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Abstract
This study investigated the impact of the equal channel angular pressing (ECAP) combined with heat treatments on the 
microstructure and mechanical properties of AlSi10Mg alloys fabricated via selective laser melting (SLM) and gravity cast-
ing. Special attention was directed towards determining the effect of post-fabrication heat treatments on the microstructural 
evolution of AlSi10Mg alloy fabricated using two different routes. Three initial alloy conditions were considered prior to 
ECAP deformation: (1) as-cast in solution treated (T4) condition, (2) SLM in T4 condition, (3) SLM subjected to low-
temperature annealing. Light microscopy, transmission electron microscopy, X-ray diffraction line broadening analysis, 
and electron backscattered diffraction analysis were used to characterize the microstructures before and after ECAP. The 
results indicated that SLM followed by low-temperature annealing led to superior mechanical properties, relative to the two 
other conditions. Microscopic analyses revealed that the partial-cellular structure contributed to strong work hardening. This 
behavior enhanced the material’s strength because of the enhanced accumulation of geometrically necessary dislocations 
during ECAP deformation.
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1  Introduction

Metal additive manufacturing (AM) is a very promising 
technology that allows the fabrication of complex metal-
lic parts using powders as raw materials. The novelty of 
AM manifests as somewhat of a disadvantage relative to 
other manufacturing processes, such as casting; however, 
this also means that there are numerous interesting devel-
opment opportunities. Such improvements can be imple-
mented in any of the steps during the metal AM processing 
chain, i.e., new alloys and powder development, parameter 
optimization, or post-processing treatment. Currently, the 
development of post-processing technologies (e.g., thermal, 
i.e., precipitation heat treatment [1], mechanical—i.e., ultra-
sonic peening [2] and chemical treatments, i.e., machining 
and brightening [3]) is particularly attractive because they 
may enhance the properties of the components fabricated 
via AM.

Hot isostatic pressing (HIP) is one of the most common 
strategies applied for the post-processing treatment of parts 
fabricated using selective laser melting (SLM) techniques. 
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In this context, Liu et al. [4] studied the effect of HIP on 
the mechanical properties of the AZ61 magnesium alloy 
and found that SLM + HIP yielded an alloy that exhibited 
slightly lower YS (yield strength) and TS (tensile strength), 
but higher ductility than the analogous SLM counterpart. 
Wang et al. [5] employed HIP as a post-processing proce-
dure on the AlSi10Mg alloy and observed that YS and TS 
decreased from ~ 210 and ~ 470 MPa to ~ 208 and ~ 240 MPa, 
respectively. Similar results were observed by Yu et al., who 
subjected the Ti–6Al–V alloy to HIP treatment [6]. Addi-
tional research efforts have aimed at improving the mechani-
cal properties of laser powder bed fabricated (LPBF) alloys 
using AmpliFORGE™ [7] and shot peening [8] techniques, 
which can reduce porosity/residual stresses and/or prolong 
fatigue life.

Alternative, less common strategies include the use of 
severe plastic deformation as a final post-processing proce-
dure. Such technologies have significant potential in terms of 
improving the mechanical properties of metals fabricated via 
SLM. Their utility is based on the Hall–Petch relationship, 
which describes how the yield stress depends on the grain 
size [9]. This relationship is based on Eq. (1),

which demonstrates that the metal yield strength (σy) 
increases with decreasing grain sizes (d), i.e., “smaller is 
stronger”. In this context, Yusuf et al. [10] studied the effect 
of high-pressure torsion on the microstructural evolution 
and strength of SLM AlSi10Mg aluminum alloy and 316L 
steel. The results indicated a significant improvement in the 
hardness of the AlSi10Mg alloy (from 140 to 220 HV) and 
316L steel (from ~ 240 to ~ 600 HV) which the authors of the 
following article [11] explained based on the extreme grain 
refinement and high dislocation densities originating from 
the unique heterogeneous microstructure.

However, there is still limited information regarding 
the microstructural evolution and mechanical proper-
ties of SLM-fabricated parts subjected to equal channel 
angular pressing (ECAP). This technique is especially 
attractive because it is suitable for reasonably sized speci-
men and according to Segal’s work [12] can be scaled-up 
relatively easily to produce bulk (plate billets of the size 
610 × 610 × 100 mm and a weight of 100 kg) ultra-fine-
grained materials that can be used for a wide range of struc-
tural applications. According to Valiev and Langdon [13] 
during ECAP a sample is pressed through a die composed 
of two channels with identical cross sections, which intersect 
one another at a designated angle (typically 90° or 120°). 
Although the process is discontinuous, it can be repeated 
many times to achieve the required strain accumulation, and 
this leads to grain refinement, which significantly strength-
ens the material. However, despite multiple advantages 

(1)�y = �0 + kyd
−1∕2

(i.e., ability to process large samples or scale up), ECAP 
has many disadvantages, including the fact that it requires 
large extrusion forces and materials with proper technologi-
cal plasticity.

