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Abstract: Grain boundary engineering (GBE) enhances the properties of metals by incorporating
specific grain boundaries, such as twin boundaries (TB). However, applying conventional GBE
to parts produced through additive manufacturing (AM) poses challenges, since it necessitates
thermomechanical processing, which is not desirable for near-net-shape parts. This study explores
an alternative GBE approach for post-processing bulk additively manufactured aluminium samples
(KoBo extrusion), which allows thermo-mechanical treatment in a single operation. The present
work was conducted to examine the microstructure evolution and grain boundary character in an
additively manufactured AlSi10Mg alloy. Microstructural evolution and grain boundary character
were investigated using Electron Back Scattered Diffraction (EBSD) and Transmission Electron
Microscopy (TEM). The results show that along with grain refinement, the fraction of Coincidence Site
Lattice boundaries was also increased in KoBo post-processed samples. The low-Σ twin boundaries
were found to be the most common Coincidence Site Lattice boundaries. On the basis of EBSD
analysis, it has been proven that the formation of CSL boundaries is directly related to a dynamic
recrystallisation process. The findings show prospects for the possibility of engineering the special
grain boundary networks in AM Al–Si alloys, via the KoBo extrusion method. Our results provide
the groundwork for devising GBE strategies to produce novel high-performance aluminium alloys.

Keywords: CSL boundaries; aluminium; KoBo extrusion; EBSD; TKD; TEM; texture

1. Introduction

Nature has always been full of symmetry and asymmetry. Many natural objects
have symmetric shapes, which highlight the inherent order and balance in biological and
geological systems. The symmetrical forms [1,2] such as the radial symmetry of a daisy
or the bilateral symmetry of an orchid, exemplify the beauty of nature. The hexagonal
symmetry of snowflakes [3,4], the bilateral symmetry of butterfly wings [5], and the
symmetry of spiral galaxies [6] all demonstrate basic principles of symmetry in natural
systems.

Symmetry also plays an important role in the field of materials science [7], where
it provides a powerful framework for understanding the organisation, behaviour, and
properties of materials at the atomic and molecular levels. In the context of metals science,
symmetry manifests itself as a fundamental principle that underlies the arrangement of
atoms and the formation of crystal structures [8]. The specific symmetry groups exhibited by
the crystals provide insight into their physical properties, including mechanical behaviour,
electrical conductivity, and optical response.

The characteristics of polycrystalline metals are closely related to the atomic subtleties
associated with grain boundaries (GBs), which are fundamental structural elements and
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represent the interfaces where crystallographic orientations change abruptly. GBs could
exhibit unique structural, chemical, and electronic properties that differ from those of bulk
crystalline regions [9]. These characteristics have an important impact on various properties
of the material, such as mechanical strength, corrosion resistance, and electrical conductivity,
which is why grain boundaries are the subject of intense scientific investigation [10].

In pursuit of enhancing the properties of polycrystalline materials, researchers have
taken two different approaches. One involves the engineering of material textures, while
the other involves targeting special grain boundary distributions within the polycrystal.
The motivation for the latter technique comes from the observation that different atomic
structures at the grain boundary often give rise to different properties or responses [11].
Hence, the current essence of “grain boundary engineering” is to produce alloys with a
high proportion of Σ3 twin boundaries (TB) and twin-related higher-order Σ3n (n = 2, 3; Σ
≤ 29) [12–14], referred to as low-sigma Coincidence Site Lattice (CSL) boundaries. As twin
structures [15], including TBs, twins, and stacking faults (SFs), not only provide improved
strength but also provide good ductility, harnessing the potential of CSL grain boundaries
through precise manipulation and control therefore holds great promise for tailoring the
properties of many polycrystalline materials [16].

Currently, the grain boundary engineering (GBE) of face-centred cubic (FCC) metallic
materials, such as copper, nickel, lead alloys, and austenitic stainless steels, with low
stacking fault energies (SFEs, primarily relies on thermo-mechanical processes (TMP). These
processes involve cold deformation followed by heat treatment, taking advantage of the
low SFE to promote the nucleation of annealing twins (ATs) in significant quantities. TMP
can be categorised into two main approaches: strain-annealing and strain-recrystallisation.
Both methods aim to increase the population of low-Σ (Coincidence Site Lattice) special
grain boundaries (SBs) in metallic materials, which in turn modify random high-angle grain
boundaries (RHAGBs) and hinder the connectivity of RHAGB networks [17]. However,
materials with high SFEs face challenges in the development of twin structures or SBs.
Consequently, the grain boundary engineering in aluminium and its alloys remains a
complex undertaking [18].

