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Abstract

Thermal treatment is key for the mechanical behavior of 6000 series aluminum alloys. Numerous studies have therefore been
devoted to the impact of aging treatment parameters like time and temperature. However the in�uence of quenching rate
is rather poorly documented while it could be of primary interest for applications requiring thick sections. Using a series
of Al-Mg-Si(-Cu) specimens quenched in various �uids, we propose to monitor and describe the quench properly and study
the impact of the quenching rate on the microstructure and mechanical properties obtained after aging. Acknowledging
the critical quench rate to be about 10°C.s−1, quenching was performed in various quenching �uids (water, air and oil) on
10cm side 6061 alloy cubes. The quench rate was evaluated by thermocouples placed at several locations and by numerical
modeling. For each temper, the microstructure and mechanical behavior has been studied at local and macro scales to
highlight some correlations. The combination of transmission electron microscopy imaging and related image analysis,
chemical and crystallographic mapping, microhardness maps and tensile tests has pointed out many microstructural
di�erences at nanoscale and inhomogeneous mechanical behavior we strived to explain and correlate.
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1. Introduction

With growing interest in Al-Mg-Si(-Cu) alloys in the automotive industry and the understanding of hardening precipi-
tation (Jacobs et al. [1], Ryum et al. [2], Murayama et al. [3], C.Barbosa [4], Banhart et al. [5]) and the di�erent e�ects of
silicon/magnesium excess (Matsuda et al. [6], Ding et al. [7], Jaafar et al. [8]), many studies about control and improvement
of thermal treatments and its link with mechanical properties have been made (Abúndez et al. [9], Farshidi et al. [10], Ma
et al. [11], Ambriz et al. [12], Maisonnette et al. [13], Mrówka-Nowotnik and Sieniawski [14]). Among those, few focus on
the in�uence of the quench (Cavazos and Colás [15, 16], Strobel et al. [17]) in addition, since most of these works have
been conducted on thin samples the quenching rate variation across thickness is not a key parameter. The critical cooling
rate (vcrit) of such alloys is known to be about 10°C.s−1 and it there a general consensus that a higher cooling rate would
have no signi�cant in�uence while a lower would lead to poorer mechanical properties (Davis and Committee [18], Totten
and MacKenzie [19]). However, recent investigations (Schumacher et al. [20], Dutta and Allen [21]) using Di�erential
Scanning Calorimetry (DSC) and earlier experiments (Ryum et al. [2]) tend to contests those assumptions and suggests
vcrit would not be a plain boundary. They suggest the existence of two borders: a Lower Critical Cooling Rate (LCCR)
under which every element in solution would precipitate and an Upper Critical Cooling Rate (UCCR), above which every
element would be in a solid solution state. Thermal history are assumed to be not only in�uencing mechanical properties
and hardening precipitates but also dispersoïd, known to have a very wide range of shape and phases (Buchanan et al.
[22], Claves et al. [23], Wang et al. [24]). Considering the alloy itself, a 6061 aluminum alloy with copper addition was
chosen in order to enhance the precipitation of hardening phases, to di�erentiate between quenches, but also to compare
our results to the numerous ones existing on 6061-T6 alloy and its thermal treatments (Ding et al. [7], Saito et al. [25]).

To characterize these phenomenons, the following approach was chosen : �rst, three thick specimens where thermally
treated and quenched in di�erent �uids. The quench was monitored and modeled numerically in order to evaluate the
quench rate at di�erent position. Acknowledging the cooling rates, microstructural investigations were performed to
understand the in�uence of the cooling rate on the microstructure whereas tensile tests and microhardness maps were
carried out to evaluate its consequences on local and global mechanical properties.
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2. Material and methods

Min Optimum Max
Mg 0.7 0.85 0.95
Si 0.4 0.48 0.56
Fe 0.05 0.12
Cu 0.24 0.30 0.36
Cr 0.25 0.30 0.35
Mn 0.02 0.08 0.14
Zn 530 0.05 0.10∑

