
HAL Id: hal-04709813
https://hal.science/hal-04709813v1

Submitted on 25 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Engineering an ultra-fine grained microstructure, twins
and stacking faults in PBF-LB/M Al-Si alloy via KoBo

extrusion method
P Snopiński, K Matus, M Łagoda, A N S Appiah, J Hajnyš

To cite this version:
P Snopiński, K Matus, M Łagoda, A N S Appiah, J Hajnyš. Engineering an ultra-fine grained
microstructure, twins and stacking faults in PBF-LB/M Al-Si alloy via KoBo extrusion method.
Journal of Alloys and Compounds, 2023, �10.1016/j.actamat.2022.118368.�. �hal-04709813�

https://hal.science/hal-04709813v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Engineering an ultra-fine grained microstructure, twins and stacking faults in PBF-LB/M Al-Si alloy via KoBo extrusion 

method 

P. Snopiński
1
, K. Matus

2
, M. Łagoda

3
, A. N. S. Appiah

2
, J. Hajnyš

4
 

1
Department of Engineering Materials and Biomaterials, Silesian University of Technology, 18A Konarskiego Street, 44-100 

Gliwice, Poland; 

2
Materials Research Laboratory, Faculty of Mechanical Engineering, Silesian University of Technology, Konarskiego 18a St, 

Gliwice, 44-100, Poland 

3
Łukasiewicz Research Network - Institute of Non-Ferrous Metals, Sowińskiego St. 5, 44-100, Gliwice, Poland 

4
Faculty of Mechanical Engineering, VSB-TU Ostrava, 17. Listopadu 2172/15, 708 00 Ostrava, Czech Republic 

*corresponding author e-mail: przemyslaw.snopinski@polsl.pl 

Abstract 

In this study, the microstructural and mechanical properties of an PBF-LB/M AlSi10Mg alloy extruded by the KoBo 

process are investigated. Electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM) analyses 

revealed an ultrafine-grained face-centred cubic (f.c.c.) matrix with a high density of stacking faults (SFs) and Σ-CSL twin 

boundaries (TBs). The KoBo processed sample exhibited an attractive combination of mechanical properties - moderate 

tensile strength of 324 MPa and excellent ductility - elongation at break of ~10%. The unique alloy microstructure obtained 

has the potential to exhibit superior properties such as improved radiation resistance, high temperature stability, resistance 

to intergranular corrosion and cyclic deformation. Overall, the results of this study provide a simple way to tailor the 

strength and ductility of PBF-LB/M-Al-Si alloys through grain boundary engineering and manipulation of TBs and SFs 

through interface engineering. 
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Introduction 

The term "nanotwinned" (NT) refers to a type of metallic material that contains a high density of nanoscale twin 

boundaries. NT materials are characterised by exceptional strength and ductility, excellent thermal stability [1], good 

electrical conductivity  [2], and improved tolerance to radiation damage  [3] [4], making them ideal materials for 

applications in the electronics, nuclear, and aerospace industries. To date, most recent studies have focused on low 

stacking fault energy (SFE) materials such as Cu (SFECu= 22 mJ/m
2
) [5] [6], Ag (SFEAg= 16 mJ/m

2
) [7] [8], stainless steel 

(SFEFe= ~50 mJ/m
2
) [9] [10][11] and some high entropy alloys [12] [13], where it is much easier to introduce twin boundaries 

(TBs). Lu et al. [14] found that NT copper has a very high strength (900 MPa) with high ductility (7.5%). This is due to the fact 

that TBs act as barriers to mobile dislocations in a similar way to grain boundaries, resulting in a strengthening. Other 

researchers [15] have shown that NT copper thin films have a high strength to electrical conductivity ratio. They found that 

stacking faults/nanotwins contribute to electron scattering, resulting in increased electrical conductivity. Moreover, 

numerous in situ ion irradiation studies [16] [17] [18] and molecular dynamics simulation works [19][20] visualized direct 

interaction between irradiation-produced defects and TBs. Phase and twin boundaries can transport and eliminate 

radiation-induced defects, thus alleviating irradiation damage [21]. In addition, stacking faults, coherent twin boundaries 

(CTBs) and Σ3 (112) incoherent twin boundaries (ITBs) have been shown to play a crucial role in the deformation process of 

these low-SFE NT metals [22]. 