To encourage the formation of growth twins in metals with high stacking fault en-
ergies (SFEs), a commonly employed strategy is to incorporate alloying elements. This
incorporation results in the reduction of their SFEs, which facilitates the twinning pro-
cess [19]. In recent years, researchers have also employed other techniques to successfully
fabricate nanotwinned (NT) aluminium alloys. For example, surface engineering [20],
cryogenic temperature deformation [21], and the incorporation of reinforcements such
as carbon nanotubes (CNTs) [22,23] have been explored. Furthermore, bulk NT metals
have also been successfully manufactured using high-rate, high-strain plastic deformation
methods [24,25].

The KoBo extrusion process is a plastic deformation method that offers high-strain
deformation at low temperatures [26], along with other plastic deformation techniques
such as equal-channel angular pressing (ECAP) [27–29], high-pressure torsion (HPT) [30],
and accumulative roll bonding (ARB) [31]. One distinguishing characteristic of KoBo
extrusion is its ability to frequently change the deformation route, resulting in a substantial
concentration of point defects at the atomic level, including vacancies and self-interstitial
atoms (SIA), which alter the thermodynamic state of the material [32]. This characteristic is
particularly intriguing for the fabrication of nanotwinned materials (NT), as the accumula-
tion of SIAs has been associated with the occurrence of nanotwins [33,34]. Nevertheless,
it remains unknown whether the KoBo extrusion process can induce the formation of
high-density twins in laser powder bed fusion (LPBF) aluminium alloys, as this aspect
has yet to be investigated. Furthermore, it is possible to unlock novel properties related
to corrosion resistance, embrittlement, and fracture resistance by engineering the grain
boundary network in Al-Si alloys of LPBF. This is because the crystallography of a grain
boundary influences its diffusivity, mobility, and segregation behaviour. However, detailed
knowledge of the crystallographic characteristics of Coincidence Site Lattice (CSL) grain
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boundaries in AM microstructures is currently lacking. In addition, the scope of materials
engineering is expanding beyond traditional polycrystalline structures, with increasing
interest in the synthesis and characterisation of interface-dominated structural alloys, such
as nanostructured alloys.

The aim of this study is to explore an alternative grain boundary engineering (GBE)
approach, specifically the KoBo extrusion post-processing method, for additively manu-
factured aluminium samples. The study investigates the evolution of the microstructure
and grain boundary character of the AlSi10Mg alloy to assess the potential for engineering
special grain boundary networks in additive manufacturing (AM) Al–Si alloys, ultimately
paving the way for the design of AM-compatible GBE strategies to produce novel high-
performance materials.

2. Materials and Methodology

The specimens were fabricated using the SLM TruPrint 1000 system from Trumpf
(Ditzingen, Germany) using spherical powder of an AlSi10Mg alloy, Figure 1. The chemical
composition of the powder used in this study, supplied by Sigma-Aldrich (Steinheim,
Germany), is given in Table 1. The following SLM process parameters were used to
fabricate dense samples: a laser power of 175 W, a layer thickness of 0.02 mm, a scanning
speed of 1.4 m/s, and a zig-zag scanning strategy with an angle of 67 degrees rotation on
each layer. Using these parameters, cylindrical specimens with a diameter of 60 mm and a
height of 50 mm were successfully produced.

Figure 1. SEM image of the AlSi10Mg alloy powder used in this study and corresponding particle
size distribution measurement.

Table 1. Chemical composition of the AlSi10Mg alloy powder.

Al Mg Si Ti Cu Fe

87.8 0.5 10.5 0.15 0.15 0.09

The KoBo extrusion process, the principle of which is described in the referenced
study [35], was carried out without sample preheating, and the extrusion process was
carried out using the following parameters:

• punch speed of 0.2 mm/s;
• die rotation angle of ±8◦;
• frequency of 5 Hz;
• extrusion ratio λ of 225. The extrusion ratio λ signifies that the diameter of the rods

after the KoBo extrusion process was equal to = 4 mm;
• maximal measured temperature close to the extrusion die (~280 ◦C);
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• sample cooling—room-temperature water.