Ti, B, Li <0.0675
Al balance

Table 1: Chemical composition of the studied alloy (%wt) Figure 1: Thermal treatment for the three cubes

x y z
I 49 34 25
II 49 49 49
III 49 64 10

Table 2: Probes positions (mm)

The 6061 alloy was received as a thick plate with the chemical composition speci�ed in
Table 1. The material was obtained by press forging and was thermally treated at 530°C
for 4h then tempered at 175°C for 12h. Three cubes with a 98mm side have been cut in
the as received thick plate, three thermocouples were placed in several positions of the
cube as indicated in Table 2 with exception of the oil quench sample due to technical
constraints. A thermal treatment which consists of a 12h annealing at 530°C followed by
a quench in a di�erent �uid for each cube (air, oil, water) and an arti�cial aging of 12h
at 175°C (T6 temper) (Figure 1) with a maximum of 8 hours between the end of quench

and the beginning of the arti�cial aging. During all the treatments, it has been considered that the treatment step begins
were when the central probe reached the required temperature. To understand the quench and its future e�ects on the
material, a numerical simulation with CAST3M (�nite element software developped by CEACEA [26]) coupled with a
Python routine was also used to evaluate the quench rate at every point on the cube.

To study the impact of quenching on the mechanical properties, a series of 50 tensile specimens was collected on
each cube. Samples were 12x12x0.5 mm plates from the top center of a face to the center of a cube. TEM specimens
were obtained by mechanical polishing to 100 microns using 1200 and 2400 grid paper , punching 3 mm discs and then
eletropolishing using a 30% nitric acid solution at -20°C with a tension of 17V on a Tenupol-3. Tensile tests were performed
with Instron 8862 with a deformation rate of 5.10−4s−1. Vickers microhardness maps were performed using a Buehler
VH-3300 automated microhardness indentation machine using 0.05 kg loading and 200 µm step on mirror polished samples
representing the whole quench gradient for oil and water temper. TEM was performed using a FEI TECNAI-G2- 300kV
LaB6 and a JEOL-2100F - 200kV FEG for ASTAR (Rauch et al. [27, 28]) and EDS experiments.

3. Results

3.1. Quenching, measurements and numerical simulations

Depth Water Air
10mm 39.6

8.6.10−225mm 29.6
49mm 22.6

Table 3: Quench rates (°C.s−1)

According to the cooling curves shown Figure 2a, for the air quench, the cooling
rate appears to be homogeneous in the whole cube . The oil quench was performed
in a sealed oven, which prevented recording of data. For water quench, the three
cooling curves are given in Figure 2b. Experimental cooling rates have been calcu-
lated using a simple linear �tting function between 400°C and 200°C : T = −vq.t+a,
with vq the quench rate. According to Figure 2a, with air quenching, the cooling
curves are the same regardless of the position and the cooling rate in the 200-400°C
range is 5.2°C.min−1. Water quench gives a range of quench rate from 39.6°C.s−1 to
22.6°C.s−1 (Table 3) : the quench rate in the center of the cube is given for information but wasn't taken in consideration
in this study as many unexplained variations are seen in the experimental curve.

Simulation of cooling curves of the water quench was performed using CAST3M using a fully meshed cube (98x98x98
mm) with cubic elements of 1.96x1.96x1.96 mm which gives a discretization of 125 000 elements. The following constants
were �xed for the materials : thermal conductivity, λ= 167 W.m−1.K−1, heat capacity, cp= 896 J.kg−1.K−1 and density
ρ= 2700 kg.m−3(Totten and MacKenzie [19]). While these values can easily be set as non time and temperature dependent,
the heat transfer coe�cient is extremely variable, and its determination not largely documented nor easily accessible (Cho
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Figure 2: Quench : temperature vs time as recorded by thermocouples

[29]) :
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Figure 3: h(t) calculated results for water quench

