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Abstract: It is well known that the properties of polycrystalline metals are related to grain bound-
aries (GBs), which are fundamental structural elements where crystallographic orientations change
abruptly and often exhibit some degree of symmetry. Grain boundaries often exhibit unique struc-
tural, chemical, and electronic properties that differ from bulk crystalline domains. Their effects on
material properties, including mechanical strength, corrosion resistance, and electrical conductivity,
make grain boundaries a focus of intense scientific investigation. In this study, the microstructural
transformation of an AlSi10Mg alloy subjected to KoBo extrusion and subsequent annealing is inves-
tigated. A notable discovery is the effectiveness of a strain-annealing method for grain boundary
engineering (GBE) of the LPBF AlSi10Mg alloy. In particular, this study shows a significant increase
in the population of coincidence site lattice boundaries (CSL), which embody the symmetry of the
crystal lattice structure. These boundaries, which are characterised by a high degree of symmetry,
contribute to their special properties compared to random grain boundaries. The experimental results
emphasise the crucial role of strain-induced boundary migration (SIBM) in the development of a
brass texture in the microstructure of the alloy after annealing. In addition, the presented results
demonstrate the feasibility of applying GBE to materials with high stacking fault energy (SFE), which
opens up new possibilities for optimizing their properties.

Keywords: strain-induced boundary migration; AlSi10Mg; CSL boundaries; crystallographic texture

1. Introduction

Grain boundary engineering (GBE) is a processing strategy aimed at enhancing the
properties of polycrystalline materials through the manipulation of grain boundaries (GBs)
in terms of distribution and character. Originating from Watanabe’s concept of “GB design
and control” in 1984 [1], GBE has become a powerful technique for improving inherent
properties [2,3], particularly in face-cantered cubic metals with low to medium stacking
fault energy (SFE) such as copper [4], nickel-based alloys [5], austenitic steels [6,7] and
metal-matrix composites [8,9].

The core of GBE involves thermomechanical processing (TMP) to increase the preva-
lence of low-coincidence site lattice (CSL, X < 29) boundaries, focusing on X3 boundaries
(twin boundaries, TB) to disrupt random boundary connections [4]. Recent research has ex-
tended GBE to high-SFE materials like aluminium alloys. Shamanian et al. (2016) observed
an increase in >3 boundaries during friction stir processing (FSP) of A413 cast aluminium
alloy [10], and Jia et al. (2018) investigated the formation of X = 3{110} incoherent twin
boundaries (ITBs) in an Al-8Zn alloy [11]. Similarly, Pradeep et al. (2021) studied AA5053
subjected to friction stir processing, reporting an increased percentage of X =3n (n=1, 2, 3)
CSL boundaries [12].
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In laser powder bed fusion (LPBF)-produced alloys, grain boundary character dis-
tribution (GBCD) modification often involves post-processing heat treatments. In this
context, Li et al. treated an Inconel 718 superalloy produced by selective laser melting and
found that the internal residual stress provides a sufficient activation energy for driving
recrystallisation-based GBE during annealing. They produced an alloy with a high fraction
of 23 GBs (64.89%) and a stable grain size [13]. In another study, Dong et al. [14] inves-
tigated a similar strategy based on isothermal annealing to modify GBCD in SLM Co-Cr
alloy. They obtained a large fraction (more than 80%) of special boundaries (£3, 29, and
%.27) after complete recrystallisation.

An alternative GBE strategy involves plastic deformation followed by annealing.
Such a method has been proposed as effective for SLM 304 austenitic stainless steel, for
example, [15]. The authors of the cited manuscript found that laser peening followed by
annealing at 1260 K for 48 h can lead to an optimal grain boundary character distribution
with over 80 CSL%. An alternative approach was recently proposed by the author of
this manuscript for the LPBF AlISi10Mg alloy [16]. It was shown that the grain boundary
character distribution can be modified by post-processing during KoBo extrusion.

