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This paper discusses the effect of deep cryogenic treatment (DCT) on the evolution of natural and artificial
aging of Al-Mg-Si alloy EN AW 6026. This study provides the first research and evidence of DCT effect on
dispersoids and their development in aluminum alloys. DCT induces reformation and regrowth of dis-
persoids during natural aging from a preferential cuboidal shape to spherical, which is also distinguishable
by the change in chemical composition. Additionally, with DCT the dispersoids form in a denser manner,
which consequently influences the hardness evolution with aging time. The study also reveals that the
exposure duration to DCT (from 24 to 48 h) increases the DCT impact on the hardness evolution during
natural aging of selected alloy. The influence of homogenization temperature on the DCT performance is
also researched in connection to modified natural aging, which is correlated to the presence and formation
of secondary phases during homogenization. Furthermore, DCT also promotes the formation of g" pre-
cipitates and at the same time retards the formation of larger p' precipitates during artificial aging. After
artificial aging, both dispersoids and precipitates display a denser population and more elongated shape
aligned along the < 100 > axis of the aluminum matrix with DCT compared to conventionally heat-treated
samples without DCT. The microstructural changes during DCT application are strongly linked to the
modification of dispersoids with homogenization and artificial aging that influence the content of alloying
elements in the matrix.
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1. Introduction

Al-Mg-Si alloys, also denoted as series 6xxx aluminum alloys, are
formable alloys that have very good corrosion resistance and ano-
dizing properties with relatively good mechanical properties.
Furthermore, these alloys are easily extruded, welded and machined
and are also heat-treatable, allowing improvement of mechanical
properties by aging after material forming. As a result, the 6xxx al-
loys are one of the most commonly used aluminum alloys in auto-
motive, electrical, aerospace, shipbuilding and off-shore plant
industries [ 1-3]. However, the research on processing of such alloys
is still underway, leading to novel processes that allow improving
properties of 6xxx alloys [4-7]. The potential of one such process,
namely sub-zero heat treatment, deep cryogenic treatment (DCT),
has been successfully tested on various ferrous alloys [8-10], while
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for non-ferrous alloys, such as the aforementioned aluminum alloys,
DCT is still at its beginnings. As a result, there is still a great potential
for the development and new findings of the mechanisms behind
the changes in aluminum alloys induced by DCT. Nonetheless, the
increase of the research in this field is expected to increase, due to
the higher market demands of the development and improvement of
specific aluminum alloys for development of light-weight vehicles in
automotive industry and maritime industry [11]. Due to the lack of
studies, only few studies have provided limited insight into the
changes and mechanisms of DCT on aluminum alloys. Studies of
cryogenic treatment have been performed on 2xxx [12,13], 5xxX
[1,14], 6xxx [1,15-17] and 7xxx [18-21] series aluminum alloys. For
2xxx alloys DCT is confirmed to not have a role on strain hardening
behavior [22]. Furthermore, Lee et al., 2004 [23] and Park et al., 2015
[1] observed an increase in tensile and yield stress, hardening effect,
fracture strain and ductility for 5xxx aluminum alloy after DCT ap-
plication. Studies of 7xxx series aluminum alloys determined an
increase in tensile strength [18], tensile yield strength [18], elonga-
tion [ 18], hardness [19], toughness [19], reduction of residual stress
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[20] and improvement in dimensional stability [20]. However, the
study by Weng et al., 2021 [21] observed contrary results after ap-
plication of DCT. Some studies [1,15,17] reported improved proper-
ties such as wear resistance, hardness and tensile strength of 6xxx
after DCT. These studies suggest that the size and number of pre-
cipitates and decreased solubility of the alloying elements could be
responsible for the modified characteristics of alloy with DCT, which
originates from the altered natural aging of the 6xxx alloys.

As mentioned, the 6xxx aluminum alloys can be further har-
dened and strengthened with appropriate heat treatment. For this
reason, the two-stage heat treatment is used, consisting of homo-
genization and ageing process. In the first step, homogenization is
applied to redistribute the alloying elements within the a-Al phase
and to change the Al, Mg, Si-based precipitation within the alloys.
This process is usually performed in the temperature range between
450 °C and 600 °C for 6xxx aluminum alloys [24]. The exact selection
of the homogenization temperature depends on the alloying content
and ratio between Mg and Si of the alloy [25,26] as well as on the
presence of other alloying elements, such as Cu, Cr, Fe, Mn [27]. The
second step, ageing, can be either natural (at room temperatures) or
artificial (elevated temperatures). Ageing is performed in order to
induce precipitation of various phases from the supersaturated solid
solution (SSS), formed after quenching, and to increase precipitation
strengthening of the aluminum alloy [28]. During natural ageing of
6xxx aluminum alloys, precipitation of clusters and Guinier-Preston
(GP)-zones occurs, which results in a temporal hardness increase
(denoted also as age-hardening) [27,29]. In contrast, artificial ageing
of 6xxx aluminum alloy results in an increase of hardness and tensile
strength and decrease in plasticity. The altered mechanical proper-
ties are a consequence of the growth of additional transiting me-
tastable precipitates that are larger than the GP-zones, leading to
higher strengthening phenomenon [30]. In artificial ageing the
temperature and duration of artificial ageing can be manipulated, in
order to obtain preferable size, type and quantity of precipitated
phases [31], which influence the hardening process and with it also
the development of corrosion, wear and mechanical properties [24].
The precipitation of phases follows Eq. 1 as described by Vissers
et al., 2007 [25]:

SSS — GP — precipitates

B ((Al + Mg)sSis) — B (MgsSis, ~AlMgSis)

g 5'(Mg9515) + ﬁ' + U; (MgAlzslz, MgAl4515)
+ Uy (MgyAl,Sis, MgAISi) — 8 (Mg,Si) (1)

The metastable phases p', U; and U, coexist during p'-phase
transition. The increased hardness is mainly related to the devel-
opment of B’ phases during the aging process, at which the hard-
ening process decays with further progressing formation towards
the stable p phase [32]. The precipitation is also determined by the
alloying composition [26], which improves the hardness and
strength of the alloy with increasing Mg:Si ratio [25].

