Materials Science & Engineering A 923 (2025) 147704

Contents lists available at ScienceDirect

MATERIALS
SCIENCE &
INEERING

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

ELSEVIER

Check for

Atomic resolution analysis of precipitates formed in an HPTE deformed | e
Al-Mg-Si alloy

Vahid Tavakkoli ", Lucas Brauch ", Evgeniy Boltynjuk “®, Torsten Scherer -,
Chriotn Rabal i el %-¢®, Torben Boll°, Yulia Ivanisenko® @,
Christian Kubel ->%""

2 Institute of Nanotechnology, Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen, 76344, Germany

b Department of Materials and Earth Sciences, Technical University of Darmstadt (TUD), 64287, Darmstadt, Germany

¢ Institute for Quantum Materials and Technologies, Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen, 76344, Germany
4 Karlsruhe Nano Micro Facility (KNMFi), Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen, 76344, Germany

€ Institute of Applied Materials (IAM-WK), Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, Eggenstein-Leopoldshafen, 76344, Germany

ARTICLE INFO ABSTRACT

Keywords:

Severe plastic deformation
Al-Mg-Si alloy

Artificial aging
Precipitates

Improving both mechanical and electrical properties is one of the key requirements for reducing energy losses in
power lines. Here, we investigate the structural evolution and hardening of Al 6101 grade, which is a versatile
alloy known for its high electrical conductivity. Structure and properties changes were induced by severe plastic
deformation followed by artificial aging. Nano indentation maps show improvement in hardness, which is
connected to the formation of intermetallic phases. A range of hardening phases with different shapes and Mg/Si
ratios have been identified by APT. HR(S)TEM imaging shows that the structure of most particles is only partially
ordered due to the high defect density in severely deformed Al matrix. The observed particles exhibit several
different crystalline structures, and their orientation relationships with the Al matrix differ from the ones pre-
viously established. Moreover, many nanometer sized precipitates consist of several different phases. These
structural features are a consequence of non-equilibrium growth conditions of the precipitates and affect further

thermal evolution as observed by DSC.

1. Introduction

Al-Mg-Si alloys are widely used in power generation and transfer,
electronics, automotive, and aerospace industry due to their high elec-
trical conductivity and strength, which can be attributed to secondary
phase precipitates [1]. These alloys undergo solid solution treatment
followed by artificial aging (AA) to enhance their properties. In the
Al-Mg-Si system, precipitation of secondary phases during aging follows
an established sequence, with the p” and f° phase playing a key role for
strengthening. Attention has been paid to studying their crystal struc-
ture due to their significant impact on mechanical properties [2,3].

Andersen et al. reported the crystal structure of B’ based on modeling
derived from exit wave reconstructed HRTEM images [4]. They deter-
mined the B” unit cell to be monoclinic with space group C2/m and unit
cell parameters a = 1.516 nm, b = 0.405 nm, ¢ = 0.674 nm, § = 105.3°

and a composition corresponding to MggSis. However, Ninive et al.
proposed a different f” crystal structure. They reported that Mg4Al3Siy is
the most likely composition of the precipitate with possible variations in
a single particle. The p' phase, MggSiz 3, has a rod-shape morphology,
which precipitates along the <100> Al directions, and is coherent with
the aluminum matrix along its c-axis. The structure is hexagonal with
unit cell parameters a = 0.705 nm and ¢ = 0.405 nm [5]. On the other
hand, Vissers et al. showed in ab-initio calculations that the energetically
most favorable unit cell for the p° phase is expanded by a factor of 3
along the c-axis [6]. The intermediate phases U1, U2 and B’ are variants
of the " phase. Their basic crystallographic information is summarized
in Table S1 [6-15]. These precipitates have different effects on the
mechanical and electrical properties due to a wide range of lattice
misfits between the precipitates and the matrix. Zheng et al. investigated
the microstructure evolution and precipitation behavior of an Al-Mg-Si
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alloy during aging. Their findings revealed that after aging at 170 °C for
6 h, the hardness reached a peak value of 127 HV, while the electrical
conductivity remained relatively stable. This behavior was attributed to
the formation of coherent precipitates, such as Mg/Si clusters and GP
zones, alongside a reduction in solute atom concentration within the Al
matrix [16].