Tridello et al. [14], Salmi et al. [15], Ali et al. [16], and 
other researchers [17, 18] have found that most AM mate-
rials exhibit very high mechanical strength (higher than 
conventionally obtained for analogous parts). However, the 
large temperature gradients during the fabrication process 
cause high levels of residual stress within the metallic struc-
ture, thus post-SLM heat treatments are usually required to 
improve the ductility of SLM parts. Treatments aimed at 
increasing ductility and/or reducing residual stresses can 
be summarized as low-temperature annealing (typically 
between 280–320 °C) [19] or platform heating during fabri-
cation (usually conducted at 35–200 °C) [20].

In this report, we introduce a new approach for fabricat-
ing high-strength additively manufactured parts, wherein 
low-temperature annealing is applied as an intermediate pro-
cedure (to increase ductility and minimize residual stress), 
which precedes the final equal channel angular pressing step. 
Employing low-temperature annealing has a key advantage; 
specifically, a short period of heat treatment only leads to a 
partial change (modification) of the unique cellular structure, 
which is dramatically different from that of analogous alloy 
obtained by conventional casting.

To our knowledge, this study is the first in which selective 
laser melted samples were subjected to severe plastic defor-
mation via ECAP. Herein, we also compare the deforma-
tion behavior of the same alloy obtained via different routes 
because the partial-cellular microstructure (heterogeneous) 
of SLM alloys offers higher dislocation storage capacity/
strain hardening ability than the conventional dendritic 
structure of cast counterparts.

Accordingly, we investigated the influence of ECAP pro-
cessing on the microstructure and mechanical properties of 
SLM-manufactured versus cast AlSi10Mg alloys subjected 
to up to four ECAP passes. The microstructural evolution of 
the ECAP-processed AlSi10Mg alloy was characterized by 
optical microscopy, scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), and X-ray dif-
fraction (XRD), as well as Vickers microhardness (HV) and 
compression tests.

2 � Experimental materials and methods

The SLM samples were fabricated from gas-atomized 
AlSi10Mg powder (Fig. 1) supplied by Sigma Aldrich, 
with a specified particle size range of 20–80 μm. The nomi-
nal chemical composition of the SLM powder is given in 
Table 1, and the exact composition measured via EDX is 
given in Fig. 1. 
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The TruPrint 1000 system from Trumpf was used to fab-
ricate components using the SLM technique. All compo-
nents were prepared in an Ar environment with a constant 
oxygen level content maintained below 0.5%. The process 
details (i.e., model slicing, scanning strategy, component ori-
entation) were designed using the Materialise Magics soft-
ware. A chessboard (Zig-Zag) scanning strategy was used 
to prepare the components, with each layer divided into a 
4 × 4 mm square block. To avoid overheating the manufac-
tured samples, each layer (n + 1) was rotated 90° with respect 
to the previous layer (n). The samples were fabricated using 
the process parameters presented in Table 2.

Cast samples were prepared by melting pure aluminum 
(EN AW-Al99.98), technical pure silicon, and magnesium 
(EN-MB99.95-A). Aluminum and silicon were placed 

directly in the crucible before smelting, and magnesium was 
added to the liquid solution at the end of the smelting pro-
cess from the vacuum feeder. The melting was carried out in 
a Balzers induction vacuum furnace (VSG 02) in a crucible 
Al2O3 crucible. To prevent the evaporation of charge com-
ponents, smelting was carried out in an argon atmosphere, 
under a pressure of about 600 Tor. Specifically, before the 

Fig. 1   SEM image and corresponding particle size distributions of AlSi10Mg powder (top) and results of EDS analysis (bottom)

Table 1   Chemical composition 
of the AlSi10Mg alloy (wt.%)

Si Mg Fe Ti Zn Mn Ni Co Al

9–11 0.25–0.45  < 0.25  < 0.15  < 0.10  < 0.10  < 0.05  < 0.05 Balance

Table 2   SLM process parameters applied for manufacturing the sam-
ples

Power, W Layer thickness, 
μm

Focus beam diam-
eter, μm

Laser speed, 
mm s−1

175 20 55 1400
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smelting process, the chamber was flushed three times with 
argon, each time pumping the gas to a pressure of about 10–3 
Tor to minimize the amount of oxygen in the melting space. 
Smelting and casting were carried out at approx. 620 °C. 
Graphite molds were used at ambient temperature, with a 
rod-shaped cavity (length = 100 mm, diameter = 20 mm). 
The measured chemical composition of the as-cast samples 
is given in Table 3.

The samples manufactured via SLM and casting were 
brittle, which made ECAP processing difficult at room tem-
perature. Therefore, after manufacturing, the samples were 
heat treated.

The SLM alloy heat treatment procedure was one of the 
following:

S1—solution heat treatment for 1  h at 500  °C. This 
caused complete disappearance of the heterogeneous cel-
lular microstructure;

S2—low-temperature annealing for 8 min at 300 °C. The 
purpose of this treatment was to remove residual stresses 
(increase technological plasticity). This type of a heat treat-
ment allowed also a partial preservation of the unique het-
erogeneous cellular microstructure (typical for the laser 
powder bed fusion processes) as it demonstrated by Fiocchi 
et al. [19].