The KoBo-extrusion method is a severe plastic deformation (SPD) technique that
enables deformation at a high strain rate. In this SPD method, the die is oscillated cyclically
during the extrusion process, causing the deformation path to change continuously [17].
This unique deformation mode ensures a grain-refined structure without dislocation accu-
mulation and work hardening. Another feature that distinguishes this technique from other
SPD methods is the high plasticity of KoBo-processed metals, as it offers higher degree
of deformation without the need for annealing treatment. This is because KoBo extrusion
generates a large amount of heat, which intensifies the rearrangement of dislocations and
the diffusion-controlled structural processes. As a result, materials with unique structural
and mechanical properties can be produced [18,19].

In this paper, a novel post-processing approach to improve the special grain boundary
population in the LPBF AlSi10Mg alloy is investigated. The LPBF sample is subjected to a
two-step process involving high strain rate KoBo extrusion followed by annealing, which
leads to a remarkable increase in the population of coincidence site lattice boundaries
(CSL). These CSL boundaries, characterised by their unique crystal lattice symmetry, play a
crucial role in the microstructural transformation of the alloy, which is particularly evident
in the development of a distinct brass structure after annealing. The novelty lies in the
limited research on GBE strategies for LPBF materials and in the application of the KoBo-
extrusion process. Demonstrating the effectiveness of GBE on high stacking fault energy
(SFE) materials, as observed in this study, opens up innovative possibilities for optimizing
the properties of LPBF materials. Despite the known importance of GBE for controlling
grain boundary character distribution (GBCD) and improving material properties, there
is currently a knowledge gap in understanding GBE strategies for high-SFE materials,
such as aluminium alloys, produced by LPBE. The results presented here aim to close this
gap, representing the first investigation of GBE specifically tailored to aluminium alloys
produced by LPBE.

2. Methodology

The specimens used in this experimental work were produced from an AlSil0Mg
alloy powder via selective laser melting (SLM) with the following process parameters:
laser power = 175 W; layer thickness = 20 um; scanning speed = 1400 mm/s; and scan
rotation = 67°. The cylindrically shaped samples had a total length of 50 mm and a diameter
of 60 mm. Further details on the chemical composition and microstructural features of this
alloy can be found in Refs. [20,21].

The SLM samples were post-processed via a KoBo-extrusion method, depicted in
Figure 1, of which the principal description can be found in Ref. [22]. The extrusion process
was conducted on a custom-made horizontal hydraulic press. The SLM samples were
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reversibly twisted with a constant angle of £8° just before entering the die, where the cross
section was reduced from 60 mm to 4 mm. The following process parameters were applied:

punch speed of 0.2 mm/s;

die rotation frequency of 5 Hz;

maximal measured temperature close to the extrusion die (~280 °C);
sample cooling with room-temperature water.
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Figure 1. Schematic illustration of the KoBo-extrusion process.

Following the KoBo-extrusion process, the midsection of the extruded profile was cut
into 300 mm long segments that were then annealed in a resistance furnace for 1 h at 250 °C,
300 °C, 350 °C, 400 °C, 450 °C, or 500 °C under Ar atmosphere.

All specimens underwent the same metallographic preparation process with an au-
tomatic polishing machine LaboPol-20 (Struers, Copenhagen, Denmark) to ensure high
surface quality. The material was first ground with 800 and 1200 grit SiC water paper, then
polished with 6, 3, and 1 pm diamond pastes and finally mirror-polished with 0.04 pm
colloidal silica suspension (OP-U suspension, Struers, Copenhagen, Denmark) for 1 h.
The microstructure was characterised in detail via electron backscatter diffraction EBSD
in a scanning electron microscope Zeiss Supra 35 (Carl Zeiss NTS GmbH, Oberkochen,
Germany) equipped with an EDAX NT EBSD detector. EBSD scans were carried out on the
sections perpendicular to the extrusion direction to evaluate the microstructural changes.
Scans were registered in the centre area of the samples with a step size of 100 nm. TSL OIM
Analysis 7 software was used to analyse the scanned raw data.

TEM analysis was performed in the Titan 80-300 FEI S/ TEM microscope (Fei, Hillsboro,
OR, USA), which was operated at 300 kV. To achieve ultra-thin lamellae suitable for HRTEM
examination, ion milling was employed. Argon ions were used to selectively mill away
material from the sample surface, gradually thinning the lamellae to ~80 nm. The TEM
lamellae were extracted from the KoBo-processed sample along the extrusion direction.

