.g. SieSi and CueCu

mono-clusters or MgeSi and MgeCu co-clusters, during NA.

This incorporation of vacancies can decelerate the NA kinetics,

and could cause the transition into the slow stage of hardening

or conductivity change, as seen in Fig. 3 (a) and (b). When
Table 8 e Concentration of the solutes Mg and Si
measured by APT for DAA and DrAA treated 6082 in bulk
and in matrix as well as the amount of solute preserved
in solid solution.

at.% DAA DrAA

Bulk Matrix Solid
solution

Bulk Matrix Solid
solution

Mg 0.77 0.06 8.4% 0.73 0.07 9.2%

Si 0.53 0.16 30.9% 0.52 0.16 31.2%
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exposing the clustered SSSS to AA temperatures, a slight soft-

ening due to the dissolution of some clusters, called retrogres-

sion, canbeobserved, see Fig. 4 (a) and (b). Thenegative effect of

clustering in dense alloys of the 6xxx family is then the com-

bined interplay ofmany different effects connected to the early

clusters. Ultimately, heat treatments with NA prior to AA result

in an increasedmaterial hardness at the beginning of AAdue to

the presence of clusters, a later onset of hardness increase

duringAAdue to retrogression and a reducedpeak strength due

to a coarser microstructure [11,27].

The negative effect can be seen in this study by comparing

the DAA treatments, for which the RT storagewasminimal, to

the NA þ AA treatments. The clusters which formed during

NA lead to a coarser precipitate microstructure. The lmean and

CS is larger for the NA þ AA heat treatment which correlates

with the findings of more Hybrid/post-b”-type phases.

Furthermore, the average precipitate number density is

reduced after 28 days of NA. In the conductivity curves from

Fig. 4 (c) and (d) a strong increase in conductivity after about

20 min AA was measured during the DAA treatment, which

relates to the sudden nucleation and growth of many pre-

cipitates. The reason for a coarser microstructure after RT

storage is not known and different explanations exist.

Pogatscher et al. [28,29] link the formation of less precipitates

to a reduction of freely available vacancies and solute since

clusters are already binding them (vacancy-prison mecha-

nism). Following Tao's et al. [30] explanation, the commonly

observed reduced precipitate number density after NA is due

to heterogeneous nucleation of precipitates on few thermally

resistant clusters. Those clusters act as heterogeneous

nucleation sites during the initial stages of AA. The remaining

solute in the SSSS would thus migrate to those persistent

clusters, on which the precipitates can easier form. This het-

erogeneous nucleation will result in an overall reduced pre-

cipitate number density, compared to the homogeneous

nucleation of precipitates freely within the Al matrix. The

small drop in hardness in Fig. 4 (a) and (b) for the NAþAA (and

NA þ rAA) treatments due to the dissolution of clusters sug-

gest that many of the clusters do still exist when the pre-

cipitates starts to grow and noticeably change the hardness.

This supports the theory of heterogeneous nucleation by Tao

et al. [30]. For both alloys we observemore of the overaged and

hybrid phases after NA, regardless of ramp, as seen in Tables 5

and 6. This can be explained in twoways: (i) by release ofmore

vacancies and solutes during the retrogression [28] or (ii) by

accelerated precipitation kinetics due to reduction of phase

transformation barriers by heterogeneous nucleation [30]. The

increased occurrence of overaged and hybrid phases appears

in the TEMdata as an increased average CS, see Tables 3 and 4.
4.2. The effect of a ramp and Cu on clusters