Although significant efforts have been made in studying the NT low SFE metals, little attention has been paid to the 

metals with high SFE such as aluminium alloys (SFEAl= 120–165 mJ/m
2
). This is because high SFE provides a lower propensity 

for twin formation. Therefore, these metals have to be usually alloyed with other elements to lower their SFE and promote 

the formation of growth twins. In recent years, by surface engineering [23] [24] [25], deformation at cryogenic temperature 

[26] or by using reinforcements (CNTs/SiC) [27] [28], researchers have successfully fabricated NT aluminium alloys. For 

example, via magneton sputtering, Richter et al. [24], synthesized Al-Zr alloy films containing an abundance of incoherent 

twin boundaries and 9R phases, exhibiting hardness of 4.2 GPa. Using DFT calculations they revealed that the addition of Zr 

reduces the SFE of the Al alloy, thus allowing incoherent TBs formation. Gong et al. [29] manufactured NT composite 

through the addition of SiC to the aluminium matrix using the pressure infiltration method and found that SiC/Al 

composites with SFs (stacking faults) reached proportional limit (σp5 and σp100) of 65 MPa and 124 MPa, respectively. They 

related SFs formation to the lattice distortion fluctuation in Al matrix (fluctuation of effective SFE) and the SFs origins from 

decomposition of full dislocations. Liao et al. [30] fabricated nanocrystalline (NC) aluminium through the cryogenic ball 

milling process. They discovered that wide SFs are formed due to the NC structure and possibly also to the interaction of SF 

ribbons with high density of dislocations. Furthermore, bulk NT metals have also been successfully fabricated using high-

strain severe plastic deformation methods (SPD) such as Equal-Channel Angular Pressing (ECAP), High-pressure torsion 

(HPT) or Accumulative roll bonding (ARB) [31] [32] [33] [34] [35] [36] [37]. What’s more the NT microstructure can be 

generated by dynamic plastic deformation (DPD) [38]. 

Quite recently, the effect of KoBo extrusion process on the grain boundary character evolutions in 1xxx series 

aluminium alloys was investigated. The distinctive characteristic of the KoBo method lies in its high-frequency, cyclic 

alteration of the deformation route. This process is well-known for inducing a substantial accumulation of point defects at 

the atomic level, such as vacancies and self-interstitial atoms (SIAs), which can alter the material's physical 

(thermodynamic) state [39]. This phenomenon, in turn, facilitates the formation of nanotwins, as the accumulation of SIAs 

is a precursor to nanotwinning [40]. 

While extensive research has been conducted on PBF-LB/M AlSi10Mg alloys, with a particular emphasis on surface 

engineering [41] [42] [43], post-fabrication heat treatments [44] [45] [46], and severe plastic deformation [47], studies 

addressing grain boundary character control are relatively scarce. To the best of our knowledge, there are is only one 

relevant research documenting the change of grain boundary character in PBF-LB/M AlSi10Mg alloys subjected to friction 

stir processing [48]. 

Therefore, in this investigation, we explore the application of the KoBo process, exposing PBF-LB/M-Al alloys to the 

extreme conditions of high strain and strain rate. The  goal of this research is to increase the fraction of low-Σ coincidence 

site lattice (CSL) boundaries (1≤Σ≤29) and interrupt random boundary network connectivity through KoBo-processing for 

optimizing grain boundary character distribution (GBCD) and accordingly to modify properties of the PBF-LB/M AlSi10Mg 

alloy. The novelty of this work lies in the comprehensive analysis of an PBF-LB/M AlSi10Mg alloy subjected to the KoBo 

extrusion process, with a focus on both microstructural and mechanical properties. Through in-depth analyses utilizing 

Electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM), our investigation unveiled an ultrafine-

grained face-centered cubic (f.c.c.) matrix characterized by a notable abundance of stacking faults (SFs) and Σ-CSL twin 

boundaries (TBs). The outcomes of this research offer a straightforward approach to customize the strength and ductility of 

PBF-LB/M-Al-Si alloys by employing grain boundary engineering. 