The TEM lamella was additionally analysed via transmission Kikuchi Diffraction
(TKD) to obtain crystallographic information that allowed characterisation of grain bound-
aries with improved resolution. The TKD map was acquired with a step size of 20 nm.

3. Results and Discussion

The main microstructural characteristics of the LPBF AlSi10Mg samples in the X-Y and
X-Z planes were investigated using an EBSD technique. Figure 2a shows the inverse pole
figure (IPF-Z) map taken in the X-Y plane. In this figure, the low-angle grain boundaries
(LAGBs) with a misorientation angle (2° < 8 < 15°) and the high-angle grain boundaries
(HAGBs) with a misorientation angle (15° < © < 65°) are represented by a red and green
colour, respectively. As can be seen, the equiaxed grains with a preferred <001> crystal-
lographic orientation dominated the alloy microstructure. According to statistical data,
LAGBs accounted for 22.1% of the total boundary fraction, while HAGBs accounted for
the remaining 77.9%. A grain boundary character-distribution map plotted based on the
Brandon criterion is shown in Figure 2b. In this image, four main types (X3, 29, X27a,
and X27b) of Coincidence Site Lattice (CSL) boundaries are distinguished using green, red,
yellow, and orange colour coding, respectively. According to the statistical results, the
23, 29, and X27 CSL boundaries occupied volume fractions of ~1.5%, ~2.0% and ~4.0%,
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respectively. It can be also noted that a large fraction of CSL boundaries showed a curved
geometry as opposed to the typical straight twin boundaries in low SFE materials.
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Figure 2. EBSD maps of the LPBF AlSi10Mg alloy. (a) IPF-Z map taken on the X-Y plane; (b) band
contrast map taken on the X-Y plane; (c) texture component map with superimposed special grain
boundaries taken on the X-Y plane; (d) IPF-Z map taken on the X-Z plane; (e) band contrast map
taken on the X-Z plane; and (f) texture component map with superimposed special grain boundaries
taken on the X-Z plane.

Figure 2d shows the IPF-Z map taken in the X-Z plane. EBSD investigation revealed
typical columnar grain growth and confirmed the development of a strong <001>//BD
texture corresponding to the <001>{001} preferred growth direction [23]. Because of the
preferential growth of elongated grains towards the centre of the melt pool and the existence
of small equiaxed grains, some of the melt pool boundary was also revealed, as indicated by
the black dashed lines. According to statistical data, LAGBs accounted for 16.8% of the total
boundary fraction, while HAGBs accounted for the remaining 83.2%. Figure 2e shows the
grain boundary character-distribution map superimposed on the band contrast map. In the
X-Z plane, the £3, ¥9, and ¥27 CSL boundaries occupied volume fractions of ~1.0%, ~2.3%,
and ~5.0%, respectively, which were similar to the X-Y plane. The CSL boundaries were
mainly distributed in grains that grew preferentially along the build direction, indicating
that the crystal growth orientation could affect the twin formation ability [24]. According
to the literature [25,26], the development of CSL boundaries in LPBF samples could stem
from grain boundary migration and potential dynamic recrystallisation during sample
fabrication, alongside alternative mechanisms involving icosahedral short-range order
(ISRO) mediated nucleation.

Table 1 summarises the main microstructural characteristics of the LPBF AlSi10Mg
sample. The calculation of the volume fraction of the different ideal texture components
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was based on the well-accepted definition system, that is, cube (Cb) {001}<100>; goss (Gs)
{011}<100>; brass (Bs) {011}<211>; S {123}<634>, copper (Cu) {112}<111>, rotated goss (RG)
{011}<011>, rotated brass (RB) {110}<556> and A {110}<111>. As can be seen in Figure 2c, the
grain orientations are dominated by the cube, S, and rotated goss orientations. Furthermore,
Figure 2f, representing the X-Z plane, provides clear evidence of selective grain growth,
highlighting, in particular, the crystallographic orientations of cube, S, and rotated brass
texture components.