When comparing the average precipitate number density of

the NA þ AA to the NA þ rAA treatment, one notices that the

latter is increased for both alloys. Hence, the ramp stimulated

the formation of fruitful precipitate nucleation sites, which is

in good agreement with the findings by Shi et al. [31]. Shi hy-

pothesized a critical heat-up rate to AA above which clusters

show the tendency to dissolve. Ramping less steep however,
stimulates cluster formation and thus precipitation. They

found the critical rate to be around 0:09 K
sec. The ramp applied

in this work lies roughly at 0:02 K
sec, hence lower than the pro-

posed critical value. It is quite apparent that the precipitate

number density of 6082 is more severely affected by the ramp,

compared to 6110, which is due to Cu in 6110. The NA curves

from Fig. 3 show, as well, that more changes happen during

the RT storage in the 6082 compared to the 6110, e.g. the

earlier onset of the rapid stage. Zandbergen et al. [32]

demonstrated that during NA only for alloys containing a

minimum of 0.06 at.% Cu, the amount of Cu in the clusters

increases after a week of NA. The incorporation of interme-

diate sized Cu atoms into MgeSi co-clusters can reduce the

strain arising within the clusters due to the large difference in

size between the Mg and Si atoms. Therefor, the driving force

DG to evolve into energetically more preferable phases should

be reduced in Cu containing clusters which in turn makes the

clusters more thermally stable. The stabilizing effect of Cu-

incorporation can result in a higher resilience to change and

thus a more sluggish phase transformation. Clusters in the

6110 (0.094 at.% Cu) are therefore less affected by a ramp

compared to the clusters from the 6082 (0.004 at.% Cu).

When looking into the precipitate CS distribution of the

6082 alloy, as seen in Fig. 6 (f), one sees a shift to smaller CS for

the two ramped conditions, most notably for NA þ rAA. Fig. 9

shows a HRTEMmicrograph from the NAþ rAA sample of this

alloy in which the reason for this shift can be seen. Small

precipitates some of which seem to be of the b”-typewith four

b”- eye molecules, sometimes referred to as pre � b” [33],

coexist with more mature precipitates. The inset is a HAADF-

STEM micrograph from the same condition of such an un-

derdeveloped precipitate. The reason for the increased

occurrence of such small precipitates after a ramp is not well

understood. It could be related to the nucleation of new pre-

cipitates or to the dissolution of larger b“-type precipitates.

The DrAA treatment does, unlike the DAA treatment, intro-

duce a certain amount of temperature lag or NA during which

different kinds of cluster form. The samples’ core temperature

after 40min ramping has only ~ 50 �C, see Fig. 1. That the ramp

introduces some NA characteristics can also be seen in the

conductivity curves fromFig. 4 (c) and (d) inwhich the curves of

the DrAA treatment have a conductivity change which was

qualitatively more comparable to the one of the NA þ AA

treatments. That clusters have formed during the ramp of the

DrAA treatments becomes evident when comparing the hard-

nessof theas-quenchedconditionwith thecondition right after

the ramp, refer to Fig. 4 (a) and (b). An increase of hardness of ~

20HV can be measured while no visible traces of precipitates

were found. Some of the clusters that form during the ramp

might thus trap solute and vacancies or act as heterogeneous

nucleation siteswith the effect of a reduced precipitate number

density. A reduced average precipitate number density for the

DrAA heat treatments at peak strength is measured through

TEM for both alloys, see Tables 3 and 4. This leads, thus, tomore

solute per precipitate, see also Tables 7 and 8. The available

solute per precipitate is, due to the reduced precipitate number

density, higher for the DrAA treatment. This gives individual

precipitates in the DrAA treatment access to more free solute

and enables the precipitates to grow quicker and longer, as will

https://doi.org/10.1016/j.jmrt.2022.10.139
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Fig. 9 e HRTEM and HAADF-STEM image of 6082 NA þ rAA. The HRTEM image shows a mix of large and small precipitates

where a few of them seem to contain only four b” molecules. The inset shows one of those precipitates and is low pass

filtered with a cut-off radius of � 8nm�1.
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be addressed later. The APT data shows after 10 h AA still a

substantial difference of available free solute in the matrix for

the DrAA treatment for 6110 compared to the DAA treatment,

refer to Table 7. For 6082 this difference between the DAA and

DrAA treatmentsweremarginal, refer Table 8. The conductivity

curves of Fig. 4 (c) and (d) show that the DrAA curves have a

lower conductivity value compared to the DAA treatment dur-

ing the first 24 h of AA. This difference is due to the explosive

increase of the conductivity during the DAA treatment associ-

ated to the nucleation of a large number of small particles and

ultimately a lower amount of solute left in solid solution [4,34].