With V the cube's volume, A its area, Tsthe temperature be-
fore quenching and T∞ the hypothetical temperature at the ther-
modynamic equilibrium. The heat capacity coe�cient is given at
the cube's surface. As the cooling curves where monitored inside
the cubes, we propose a method to evaluate the heat transfer
coe�cient. Ignoring the temperature variation at the surface, a
virtual coe�cient, hv,x(t) is determined inside the cube. Know-
ing the shape of h(t) to be similar as hv,x→0(t) an approximation
of h(t) can be determined in two steps :

1. Exponential regression on the maximum of the experimen-
tally calculated hv,x(t), giving :

max(hv(t))(x) ∼ 1.8.104e−z/10 + 3.103

⇒ max(hv(t))(0) ∼ 21000W.m−2.K−1

2. Estimation for the h(t) function, assuming the shape will be
the same as the closest estimated hv,x(t) which is hv,x=10(t).

We determined max(hv(t))(0)
max(hv(t))(0)

= 2.2, giving the h(t) function

shown Figure 3.

Figure 4a shows the superposed experimental and simulated
T=f(t) curves at the same positions. The thermocouples at 10mm
and 25mm depth (Table 3) are close to the model model while
the di�erence between the curve at z=49 is assumed to be linked
to an experimental issue. Acknowledging these results, a Python 3 script was coded in order to extract the data from
CAST3M and calculate the cooling rate at every point. The curve shown in Figure 4b, pointed out a skin e�ect in the cube
: the outer part shows a very fast drop of cooling rate whereas in the core part, no signi�cant drop is seen. In addition, in
every point of the water quench, the cooling rate is superior to the critical cooling rate (10°C.s−1) while it is signi�cantly
lower in the air quench. Concerning the oil quench, as no suiTable data was obtained, the cooling rate is assumed to
be lower than water quench and upper than air quench. This assumption will be developed during the microstructural
investigations.
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Figure 4: Results of water quench simulations

3.2. Mechanical investigations

Tensile tests were carried out with a deformation rate of 5.10−4s−1. The stress-strain on Figure 7, show two distinct
behavior. The water and oil quench are close to the the behavior of a typical T6 temper with very slight di�erences. In
the mean time, air quench exhibits signi�cantly lower mechanical properties. Table 5 shows the elongation is the same in
the three di�erent quench. While the tensile tests specimens where obtained at di�erent positions, no signi�cant in�uence
of this parameter was detected on the tensile properties.

Quench Depth section Mean Standard deviation Min. Max Indents

Water
Surface to 24.5mm 108 5 71 127 3630
24.5mm to center 107 5 67 124 3596

Oil
Surface to 24.5mm 107 5 66 123 3491
24.5mm to center 107 5 69 122 3841

Table 4: Summary of HV 0.05 maps for di�erent regions in water and oil quench

In order to measure the microhardness, indentation maps have been carried out using a step of 200 µm. Data from the
HV maps presented Table 4 pictures the expected value for the T6 temper and presented no signi�cant in�uence of the
thermal treatment at �rst glance. Nevertheless, a more local statistic study was conducted, plotting the hardness of three
5 mm wide areas : at the surface, �rst quarter and �rst half. In the distribution of the oil temper shown Figure 5a, no
signi�cant di�erence is pictured as the three distributions are overlying. Considering water temper, Figure 5b, the external
distribution is shifted from the other ones. In a second time, hardness maps more or less the standard deviation were
plotted (Figure 6). In this representation, oil temper (Figure 6b) presents a globally homogeneous map with extremely
low hardness points, unexplained at �rst glance. The water temper seen in the distribution presents a wide range from
the very to of the picture (49000 µm) to about 40000µm where the medium hardness is signi�cantly higher than the rest
of the specimen, con�rming the results seen in the distribution.