Experimental procedure 

The AlSi10Mg alloy specimen with a diameter of 60 mm and a height of 60 mm was fabricated by the selective laser 

melting (SLM) method using spherical gas-atomized powder. Information about the powder's chemical composition can be 

found in Table 1. The SLM process parameters crucial for the production of compact specimens are listed in Table 2. 



Table 1. Chemical composition of the AlSi10Mg powder used in the 3D printing process, in wt.%. 

Al Mg Si Ti Cu Fe 

87.8 0.5 10.5 0.15 0.15 0.09 

Table 2. Selective laser melting process parameters. 

Laser power, W 175 

Layer thickness, mm 0.02 

Laser scanning velocity, m/s 1.4 

Scanning strategy Meander with 67° rotation 

 

The PBF-LB/M sample was post-processed via KoBo extrusion method, of which the principal description can be found 

in Ref. [52]. The punch speed was 0.2 mm/s, the frequency of die oscillations was 5 Hz, and the oscillation angle was ±8°. 

The extrusion was carried out in one step with the extrusion ratio λ = 225 (∅60 → ∅4). The true strain was calculated as 

εr=5.42. 

Cross sections of the as-built and KoBo deformed specimens were examined by scanning electron microscopy (SEM). 

EBSD (electron backscatter diffraction) analyses were performed using a ZEISS Supra 35 scanning electron microscope 

operating at an accelerating voltage of 20 kV, a working distance of 17 mm and a tilt angle of 72°, using step sizes of 0.2 µm 

(as-built) and 0.06 µm (KoBo). Samples for microstructural analyses were prepared conventionally - mechanically ground 

with SiC papers, polished with diamond pastes and finely polished with 0.04 µm colloidal silica. Brandon’s criterion was 

used for coincidence site lattice (CSL) boundary classification. 

Thin lamella samples for the S/TEM study were cut in a cross section parallel to the ED plane in the ND-TD plane by 

focused ion beam milling (FIB). The microstructures of the thin lamellae and phase identification were studied using an 

S/TEM Titan 80/300 transmission electron microscope (TEM), at an accelerating voltage of 300 kV. The microstructures 

were characterized in bright field mode (BF), dark field mode (DF) and high-resolution transmission (HRTEM) mode. The 

obtained electron diffraction images were further analysed using Digital Micrograph and CrysTBox software. 

All tensile tests were performed on a Zwick Z100 servohydraulic materials testing machine (capacity 100 kN) at a test 

speed of 1.0 × 10
-3

 s
-1

 at room temperature. The specimens were loaded along the build direction (as-built condition) and 

the extrusion direction (KoBo condition). 

Results 

Figures 1(a) and (b) show the result of the microstructural analysis performed in the scanning electron microscope. For 

the "as-built" initial state sample, chemical etching reveals the melt pool structure consisting of three distinct zones: the 

coarse melt pool zone (MP coarse), the heat affected zone (HAZ), and the fine melt pool zone (MP fine); whereas, for the 

"KoBo" sample, a homogeneous microstructure with numerous dot-like Si precipitates ranging from 0.1 µm to 0.3 µm in 

size. 

Figs. 1(c) and (d) show the grain boundary maps superimposed on the inverse pole figure maps in the z-direction (IPF-Z). 

These images reveal that the initial state of the sample displays a coarse-grained structure with a relatively random texture. 

In contrast, the "KoBo" sample exhibits a submicrometric microstructure in which the majority of the grains are oriented 

along the <111> and <001> directions, a typical characteristic for extruded alloys [53]. It's worth noting that grains oriented 

in the <001> direction are less common but are considered recrystallization derivatives  [54]. The supplementary data in Fig. 

S1 indicates that the coarse grains of the PBF-LB/M AlSi10Mg alloy were refined through the dynamic recrystallization 

process (DRX), resulting in a reduction of grain size from approximately 2.6 µm to about 0.8 µm. Referring to the statistical 

data given in Table 3, LAGBs and HAGBs account for 22.2% and 77.8% in the as-built sample and 9.4% and 90.6% in the 

KoBo sample, respectively. Furthermore, a significant number of high-angle boundaries fall within the range of 48-60° (Fig. 