Thus, the conductivity curves support the TEMandAPT results.

The surplus of solute in the matrix around the precipitates

explains the observed increased lmean in the TEM data for the

DrAA treatment when compared to the DAA treatment. The

mean CS does not change substantially between the DAA and

DrAA heat treatments. An increase of the CS is normally due

to post-phases. The amount of post-phases is thus similar in

the two heat treatments for both alloys which was also

confirmed by high resolution HAADF-STEM, as seen in Table 5

and in Table 6.

4.3. Correlating hardness to the TEM and APT data

The DrAA treatments showed for both alloys a reduced

average precipitate number density compared to the DAA

treatments. The measured peak hardness of the DAA treat-

ments were, however, still matched (6082) or even surpassed

(6110). In the following section, we elaborate on these obser-

vations on the basis of the acquired TEM and APT data. At the

end of this section we address the difference in the hardness

kinetics and the reduced thermal stability of the ramped

conditions.
4.3.1. Increased solid solution strengthening through reduced
precipitate number density at peak hardness
Themeasuredmatrix compositions obtained for 6110 through

APT analysis revealed a significant difference in the amount of

Mg and Si remaining in matrix in DrAA which were about two

and three times as large as for DAA. The degree of Cu deple-

tion in the matrix was also higher for DAA compared to DrAA.

For 6082, the amount of remaining solute of DAA and DrAA

was comparable. The reason for the differences of solute in

solid solution originates from the difference of the precipitate

number density. In case of the 6082 alloy, for which the dif-

ference of solute in solid solution is minor yet has the same

trend as in the 6110, the DrAA treatment resulted in a slightly

decreased average precipitate number density, compared to

the DAA treatment. In the case of the 6110 alloy the average

precipitate number density is significantly decreased in the

DrAA treatment compared to the DAA treatment, hence more

solute can be found in solid solution. The difference of solute

in solid solution and the reduced precipitate number density

manifests itself in the lower conductivity of the DrAA treat-

ments, compared to the DAA treatments, as earlier addressed.

The remaining Mg, Si and Cu in the matrix can provide a

strengthening contribution through solid solution strength-

ening, DsSS, typically added linearly with the intrinsic strength

of pure aluminum and precipitate strengthening to estimate

the overall yield strength. The contribution from solid solution

can be expressed as [13]:

DsSS ¼
X
i

kiC
2
3
i (2)

where the concentration in wt.%, Ci of each solute element i in

solid solution is scaled by a specific scaling factor ki and added

linearly. The scaling factor of Mg, Si and Cu in Al are given in
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Ref. [13] as 29.0, 66.3 and 46.4 MPa

wt:%
2
3
, respectively. Table 9 shows

the resulting contributions of solid solution strengthening

based on the solute amount found inmatrix of the atom probe

data of 6110 and 6082, DAA and DrAA.

It can be seen that the DrAA treatment for 6110 results in

an increased contribution to strength from solid solution. For

the 6082 no significant difference could be estimated. Even

though the contribution of precipitation hardening dominates

the strengthening effect of 6xxx, the contribution of solute

solution strengthening can be an additional factor in

explaining the increased hardness values for the DrAA treat-

ment for the 6110.

4.3.2. Correlating precipitate statistics to the peak hardness
The overall strength is lower for the 6082 than for the Cu-rich

6110. This is due to the higher amount of evenly distributed

precipitates in6110, attributedto the largeramountofCu [7]. The

DrAA treatment for 6110 results in an increased peak hardness,

compared to the DAA treatment. The main explanation for this

behaviour can be seen in the precipitate microstructure:

Even though DrAA decreases the average precipitate

number density significantly compared to DAA, the average

precipitate length gets nearly doubled, see Table 3, which in-

creases their effectiveness in interacting with dislocations.