Tensile tests tend to suggest oil and water temper tempers are globally equivalent in terms of mechanical properties.
However, microhardness showed water temper presents locally higher hardness points while oil temper is more homogeneous
: these results are emphasized and supported by microstructural investigations using TEM.
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(a) Oil temper (b) Water temper

Figure 5: Microhardness distributions for each area

(a) Water temper (b) Oil temper

Figure 6: HV 0.05 maps
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Water Oil Air
Rp,0.2 (MPa) 232 230 100
Rm (MPa) 288 275 145
A (%) 13.5 12 11.75

Table 5: Mechanical properties in traction
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Figure 7: Medium traction behavior for the 3 quenches

3.3. Microstructural investigations

3.3.1. Water temper

Figure 8 highlights many aspects on the water quenched specimens at di�erent positions and magni�cations. First,
Figure 8a presents the nanoscaled precipitation seen in the <100> zone axis. This precipitation presents many di�erent
populations : thin and elongated segments from 20 nm to 40 nm long with a medium thickness of 2.5 nm, round particles
with a diameter of about 2.5 nm than can locally go up to 4.5 nm. Larger segments of about 3 nm but shorter, 6 nm to
10 nm, can be observed too. Thin segments are believed to be needles in 3D and small round particles to be the same
particles seen in another direction. In other hand, smaller and larger segments are assumed to be rods in 3D and be linked
with larger round particles seen another direction. Concerning the di�ractogram, a long exposure pictures the peculiar
signature of hardening precipitates (Mg5Si6) from 6xxx series. In other hand, an important contrast �uctuation is seen
here, pointing out an heterogeneity, suggesting a local curvature in the sample. This could mean there is an important
strain �eld around the precipitates. Concerning the in�uence of the depth at which the the sample was chose, i.e the
in�uence of the quenching rate, Figure 8c and 8d show the hardening precipitates in dark �eld in a near surface sample
(approximately 37°C.s−1 for quenching rate) and in a high depth sample (with 30°C.s−1 as quenching rate). It is clearly
observable that a higher quenching rate gives a higher density of hardening precipitates. As illustrated by Figure 8b, the
density of intermetallic particles signi�cantly vary over a range of several microns. Also the mean radius of these particles
is quite variable : from 30 nm to 300 nm on Figure 8b.This tendency seems to follow an opposite law of what can be
observed for the nanoparticles : a higher cooling rate (near surface specimens) implies more and larger areas with a lack
of intermetallics while a slower cooling rate (high depth specimens) pictures an uniform population of such particles. The
chemical and crystallographic nature of the intermetallics seen in the water quench are α-AlMnFeCrSi plates and smaller
phases already fully described in the literature (Lodgaard and Ryum [30]).
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(a) Water temper : Nanoscaled precipitates (b) Water temper : Microstructure at larger scale

(c) Dark �eld on 001 Al re�exion in a near surface sample (d) Dark �eld on 001 Al re�exion in a half plate thickness
sample

Figure 8: TEM pictures on water temper

3.3.2. Oil temper

Figure 9 presents the microstructure of oil temper at two di�erent magni�cations. Figure 9a presents nanoscaled
precipitation similar to these observed in Figure 8a for water temper. The same families of nanoscaled precipitates are
observed in terms of shapes, yet, the densities, length and thickness of the precipitates look di�erent while the associated
di�ractogram pictures the same signature as seen in water temper. Elongated needles present the same length in a range
of 20 nm to 40 nm, but their thickness doesn't seem to exceed 1 nm. In the mean time, rod like particles does not picture
an higher length than 6 nm. In the case of oil temper the di�raction contrast look lighter around the precipitates picturing
a softer strain �eld. Figure 9b presents the material seen at a lower magni�cation. The visual aspect of oil temper
presents the same phases as in water temper with new elongated plates and new smaller phases not fully de�ned with a
very heterogeneous background. These elongated plates do not exceed 250 nm in length and 30 nm width. Concerning
the α phases seen in water temper, a di�erence is observed for the ones in the oil temper : very large dispersoïds of
about 300 nm long are no longer observed and their size does go up to 180 nm maximum. Observing the precipitation
and contrast, it can be assessed that a heterogeneous precipitation occured with di�erent particles with various chemistry
and crystallography growing on top of each other. Indeed, as it can be seen on Figure 10 which pictures the chemical
heterogeneity of these particles is evidenced : it can be seen that silicon is present in all the dispersoïds while di�erent
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parts are highlighted with other elements. Magnesium is mostly present in the right part of the particle while the left side
present oxygen as a major element.