S2), which is within the spectrum typically found in FCC aluminum with CSL m3m symmetry space group boundaries [55]. It 

is also evident from Fig. S3 that the KoBo extrusion significantly modifies the fraction of the CSL boundaries (Σ3, Σ5, Σ11, 

Σ13b, and Σ25b). The largest change in the volume fraction of CSL boundaries concerns Σ11, Σ13b (both are twin 

boundaries) [56], and Σ25b (nucleus of primary recrystallization) [57], whose fractions increased by 5, 4.5, and 6.8%, 

respectively. These increases in the fractions of CSL boundaries may be attributed to atomic interactions related to grain 

boundary migration during dynamic recrystallization (DRX)  [58] [59]. 

 
Figure 1. Microstructure of the as-built and KoBo samples a) SEM image of as-built sample taken on the X-Y (built) plane, 

b) SEM image of KoBo sample taken on the ND-TD (extrusion) plane, c) IPF-Z image taken on the ND-TD (extrusion) plane 

of as-built sample, d) IPF-Z image taken on the ND-TD (extrusion) plane of KoBo sample (note that the red lines in the IPF 

images correspond to the low angle grain boundaries, green lines to the high angle grain boundaries, while black points 

to the unidentified areas). 

Table 3. LAGB (2° ≤ θ ≤ 15°), HAGB (θ ≥ 15°) fraction (%) and grain sizes for as-built and KoBo samples. 

 As-built KoBo 

LAGB, % 22.2 9.4 

HAGB, % 77.8 90.6 

Grain size, µm 2.64 (GTA = 2º) 0.81 (GTA = 2º) 

TEM observations were then carried out to examine the microstructures in more detail. Figures 2(a) and (b) depict 

bright and dark field TEM images along the X-Z plane (building plane). They show that the high solidification rate promotes 

columnar epitaxial grains [60] and that the unique feature of PBF-LB/M alloys is the intricate network of dislocations that 

forms as a result of the rapid solidification rate. Figure 2(c) presents the HRTEM image taken near the Al/Si interface and 



the corresponding FFTs (insets). It reveals crystalline Al and amorphous Si phases. The presence of amorphous Si can be 

attributed to the short existing melt pool (rapid cooling enables transformation of the crystalline silicon phase into the 

amorphous state) [61]. 

The bright- and dark- field TEM images (Figs. 2(d) and (e)) confirm the strong grain refinement after KoBo extrusion and 

show a practically dislocation-free structure. It can also be seen that the equiaxed subgrains exhibit relatively strong 

contrast and sharp boundaries. In addition, an image taken in HRTEM mode shows many stacking defects (which were also 

observed in ECAP-processed samples [62]), spherical precipitates, and nanodimensional defects, the latter typically 

observed in KoBo-processed materials [39]. 

 
Figure 2. Representative TEM images of as-built sample (a) Bright-field TEM, (b) dark-field TEM images, (c) HRTEM 

image, and KoBo sample (d) Bright-field TEM, (e) dark-field TEM images, (f) HRTEM image taken from the grain vicinity, 
revealing multiple stacking fault defects. 

Figures 3(a) and (b) show the bright- and dark-field TEM images with a round, 150 nm wide Si precipitate in the centre. 

In this image, microregions analysed with HRTEM are indicated by the square dotted lines. Figure 3(c) represents the Al 

grain boundary region indicated in Fig. 3(a). As can be seen, the HRTEM image unveils a twin boundary with a measured 

misorientation of 142.92 °. This value deviates from the theoretically expected misorientation of 141 ° or 144 ° for a twin 

boundary. However, this small deviation is below the maximum allowed deviation from coincidence according to the 

Brandon criterion (5 ° for the twin boundary)  [63]. According to Wang et al. [64] such a GB with a kink angle of 141 ° 

appears when the twin is formed by 90° partial dislocations.  