The combined effect of DCT and aging of 6xxx alloys is scarcely
researched in terms of modification of the aging process with DCT,
with only one study [16] directly determining that DCT accelerates
the precipitation of p" precipitates during natural aging. However,
the same authors show that the accelerated precipitation did not
lead to increased hardness after natural aging and that improved
hardness occurs with DCT only when additional paint bake
treatment is performed.
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Another aspect of 6xxx alloys is the presence of dispersoids that
are formed from complex intermetallic structures consisting of
heavier alloying elements such as Cr, Mn, Zr and Fe together with Al,
Si and Mg [33]. The dispersoids have been predominantly used to
refine the grain structure of the alloys [27,34]. However, with the rise
of interest of these alloys for automotive industry, the research on
dispersoids and their effect on the microstructure and its evolution
with different heat treatments is on the rise [27]. As a result, many
researchers have found that dispersoids can significantly modify the
microstructure and the aging properties of the Al-Mg-Si alloys that
depend on the dispersoid type, presence and amount of heavier al-
loying elements and the dispersoid density [27,33-39]. To the au-
thors knowledge, no research has been performed so far on the DCT
effect on dispersoid formation and their evolution during aging.

From the above, it can be concluded that there is a lack of re-
search and understanding of the DCT influence on aging behavior of
6xxx series aluminum alloys. As a result, the EN AW 6026, selected
as a representative alloy of the 6xxx aluminum series, which holds a
variety of different alloying elements (Bi, Cu, Cr, Fe, Mg, Mn, Si and
Pb), was subjected to DCT and was naturally and artificially aged. The
aim of the study is to provide deeper insight into DCT induced mi-
crostructural changes for both natural and artificial aging states and
correlate them to changes of selected mechanical properties.
Furthermore, the study also considers different homogenization
temperatures in order to understand the influence of homogeniza-
tion temperature on the DCT modification of aging process of 6xxx
alloys. Finally, the goal of this study is also to provide explanations
and possible mechanisms behind DCT effect on the aging processes
of 6xxx aluminum alloys from a microstructural standpoint.

2. Materials and methods
2.1. Material and heat treatment

For this research commercially available EN AW 6026 alloy rods,
provided by Impol, Slovenia, were machined into different test
samples for the different mechanical tests. The exact chemical
composition of the investigated alloy, determined with inductively
coupled plasma-optical emission spectrometry (ICP-OES) with
Agilent 720, is provided in Table 1. The samples were cleaned and
prepared for the different heat treatment procedures, which are
schematically presented in Fig. 1(a). Firstly, the samples were se-
parated into two major groups which were firstly homogenized in a
standard muffle furnace for 1h at different temperatures. The first
group at 530°C and the second at 570 °C. The exact temperature
profiles of the homogenization are provided in Fig. 1(b). After
homogenization the samples were quenched in water with an
average temperature of 22 °C. After quenching the samples were
dried and sorted into subsets for further processing. Half of the
samples, denoted as deep cryogenic heat-treated (DCT), of both
major groups were immersed in liquid nitrogen for 24 h or 48 h and
afterwards warmed up to room temperature in ambient environ-
ment and finally aged. The other half of the samples, denoted as
conventionally heat-treated (CHT), was directly aged after
quenching. The aging for both CHT and DCT samples was performed
at room temperature (natural aging) and at temperature of 190 °C
(artificial aging) on separate sample subgroups. The natural aging
was performed in a dry storage in ambient environment up to 28
days, whereas the artificial aging was performed for 8 h in a con-
vection furnace. The time and temperature parameters of all heat

Table 1

Chemical composition of researched EN AW 6026.
Element %Mg %Si %Bi %Mn %Pb %Cu %Fe %Cr %Ti %Zn %Sn Al
Measured 0.70 0.68 0.66 0.59 0.34 0.30 0.27 0.045 0.029 0.025 < 0.005 balance
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Fig. 1. a) Scheme of the heat treatment procedure for conventionally heat-treated (CHT) and cryogenic heat-treated samples encompassing homogenization at selected
homogenization temperature (Ty), quenching in water, natural aging (dark color scheme) and artificial aging (light color scheme) with and without immersion in liquid nitrogen

(LN3). b) Temperature profiles of the major sample groups during homogenization.

Table 2
Time (t) and temperature (T) of individual heat treatment steps for sample groups
that were naturally aged with and without deep cryogenic treatment (DCT).

Samples Homogenization DCT Natural aging
T (°C) t (h) T(°C) t(h) T(°C) t(days)
Group A w/o DCT 530 1 / / 22 1, 6, 14,
DCT 24h 530 1 -196 24 21,28
DCT 48h 530 1 -196 48
Group B w/o DCT 570 1 / /
DCT 24h 570 1 -196 24
DCT 48h 570 1 -196 48
Table 3

Time (t) and temperature (T) of individual heat treatment steps for sample groups
that were artificially aged with and without deep cryogenic treatment (DCT).

Sample groups Homogenization DCT Artificial aging
T (°C) t (h) T(°C) t(h) T(°C) t (h)

1 530 1 / 190 8

2 530 1 -196 48

3 570 1 / /

4 570 1 -196 48

treatment procedures for both CHT and DCT samples with natural
and artificial aging is provided in Table 2 and Table 3, respectively.
The temperatures and time parameters were selected based on
calculated data extracted from JMatPro, which are available in, to
induce varying homogenized states and precipitation within a se-
lected time frame for the individual processing steps. After different
elapsed times of natural aging, the microstructure and hardness
were evaluated to monitor the natural aging process. For the artifi-
cially aged samples, the mechanical properties and microstructure
were measured after completion of the aging process.