Table 1. Texture characteristics of the LPBF AlSi10Mg sample analysed using EBSD.

Cube Goss Brass Copper Rotated Rotated A
Texture (001)<100>  {011)<100>  {110}<112>  {112}<inrs O (1231<634>  GossRG) - Brass RB) 5 ppp,
Component o o o o (%) {011}<011> {110}<556> o
(%) (%) (%) (%) 0 0 (%)
(%) (%)
X-Y plane 26.75 7.91 5.31 8.57 15.51 27.55 5.34 3.06
X-Z plane 38.51 8.64 4.38 5.48 19.07 6.24 13.66 4.02

In the next step, the microstructure of the KoBo-processed AlSi10Mg sample was
analysed in detail. Figure 3a shows the IPF-Z map of the extruded profile taken in the
ND-TD (extrusion) plane. It is evident that the coarse LPBF microstructure evolved into
an ultra-fine-grained (UFG) with an average grain size of about 0.8 pm. In this UFG
microstructure, high-angle boundaries (HAGBs) dominated, accounting for about 81% of
the total grain boundary fraction.
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Figure 3. Microstructures of the KoBo-processed LPBF AlISi10Mg alloy sample. (a) IPF-Z image;
(b) band contrast map; (c) EBDS TKD band contrast map; (d) EBSD TKD IPF-Y map; (e) bright field
TEM image; (f) HRTEM image of the boundary area highlighted by a yellow square in (e)—note that
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the TEM foil was oriented with the aim of revealing the atomic arrangement of grain labelled as (1);
(g) HRTEM image of the boundary area highlighted by a yellow square in (e)—note that the TEM foil
was oriented with the aim of revealing the atomic arrangement of grain labelled as (2); (h) FFT of the
boundary labelled as (1) in (e); (i) FFT of the boundary labelled as (2) in (e); and (j) simulated atomic
arrangement of the boundary area confirming the CSL X3 boundary.

Figure 3b shows the CSL boundary map overlaid on the EBSD band contrast map. It
reveals that the £3-CSL boundaries accounted for approximately 3% by volume, while the
29, ¥27a, and X27b boundaries together accounted for no more than 1.4%.

Further crystallographic information was obtained from the TKD mapping. In the
TKD pattern quality map (Kikuchi band contrast), four primary types of coincidence site
lattice boundaries (CSL) were analysed, as shown in Figure 3c. The green boundary on
the Kikuchi band contrast map reflected a misorientation of approximately 62° around the
<111> direction, which corresponded to the £3 CSL boundary. In addition, a boundary
with a misorientation of 41° around the <110> direction (coded red) was identified, which
corresponds to the 29 CSL boundary. Quantitative analysis of the grain boundary character
distribution revealed that the ¥3 and X9 CSL boundaries occupied volume fractions of
11.8% and 3.2%, respectively.

For a more in-depth analysis of grain characteristics, an IPF-Y map was generated,
as shown in Figure 3d. Together with the conventional EBSD data, it was found that the
KoBo-processed material consisted of UFG grains with widths ranging from 200 to 1700 nm.
In addition, the TKD map confirmed that most of the grains were oriented along the <111>
direction, which is typical of extruded alloys.

Figure 3e shows the bright field (BF) TEM image of the KoBo-processed sample. This
image confirms that both the grains and the particles were highly refined. The ultra-fine-
grained (UFG) grains are visibly encircled by numerous Si particles, each exhibiting an
average size of approximately 150 nm (as indicated by the black dashed outlines).

Further observations in HRTEM mode, shown in Figure 3f,g, revealed that the grain
boundary, indicated by a yellow dashed square in Figure 3e, corresponded to {111} an X3-
CSL boundary, commonly known as the coherent twin boundary [27]. These images also
revealed multiple facets (indicated by green arrows) that lead to elastic distortions due to
different displacements between the two grain boundaries (faceting of GB is thought to be a
process that aims to minimise the total free energy) [28]. The grain boundary model shown
in Figure 3j confirmed the relative crystal orientation representing the 23-CSL boundary.