(a) Oil temper : Nanoscaled precipitates (b) Oil temper : Microstructure at larger scale

Figure 9: TEM pictures on oil temper

Figure 10: EDX on phases seen in oil temper

3.3.3. Air temper

Figure 11 pictures the microstructure of air temper at di�erent scales. Figure 11a presents a dark �eld image on usual
hardening phases spots in the <100> zone axis. As can be seen in Figure 11a, none of the usual nanoscaled phases are
seen. However, very bright dots are seen on grain boundaries and dotted-line dislocations like presented here. Further
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investigations with EDX analysis (Figure 13a) revealed an important enrichment of silicon and magnesium in these areas,
suggesting a potential nano-precipitation on these very speci�c zones. Figure 11b pictures the microstructure at lower
magni�cation : an extremely dense precipitation of intermetallics is observed with shapes and population not observed
in the previous quenches. The population observed here can be divided in three populations : round and squareα-plates
(already seen in water and oil tempers), heterogeneous particles of all size and shapes previously seen in oil temper and
particularly long needle shaped plates are newly observed in air temper. These plates are up to 1000 nm long while
their width goes from 50 nm for the longest to 200 nm for the least longs. EDS investigations on the heterogeneous
particles (Figure 12), pictures no signi�cant amount of magnesium while silicon is present in every type of phases. Like
in oil temper, an important chemical heterogeneity and a composite formation of the dispersoïds is observed. Advanced
characterization (ASTAR map which consist of a �ne nanoprobe index of di�raction patterns along the a selected area
coupled with crystallographic indexation in order to con�rm phase identi�cation using crystal databases de�ned by the
userRauch et al. [28, 27], Figure 14) on needle shaped plates revealed a good accordance with precipitates of oxide of
aluminum and magnesium. The ASTAR indexation failed in some parts of the needle. The di�raction patterns of the
di�erent areas indicates the precipitation of an unindexed phase in the needle but investigation on possible other crystal
structures gave no signi�cant results.

(a) Air temper : Nanoscaled precipitates seen along a
dislocation seen in dark �eld

(b) Air temper : Microstructure at larger scale

Figure 11: TEM pictures on air temper

Figure 12: EDX on phases seen in air temper
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(a) EDX analysis along a dislocation (b) Zoom on a dislocation along the direction
{100}

Figure 13: EDX on dislocations in Air temper

Figure 14: ASTAR analysis on a phase containing oxygen (air temper)

4. Discussion

Concerning the macro scale properties of thick sections of 6xxx aluminum alloys and its microstructure, the control of
quenching rate is key. The state of art is giving leads of what are the consequences of badly controlled quenching in thin
specimens. However, the heterogeneity, the microstructural mechanism and particularities leading to an inhomogeneous
material remain unclear. Understanding the critical steps and e�ect happening in thick specimens is of primary interest for
applications requesting thick sections. Also, pointing out the limit of the usual cooling rate, 10°C.s−1, for such applications
is key.