Upon closer examination of the phase interface depicted in Figure 3(d), it becomes apparent that there are segments 

featuring incoherent twin boundaries (ITBs), which is illustrated in greater detail in Figure 3(e). The Fast Fourier Transform 

(FFT) pattern (No. 2) confirms the presence of a structure with a high density of ITBs. This specific structure is typically 

categorised as a 9R phase, resembling structures previously observed in metals with a low stacking fault energy (SFE) [65]. 

While Figure 3(e) does indicate the presence of ITBs, suggesting the existence of at least some volume of 9R phase, but the 

precise measurement of the volume of 9R phase in the analyzed alloy is beyond the scope of this study. 



Moreover, it is crucial to take into account the potential influence of a meandering boundary aligned parallel to the film 

plane, which could contribute to this observation in high-resolution transmission electron microscopy (HRTEM) mode [66]. 

It should also be mentioned that the existence of the 9R phase in the investigated PBF-LB/M Al-Si alloy is quite surprising, 

since its formation energy is much higher than that of nanotwins and it is highly unstable in high SFE alloys. However, the 

formation of the 9R phase has been confirmed in Al films deposited on a Cu substrate [31], nanostructured Al/AlN 

multilayer films [67], and Al-Mg alloys [68], among others. 

Another interesting microstructural feature seen in Figure 3(e) is the presence of an amorphous region within the Si 

precipitate that resembles a deformation twin. The Fast Fourier transform (FFT) of the corresponding region (No. 4 in Fig. 

3(e)) shows a diffuse halo ring, providing confirmation of the existence of an amorphous phase. It is plausible that this 

amorphous region formed due to increased phase stresses caused by the load-transfer effect between the soft Al and hard 

Si phases during plastic deformation [69]. It has been suggested that the formation of the a-Si phase may be due to a shear-

driven amorphization process that transitions from the dc-Si phase to the dh-Si phase (dh hexagonal (dh) Si, Si IV (A), or 2H 

Si) when the shear stress exceeds 6 GPa [70].  

 
Figure 3. Representative TEM images of KoBo specimen a) bright-field TEM image, b) dark-field TEM image – Both 
micrographs reveal a Si precipitate locate in the centre and grain boundary area. Note that in the vicinity of grains 
multiple dot-like defects exists. C) HRTEM image of the boundary area highlighted in (b), d) HRTEM image of the Si 
precipitate, e) HRTEM image of the heterophase boundary area highlighted in (d) (the ITB has wide stacking faults 

inside). 

Figures 4(a) and (b) present bright- and dark-field TEM images captured in another area, featuring a distinct Si 

precipitate and a well-defined grain boundary (highlighted by red arrows). The corresponding selected area electron 

diffraction (SAED) confirms that the Si precipitate, measuring approximately 300 nm, exhibits a twinned microstructure (Fig. 

4(c)). Furthermore, an HRTEM image of the interface region, indicated by the dashed yellow square in Figure 4(a), reveals 

the presence of an amorphous band (a-Si) spanning approximately 20 nm within the precipitate (Fig. 4(d)). 

Figure 4(e) shows a typical high-resolution transmission electron microscopy (HRTEM) image, revealing the atomic 

structure of the symmetric tilt grain boundaries (STGBs) with a Σ=3/(111)/109.47° orientation relationship. The presence of 



Σ3 (111) grain boundaries observed through HRTEM aligns with the Electron Backscatter Diffraction (EBSD) data.  

Supplementary Figure S2 illustrates that the Σ3 grain boundaries account for about 4% of the CSL GBs. The grain boundary 

simulation in Figure 4(f) provides a clear view of the excellent atomic fit between both grains. However, upon closer 

inspection, Figure 4(g)), it becomes apparent that the STGB is interconnected by incoherent segments. In addition, stacking 

faults are found near the Σ=3/(111) STGBs. The STGBs could be formed by the mechanism described in the following study 

[71] which involves splitting and subsequent migration of a GB segment leaving two coherent twin boundaries [71], while 

SFs could be formed by the nucleation of double-Shockley particles from GBs [72]. 