The effect of annealing temperature on the population of low-angle grain boundaries
(LAGBs) and high-angle grain boundaries (HAGBs) in the KoBo-processed sample was
examined using electron backscatter diffraction (EBSD) and the results are summarised in
Figure 4. As stated in the previous section, the population of LAGBs in KoBo-processed
sample was about 19% LAGBs. EBSD analysis showed that the population of LAGBs
increased after annealing at temperatures ranging from 250 °C to 400 °C. This effect is
illustrated in Figure 4a, which confirms that the LAGB population rose to about 28% after
annealing at 250 °C. Although the population of LAGBs increased, the grain size of ~0.8 um
remained unchanged. The population of low-angle grain boundaries continued to increase
to about 31% as the annealing temperature rose to 300 °C (Figure 4b). Furthermore, the
grains started to grow, resulting in an average grain size of ~0.9 um. After annealing at
350 °C, the grains became more elongated and thicker, as seen in Figure 4c. This change in
the grain morphology led to an increase in the average grain size to ~1.1 pm. At the same
time, the population of LAGBs rose to about 32%. This implies that LAGBs were formed
during the recovery process, possibly due to polygonisation [29]. Annealing at higher
temperatures resulted in a decrease in the population of LAGBs. For the sample annealed
at 400 °C, the population of LAGBs decreased to about 29% (Figure 4d). The average grain
size in this condition was ~1.2 pm. The microstructure underwent the most significant
evolution when the annealing temperature exceeded 450 °C. As shown in Figure 4e, the
population of LAGBs decreased to around 26%, and grains with <101> preferred orientation
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appeared in the microstructure. The microstructure also showed an average grain size
of ~1.0 um, with several small equiaxed grains. These grains are likely to have formed
due to recrystallisation, which could stem from the coalescence of subgrains (polygons)
and the migration of local high-angle boundaries [30]. The largest grain size of ~1.3 um
was observed at 500 °C. In this case, the LAGBs turned into HAGBs, reducing the LAGBs
fraction sharply to around 22% (Figure 4f). EBSD data indicated that grain growth was
very restricted in the temperature range studied. This phenomenon could be explained
by the dispersed Si particles, which were created during the KoBo-extrusion process, and
which prevented the grain boundaries from moving, thus hindering grain growth.

A
[001] [101]

—— O

(1)
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Figure 4. IPF-Z maps of the KoBo-processed samples (a) annealed at 250 °C for 1 h, (b) annealed at
300 °C for 1 h, (c) annealed at 350 °C for 1 h, (d) annealed at 400 °C for 1 h, (e) annealed at 450 °C for
1 h, or (f) annealed at 500 °C for 1 h.

Figure 5 shows the CSL boundary map superimposed on the band contrast maps
for the annealed samples. EBSD analysis revealed a moderate increase in the fraction of
CSL-X3 boundaries to about 4% after annealing at temperatures up to 400 °C. Despite
this increase, the volume fraction of X9, ¥27a, and X27b boundaries, which indicate the
optimisation of the grain boundary structure, remained relatively low at around 1% in
this temperature range. The population of the low-X-CSL GBs increased after annealing at
450 °C. Under these conditions, the £3 and X9 boundaries occupied volume fractions of
5.76% and 1.16%, respectively. The ¥27a and X27b boundaries showed a consistent trend
and together accounted for 1.34%, similar to the X9 boundaries. Following Randle’s X3
regeneration model [31,32], it can be concluded that the ¥27 boundaries were generated by
the X3 + X9 = X.27 relationship. Consequently, the percentage of 27 boundaries appeared
to be closely related to the population of £9 boundaries.



Symmetry 2024, 16, 122 8 of 15

v &‘*l;"“('! N
e ] ’ '- t | \‘u' o
" Ly A 4 . 4o ¢ U " y s
I 8 um I 8 um I 8 um
— 227a=0.21% 52 = 227a=0.29% ¥ = 227a=0.13%
— Z3 : 4.18:A) — zz7b = 0.34% Z3 : 4-04:/0 — 227b = 0.560/0 23 : 3.593/0 — 227b = 0.43%)
==39=0.73% == GBs>5° ==39=0.33% == GBs>5° ==39 =0.50% == GBs>5°

R
-~ .