To conduct the microstructural investigation, a sample was carefully extracted from
the middle part of the extruded rod. This specific location was chosen because it represents
a region where the process parameters had stabilised.

A combination of light microscopy (LM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) was employed to study the microstructure in detail.

For LM investigations, the specimens were prepared using standard metallographic
procedures. This included grinding (with 500 and 1200 grit SiC papers) and polishing (with
6, 3 and 1 µm diamond pastes) the samples to achieve a suitable mirror-like surface finish.
The metallographic samples were etched with Keller’s reagent (2.5 mL HNO3, 1.5 mL HCl,
1 mL HF, and 95 mL H2O) for 60 s.

A scanning electron microscope was used to study the microstructure at higher mag-
nification. The sample preparation for SEM followed the same procedure as for LM, with
additional fine polishing with 0.04 µm colloidal silica for 1 h. This additional polishing step
was performed to reduce the roughness of the surface and thus improve the quality of the
EBSD signal.

Electron Backscatter Diffraction (EBSD) analysis was conducted using a scanning elec-
tron microscope (Zeiss Supra 35, Carl Zeiss NTS GmbH, Oberkochen, Germany) equipped
with an EDAX NT EBSD detector (38 mm diameter) controlled by TSL OIM software. The
TSL OIM EBSD software generated a comprehensive data set and visualisations, offering
detailed information on the crystallographic orientation and microstructure of the analysed
material.

The surfaces perpendicular to the scanning (LPBF sample) and transverse direction
(KoBo sample) were selected for the EBSD characterisation. The following EBSD process
parameters were used:

• accelerating voltage: 20 kV;
• sample tilt: 72◦;
• step size: 0.15 µm.

The EBSD orientation maps were then post-processed using ATEX software (Université
de Lorraine: Metz, France) [36], which provided comprehensive information on grain
boundary characteristics.

The grain-orientation-spread (GOS) maps were calculated based on the spread of
crystallographic orientations within individual grains. The spread was measured in terms
of misorientation angles between neighbouring measurement points within each grain. For
a grain numbered i, its grain orientation spread, GOS(i), can be expressed as follows:

GOS(i) =
1
n1

i=ni

∑
j=1

ω
(

gj〈gi〉
)

(1)

For the detection of recrystallised grains, a (GOS(i) < 2.5◦) value was selected.
TEM analysis was performed to obtain detailed insights into the microstructure at the

nanoscale. We used a Titan 80-300 FEI S/TEM microscope, which was operated at 300 kV.
Electron diffraction images were further analysed using digital micrograph and CrysTBox
(Crystallographic Toolbox) software. To fabricate the TEM sample, typical lamellae were
cut from the extruded specimen using focused ion beam (FIB) milling. The lamellae were
extracted parallel to the extrusion direction.

The TEM lamella was additionally analysed in SEM microscope using Transmission
Kikuchi Diffraction (TKD) to obtain crystallographic information that allowed character-
isation of grain boundaries with improved resolution. The sample was mounted in a
custom-made holder that held it at a net angle of 10◦ with reference to the horizontal. The
working distance was set at 7.5 mm. The energy of the electron beam was kept constant
at 20 kV throughout the analysis. The TKD map was acquired in ∼2 h with a step size of
20 nm and a TKD pattern resolution of 301 × 129 pixels. A total area of 12 µm × 5.2 µm
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was recorded. The TKD orientation map was then post-processed using ATEX software,
which provided comprehensive information on grain boundary features. The CSL grain
boundaries were evaluated according to the Brandon criterion of ∆θ ≤ 15◦∑−1/2 stan-
dard. To determine the sizes of grains, automated mean linear intercept measurement
was employed.

3. Results

Figure 2 shows the microstructures of the AlSi10Mg alloy observed using a light mi-
croscope. In Figure 2a, one can see distinct and discontinuous laser scan traces. These scan
tracks overlap with each other at an angle of approximately 67 degrees, which corresponds
to the Zig-Zag scanning strategy used during the additive manufacturing process. This
tracks arrangement is a characteristic feature of the LPBF microstructures.

Figure 2. LM microstructures of the AlSi10Mg alloy (a) in the LPBF condition, (b) after the KoBo
extrusion process (note that, in (a), the laser scan track boundaries are visible as the brighter areas).