Nie et al. [35] showed that the aspect ratio of a given precipi-

tate distribution has a significant influence on the critical

resolved shear stress (CRSS). Longer precipitates can interact

more frequently in materials of high stacking-fault energy,

where cross-slipping is one of the main passing mechanisms

[36]. This in return retards the dislocation movement more

and results in better mechanical properties. A higher CRSS

was shown to result for elongated precipitates over spherical

precipitates already at an aspect ratio of two for different

volume fractions [35]. The DrAA treatment of the 6082 does

not result in higher hardness values than the DAA treatment,

because the increase of lmean, due to the ramp, does not in-

crease the precipitate aspect ratio substantially, since the DAA

treatment already produces fairly long precipitates, as seen in

Table 4. However, the increase of lmean by ~ 6 nm does still

compensate for the decrease in r due to the ramp.

The precipitate CS and length distribution for both the DAA

and DrAA samples are monomodal and narrow in both alloys,

as seen in Fig. 5 (e), (f) and Fig. 6 (e), (f). Hence, the underlying

formulas of the yield strength module from the NaMo model

can directly be applied to compare the strengthening effect of

the precipitates and to correlate and re-affirm the measured

hardness values and precipitate statistics. For calculating the
Table 9 e Contribution of solid solution strengthening
from the three main solutes: Mg, Si and Cu. The values
are given in MPa and the accumulated contribution to
strength DsSS in the last row.

MPa 6110 6082

DAA DrAA DAA DrAA

sMg 6.5 12.7 1.7 1.8

sSi 5.5 20.4 11.2 11.3

sCu 10.8 9.3 e e

DsSS 22.8 42.5 12.9 13.1
strength contribution due to precipitates, we assume spher-

ical precipitates and apply textbook equations to derive

their strength contribution. Even though this assumption is

wrong andmore sophisticatedmodels exist [37,38], it has been

shown that the more sophisticated models produce a quali-

tatively similar outcome [39]. The microstructure can thus be

related to the measured hardness values. For an in detail

introduction to the NaMo model and the derivation of the

formulas the reader is referred to Refs. [13,27]. The main

precipitate found after 10 h AA at 175 �C is of the shearable b“-

type, see Tables 5 and 8. The force F a shearable precipitate

opposes to a gliding dislocation is given as:

F ¼ 2bGb2rp
rc

(3)

where G is the shear modulus of Al 26.5 GPa, b is the Burger's

vector of Al, b ¼ 0.286 nm, and rp
rc
being the ratio of the average

mean precipitate radius rp and the critical radius rc. The con-

stant b is 0.5. The value for the critical radius rc was taken for

6110 from Ref. [27] and is rc ¼ 4.5 nm rc describes the transition

radius between particle shearing and bypassing. For 6082 we

assumed that rc ¼ 5.5 nm. The precipitate radius rp is given by:

rp ¼
�
3Vp

4p

�1
3

(4)

The radius of a needle-shaped precipitate is therefore

given by a sphere of the same precipitate volume as the

average precipitate Vp ¼ lmean � CS. The final increase in

strength Dsshear due to shearable precipitates can then be

expressed as:

Dsshear ¼ M

b2
ffiffiffiffiffiffiffi
bG

p ffiffiffiffiffiffiffi
rrp

p
F

3
2 (5)

with r being the number density andM¼ 3 is the Taylor factor.

The values of the directly aged 6110 samples, taken fromTable

3, yield a precipitates' strength contribution of 332 MPa for the

DAA sample and 372 MPa for the DrAA one. The increased

precipitate length compensates, thus, for the reduced pre-

cipitate number density and even increases the overall per-

formance of the 6110. The ramped condition exhibits here a

� 12% increase of strength due to longer precipitates. Shi et al.

[31] measured a similar effect due to applying a ramp before

AA. They measured a � 10% increase in strength when

ramping a AA6061 cyclic strengthened sample slowly up to AA

temperature relative to no ramp.