 
Figure 4. Representative TEM images of the KoBo sample a) bright field TEM image, b) dark- field TEM image – Both 
micrographs reveal a twinned Si precipitate with sharp boundaries. Note that the originally straight CTB has formed 

several kinks. These are highlighted by the red arrows in (a), c) SAED taken from the region highlighted in (a), d) HRTEM 
image of the heterophase boundary region highlighted in (a), e) HRTEM image of the boundary region highlighted in (b), 
(f) simulated atomic arrangement of the boundary region shown in (e), and (g) magnified view of the area highlighted by 

a yellow dashed square in (e) showing an incoherent segment within the CSL boundary. 
 
Tensile tests were conducted at room temperature to assess the mechanical properties. Figure 5(a) displays the 

engineering stress-strain curves for two studied conditions. An analysis of the flow characteristics of both the as-built and 

KoBo-processed samples reveals that the KoBo-processed material exhibits a unique balance of strength and ductility, 

unlike the conventional trade-off. In other words, the KoBo-processed material shows moderate strength and excellent 

ductility compared to the as-built material. Additionally, as depicted in Figure 5, the KoBo-processed sample exhibits a yield 

phenomenon (upper yield point), as also observed by Avateffazeli et al. [73] in their study of the tensile properties of cast 

and SLM Al–Cu–Mg–Ag–TiB2 samples. 

Figure 5(b) presents the work hardening rate versus true strain curves for the as-built and KoBo-processed conditions. 

Notably, the as-built sample displays a significantly higher work hardening rate compared to the KoBo-processed sample. 

This disparity can be attributed to a unique cellular structure that restricts the movement of dislocations around eutectic Si, 

contributing to the high work hardening rate [74] [75]. It's also worth mentioning that the failure of the as-built sample 

occurs at a work hardening rate of approximately 2000 MPa, which may be attributed to the presence of pore defects in the 



PBF-LB/M part. The collapse of the initial cellular microstructure during KoBo extrusion results in a sharp reduction in the 

work hardening rate. Furthermore, the failure occurs at a minimal work hardening rate, indicating that the pore defects in 

the as-built sample were closed during the KoBo extrusion process.  

Referencing to table 4,  the as-built specimen exhibits a tensile strength of 422 MPa, a yield strength of 255 MPa, and 

an elongation of 2.4%. The KoBo specimen exhibits lower tensile strength of 324 MPa and yield strength of 185 MPa but 

much higher elongation break of about 10%, which proves to be a desirable property for subsequent post-processing steps. 

 
Figure 5. Experimental results from the tensile tests a) the representative engineering stress vs. engineering strain curves 

of as-built and KoBo processed samples, b) work hardening rate vs. true strain curves of as-built and KoBo processed 
samples 

Table 4. Mechanical properties of the tested specimens 

Condition TS, MPa YS, MPa Elongation, % 

As-built 422±4 255±3 2.4±0.1 

KoBo 324±2 185±3 10.2±0.2 

Figure 6 shows the fracture morphologies of as-built and KoBo-processed samples. As can be seen in Fig. 6(a) the as-

built sample fractured at around 68° with respect to the tensile direction. The SEM images in Figs. 6(c) and (e), reveal a 

stepped cleavage surfaces (indicated by white arrows) typical for brittle fracture morphology, which is consistent with the 

low ductility shown in Fig. 5. The investigation displays that the fracture of KoBo-processed specimen occurred along the 

shear plane that around 51° with respect to the tensile axis. The SEM images in Figs. 6(d) and (f), reveal many fine dimples 

confirming a ductile fracture mode and good ductility shown in Fig. 5. 



 
Figure 6. Fracture morphologies of the a), c) and e) as-built, b), d) and e) KoBo processed samples 

Discussion 

The KoBo extrusion process applied to the PBF-LB/M AlSi10Mg alloy resulted in remarkable changes in the 

microstructure, including grain size, phase morphology, distribution, and dislocation density. However, despite these 

changes, KoBo extrusion did not improve the mechanical properties of the PBF-LB/M alloy. In particular, the KoBo process 

impaired ductility, which is a commonly observed phenomenon [76]. The registered reduction in tensile strength can be 

attributed to the following main factors: a reduction in dislocation density (TEM and EBSD analyzes revealed nearly DRX 

dislocation-free grains) and the complete breakdown of the unique cellular network found in the PBF-LB/M alloy, as well as 

the coarsening of precipitates. From the present microstructural analysis, it is clear that the as-built sample has a cellular 

microstructure characterized by intricate dislocation networks that contribute greatly to its strength. These subcells in PBF-