Figure 2b shows the microstructure of the same AlSi10Mg alloy after undergoing the
KoBo extrusion process. Here, a notable transformation is observed, as the unique laser
scan tracks, which were prominent in the LPBF state, have disappeared.

A scanning electron micrograph (SEM) shows the microstructure of an AlSi10Mg in
LPBF condition, in Figure 3a. As can be seen, the microstructure is characterised by a
continuous cellular network of Si phases surrounding the primary Al phase. On closer
examination, the microstructure exhibits heterogeneity, characterised by three distinct
zones. The first corresponds to the heat-affected zone (HAZ), where the thermal impacts
(increase in diffusion rate) during the LPBF process have resulted in partial rupture of the Si
phase. The second zone corresponds to the coarse area of the melt pool (MP coarse), where
the cellular Si network exhibits the largest size (average measured cell size of ~1.4 µm). The
MP coarse area is the region that underwent an extended cooling period, which facilitates
the growth of larger cells or dendrites of the Si phase (coarser structure forms where
the melt pool experiences the lowest temperature gradient and the highest solidification
rate) [37]. The third identified region corresponds to the MP fine area, where the cellular
structures exhibit the smallest size (measured average cell size of ~0.4 µm) compared to
those of the other regions. This suggests the fastest cooling rate or shortest solidification
time during the LPBF process [38].
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Figure 3. SEM microstructures of the AlSi10Mg alloy (a) in the LPBF condition, (b) after KoBo
extrusion process (note that (a) shows the microstructure on the “build x–y plane”, whereas (b) shows
the microstructure on the “extrusion ND–TD plane”).

Figure 3b shows a detailed view of the microstructure of the KoBo sample. This SEM
image reveals significant changes in the microstructure compared to the LPBF condition.
It shows fine Si particles, indicating that the cellular network of the Si phase observed in
the LPBF condition has been broken and transformed into discrete particles. In addition,
agglomerates and clusters of silicon (Si) particles can be seen in certain areas of the SEM
image (see yellow-dotted outlines) as evidenced by EDS analysis in Figure 4. The presence
of these agglomerates suggests that a phenomenon known as Ostwald ripening [39] may
have occurred during post-processing by KoBo extrusion.

Figure 4. Results of SEM EDS pointwise chemical composition analysis. (a) EDS spectrum corre-
sponding to the point (1) in Figure 3b. (b) EDS spectrum corresponding to point (2) in Figure 3b.

The size of the individual Si particles observed in the SEM image ranges between 70
and 400 nanometres, indicating a significant reduction in size and implying a high degree
of refinement accomplished during the KoBo extrusion process. The uniform distribution
of Si particles in the alloy matrix indicates good mixing and dispersion during KoBo
extrusion, resulting in a homogeneous microstructure. This uniform distribution can be
beneficial for improving the mechanical properties and overall performance of the alloy.
Remarkably, the statistical analysis performed using ImageJ software (NIG, United States)
reveals that the volume fraction of the second-phase particles is approximately 20.1 ± 1%,
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which interestingly aligns with the volume fraction of the cellular eutectic network observed
in the LPBF condition (approx. 20%).

The EBSD inverse pole figure (IPF-Z) map displays different grains with varying
orientations, represented by distinct colour maps, as indicated by the unit triangle in
Figure 5a. The black lines signify high-angle grain boundaries (HAGBs) with misorien-
tations exceeding 15 degrees, while the red lines represent low-angle grain boundaries
(LAGBs) with misorientations ranging from 2 to 15 degrees. The LPBF sample comprises
fine equiaxed grains exhibiting relatively random orientations, with an average grain size
of 6.3 µm (GTA = 5◦), Figure 6a. The EBSD analysis reveals the presence of 22.8% LAGBs
and 77.2% HAGBs, Table 2. The occurrence of LAGBs can be attributed to the elevated
dislocation density resulting from the rapid solidification rates associated with the selective
laser melting process.

Figure 5. Results of the EBSD analysis. IPF-Z images of AlSi10Mg alloy (a) in the LPBF condi-
tion, (b) after KoBo extrusion process (red and blue colours represent the <001> and <111> fibres,
respectively).

Table 2. Averaged results of microstructural analysis conducted with SEM microscope (on the basis
of three separate scans).