Applying the equations to the 6082 alloy with the values

from Table 4, a contribution of strength due to precipitates of

307 MPa for the DAA sample and 312MPa for the DrAA sample

can be estimated. This corresponds well with the measured

hardness values from Fig. 4 (b) which are nearly equal after

10 h AA for these two treatments.
4.3.3. Discussing the changed hardening kinetics and the
difference in thermal stability
The four heat treatments for the 6110 have different hard-

ening kinetics, as can be seen in Fig. 4 (a). The DAA treatment

surpasses 100HV after roughly 20 min, the DrAA treatment

after ~ 50min and the NAþAA andNAþ rAA treatments after

around 100 min of AA. This behaviour is explained through
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the influence of a ramp on quenching clusters and the detri-

mental effect of NA clusters and their retrogression. In

underaged conditions it can be assumed that the micro-

structure of 6xxx alloys contains a high density of small,

nearly equiaxed precipitates [40,41]. The strength contribution

of cutting such finely dispersed, small particles is estimated

through Dsshear � ffiffiffi
r

p
. As the AA proceeds, some of those pre-

cipitates will grow while others dissolve, resulting in pre-

cipitates of a distinct needle-like morphology and a decreased

precipitate number density. Due to the effect of a ramp on the

quenching clusters, the number density of precipitates is

lower in the underaged condition of the DrAA treatment.

Therefore the hardening response is delayed. This is sup-

ported by the measured strong increase in conductivity after

20 min AA during the DAA treatment compared to the DrAA

treatment, see Fig. 4 (c). The retrogressionwhich takes place at

the beginning of the isothermal AA treatment delays the

hardening response of the NA þ AA and NA þ rAA treatments

and results in a drastic reduction of the number density of

precipitates. This is confirmed by the average precipitate

number densities acquired through TEM at peak age, as

shown in 3.

The four heat treatments of the 6082 do not show a dif-

ference in hardening kinetics, as seen in Fig. 4 (b). In this alloy,

the DAA and DrAA as well as NA þ AA and NA þ rAA show

pairwise similar hardening evolution. The hardening

response of the NA þ AA and NA þ rAA conditions is delayed

due to retrogression, as well. Even though a difference in the

number density of small precipitates between the DAA and

DrAA treatment must be assumed, a similar change of hard-

ness appears. The reason for this is that both heat treatments

produce a precipitate number density which is roughly of the

same order for magnitude. The same reasoning explains the

similarity of hardness evolution in the NAþ AA and NA þ rAA

treatment for 6082 and 6110.Both alloys show a shorter

hardness plateau when ramped, regardless of the amount of

NA. This becomes especially apparent for the 6082 alloy in

which a double-peak aging behavior can be seen. The ramped

samples show a lower amount of overaged precipitates and

more of the early precipitates whichmight partly explain their

reduced thermal resistance. However, the origin of the

double peak and thus the higher thermal stability for the not

ramped samples is not fully understood and currently under

investigation.

4.4. Influence of the heat treatment on the precipitates

4.4.1. Changed precipitate type
The precipitate type analysis from Tables 5 and 6 shows a gen-

eral trend fromrampingup toAA: an increasedamount ofb
00
perfect

on the expense of b
00
Hybrid and less of the latermetastable phases,

e.g.Q’/B’. Theb
00
Hybrid-precipitatesshowa largecontinuousregion

of the b”-molecules alongside structural components of some

phases thatappear later in theprecipitationsequence,asshown

in Figs. 7 and 8. More of the overaged B’ type precipitates are

found in the 6082 when not ramped and more of the L/C type

precipitates dtypically found together with b“ in the
precipitation sequence [5,8]d are found in the Cu-rich 6110,

when ramped. Another indication for more overaged phases

when not ramped can be found by comparing the average CS.

Overaged phases typically have a larger CS [40]. That the pre-

cipitates have larger CS when not ramped becomes especially

notable when comparing the average CS and the CS distribu-

tions for the 6082 ramped vs. not ramped, see Table 4 and Fig. 6

(f).

An explanation for the apparent increased occurrence of

structures from typical overaged phases, e.g. Q’/B’, U2, in the

DAA andNAþ AA treatments is, that an excess energy input dT
dt ,

by introducing the alloys into pre-heated furnance, during the

crucial stage of precipitate formation and early growth, facili-

tates the growth and formation of atomic structures of phases

from later stages of the precipitation sequence early on. On the

contrary, a limited energy input, e.g. a ramp, forces the system

to follow the precipitation sequence more strictly to succes-

sively lowering its free enthalpy. Hence, we see an increased

amount of b
00
perfect and L/C phases during theDrAA andNAþ rAA

treatmentswhichappearearlyon in theprecipitationsequence.