LB/M- Al-Si alloys are superstaurated with Si element. In the as-built condition, the Si content is typically above 10-11% (see 

Supplementary Figure S4); whereas, in the extruded KoBo sample, the Si content in an aluminium matrix is much lower, 

ranging between 6 and 9% (see Supplementary Figure S5). As a result, the effect of solid solution strengthening is also 

weaker. 

The superior elongation of KoBo-processed sample can be caused by several factors. Firstly, it can be ascribed to the 

softening caused by recovery processes such as dynamic recrystallization [77]. As shown in supplementary Fig. S1, the DRX 

lead to the formation of the ultra-fine-grained microstructure characterized by a reduced dislocation density. During tensile 

testing, this fine-grained microstructure allows for a more gradual and distributed deformation across the specimen. 

Moreover, smaller grains are less prone to crack initiation and propagation, reducing the likelihood of premature failure 

[78]. Furthermore, the “dislocation-free” grains (Figs. 3(a) and 4(a)) promote a more even distribution of strain throughout 

the material during tensile test, inhibiting localized strain concentration, thus delaying the eventual fracture. A second 

factor influencing ductility is the increased fraction of stacking faults (SFs). Research has demonstrated that SFs can 



alleviate stress concentration, leading to an enhancement in the proportional limit [29]. Moreover, the substantial presence 

of stacking faults in the aluminum matrix may also contribute to improved ductility by promoting mechanical twinning [11]. 

In addition to stacking faults, another noteworthy microstructural characteristic related to twinning was observed in this 

study using Electron Backscatter Diffraction (EBSD). This involves an exceptionally high percentage of low Σ-coincidence site 

lattice (CSL) boundaries. It has been demonstrated that the synergy between strength and ductility can be heightened by a 

high proportion of pre-existing annealing/deformation twins. This is because dislocations can easily glide and accumulate 

along the twin boundaries [79]. Therefore, the presence of twin boundaries / SFs does not result in a loss of ductility, as is 

often the case with traditional strengthening mechanisms [80]. 

Conclusions 

In summary, we successfully post-processed a PBF-LB/M AlSi10Mg alloy using the KoBo extrusion process. The resulting 

alloy microstructure consists of an ultrafine-grained (UFG) (d∼0.81 μm) f.c.c. matrix with a high density of stacking faults, Σ-

CSL boundaries. The main findings from this research can be summarized as follows: 

 KoBo extrusion process with an extrusion ratio of 225 induces significant changes in the morphology of Si phase in 

the PBF-LB/M AlSi10Mg alloy. Microstructural investigation reveals unique cellular structure fragmentation and 

globularization. 

 The KoBo process leads to a significant grain reduction in the grain size of the PBF-LB/M AlSi10Mg alloy. The 

experimental data revealed a grain size decrease from ~2.6 µm to ~0.8 µm. 

 The KoBo process induces a high density of stacking faults and CSL twin boundaries in the aluminium matrix. 

 The KoBo processed sample exhibits an attractive combination of mechanical properties (YS∼185 MPa, 

TS∼324MPa, E∼10.2%). 

It is expected that such a unique microstructure might exhibit superior properties, i.e. improved radiation resistance 

(due to the higher intrinsic GB densities, which are sinks for radiation-induced defects), improved stability at high 

temperatures (the thermal stability of a coherent twin boundary is superior to that of a high-angle grain boundary), 

resistance to intergranular corrosion (a higher population of grain boundaries with low Σ-coincidence site lattice (CSL) can 

improve intergranular corrosion), and cyclic deformation (TBs have also been shown to be more resistant to cracking under 

cyclic loading). In essence, the results presented above confirm that it is possible to form ultrafine-grained nanotwinned 

microstructures in high SFE Al-Si alloy subjected to a high deformation rate (KoBo process). 
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