Condition LAGBs HAGBs Grain Size,
µm

Recrystallised Fraction, %
(Grains with GOS < 2.5◦)

Geometrically Necessary
Dislocation Density, m−2

LPBF 22.8 ± 1.7 77.2 ± 1.2 6.3 ± 0.3 92.6 ± 2.1 1.79 × 1014

KoBo 9.2 ± 1.3 90.8 ± 0.8 1.1 ± 0.2 93.5 ± 1.5 6.20 × 1014
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Figure 6. Histograms of grain size distribution of the AlSi10Mg alloy (a) in the LPBF condition,
(b) after KoBo extrusion process.

Figure 5b shows the IPF-Z map of the KoBo processed sample. The image reveals a
significant occurrence of the grain refinement process following KoBo extrusion, attributed
to the dynamic recrystallisation processes. The grains are significantly smaller, with an
average size of approximately 1.1 µm, Figure 6b. The reduction in grain size is evident
across the entire map, indicating a consistent refinement of the microstructure throughout
the sample.

Furthermore, it is evident that a majority of the grains exhibit orientations aligned
with the 〈111〉 A1 or 〈001〉 A1 axes, which is a characteristic feature observed in extruded
alloys [40]. Most of the high-angle grain boundaries observed in the IPF map are associated
with the boundaries between grains oriented along the 〈111〉 A1 or 〈001〉 A1 axes, exhibiting
misorientations of approximately ~55 degrees. On the other hand, grain boundaries with
low-angle misorientations are primarily linked to grains oriented along the same axis.
Based on the statistical data presented in Table 2, it is observed that Low-Angle Grain
Boundaries (LAGBs) account for 9.2% of the GBs, while High-Angle Grain Boundaries
(HAGBs) make up the remaining 90.8% of GBs.

The GOS maps of the LPBF and KoBo samples, represented using a colour gradient,
are illustrated in Figure 7a,b correspondingly. In these maps, the grains appearing in dark
grey denote the smallest GOS values, indicating that they are dislocation-free and are
classified as recrystallised grains. The EBSD measurements reveal that the recrystallised
fractions account for 92.6% and 93.5% in the LPBF and KoBo samples, respectively.

The grain-orientation-spread (GOS) maps, showcasing the CSL boundaries highlighted
with rainbow colour coding, offer valuable insights into the distribution of CSL boundaries
within the sample’s microstructures. Remarkably, in the LPBF state, the occurrence of low-Σ
CSL boundaries is minimal, as depicted in Figure 8a. Furthermore, the Σ CSL boundaries
are predominantly distributed in proximity to grains exhibiting relatively low GOS values.

After KoBo extrusion (as depicted in Figure 8b), the results indicate a notable increase
in the fraction of low-Σ CSL boundaries. Specifically, the proportion of Σ3 boundaries
has risen from approximately 0.6% to around 5%, while the fraction of Σ11 boundaries
has increased from 1.3% to 6.3%. Furthermore, the fraction of Σ25b (nucleus of primary
recrystallisation) [41] has significantly increased from 0.76% to about 7.77%. It is worth
mentioning that the distribution of Σ CSL boundaries in the KoBo extruded state is similar
to that observed in the LPBF state, where these boundaries are predominantly situated
close to grains with low grain-orientation-spread values.
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Figure 7. The GOS maps of AlSi10Mg alloy (a) in the LPBF condition, (b) after KoBo extrusion process
(note that in the GOS maps the CSL boundaries are shown with different colours).

Figure 8. The distribution of boundary types with respect to Σ of AlSi10Mg alloy (a) in the LPBF
condition, (b) after KoBo extrusion process.

In Figure 9, the transmission Kikuchi diffraction (TKD) map provides a detailed visu-
alisation of the grain orientation spread and the fraction of Coincidence Site Lattice (CSL)
grain boundaries. This experimental result is crucial for a comprehensive characterisation
of the microstructure in the KoBo sample. It is important to note that the fraction of Σ17b
boundaries may be overestimated due to their detection mainly in areas with small pixel
clusters (artefacts). Nevertheless, the results confirm the presence of Σ CSL boundaries
in the analysed sample. Statistical analysis highlights that the highest fractions of CSL
boundaries are observed for Σ3, Σ7, Σ11, and Σ13b, indicating their prevalence within the
microstructure, Figure 10. Moreover, the presence of higher-order Σ9 twin boundaries
indicate the occurrence of GBE mechanisms [42].
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Figure 9. The TKD map of AlSi10Mg alloy showing GOS and CSL boundaries in KoBo sample.