2.2. Mechanical testing

2.2.1. Brinell hardness measurement

The Brinell method (SIST EN ISO 6506-1:2014 standard; HBW
2.5/62.5) was used to measure hardness, performed on the Charpy
V-notched (CVN) samples using Innovatest Nexus 7500 device. At
least three measurements were made on each sample. Before the
measurements, the samples were properly prepared by grinding and
polishing. For the naturally aged samples, the hardness was mea-
sured after 1day, 6 days, 14 days, 21 days and 28 days after the
homogenization (w/o DCT group) or DCT treatment (24 h DCT and

48 h DCT group). For the artificially aged samples, the hardness was
measured after the complete heat treatment.

2.2.2. Tensile test

Tensile tests were performed using universal testing machine
Instron 8802 with an Instron extensometer with initial gage length
of 50 mm. The samples were manufactured according to the DIN
50125:2016 standard, type B with a diameter of 10 mm and a gauge
length of 50 mm. Tensile tests were performed according to SIST EN
ISO 6892-1:2017 standard using the A224 method. The initial strain
rate was 0.00025s™! and after determining the yield strength, the
rate was increased to 0.0067 s™'. The recorded data are the average
results obtained from the measurements of three specimens.

2.2.3. Impact toughness

Impact toughness was measured with the Charpy impact test at
room temperature according to international standard SIST EN ISO
148-1:2017 using CVN specimens and 300] pendulum.

2.2.4. Fatigue

Fatigue behavior of the investigated EN AW 6026 alloy was tested
under dynamic loading in bending mode using Rumul resonant fa-
tigue testing machine Cracktronic with an operating frequency of
around 180Hz. The fatigue (S/N) curves were obtained by per-
forming room temperature fatigue tests on standard Charpy V-not-
ched (CVN) samples (10 x10x55 mm) and using constant amplitude
bending stress between 70 MPa and 120 MPa, stress ratio R of 0.1 and
a sinusoidal waveform. Sample failure criterion was set as a drop of
inherent oscillation by more than 3%, where the fatigue cracks
occurred down to a depth of 3 mm.

2.3. Chemical and metallographic analysis

For metallographic analysis, the samples were subsequently cut,
polished and their surface finished with colloidal silica (25-40 nm
particle size, 15N load, 3 min polishing time). The optimal sample
preparation was selected based on previous research on this alloy
[40]. The microstructural observations were carried out with scan-
ning electron microscopy (Jeol JSM-6500F and ZEISS Crossbeam
550) and light microscopy (Zeiss Axio Imager.Z2m) immediately
after metallographic polishing and 24 h, 7 days, 14 days and 21 days
after sample preparation. The samples were stored between the
measurements in a dry storage space at room temperature. For
statistical relevance, 6 samples were monitored with the same
measurement scheme described above. The scanning electron mi-
croscopy was conducted with acceleration voltage of 15kV and
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working distance of 10 mm. The angled imaging with SEM was
performed with an observation angle of 70 ° with a working distance
of 19 mm. Chemical composition was analyzed by energy-dispersive
X-ray spectroscopy (Oxford EDS INCA Energy 450, detector type
INCA X-SIGHT LN2).

For transmission electron microscopy (TEM) and scanning TEM
(STEM), samples were prepared from 3 mm wide, 1 mm high and
1 mm thick lamellas, which were thinned by grinding and polishing
using SiC papers to around 100-150 um thickness and additionally
ion-milled using JEOL EM-09100IS Ion Slicer (JEOL, Tokyo, Japan) to
electron transparency. TEM was carried out in a JEOL JEM-2100HR
microscope (JEOL, Tokyo, Japan) at 200 kV to determine morphology,
crystalline structure and elemental composition of the sub-micro-
meter features of the aluminum alloy. For TEM imaging and electron
diffractions the Gatan Orius SC 1000 CCD camera (Pleasanton,
California, USA) was used and for elemental composition TEM or
STEM with bright-field (BF) and dark-field (DF) detectors were used,
combined with energy dispersive x-ray spectroscopy (EDS) with JED-
2300 (JEOL, Tokyo, Japan) for point and line analyses, and elemental
mappings. Elemental mappings were recorded from around 30 min
to almost 2 h, depending on the area of the analysis and analysis
conditions.

3. Results and discussion
3.1. Natural aging

3.1.1. Hardness evolution

The hardness evolution during natural aging reveals an enhanced
hardness increase with aging time. For the sample groups with lower
homogenization temperature (Fig. 2(a)), a significant difference in
hardness of 6 HB between the samples with and without DCT is
already visible after 6 days of aging, despite the similar hardness
values after 1day of aging (around 76.5 HB). The initial difference
between the samples is sustained throughout the remaining aging
up to 28 days. Furthermore, the samples with 48 h exposure to liquid
nitrogen (DCT 48h) display a slightly faster hardness increase
compared to the 24 h counterparts (DCT 24 h), which also yields a
higher final hardness. In contrast to the first group, the group with
higher homogenization temperature (Fig. 2(b)) displays a con-
siderably lower impact of DCT on hardness development. The sam-
ples with and without DCT display a very similar hardness up to 14
days. Afterwards the DCT samples display a slightly higher hardness
(about 2-3 HB) up to 28 days. The general tendency of increased
hardness with DCT immersion time is not recognizable for this
sample group. By comparison of both sample groups, it is clear that
the homogenization temperature has a considerable influence on the
DCT effect on aging process of aluminum alloy EN AW 6026.

o DCT 48 h
a) . i
D s it « DCT24h
p 4
B 804 w/o DCT
g :
!
75 T.=530 °C
0 é 1|0 1|5 2b 2|5 3|0

Time (days)
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Additionally, the less homogenized state (lower homogenization
temperature) allows the development of higher hardness compared
to the more homogenized state, when DCT is applied. In contrast,
when DCT is not applied, the hardness development as well as the
maximum hardness of the alloy is very similar for both homo-
genization temperatures (compare w/o DCT curves of Fig. 2(a)
and (b)).