S Sa- e  E2Taz0asn% i, e 3ersgy  I27a=048%
—39=027% _Z2Ib=026%  _59_711gy, —Z27b1.06%  _59_ 1500 —Z27bZ1.73%
=027% . GBs>5° =1.16% . GBs>5° =1.50% = GBs>5°

Figure 5. CSL boundary maps superimposed on band contrast maps for KoBo-processed samples
(a) annealed at 250 °C for 1 h, (b) annealed at 300 °C for 1 h, (c) annealed at 350 °C for 1 h,
(d) annealed at 400 °C for 1 h, (e) annealed at 450 °C for 1 h, or (f) annealed at 500 °C for 1 h.

When the annealing temperature was further increased to 500 °C, more thermal
activation energy was provided for recrystallisation, resulting in a higher percentage of
special low-2-CSL GBs. Under these conditions, 2.3 and >9 boundaries accounted for 7.59%
and 1.50%, respectively, while ¥27a and >27b boundaries contributed 0.48% and 1.73%,
respectively. A noteworthy observation in this analysis was the distinctive well-defined and
parallel-sided appearance of certain CSL-X3 boundaries, which is commonly associated
with coherent twin boundaries formed during recrystallisation [33]. These boundaries are
highlighted by white arrows in Figure 5f.

Additionally, it is crucial to highlight that the annealing twins (CSL X3 boundaries),
follow a similar trend to HAGBs, as depicted in Figures 4f and 5f. The notable increase in
the population of HAGBs and annealing X3 twin boundaries within the alloy microstruc-
ture suggests that KoBo extrusion supplied ample activation energy for grain boundary
migration. This, in turn, facilitated the GBE in LPBF AlSi10Mg alloy.

Figure 6 displays the special grain boundary maps superimposed on the texture
component maps, and Table 2 summarises the results of the quantitative analysis.

The moderate temperature of ~280 °C during the extrusion process provided the
conditions for the occurrence of dynamic recovery (DRV), dynamic recrystallisation (DRX),
precipitation, and the formation of microtextures. For this reason, the main textural com-
ponents identified in the KoBo-processed sample were cube, brass, and rotated brass
orientations, as shown in Figure 6a. According to study [34], the cube texture is formed as
a result of DRX, as this is a typical recrystallisation texture, whereas brass is a typical defor-
mation texture that can occur due to the simultaneous presence of tensile and compressive
stresses during the hot extrusion process [35]. It is worth mentioning that a similar texture
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was reported by Yang et al. [36], who found that in the extruded Al-Mg-Si alloy, the main
textures were brass {110}<112> and recrystallisation cube {100}<001>.

Il cb|2251% [l Bs|3899% []s3|86% [l RB|19.95%
Bl Gs|017% [[]Cu|0.12% RG[0.07% [l A|9.59%
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Figure 6. Texture components map with superimposed special grain boundaries for KoBo-processed
and annealed samples. The colour coding is shown below the maps. (a) Kobo-processed, (b) annealed
at 250 °C for 1 h, (c¢) annealed at 300 °C for 1 h, (d) annealed at 350 °C for 1 h, (e) annealed at 400 °C
for 1 h, (f) annealed at 450 °C for 1 h, or (g) annealed at 500 °C for 1 h.

With reference to the literature [37-39] and the microstructural observations in Figure 3,
it can be assumed that the refined second phase precipitates acted as “strong pinning points”
that caused a retarding force for recrystallisation, resulting in a larger population of the
brass deformation texture.
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Table 2. Texture characteristics of the KoBo-processed and annealed AlSi10Mg samples. The values
in the table correspond to the texture map shown in Figure 5.