Figure 10. The distribution of boundary types with respect to Σ of AlSi10Mg alloy after KoBo
extrusion process (note that this image presents the result of CSL boundary analysis received from
TKD analysis).

Figure 11a shows a bright-field (BF) transmission electron micrograph of the AlSi10Mg
alloy in the LPBF condition, revealing distinct microstructural features. The image shows
columnar cells, elongated grain structures formed during additive manufacturing, indi-
cating the directional solidification pattern during 3D printing. A notable aspect of the
bright-field image TEM is the brightness differences in the microstructure. The columnar
cell boundaries appear much brighter due to compositional differences, as they are rich in
the Si phase.
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Figure 11. Microstructure of AlSi10Mg alloy in LPBF condition. (a) Bright-field TEM image.
(b) Dark-field TEM image.

In contrast, the dark-field TEM image emphasises the presence of dislocations in the
microstructure, a common feature of additively produced Al–Si alloys, Figure 11b. The
rapid solidification and thermal gradients in 3D printing can lead to a higher dislocation
density compared to conventional processes.

Figure 12 shows the BF TEM micrograph of the AlSi10Mg alloy sample after the KoBo
extrusion process. In this image, multiple grain boundaries are clearly visible, demarcating
individual grains within the microstructure. Additionally, one particular grain stands out,
exhibiting a size of approximately 300–400 nm. Importantly, the grain size measurement
observed in the bright-field TEM image is comparable to the grain size results obtained
through electron backscatter diffraction (EBSD) analysis, Figure 4.

The high-resolution transmission electron microscopy (HRTEM) image, Figure 12b,
provides a closer look at the grain boundary highlighted in the bright-field TEM image
(see black-dotted square). The boundary appears to be mostly straight but with the in-
corporation of some facets, as indicated by the black arrows. This HRTEM image reveals
the atomic structure of the asymmetric twin boundary with a Σ3 (221)1/(001)2 Φ = 54.56◦

orientation relationship. Note that there are also several SFs that dissociated from the GB
into grain at the areas near the facet junctions, which might serve to accommodate the
misorientation deviation of this boundary from that of the ideal (002)/(111) ATGB (i.e.,
54.56◦ versus 54.74◦) [43].

The presence of a low-Σ value Coincidence Site Lattice (CSL) boundary indicates a low
grain boundary energy, representing high fracture and corrosion resistance [44]. It should
be pointed out that the presence of a CSL grain boundary observed through HRTEM aligns
with the Electron Backscatter Diffraction (EBSD) data.
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Figure 12. Microstructure of AlSi10Mg alloy subjected to KoBo extrusion. (a) Bright-field TEM image.
(b) HRTEM image of the boundary area highlighted in (a).

4. Discussion
4.1. CSL Boundary Formation

In this study, we investigated the formation of CSL (Coincidence Site Lattice) bound-
aries in a sample subjected to the KoBo extrusion process. The results revealed a significant
increase in the fraction of low-Σ CSL boundaries, particularly Σ3, Σ7 and Σ11 boundaries,
after the KoBo extrusion compared to the LPBF state. Additionally, the fraction of Σ25b
(nucleus of primary recrystallisation) exhibited a remarkable increase. These observa-
tions prompt an exploration of the possible mechanisms underlying the formation of CSL
boundaries in the KoBo-extruded sample.

One potential explanation lies in the deformation and recrystallisation processes dur-
ing KoBo extrusion, where the plastic deformation leads to the generation of dislocations
and the rearrangement of crystal grains. The subsequent recrystallisation may favour the
nucleation of grains with low orientation spread values, which could coincide with the
observed proximity of Σ CSL boundaries to these grains. In this regard, the formation
of CSL boundaries can be attributed to the atomic interactions that occur as a result of a
dynamic recrystallisation-driven grain boundary migration process [45]. Alternatively, it is
also plausible that the rise in the fraction of low-Σ Coincidence Site Lattice boundaries is a
consequence of interactions between the pre-existing CSL boundaries during recrystallisa-
tion [46]. These interactions may have facilitated the formation of new CSL boundaries,
resulting in a higher prevalence of low-Σ CSL boundaries.