3.1.2. Microstructural investigation

The microstructure evolution supports the finding of the hard-
ness measurements that indicate a clear tendency of increased
precipitation of additional phases with additional DCT processing of
sample group with lower homogenization temperature (sample
group A). The initial microstructures directly after homogenization
of sample group A, presented in Fig. 3(a) and (b), provide evidence
that the distribution and size of intermetallic phases and pre-
cipitates are similar for all the differently treated samples before the
aging process. The microstructure consists of Bi-Mg-Pb melt droplets
that are present in the microstructure in a random fashion. Ad-
ditionally, intermetallic Al-Mn-Fe-Si phases are present in the mi-
crostructure. The general microstructural features are visible and
marked in the supplied optical micrographs in Fig. 3(a). The smaller
precipitates (better observable in Fig. 3(b)) display a general
homogeneous distribution across the material with occasional ab-
sence patches forming in certain prior a-Al grains. The patches ori-
ginate from the inhomogeneous alloying distribution and alloying
depletion in the Al matrix formed by the limited homogenization
and rapid quenching of the material. The enhanced optical micro-
graphs of samples after 14 days of natural aging, provided in
Fig. 3(c), display a similar distribution of secondary phases for all
samples and that the phases remain similar during the natural aging
process. However, with comparison of w/o DCT sample to the DCT
samples, the occurrence of pure absence patches is lower for DCT
samples, suggesting a higher precipitation occurrence with DCT. The
density of absence patches is very similar after natural aging, which
suggests that the enhanced hardening is in-fact mostly originating
from the denser initial precipitation and growth of sub-micron
phases induced by DCT.

For sample group B, with higher homogenization temperature,
the microstructure is similar to group A (compare Fig. 4(a) to (b)).
Only a slight modification of the morphology of the Al-Fe-Mn-Si
intermetallic phases is present for this sample group. The inter-
metallic phases display generally a more elongated morphology,
which is related to the stronger dissolution of the intermetallic
phases during the normalization procedure. The optical micrographs
of the samples provide no considerable evidence of modified pre-
cipitation with application of DCT for sample group B.

%0 b) DCT 48 h
@ ! <
L 851 DCT 24 h )
8 : « R 4
E g0. 3 $ " w/o DCT
I

$
751 T,=570 °C
0 é 1|0 1'5 2‘0 2|5 3|0
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Fig. 2. Hardness change over natural aging time for differently treated samples with and without deep cryogenic treatment (DCT) with (a) lower and (b) higher homogenization

temperature (Tg).
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Fig. 3. (a) optical micrographs of the differently treated samples of group A after homogenization and before natural aging. (b) Contrast enhanced and refined optical micrographs
of the same state of the samples as in (a). (c) Optical micrographs of the differently treated samples of group A after homogenization and 14 days of natural aging.

From SEM observations it is further confirmed that the sub-
micron precipitates are more refined and more densely formed/
packed for the DCT samples in comparison to the samples without
DCT in the case of homogenization temperature of 530 °C (Fig. 5). As
already observed from the optical micrographs, the material displays
reduced amount of Al patches without presence of precipitates. All
samples display an increased number of precipitates with aging
time, at which DCT samples display a stronger change (best seen by
comparing states after 6 days and 28 days of natural aging). The
precipitates display a varying size distribution that is tendentially

shifted towards smaller values for the DCT samples compared to the
samples without DCT. The increase in precipitation after 28 days is
determined to be in the range of 22% and 35% higher for 24 h DCT
and 48 DCT, respectively, in comparison to the precipitation increase
for the sample without DCT. The analysis of the distribution of sub-
micron precipitates and their morphology after 28 days of natural
aging (presented in Table 4) give a clear indication of the average
smaller size of precipitates with increased exposure to DCT, which
also induces a higher density of precipitates (see area % of Table 4).
The morphology of particles, described through circularity and

Fig. 4. Optical micrographs depicting typical microstructural features and phase distribution for (a) sample group A and (b) sample group B.
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21 days 28 days

Fig. 5. SEM images of samples after natural aging for 6, 14, 21 and 28 days with homogenization temperature of 530 °C. The presented sample regions are representative displays
of the average precipitation occurrence for individual samples at specific natural aging time.

Table 4

Extracted values of sub-micrometer precipitates analysis for all naturally aged samples performed on SEM images on a representative area of 96 x 80 um?. The area % represents
the amount of area occupied by precipitates. The circularity represents the fraction of the particle shape towards a perfect circle, whereas solidity represents the filling of a convex

area around a particle.

Homogenization temperature Sample Average size (nm?) Area % Circularity Solidity Skewness Kurtosis

530°C wj/o DCT 28 days 21300 3.585 0.520 0.726 0.445 0.048
24 h DCT 28 days 20200 3.695 0.526 0.737 0.462 0.115
48 h DCT 28 days 19400 3.940 0.504 0.723 0.431 0.008

570°C w/o DCT 28 days 22500 2114 0.425 0.674 0.460 0.042
24 h DCT 28 days 21300 2.150 0.456 0.697 0.436 -0.183
48 h DCT 28 days 19900 2.570 0.503 0.719 0.452 -0.019

solidity, and their distribution analysis, described through skewness
and kurtosis (Table 4), indicate a similar morphology and distribu-
tion of precipitates between the different samples.