Cube Goss Brass Copper R. Goss (RG) R.Brass (RB) A
COT;“:;ZM {001}<100>  {011}<100> {110}<112> ks S {12(?,}<)634> {011}<011> {110}<556> {112)<110>
P (%) (%) (%) (%) ° (%) (%) (%)
KoBo 22,51 0.17 38.99 0.12 8.6 0.07 19.95 9.59
Annealed at 419 0.07 68.69 0.13 3.66 2.97 142 18.87
250 °C
Annealed at 7.93 0.06 75.79 0.09 8.35 0.31 1.46 6.02
300 °C
Annealed at
25050 8.95 0.1 73.36 0.13 0.84 0.85 8.21 7.57
Annealed at 18.52 0.09 38.59 0.1 11.07 0.17 14.06 17.4
400°C
Annealed at 8.08 091 63.49 1.24 6.29 1.14 6.11 12.73
450°C
Annealed at 331 0.74 54.75 2.01 13.21 1.6 291 21.46

500 °C

After annealing at 250 °C, the fractions of individual texture components changed
noticeably, as shown in Figure 6b. In this condition, brass-oriented grains dominated the
microstructure and accounted for about 69% of the total texture. When the annealing
temperature rose to 300 °C, the fraction of brass-oriented grains grew to 76%, as seen in
Figure 6¢. Additionally, more S-oriented grains emerged as part of the recrystallisation
texture [40]. Further increasing the annealing temperature to 350 °C had no significant
effect on the texture. According to data from Figure 6d, the brass-oriented grains in this
condition constituted about 74% of the total grains.

After annealing at 400 °C, the dominant texture component was brass texture. It was
also noticeable that some amount of brass texture transformed into the recrystallisation
cube texture. Furthermore, S texture and rotated brass texture were clearly present in
some grains, as displayed in Figure 6e. Annealing at 450 °C resulted in an enhancement
of brass texture, which constituted about 63% of the total textures, as shown in Figure 6f.
According to the literature [41,42], the enhancement of brass texture could be attributed to
strain-induced boundary migration (SIBM). This was consistent with the texture component
map showing the development of numerous CSL-X3 boundaries near the brass-oriented
grains. This effect was more pronounced in the sample annealed at 500 °C, which had the
highest fraction of CSL-X3 boundaries. As seen in Figure 6g, numerous CSL-X3 boundaries
ranging from about 0.5 pm to 2.5 pum in length were located in close proximity to the
brass-oriented grains.

In order to analyse the textural components in detail, the (111) pole figures were
plotted. It can be seen, in Figure 7, that all pole figures have similar characteristic textures
that are typical of the extruded alloys. From Figure 7a, it can be noted that strong cube,
brass, and rotated brass textures with a maximum intensity of 10.59 random levels (rl)
developed in the KoBo-processed sample. According to the literature [43], the deformation
at elevated temperature is favourable for the formation of the Bs texture, which might
have formed due to the dynamic recovery or activation of non-octahedral slip systems
during the extrusion process. Furthermore, the highly heterogeneous flow of the metal [44]
and the relatively high plastic strain during KoBo extrusion could promote strain-induced
boundary migration (SIBM), which is beneficial for the formation of a brass texture [45].
Furthermore, the precipitate drag effect can enhance SIBM. It has been revealed that
incoherent precipitates with a high degree of misfit can increase the grain boundary energy
and decrease the drag force [46], thus accelerating SIBM.
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Figure 7. The (111) pole figures of the KoBo-processed and annealed samples. (a) Kobo-processed,
(b) annealed at 250 °C for 1 h, (c) annealed at 300 °C for 1 h, (d) annealed at 350 °C for 1 h,
(e) annealed at 400 °C for 1 h, (f) annealed at 450 °C for 1 h, or (g) annealed at 500 °C for 1 h.

After annealing at 250 °C, the brass texture was strengthened. In this condition,
recovery dominated; therefore, the intensity of the brass texture was significantly increased
to 17.98 R, as seen in Figure 7b. Referring to the work of Huang et al. [47] the brass texture
is very stable; therefore, the brass-oriented subgrains can easily survive during annealing
processes, while the grains with other orientations tend to be more easily recovered.

When the alloy was annealed at 300 and 350 °C, a large number of small subgrains
formed, as seen in Figure 7c,d, which promoted the occurrence of the polygonisation of
the brass-oriented parent grains [48]; this resulted in an additional minor enhancement of
brass texture, as seen in Figure 7c,d.