The majority of structural studies have focused on fully annealed
samples, where precipitate structures are well-defined. However, under
non-equilibrium conditions after severe deformation, rapid precipitate
growth occurs due to a high defect density, potentially altering the
phases, their sequence and composition. Therefore, comprehensive
studies on precipitates formed in non-equilibrium states, particularly
through severe plastic deformation (SPD) followed by AA, are necessary
to better understand processing conditions and their effect on properties
of the industrially important Al-Mg-Si alloys. Valiev et al. [17] used
high-pressure torsion (HPT) as a way to produce ultrafine-grained (UFG)
structure in aluminum alloy 6101, which resulted in improved electrical
conductivity and enhanced strength due to the presence of small pre-
cipitates. Sauvage et al. [18] conducted a comprehensive study on
HPT-processed 6101 and 6102 aluminum alloys using transmission
electron microscopy (TEM) and atom probe tomography (APT). Their
findings indicated that the formation of an UFG structure with
intra-granular nanoscale precipitates is an effective strategy to optimize
the strength vs. conductivity trade-off in aluminum alloys. However, a
detailed analysis of the structure of precipitates formed in
SPD-processed Al alloys has not been conducted so far. Therefore,
further studies are needed to understand the phase formation process
under these non-equilibrium conditions.

The small volume fraction of secondary phases in the precipitation-
hardened alloys renders conventional X-ray diffraction methods inef-
fective to establish the phase composition. TEM with selected area
electron diffraction (SAED) [19], high-resolution imaging techniques
like HR(S)TEM [20], and elemental analysis methods such as EDX and
EELS are preferred for identifying nanoscale phases [21,22]. APT pro-
vides even more accurate information on secondary phase composition
[23].

In our previous work [24], we revealed that the particles, which
precipitate during AA, are responsible for the remarkable mechanical
and electrical properties of the alloy. Here, we will demonstrate the
change in microhardness of the alloy after AA and investigate the nature
and evolution of the secondary phase particles formed under
non-equilibrium conditions using APT and advanced analytical (S)TEM
methods.

1.1. Material and methods

A 6101 grade Al alloy rods with chemical composition (at. %) 0.94
Mg, 1 Si, Fe < 0.5, Cu < 0.10, Zn < 0.1, Cr < 0.03, Mn < 0.03 and Al
balance was melted from high purity components. The initial samples
were prepared in the shape of rolled rod with diameter of 11.8 mm and
length of 34 mm. Samples were heated up to 500 °C for 1 h for solid
solution treatment and quenched in water. The material had been
deformed by high pressure torsion extrusion (HPTE) with a translational
velocity of 3 mm/min and a rotation speed of 1 rpm (denoted as v3w1)
at 100 °C. The applied HPTE process has been introduced in detail in
Ref. [25]. AA was performed at 160 °C for 10 h.

The samples for TEM analysis were prepared using conventional
electro-polishing. The samples were examined using a double
aberration-corrected Themis Z transmission electron microscope
(Thermo Fisher Scientific) operated at 300 kV and a probe corrected
Themis 300 (Thermo Fisher Scientific) operated at 200 kV to reduce
knock-on damage [26]. The software package JEMS has been used to
index the FFTs of high-resolution images [27]. HAADF-STEM multi-slice
image simulation was done using the software Prismatic 2.0 [28].
Elemental analysis was performed by means of energy dispersive X-ray
spectroscopy (EDX) using a Super-X detector and analyzed by Velox
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3.9.0. APT samples were prepared using the conventional lift-out
method on a Strata 400 dual beam facility [29]. The APT analysis was
performed on a LEAP 4000X HR instrument at 40 K with laser pulse
energy of 30 pJ, and a pulse rate of 125 kHz. The APT reconstruction and
data evaluation was performed with the APT Suite software 6.3
(CAMECA/AMETEK). The distribution of solutes was investigated using
nearest neighbor (d-pair) distributions [30]. More details on the
experimental procedure, in particularly on nano indentation and DSC
can be found in the SI.

2. Results and discussion

Fig. 1a, b shows hardness maps for both the as-deformed sample and
after AA. The maps show an increase in hardness as a result of the heat
treatment. The average hardness of the sample after aging is 1.33 +
0.07 GPa, while the as-deformed sample shows an average hardness of
1.14 + 0.06 GPa (Fig. 1c). Our recent study shows that the main
contribution to the increased mechanical properties is due to precipi-
tation of secondary phases, which further leads to simultaneous
improvement of the electrical properties [24].