For sample group B, with higher homogenization temperature,
the average precipitate size is also reduced with longer exposure to
DCT (Table 4). However, the average precipitate size is larger for the
samples of group B in comparison to the equivalent samples of group
A. The density of precipitates is also similarly increasing with in-
creased DCT exposure as observed for group A, with the average
density being lower for samples of group B compared to the other
group. The morphology of the particles indicates a different trend as
observed for the first group, as both the circularity and solidity of the
precipitates increases with DCT exposure, indicating rounder pre-
cipitates with DCT. The distribution of precipitates, described
through the kurtosis and skewness, is for all samples similar, which
indicates similar precipitation and growth of precipitates for all
samples. Based on the results of both groups it is clear that DCT does
indeed modify the precipitation behavior of the material with re-
spect to increased nucleation. However, the growth of precipitates
during natural aging is influenced differently based on selected
homogenization temperature. While for sample group A, the growth
of smaller precipitates is clearly visible from SEM images, for group B
the growth of precipitates is not visible. The exemplar set of images
presented in Fig. 6 provides direct evidence of the similar

precipitates size and density with natural aging time for samples
without and with DCT and the lack of growth of smaller precipitates
as determined for group A.

The lack of precipitate growth for group B can be explained
through the different homogenization of the alloy. Based on ther-
modynamic calculations (see) the homogenization at 570 °C allows
the complete dissolution of prior Mg,Si and reduction of other
precipitates and intermetallic phases. As a result, the fraction of
precipitates is reduced and alloying of matrix aluminum with Si is
increased compared to the matrix material with homogenization at
530°C (see). Another, considerably unexpected, feature of the
homogenization at 570 °C is the modification of the Bi phase present
in the Bi-Mg-Pb melt drops (compare Fig. 7(a) to Fig. 7(b)) that are
randomly dispersed throughout the material and have separated
two-phase structure with pure Pb phase and Mg-Bi phase [41]. The
Bi phase at higher homogenization temperature of 570 °C develops
small precipitating structures (Fig. 7(b)) that are confirmed to be
Mg3Bi2 (based on local chemical analysis with EDS and data from Bi-
Mg phase diagram [42]). The induced precipitation consumes the Mg
from the solid solution of Bi-Mg regions, which in turn depletes the
matrix of Mg (see Table 5). As a result, the reduced content of Mg
constricts the precipitation and growth of Mg2Si and other pre-
cipitates. In turn, the matrix is thus enriched with Si, which is ex-
erted from the matrix as pure Si plate-like particles during the
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.
1um 1 um
Fig. 6. SEM images of samples after natural aging for 6, 14, 21 and 28 days with homogenization temperature of 570 °C. The presented sample regions are representative displays

of the average precipitation occurrence for individual samples at specific natural aging time. The red boxes indicate the region of interest of identical precipitates monitored
throughout the natural aging process. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

w/o DCT

48h DCT

homogenization at 570°C (Fig. 7(c)). In contrast, the samples
homogenized at 530°C do not display the formation of such Si Table 5

particles. The feasibility of such behavior is confirmed through the ~ Chemical composition determined with energy dispersive X-ray spectroscopy (EDS) of
the matrix material of samples prepared with different homogenization temperature.

thermodynamically calculated phase diagram of the system in de- Each value and its standard deviation are determined on 5 representative areas of the
pendency of temperature and Mg variation (Fig. 7(d)). The phase matrix material from 3 separate samples for each temperature group.
diagram displays that the development of Si particles occurs at value

. ; i - . Homogenization temperature Mg in matrix (at%) Si in matrix (at%)
of < 0.5at% of Mg, which is a considerably feasible concentration .
level that could be present in the pure Al matrix within the probed 330°C 094 £ 0.05 096 =014
570°C 0.78 £ 0.05 0.89 £ 0.12

matrix area (Table 5) that is constructed of the pure Al matrix and
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Fig. 7. Scanning electron microscopy micrographs of Bi-Mg-Pb melt drops for (a) samples homogenized at 530 °C and (b) samples at 570 °C. The insert of (a) represents another
smaller melt drop without the Pb phase. The insert of (b) represents the enlarged portion of the Bi region indicating the precipitation of additional MgsBi, phase. In (c) images of
present Si particles of various morphologies formed in samples homogenized at 570 °C. (d) Equilibrium phase diagram of the investigated alloy calculated in dependency of
varying Mg content. The Bi and Fe holding phases are not presented for simplification of the phase diagram presentation.
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Fig. 8. Transmission electron microscopy images of naturally aged samples (a) without DCT and (b) with 48 h exposure to DCT homogenized at 530 °C. The inserts in (a) and (b)
are enlarged micrographs depicting the different dispersoids present in both samples. For both samples (c) without DCT and (d) with 48 h exposure to DCT homogenized at 530 °C,
selected regions with dispersoids and corresponding energy dispersive X-ray spectroscopy maps of selected elements are presented.

submicron precipitated particles. As a consequence, the Si and Mg
depleted matrix results in a general reduced formation of Mg2Si
precipitates and other precipitates. Furthermore, the distribution of
alloying elements is considerably more homogenized at 570 °C (see),
which generally reduces the possibility of precipitate regrowth
through chemical inhomogeneity and local agglomeration of al-
loying elements. From the acquired data it can be concluded that the
depleted matrix and higher homogeneity of the alloy leads to re-
duced precipitation from the matrix, which translates to a generally
lower hardness with aging and also significantly lower effectiveness
of DCT on additional precipitation with natural aging.