Furthermore, in the context of severe plastic deformation, a phenomenon known as
grain boundary (GB) relaxation may occur when the grain size decreases below a critical
threshold. The mechanism underlying this GB relaxation in nanostructured materials is
believed to be triggered by the emission of partial dislocations and stacking faults from the
grain boundaries [47]. It has also been shown that Si has the ability to lower the stacking
fault energy [48], which might reduce the critical shear stress required to nucleate partial
dislocations. Moreover, the solute atoms increase the localised stress needed for dislocation
motion, thus reducing annihilation and rearrangement of dislocation.

Recent experimental evidence also points to the significance of strain-induced boundary
migration (SIBM) in enhancing the frequency and distribution of CSL boundaries [49–51].
While the migration of grain boundaries during primary recrystallisation involves the
formation and growth of nuclei with different orientations, SIBM leads to the creation
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of stress-free regions with the same orientation as the parent grain [52]. These stress-
free orientation regions can be analysed using the density of geometrically necessary
dislocations (GNDs).

Upon analysis, it is observed that in the KoBo processed sample, CSL boundaries are
predominantly distributed in proximity to regions with a higher density of GNDs (depicted
as red “hot spots” in Figure 13). Consequently, this specific mechanism can be considered
negligible, as twinning occurs most frequently at the points of highest GND accumulation.

Figure 13. GND distribution maps (a) in the LPBF condition, (b) after KoBo extrusion process.

4.2. Texture Analysis

As shown in Figure 5, the grains of the AlSi10Mg alloy show preferred crystallographic
orientations. In the case of the LPBF state, the majority of grains have a strong texture along
(100) direction, Figure 5a. The (100), (110), (111) and (112) pole figures, Figure 14a confirm
that the 〈100〉 cube texture is the predominant in the LPBF condition, which is typical for
LPBF Al–Si alloys [53,54].

Previous study [55] demonstrated that severe cyclic torsion in KoBo extrusion process
can induce the development of a strong texture characterised by the presence of intense
poles corresponding to specific orientations of crystallites. As can be seen in Figure 14b, the
texture of the AlSi10Mg alloy subjected to KoBo extrusion is consistent with the models
of the authors of the manuscript cited above. A great majority of the crystallites display
(111) and (100) orientations, corresponding to 〈111〉 and 〈001〉 fibre-type texture compo-
nents. Moreover, it is evident that certain crystallites exhibit a weak cube texture, which is
indicative of the recrystallisation process [56].

The recrystallisation texture displays an axial pattern, which can be attributed to the
formation of recrystallisation growth nuclei with orientations near 〈100〉 and 〈111〉 in the
deformed grains exhibiting corresponding orientations. These nuclei grow within the
surrounding deformed matrix when their misorientation with the neighbouring area aligns
at an angle close to 52◦ around one of the crystallographic axes, specifically 〈331〉 [41].
As a result, the misorientation closely approximates the CSL (Coincidence Site Lattice)
misorientation Σ25b (see Figure 8b).
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Figure 14. Pole figures of the AlSi10Mg alloy (a) in LPBF condition, (b) after KoBo extrusion process.

5. Conclusions

1. The KoBo extrusion process substantially refined the heterogeneous microstructure of
an LPBF AlSi10Mg aluminium alloy. Also, the cellular microstructure diminished and
was replaced by the fine Si precipitates distributed uniformly within the aluminium
matrix.

2. The microstructure of the LPBF material underwent significant refinement as a result
of the KoBo extrusion process, reducing the grain size to the sub-micrometric level.
The study revealed that the KoBo sample displayed an average grain size of 1.1 µm.
This refined microstructure is expected to have a substantial impact on the material’s
properties.

3. The KoBo extrusion process led to a severe increment of the high-angle grain boundary
population, indicating the dynamic recrystallisation process.

4. The analyses of the IPF images revealed grains oriented along the 〈111〉 and 〈001〉 axes
and a high number of recrystallised grains with a near {111} 〈112〉 orientation.

5. High-strain and high-rate deformation post-processing of the LPBF AlSi10Mg alloy
resulted in a grain-boundary-engineered microstructure, as evidenced by increased
length fractions of the Σ3, Σ7 and Σ11 boundaries. It was found that the fraction of
CSL boundaries increases after the KoBo extrusion process.
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