The evolution of precipitates in the alloy after quenching, after HPTE
and after AA at 160 °C was studied by means of APT. The presence of
clusters or precipitates in the as-quenched state is difficult to detect, but
they obviously develop during deformation and aging. The fifth nearest
neighbor distribution for Mg is shown in Fig. S7 for the as-quenched and
in Fig. 2a for the as-deformed states. For the condition after quenching,
the average d-pair distance is slightly reduced compared to a random-
ized distribution, indicating a tendency of Mg atoms to correlate. In
contrast, the pronounced shoulder in the Mg distribution in the as-
deformed sample clearly indicates clustering. The corresponding Pear-
son correlation coefficient increases from 0.18 to 0.30. This result in-
dicates the dynamical aging already occurring during the deformation
[31,32].

These clusters can be assigned to GP zones, which are fully coherent
with the matrix according to HRTEM images (Fig. S6). The clusters
exhibit a diverse range of compositions, as indicated by the Mg/Si ratio
distribution plot (Fig. 2), with a slight dominance of Mg-rich clusters,
but also some Si-rich clusters present. This variable composition of GP
zones has also been reported in previous studies [33]. However, while
Fallah et al. claim that regardless of the alloy composition and aging
history, the initial precipitates manifest as finely-dispersed Si-rich
clusters, which subsequently undergo simultaneous coarsening and
Mg-enrichment over time [34]. Our work indicates that in a highly
defective structure produced by SPD, Mg-rich clusters also form at an
early stage of precipitation.

The presence of the clusters and the high defect density introduced
during HPTE changes the thermal evolution of the alloy as revealed by
DSC analysis (Fig. 2c). For the quenched sample, several exothermic
peaks are visible, which correspond to the known sequence of phase
formation in this alloy [35]. The peak at low temperature is character-
istic for the GP zone formation and the other peaks at higher tempera-
tures correspond to a precipitation of secondary phases. For the
deformed sample, only one broad peak is observed, and the corre-
sponding heat release is noticeably smaller compared to that in the
quenched counterpart. The absence of a peak for the GP zone formation
can be explained by the fact that they had already formed during HPTE
deformation (see APT and HRTEM results above). The peak onset tem-
perature for HPTE sample is shifted to the left. This phenomenon is
usually explained by a larger fraction of lattice defects, in particular
grain boundaries, that not only dramatically enhance the diffusivity of
alloying elements, but also increase the number of nucleation sites by
decreasing the activation energy for precipitation formation [36,37].

For further characterization of the cluster evolution, an APT recon-
struction of the aged sample has been performed. The reconstructed
volume depicted in Fig. 2b reveals two discernible types of precipitates.
One type are rod-shaped precipitates with an average length of ~15.2 +
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Fig. 1. Nanoindentation maps of deformed (a) and deformed + AA (b) samples. (c) Histograms of hardness for deformed and deformed + AA samples.

1 nm and diameter of ~3.1 &+ 0.3 nm grown in <002>,; directions in
agreement with reference [24], while the other type exhibit an irregular
shape. This result is in line with the DF images shown in Fig. 3a. The
Mg/Si composition distribution plots (right panels in Fig. 2a and b)
exhibit one broad peak indicating the presence of a variety of phases.
However, this Mg/Si composition range is narrower in AA160 sample
than that in the deformed sample indicating a reduced variety of the
composition. The average Mg/Si ratio is approximately 1.5, suggesting a
potential association with f” and/or p phases. The magnified views in
both (a) and (b) reveal co-segregation and co-precipitation in two
adjacent clusters (highlighted with a red circle), indicating that they
nucleated in close proximity and subsequently grew until mutual con-
tact. It is worth noting that Mg and Si clusters are present in both states,
although their volume fraction is marginal. The presence of Mg clusters
has already been observed by Murayama et al. [38] and the formation of
Si clusters during quenching has been proposed for the Al-Si system by
Edwards et al. [39]. However, it can be assumed that the Si clusters
formed either as the result of the deformation process or excess of Si
concentration in the matrix [40].

The DF-TEM image of the sample after AA at 160 °C in Fig. 3a reveals
precipitates consistent in size and shape with the APT findings. Ac-
cording to our recently published study, the average diameter of the
precipitates is 2.2 + 0.9 nm, with a remarkably high precipitates num-
ber density (2.2 + 0.5) x 102 [24]. Fig. 3b displays the corresponding
SAED, containing intense reflections of Al and weaker ones of the sec-
ondary phases. Table 1 lists interplanar distances measured from SAED
to identify the phases. Multiple candidate phases match each d-value,
complicating reliable phase composition determination, but in agree-
ment with the Mg/Si APT analysis showing coexistence of several
phases.