From the SEM micrographs, it is visible that the sub-micrometer
particles range in size and morphology, which suggest that the
precipitates are most probably of different chemical composition
and structure. The calculated phase diagram (Fig. 7(d)) indicates that
additionally to Mg,Si (p-phase) also Al,Cu (6-phase) and other more
complex phases such as AlsCu,;MggSig (Q-phase) and Al,qCu,Mns (T-
phase) can be present in the system as precipitates. Furthermore, the
general expectation of natural aging of 6xxx alloys is also the de-
velopment of p" and p' phases, which can play a decisive role in the
aging of the alloy [30]. As shown by TEM and STEM analysis (Fig. 8)
the precipitates are clearly of different morphology and size. The
DCT samples have an increased amount of precipitates that is visible
by comparing the exemplar TEM images of sample without DCT in

Fig. 8(a) to sample with 48 h DCT in Fig. 8(b). All samples hold the
different types of precipitates, at which the DCT samples generally
hold more smaller precipitates of rounder form compared to the
sample without DCT. With EDS mapping (presented in Fig. 8(c) and
(d)) and point EDS analysis, the larger precipitates are confirmed as
a-Al;5(Fe,Mn);Si, dispersoids that either formed during the homo-
genization of the alloy or are residuals of the prior microstructure
before homogenization. However, the smaller and more rounder
precipitates are chemically different to the larger dispersoids by
reduced amount of Cr, Si, Mn and Fe, which is visible from the EDS
maps. This is possibly related to the size of the particles themselves,
however, the ratio of Si to (Fe,Mn) is smaller in these particles, with
most of the particles displaying a ratio of 1:2 in contrast to the larger
particles that have a ratio of 2:3. This suggests that the particles are
most probably a result of the residual presence of heavier alloying
elements (Fe, Mn and Cr) of the prior partially dissolved dispersoids
after homogenization that are situated in the vicinity of the prior
dispersoid location. Afterwards these elements agglomerate and the
particles regrow during natural aging to a certain extent based on
the local chemical potential and residual structures and chemistry of
the surrounding area. As the Si is much more diffusive than the other
alloying elements and incorporates itself into the matrix and local
GP-zones, the deficit in Si occurs upon the regrowth of the rounder
dispersoid particles.
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Fig. 9. Transmission electron microscopy images of dispersoids found in naturally aged samples. (a) Depicts a large dispersoid with incoherent boundaries and no sign of
dissolvement of the particle into the matrix. The insert depicts the boundary of the dispersoid with the matrix. (b) Represents a smaller dispersoid that displays gradual
dissolvement of the particle into the matrix material. (c) Displays a reformed spherical dispersoid with a surrounding ring of depleted matrix material.
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Based on the above explanation, the higher density of smaller
and rounder particles for DCT samples compared to the sample
without DCT can be explained. It is proposed that DCT induces
lowering of the diffusional barriers of the atomic migration and re-
formation of the alloying elements through compressive stress in-
hibition and dislocation density modification. The exposure to liquid
nitrogen temperatures has been proven to reduce the residual ten-
sile stresses of aluminum alloys [13,43,44], which is also considered
to be related to the modification of the dislocation density [43]. This
could well be the reason for the sudden and considerably stronger
modification of the growth of dispersoids with DCT for samples with
homogenization temperature of 530 °C. Such mechanism also ex-
plains the more rounded formation of the smaller reoccurring dis-
persoids (example in Fig. 9(c)), as the growth process is related to a
homogeneous agglomeration of surrounding alloying elements
without activating preferential atom migration towards lower en-
ergy facets and directions. The indication for such behavior is given
by TEM images that disclose a brighter contrast around the reformed
spherical dispersoids, which suggests a local depletion of the matrix

material of alloying elements (see Fig. 9(c)). Such behavior also ex-
plains the considerably lower effect of DCT on the enhancement of
natural aging of sample group B, since the homogenization at higher
temperature allows higher dissolvement of the dispersoids (example
in Fig. 9(b)) and with it also a more homogenous distribution of
dissolved alloying elements away from the dispersoids prior posi-
tions. As a result, the raised driving force of atom migration with DCT
cannot have such an influence as the agglomeration of particles is
considerably less at homogenization temperature of 570°C com-
pared to 530 °C (see). As a result, only the larger dispersoids with
strong incoherent grain boundaries will generally remain in the case
of samples without DCT treatment (example in Fig. 9(a).

These results and explanation indicate that the dispersoids are
the main phases for the increase of the hardness with prolonged
natural aging time with DCT. Based on the fact that no clear pre-
cipitation of other particles is visible, it is concluded that the hard-
ness growth in CHT samples is mainly related to the formation of
smaller GP-zones and initial " phases, which have been proven to
form for Al-Mg-Si alloys during natural aging [25], also with DCT
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Fig. 11. (a) Impact toughness and (b) S-N curve for fatigue properties of artificially aged samples. For impact toughness the box represents the standard error (SE) and the
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[16]. However, with DCT the dispersoids play an additional role
through a subprocess of reformation and regrowth, which increases
the density and size of the dispersoids as well as modifies their
coherency with the matrix. As a result, the hardness increases fur-
ther due to dislocations interaction with dispersoids through Or-
owan bowing and looping (see), which also leads to a considerably
higher hardness value than normally found for similar alloys during
natural aging [45-47]. Furthermore, the presented results also in-
dicate that possibly the hardness increase during natural aging could
be partially a result of the dispersoids reforming also in the case of
CHT samples, since the rounder dispersoids with coherent/semi-
coherent boundaries are also present in the CHT samples, but in
considerably lower quantity.