In this study, the quench sensitivity of an Al-Mg-Si(-Cu) alloy was evaluated in a two step approach. First, a thermo-
mechanical process with various quench �uids coupled with numerical simulation was carried out in order to reproduce
and understand an industrial procedure. Finally, a microstructural and mechanical investigations (TEM, tensile tests,
microhardness, EDS, ...) were done in order to understand the e�ects of the quench. Some important microstructural
changes for each specimen and within each specimen has been highlighted. According to the literature, microstructural
and mechanical changes are minor above 10°C.s−1. However, in the water temper sample, presenting a gradient of quench-
ing rate above 10°C.s−1, microstructural di�erences were observed in the density of nanoscaled precipitation (Figure 8c
and 8d). The microhardness maps (Figure 6) presented minor, yet, existent variation in the material behavior while
the mechanical response in tensile test remain constant between the oil and water temper (Figure 5). Concerning the
microstructural changes, oil temper and water temper presented di�erences in dispersoïds while both used to be over
10°C.s−1 in terms of quenching rate. EDS analysis on oil temper (Figure 10) presented an heterogeneous and composite
precipitation around α plates while water temper presented clear and homogeneous α dispersoïds. Under 10°C.s−1, in
air temper, the heterogeneity and the composite behavior is emphasized with growing density of dispersoïds (Figure 11b
and 12). It has also been observed that, silicon was always present in such particles. Also, silicon is known to have a
low solubility aluminum. Therefore we propose silicon to be the conditioning element of all the precipitation : a slow
cooling rate will induce the presence of more silicon cluster, inducing a more coarse and heterogeneous precipitation of



11

dispersoïds around clusters, leading to fewer silicon available during the arti�cial aging and lower the density of nanoscaled
precipitates. On the other hands, a higher cooling rate will induce a smaller density of dispersoïds and will allow the
precipitation of more nanoscaled precipitates during the arti�cial aging. Even considering such a �soft area� to be non
critical in a thick plate, the behavior of such plates under corrosive conditions is worrisome. As the green energy industry
has considered 6xxx aluminum alloys as candidates for o�-shore wind turbine materials, the potential presence of large
dispersoïds is leading misbehavior of the material. As seen in Figure 14, high presence of oxygen was detected inside such
particles. Its origin can be discriminated in two forms : First, we can consider the analysis to be relevant which induce
the low cooling has leaded to the formation of oxides inside the material. As the presence of such phases was detected to
be homogeneous in the whole material and oxygen was in an extremely low concentration prior to the thermomechanical
treatment, this theory seemed to be poorly likely to occur. The second and most probable explanation is the fact that such
large magnesium and silicon plates are extremely poorly resilient to corrosive environments and the oxides were formed
during the specimens electropolishing. Consequently, a low quench rate surface exposed to a corrosive environment would
lead to a highly destructive process for the material.

While these preliminary results are promising, more has to be carried out on the impact of such and heterogeneous
precipitation behavior. If tensile tests results remain equivalent for both water and oil temper, more has to be done on
other mechanical properties like fracture toughness. Moreover, the precipitation of dense dispersoïds like in air temper
could have a very high impact on corrosion resistance. The presence of such �soft areas� inside thick sections of aluminum
asses a potential danger for pieces made of such material, not only for the mechanical properties but also for potential
application implying a corrosive environment.

This study promoted the importance of targeting high cooling rate in thick plates of 6xxx aluminum alloys to avoid
the presence of �soft areas�, while it is leading to an heterogeneous response in terms of local mechanical behavior (Figure
5). The results are putting on perspective the usual 10°C.s−1 found in the literature while no clear boundary could be
given as replacement if not targeting a speci�c property to improve.

5. Conclusion

The thermal treatments experienced in this study are on the edge of industrial capabilities. However, they are pointing
out the di�culty of achieving an homogeneous quench when targeting high quenching rate on thick specimens and, either
way, the di�culty to achieve an homogeneous quench with the fewer density of dispersoïds. Research on quenching impact
has mostly been devoted to mechanical properties. With growing interest on 6xxx alloys for in-water application like
o�-shore wind turbines, research on microstructural changes and linked properties induced by quenching e�ect should be
of primary interest. As 10°C.s−1 has been the most common quenching limit in the 6xxx aluminum industries overs years,
results presented here a pushing onward the questionable nature of this boundary for 6xxx alloys designed for high end
technologies.
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