Therefore, HR(S)TEM imaging was used to identify the structure of
individual precipitates. We found that most of the precipitates (~90 %)
have a defective, polycrystalline structure, as shown in Fig. 4a. Most
likely, defective structure of precipitates results from the accumulated
strain induced by strong deformation during HPTE [41]. The corre-
sponding FFT contains many reflections due to various structural mo-
tives and defects present in a single precipitate particle. Therefore, our
efforts have been aimed at identifying the crystallography of individual
particles with less distorted structure. Figs. 4 and 5 show a series of HR
(S)TEM images of intermetallic particles present in the deformed and
aged sample.

Fig. 4b shows a HRTEM micrograph of a particle with a core-shell
structure. The corresponding FFT exhibits a spot pattern with six-fold
symmetry and d-values of ~0.61 nm, which can be indexed as p’
phase with orientation relationship (OR): [001]4ll [001], and
[110]4/1 [100],. The Fourier filtered image in Fig. S3 reveals the pres-
ence of an intermediate layer (~1 nm thickness). This feature has been
reported before and suggested that an intermediate layer reduces the
misfit strain between the p’ phase and the Al matrix. Furthermore, it has
been suggested that this layer may facilitate coarsening, which would

influence the mechanical properties [43-45]. Unlike in the bulk
structure, local compositional variations may be expected in the inter-
mediate layer to optimize the local misfit [44]. However this goes
beyond the structural and composition analysis performed here.

Another particle is shown in Fig. 4c. This particle demonstrates a
[001],,11 [010], and [210]4! [lTO]/}, OR. In addition, a number of re-
flections that do not belong to the Al or p” phase are also observed in the
FFTs in Fig. 4c, indicating that the precipitates are not single crystalline.
The Fourier filtered images of the poly crystalline structure are shown in
Fig. S2b. A coexistence of several phases in one particle has also been
reported in a previous study [46].

A HRTEM image of another precipitate containing two crystallites
with different structures is shown in Fig. 4d. The FFT of the upper part of
the precipitate is in agreement with the Ul phase, whereas several
phases/orientations are present in the lower precipitate.

Fig. 5 shows HRSTEM images of two B’ precipitates fitting the
structure in Ref. [14]. Fig. 5a illustrates the six-fold symmetry of the
atomic arrangement of Si in both of the two sublattice sites as shown in
the magnified view in Fig. 5b. In this variant of the §° phase, there are
two Si positions. The projected atomic structure is in agreement with the
higher intensity for the Si atoms in the 4e Wyckoff position compared to
the Si in the 2d Wyckoff position. The position of the Mg atomic columns
is almost invisible in the HAADF-STEM image in agreement with the
image simulation (Fig. 5c).

A HRSTEM image of another p” particle acquired by STEM-iDPC is
shown in Fig. 5d with the Al lattice superimposed on the precipitate
structure. To separate the matrix and the particle, we performed Fourier
filtering using the reflections from Al (Fig. S2a) and from the p'phase
(Fig. S2b). The combination of these two filtered images is shown in
Fig. 5f, where columns of Si atoms in two different positions in the
lattice are clearly visible as it is also shown in the magnified view in
Fig. 5b. The integrated EDX spectrum of this phase shows a Mg/Si ratio
of 1.8, which is characteristic for the p” phase (Fig. S3).

The precipitate in Fig. 5a shows a [001]41[001], and [340] 4!l [100] 5
OR, whereas the precipitate in Fig. 5d reveals a [001],1[001], and
[100],,!l [100],- OR with a semi-coherent phase boundary with the matrix
since the (003)p: reflection coinciding with the (200)a; reflection (see
inset in Fig. 5¢).

The precipitates examined by HR(S)TEM exhibit a (semi)coherent
structure. It should be noted that detailed HR(S)TEM analysis was car-
ried out only for particles with well resolvable crystal structure; for
many precipitates this was not possible. This is because most of pre-
cipitates exhibit a high defect density, consist of more than one grain, or
their orientation does not allow obtaining images with atomic resolu-
tion. In this case, as mentioned above, the number density of precipitates
is extremely high. This is obviously due to the increased number of
nucleation centers created during SPD and determines high mechanical
properties of the material. i.e., its enhanced strain hardening capacity
and ductile behavior [24]. Recently, several studies have been published
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Fig. 2. 3D reconstructed volume of clusters visualized using iso-compositional surfaces of 4.0 at. % Mg (blue) and 3.0 at.% Si (green) indicating precipitates (a) in the
as-deformed state and (b) after AA 160 °C with a magnified view of the coprecipitation of two neighboring clusters marked by red circles. Corresponding histograms
show the distribution of the Mg/Si ratio in the precipitates. (c) DSC curves of as-quenched sample after solid solution treatment (SS) and as-HPTE sample. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. (a) DF image of the deformed sample after AA at 160 °C; (b) DP with the overlaid semi-circles for the measured d-values of the secondary phases and two
reflections from the Al grain.