3.2. Artificial aging

3.2.1. Mechanical properties

The selected artificial aging indicates that DCT has a positive
influence on hardness (Fig. 10(a)) in the case of lower homogeniza-
tion temperature (compare CHT 1 to DCT 2), whereas in the case of
higher homogenization temperature the hardness levels are within
the same range (compare CHT 3 to DCT 4). Contrary, the tensile
properties are negligibly altered with DCT, when artificial aging is
performed for samples with homogenization temperature of 530 °C
(Fig. 10 (b)-(d)). Whereas for the second group the tensile strength
(Fig. 10 (b)) and yield strength (Fig. 10 (c)) are raised with DCT and
with it proportionally the elongation Fig. 10 (d)) is reduced. Similarly
as for the natural aging, these basic mechanical properties indicate
that the homogenization temperature influences the DCT effect on
the artificial aging of the two sample groups. The surprising feature
of DCT effect for the first group is the increased hardness and si-
multaneous reduced tensile strength. Such behavior connected with
the significantly higher hardness of the alloy in comparison to
naturally aged samples indicates that the precipitation of B-type
particles must be present. For the second group, the surprising
feature is the differently behaving tensile properties of the DCT
samples that display higher strength, but also a strong scattering of
the properties from sample to sample in comparison to CHT samples
(see). Based on the microstructural research of previous, naturally
aged, samples, the possible cause could be in the formation of Si
particles that have a high notch effect, leading to higher chance of
sudden failure with denser and finer precipitation for DCT samples.

The impact toughness measurements, shown in Fig. 11 (a), in-
dicate a slight increase in the mean value with DCT for lower
homogenization temperature, whereas with higher homogenization
temperature a slight deterioration of the property occurs with DCT.
However, for both sample groups, DCT displays a negligible effect on
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the impact toughness, when scattering of the results is considered.
Despite this, the obtained S-N curves from fatigue testing (Fig. 11 (b))
show a clear trend of improved fatigue resistance for DCT samples
compared to their CHT counterparts. In the case of the first group,
the S-N curve is shifted towards higher stress amplitudes for the DCT
sample, which is well pronounced in the range from 400,000 to
1000,000 cycles. In contrast, the second group with higher homo-
genization temperature displays a less distinct improvement, which
is only visible in the range from 300,000 to 600,000 cycles. The
significant improvement of the DCT sample as well as the modified
shape of the S-N curve for the first group of samples correlates well
with the simultaneous increase in hardness and impact toughness of
the material. In the second group, the fatigue improvement at lower
number of cycles is considered to be a result of the higher tensile
strength after DCT that translates to higher resistance to fatigue at
high loads.

3.2.2. Microstructural investigation

The SEM observations (Fig. 12) reveal, similarly as for the natu-
rally aged samples, that DCT samples (Fig. 12 (b) and (d)) display an
increased number of dispersoids in contrast to their CHT counter-
parts (Fig. 12 (a) and (c)), regardless of the selected homogenization
temperature. However, in contrast to the naturally aged samples, the
artificially aged samples generally display a similar amount of sub-
micrometer dispersoids with respect to the different homogeniza-
tion temperatures for both CHT (compare (a) to (c) in Fig. 12) and
DCT (compare (b) to (d) in Fig. 12) samples. This indicates that the
increased temperature of aging allows the development of the dis-
persoids in a similar manner for both sample groups, irrespective of
the homogenization temperature.

The DCT samples generally display on average a more acicular
dispersoid formation, which was also confirmed with TEM (Fig. 13
(a)~(b)). Similarly, TEM also confirms the increased amount of dis-
persoids for DCT samples in comparison to the CHT samples. The
DCT samples display a general formation of dispersoids with elon-
gated morphologies oriented mostly along the < 100 > axes of the Al
matrix. The elongated dispersoids with the same preferential or-
ientation are also present for the CHT samples, but in a smaller
quantity and with a generally shorter length. Additionally, both CHT
and DCT samples still display spherical and cuboidal dispersoids of
different size, with the DCT samples exhibiting more spherically-
shaped dispersoids rather than cuboidal. The chemical analysis of
the individual dispersoids indicate a general reduction of alloying
with Cr and Fe. The spherical and elongated dispersoids display also
a reduced amount of Si and Mn, at which the ratio between the two
elements ranges from 1:2, as observed for the spherical dispersoids
during natural aging, to a ratio of 1:1. For the elongated dispersoids,
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Fig. 12. SEM images of samples after artificial aging for conventionally heat treated ((a) and (c)) and deep cryogenic treated samples ((b) and (d)) with different homogenization
temperatures of 530 °C ((a) and (b)) and 570 °C ((c) and (d)). The images provide representative images of the microstructure at two different magnifications for each sample.

this chemical ratio differs across the length from point to point and which the elongated particle grew. An example of such a structure is
displays a Si enriched spherical central zone. The zone is associated visible from the EDS maps in Fig. 13 (c). Additionally, for the CHT
to the residual position and shape of the prior dispersoid, from samples, the cuboidal dispersoids remain in their initial

Fig. 13. Transmission electron microscopy images of artificially aged samples (a) without DCT and (b) with 48 h exposure to DCT obtained at two different magnifications to
indicate the average density and morphology of dispersoids. (c) Representative region with different dispersoids and corresponding energy dispersive X-ray spectroscopy maps of
selected elements, which are present in all artificially aged samples.