As the annealing temperature was further increased to 400 °C, as shown in Figure 7e,
the brass texture partially evolved into cube {100}<001> texture [47,49], which indicated
that the recrystallisation process had occurred to some extent. This agreed with the mi-
crostructural observation that revealed an increase in the average grain size. Furthermore,
some amount of brass texture translated into the rotated brass texture.

The relative stability of the deformed brass grains to annealing is highlighted in an
increase in the relative volume fraction of this texture component in the sample annealed
at 450 °C, as shown in Figure 7f. This stability of the brass component is attributed
to its ability to deform with very few slip systems so that it is less affected than other
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deformation components during recrystallisation [50]. Furthermore, as the annealing
temperature increased, the growth advantage for recrystallised cube grains disappeared.
Therefore, the percentage volume fraction of the cube decreased from 18.5 to 8.08 as the
annealing temperature increased from 400 to 450 °C.

Annealing at 500 °C resulted in the overall texture intensity strengthening, with the
maximum brass component intensity of 17.8 rl, as shown in Figure 7g. Furthermore, there
was a gradual increase in {112}<110> «-fibre orientation; however, this texture component
is reported to be the last to recrystallise and be replaced [51].

This article presents experimental results indicating that a distinctive distribution of
grain boundary characteristics and microtextures can be achieved through the innovative
strain-annealing approach, hinting at the material’s potential to exhibit unique properties.
For example, a substantial volume fraction of brass texture, typically formed during cold
rolling or shear deformation, was proved to be advantageous in enhancing the strength and
fatigue resistance of aluminium alloys [52]. However, given its relatively rigid orientation,
it has a minimal impact on ductility [53]. On the contrary, the cube texture enhances the
ductility and formability of the alloy but at the expense of reduced strength [54].

By carefully controlling the distribution of grain boundary properties, it is also pos-
sible to develop a complex microstructure that aids in the recombination or annihilation
of point defects caused by irradiation [55]. This control also helps to prevent the harmful
segregation of elements crucial for the chemical and mechanical stability of the alloy [56].
Research into the structure of grain boundaries has shown that low-energy grain bound-
aries, particularly low XCSL grain boundaries (special grain boundaries), exhibit strong
resistance to intergranular corrosion [57]. In addition, the presence of these grain bound-
aries in the microstructure contributes to increased resistance to creep and stress corrosion
cracking [10].

4. Conclusions

Based on the microstructural observations presented in this study, the main conclu-
sions can be formulated as follows:

e  KoBo extrusion caused a significant grain refinement of LPBF AlSi10Mg alloy, resulting
in a fine-grained microstructure with an average grain size of about 0.8 um.

e  The ultra-fine-grained microstructure produced by KoBo extrusion was preserved
after annealing up to 500 °C.

e In the as-printed AlSi10Mg sample, the in situ-formed CSL boundaries accounted for
about of 7% of the total boundary fraction.

e  The grain boundary character distribution in LPBF AISI10Mg alloy was optimised
in the KoBo extrusion followed by annealing at 500 °C. After this thermomechanical
treatment, the population of X3, 29 and £27 was increased to about 11%.

e  Strain-induced boundary migration (SIBM) as well as the nucleation of twin bound-
aries promoted the formation of a strong brass texture in the KoBo-processed samples
subjected to recrystallisation annealing.

In summary, the KoBo-extrusion process imparts a significant amount of strain to the
LPBF AlSi10Mg alloy, making the strain-annealing approach effective in improving the CSL
boundary fraction. Our research demonstrates that elevated annealing temperatures accel-
erate recrystallisation, leading to a higher density of CSL boundaries. The LPBF AlSi10Mg
alloy, with its unique microstructure achieved through the presented thermomechanical
treatment, holds great promise for aerospace and nuclear applications. The increased
presence of low-CSL boundaries mitigates radiation-induced defects by promoting more
stable grain boundaries, reducing the susceptibility of the material to radiation damage,
and ultimately improving its overall resistance to the radiation environment.
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