Table 1
d-values measured from the DP compared with possible candidate phases in Table S1.
dmeasured [nm] p" 4] p*[14] Ul [42] U2 [11]
hkl d [nm] hkl d [nm] hkl d [nm] hkl d [nm]
0.30 311 0.30 201 0.30 011 0.31 201 0.31
0.19 221 0.19 201 0.19 103 0.19 311 0.19
0.16 713 0.16 223 0.16 222 0.16

[001],7, [001],
[170] 4, [100],,

Fig. 4. HRTEM micrograph and corresponding FFT of (a) distorted phase. (b, ¢) p phase particles with two different ORs, and (d) a precipitate of partially Ul and of
non-indexed structure. The insets show the ORs between particle and matrix. The simulated diffraction patterns are shown in Fig. S1.
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Fig. 5. (a, d) HRSTEM images of 8" phase with corresponding FFT (inset); yellow diamond shape in (a) shows the f" unit cell along the c-axis; (b, e) magnified views
of white dashed square areas in (a, d); (c) simulated HAAFD-STEM image of " phase; (f) inversed FFT image of " phase in (d). Dark and light blue circles show the
position of Sil and Si2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

establishing the ORs and their role in determining precipitate
morphology for various precipitates in Al-Mg-Si alloys [45,47,48].
These studies report that the morphology of precipitates in the equi-
librium state is determined by anisotropic misfit strain, which depends
on the mutual orientation of the phase and matrix lattices. In our study,
we discovered several ORs that have not been previously reported,
whose presence seems to be associated with the growth of precipitates in
a highly defective state. Since the thermal activation during AA was low,
the primary driving force for phase transformation is the energy accu-
mulated during deformation, which is associated with the high defect
density. The high solute diffusivity in a defective structure can lead to
fast atomic transport to form a precipitate with growth directions
determined by the local diffusion flux conditions. Another feature
observed in the alloy after AA, which is presumably associated with the
high defect density, is the coprecipitation of particles (see Figs. 2 and
4d), when dislocations and grain boundaries provide many nucleation
sites in close proximity.

Considering these structural features helps to understand the DSC
measurements of the HPTE deformed sample (Fig. 2) with only one
broad exothermal peak at a temperature slightly below the typical p’
precipitation temperature and with a significantly reduced heat release
compared to that in the as quenched reference. A large number of GP
zones have already formed during HPTE and apparently no significant
additional GP zone formation occurs during further heating. Based on
our HR(S)TEM studies the broad DSC peak in deformed sample has to be
interpreted as a convolution of heat releases of several phases, which
precipitate simultaneously in this temperature range, presumably due to
the high solute mobility induced by the high defect density. The reduced
heat release in the deformed state is presumably related to a reduced
volume fraction of precipitated particles in the deformed sample and the
high defect density in the particles and their unusual and presumably
energetically less favorable ORs, leading to a smaller amount of energy
being released during their precipitation.

Finally, we can hypothesize that control of OR, particle morphology,
and their number density through changes in material processing pa-
rameters allows to tailor the microstructure of Al alloys to achieve
optimal properties for specific applications.

3. Conclusions

A combination of nanohardness measurements, HR(S)TEM imaging
with EDX and APT analysis was employed to explore the mechanical
properties and structural evolution of precipitates in a HPTE deformed
Al 6101 alloy followed by AA at 160 °C. The APT study shows that
although some clustering is already present in the as-quenched state, a
noticeable evolution of the phase composition with the formation of
clusters having different Mg/Si ratios starts during HPTE deformation.
The phase formation process is significantly influenced by the high
defect density, as indicated by DSC measurements. The coexistence of
several crystalline phases within the alloy results in an improved hard-
ness. Their structure is closely related to the known structure of pre-
cipitates in Al-Mg-Si alloys, but noticeable variations have been
observed due to deformation-induced defects. These secondary phase
precipitates exhibit either partially defective and/or polycrystalline
structures, partially as core-shell structures, because of the highly
defective state of the Al matrix. Several OR variants have been detected,
which are not typically observed in this alloy group with common
processing conditions.
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