1
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Fig. 14. Exemplar transmission electron microscopy (TEM) images of the precipitation of " needles for (a), (c) CHT and (b), (d) DCT samples. The insert in d) represents the
corresponding selective area electron diffraction diffractogram with indicated streaks formed by the oriented " precipitates. For the CHT sample the TEM images are acquired
with brightfield technique, whereas for the DCT sample the TEM images are acquired with darkfield technique for the visualization of the increased contrast of the precipitates

along the < 100 > directions of the aluminum matrix.

stochiometric state of Al;5sMnsSi,, whereas the other two dispersoid
types display similar stoichiometry as observed for the rounder
dispersoids of naturally aged DCT samples. This suggests that DCT in-
fact modifies the transitioning coherent/semi-coherent boundary
(see Fig. 9(c)) by increasing the diffusivity of the alloying elements
through shrinkage pressure and dislocation pile-up, which effec-
tively reduces the energy barrier for the growth along the en-
ergetically favorable orientations of< 100 > of the aluminum
matrix. In turn, the DCT samples develop longer dispersoids than the
CHT samples.

The results have proven that DCT strongly modifies the change of
dispersoids with aging. Nevertheless, for the artificially aged sam-
ples, DCT also promoted the change in the formation of smaller p-
type particles that commonly form during artificial aging [30]. TEM
observations (Fig. 14) indicate that the CHT samples display typical
ladder-like formation of needle-shaped p-type particles, which can
be separated into thinner p" and thicker B’ particles (marked in
Fig. 14 (c)). The identification was determined based on the mor-
phological character of the two precipitate groups as well as based
on the local chemical difference of the two particle groups (com-
pared to literature [25,30,48,49]). In contrast, the DCT samples dis-
play mainly thinner g" (see Fig. 14 (d)) with on average higher
density as well as considerably longer average length of the pre-
cipitates in comparison to those found in CHT samples (compare
Fig. 14 (a) with (b)). The increased density of the p” precipitates with
DCT is again a result of the shrinkage of the material and increased
amount of dislocation density. These effectively reduce the nuclea-
tion energy barrier of the precipitates, which has been confirmed
with differential scanning calorimetry performed by Huang et al.
[16] on a similar aluminum alloy type during natural aging. Fur-
thermore, the increased dislocation density results in larger amount
of dislocation piles that act as nucleation sites for the precipitates
[50]. The precipitates for both CHT and DCT samples are aligned
along the < 100 > directions of the aluminum matrix, which is re-
solved by the streaks formed within the selective area electron dif-
fraction pattern (example in insert of Fig. 14 (d)). Surprisingly, the
different homogenization temperatures did not reveal significant
differences in the precipitation of " and p' particles. It is postulated
that the higher hardness with DCT in the case of lower
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homogenization temperature is a result of the denser precipitation
of B". However, for the case of higher homogenization temperature,
for which only slight hardness increase is registered, the reason
could potentially lie in the depletion of Mg and Si, leading to reduced
size and/or reduced netting of the precipitates [48,51]|. However,
these features could not be confirmed or disputed with currently
used methods.

In contrast, the remaining mechanical properties seem to be
unrelatable to the changes of the precipitation with DCT and fur-
thermore no clear trend with different homogenization temperature
can be established for these properties. It is possible that the addi-
tional presence of heavier alloying elements such as Fe, Mn, Cr and
Zr could be inducing additional formation of low-melting complex
precipitates coupled together with the Al-Si structures that can
potentially change the hardening effect of these precipitates. It has
been recently shown that with specific alloying of aluminum alloys,
new low-melting Al-Si phases can be formed thus giving the pos-
sibility to modify the precipitation dynamics of the whole system
[52] and in our case the influence of DCT. For the above-mentioned
reasons, it is proposed that more research needs to be performed on
this matter using more sophisticated techniques such as atomic
probe tomography or small angle neutron scattering in order to
establish a clear consensus on the formation and development of GP
zones and B-type particles, when DCT is applied. Regardless of this,
DCT is proven to have a significant impact on the aging evolution of
6xxx aluminum alloys and allows achievement of high hardness
values that surpass standardly obtained hardness values and are
comparable to hardness values obtained with specialized and com-
plex heat-treatment procedures [7,46,53,54].

4. Conclusions

The research provides insight into change of the aging behavior
of aluminum alloy EN AW 6026 with its exposure to deep cryogenic
treatment (DCT). The microstructural results confirm changes in the
precipitation and growth of sub-micrometer dispersoids, when DCT
is applied before aging. Additionally, the work provides the first
research and first evidence of the effect of DCT on dispersoids. With
DCT the dispersoids reform their shape from a preferential cuboidal
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shape to a more spherical form during natural aging and during
artificial aging the dispersoids and p" precipitates become more
elongated. Additionally, DCT induces denser formation of dis-
persoids and p" precipitates as well as retards the growth of larger '
precipitates. The changes are associated with the improved diffu-
sivity of alloying elements.

However, the effectiveness of DCT is strongly dependent on the
homogenization temperature. The higher (570 °C) homogenization
temperature results in a significant reduction of the hardness im-
provement for DCT in comparison to the lower (530 °C) homo-
genization temperature. This originates from the precipitation of
Mgs3Bi, in the accompanied Bi phases, which result in Mg and Si
depletion of the matrix and with-it retarded development of dis-
persoids and precipitates.

Due to the microstructural changes, the hardness change during
natural and artificial aging is amplified with the application of DCT.
The duration of exposure to DCT (from 24 to 48 h) also increases the
impact of DCT on the hardness evolution during natural aging, in-
creasing both the hardening rate and maximal level of achieved
hardness. Additionally, DCT yields improved fatigue resistance,
especially with lower homogenization temperature, as well as in-
creased strength, observed for samples with higher homogenization
temperature. As such the modification of mechanical properties
after artificial aging with DCT can be partially related to denser
precipitation of g" particles and matrix depletion of Mg and Si, but
some correlations remain unclear. As a result, further, more so-
phisticated, investigations of the DCT effect on artificially aged Al-
Mg-Si alloys are required to underline the main contributions of DCT
on GP zones and development of B-type precipitates during artificial
aging.
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