In the case of the 6110 DAA treatment an increase of overaged

structures could also be attributed due to the condition being

closer situated to the end of the hardening plateau, due to a

difference in hardening kinetics as discussed earlier. This could

have lead to an increased occurrence of hybrid and overaged

structures. However, an increased occurrence of overaged

structures was seen in both alloys and all analyzed conditions

which were heat treated without a ramp.
4.4.2. Changed precipitate length
Another trend which was observed in both alloys is, that the

DrAA treatments result in a longer average precipitate length

than in the DAA treatments, see Tables 3 and 4. This becomes

especially apparent in the 6110 alloy where the length nearly

doubles. The reason for the increased precipitate length could

be explained, for the 6110, through the higher amount of L

phases, which are known to possess large aspect ratios [9]. This

would, however, not explain the increased length in the DrAA

6082. Another explanation for the increased length due to a

ramp can be found in the occurrence of more pure b
00
perfect. The

large aspect-ratio of needle shaped b“ precipitates is mainly

dictatedby theanisotropic interface energybetweenprecipitate

and matrix and to some extend by the elastic anisotropy of the

parental fcc-Aland themonoclinicprecipitate [42].An increased

interface energy of b
00
Hybrid phases compared to b

00
perfect can be

assumed due to the presence of overaged and therefore less

coherent parts in b
00
Hybrid. Hence, the b

00
Hybrid precipitates can be

expected to grow slower due to larger interface energies,

resulting ultimately in shorter precipitate lengths.

As already addressed earlier, the APT measurements detec-

ted an increased amount of solute left between the precipitates

for the DrAA treatment compared to the DAA treatment, espe-

cially pronounced for the 6110 alloy. This correlates well to the

strongly reducedmeasured average precipitate number density

encountered in theDrAA treatment. As an result,more solute is

left per precipitate and the higher solute concentration in the

https://doi.org/10.1016/j.jmrt.2022.10.139
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matrix would allow the precipitates to grow faster. The b
00
perfect

precipitates are coherently embedded within the Al matrix

along their sides, having, however, incoherent end parts. Inco-

herent interfaces are known for having a higher mobility, thus

advancing faster than coherent interfaces and resulting in the

needle-likemorphology [43]. The higher solute concentration in

the matrix together with the precipitate growth behaviour can

thus result in an increased average precipitate length for the

precipitates of the DrAA treatments.
5. Conclusion and summary

This work studies two different AleMgeSi(-Cu) alloys and

shows that ramping to AA temperature leads to significant

changes in the microstructure compared to directly bringing

the samples to the AA temperature. It is found that direct

heating without a ramp (DAA and NA þ AA), leads to more

structural components of overaged phases and a changed

average precipitate number density at peak hardness. A ramp

to AA temperature leads to longer precipitates, more of the

purer b
00
perfect phases and less overaged ones, e.g. B’. This in-

fluences the overall hardening behavior:

� The Ramping of 6082 and 6110 directly from a SSSS results

in a reduced average precipitate number density compared

to no ramp. As a consequence more solute is left in solid

solution at peak hardness when ramped and precipitates

grow longer.

� Directly ramping the 6110 and 6082 up to artificial aging

temperature increases the lmean and thus the aspect ratio of

the average precipitate compared to no ramp. This leads, in

the 6110, to an increased peak strength.

� Ramping the 6110 and 6082 leads to a shorter strength

plateau.

Both alloys respond to a ramp after 28 days of NA with an

increased average precipitate number density compared to no

ramp. However, the still unknown nature of the clusters that

emerge during NA in the 6xxx system impede that a complete

understanding of the clustering which happens during a ramp

canbe achieved. Itwas, however, shown that theheating rate to

AA temperature is a parameter which is worthy to explore in

further works.
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