For the cast alloy, only one heat treatment procedure was 
applied:

C1—solution heat treatment for 1 h at 500 °C.

Detailed information about the heat treatment conditions 
and corresponding post-processing parameters is compiled 
in Table 4.

Prior to the ECAP process, cylindrical rods were 
machined to a diameter of 9.95 mm. The obtained specimens 
were then lubricated using graphite grease and positioned in 
the 120° ECAP die (imposing an equivalent strain of ε = 0.6 
per pass) to be deformed.

The equivalent strain was calculated using a generally 
used equation, given below:

In this equation εN is equivalent strain after N passes, N 
is the number of passes, ψ is the angle associated with the 
arc of curvature, φ is the channel angle.

Figure 2 illustrates the SLM sample orientation before 
the ECAP process and the external appearances of the 
AlSi10Mg alloy S2-1 and S2-2 samples.

For microstructural analysis, samples were prepared fol-
lowing standard metallographic procedures and then etched 
using Barker’s (polarized light observation) and Keller’s 
(bright field observation) reagents. Detailed information 
regarding the etching reagents’ chemical compositions and 
the applied etching conditions can be found in our group’s 
previous studies [21–24]. The microstructures of the sam-
ples were observed using an Axio Observer Z1 Light 
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Table 3   The measured chemical 
composition of the cast alloy

Si Mg Fe Ti Zn Mn Ni Co Al

10.98 0.82 0.026 0.0016 0.018 0.001  < 0.001  < 0.001 Balance

Table 4   Labeling scheme for 
the AlSi10Mg alloys and their 
corresponding post-processing 
conditions

*Completing more than two ECAP passes for the S2 sample was not possible due to sample crumbling

Sample ID Initial condition Post-processing conditions

S0 SLM None
S1 SLM Solution heat treatment 500 °C 1 h
S1-1 SLM Solution heat treatment 500 °C 1 h → ECAP 1 pass
S1-2 SLM Solution heat treatment 500 °C 1 h → ECAP 2 passes
S1-3 SLM Solution heat treatment 500 °C 1 h → ECAP 3 passes
S1-4 SLM Solution heat treatment 500 °C 1 h → ECAP 4 passes
S2 SLM low-temperature annealing 300 °C 8 min
S2-1 SLM low-temperature annealing 300 °C 8 min → ECAP 1 pass
S2-2 SLM low-temperature annealing 300 °C 8 min → ECAP 2 passes*
C0 Cast As-cast
C1 Cast Solution heat treatment 500 °C 1 h
C1-1 Cast Solution heat treatment 500 °C 1 h → ECAP 1 pass
C1-2 Cast Solution heat treatment 500 °C 1 h → ECAP 2 passes
C1-3 Cast Solution heat treatment 500 °C 1 h → ECAP 3 passes
C1-4 Cast Solution heat treatment 500 °C 1 h → ECAP 4 passes
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Microscope (LM) supplied by Zeiss (Carl Zeiss NTS GmbH, 
Oberkochen, Germany). Observations under higher magnifi-
cation were conducted using a scanning electron microscope 
(Zeiss Supra 35) equipped with an energy-dispersive X-ray 
spectrometer (EDX), which allowed microanalysis of the 
chemical composition.

The thin foil microstructure was investigated using a 
high-resolution transmission electron microscope (JEM 
3010UHR, JEOL) at an accelerating voltage of 200 kV. For 
the TEM characterization, a 0.5 mm disc was sectioned from 
the center of the cross-section of the work samples (x-plane). 
Then, the sample was electrolytically polished using a pol-
ishing solution (30% HNO3 + 70% C2H5OH) at –30 °C with 
a DC voltage of 20 V until one or more holes appeared.

For the electron backscattered diffraction (EBSD) char-
acterization, samples were electropolished using the same 
electrolyte as that used to prepare the TEM thin foils. The 
grain structure was recorded using orientation imaging 
microscopy (OIM) applying the EBSD technique integrated 
with a Zeiss Supra 35 SEM controlled and analyzed using 
OIM software (EDAX, Inc., Mahwah, NJ, USA). The step 
size was 0.06 μm for all scans. A neighbor orientation cor-
relation data cleaning process (level 4) was applied, followed 
by a grain confidence index standardization cleanup with a 
grain tolerance angle threshold of 2°. After the data clean-
ing, a coincidence index filter of 0.05 was used to remove 
any points that were not indexed correctly.

X-ray diffraction analysis was carried out using a PANa-
lytical X’Pert Pro diffraction system (Malvern Panalytical 
Ltd., Royston, UK) equipped with CoKα radiation source. 
To remove the error due to instrument broadening in the 
experimental X-ray diffraction profiles, the full-width 
at half-maximum (FWHM) in the peak profile of a fully 
annealed pure aluminum was used to determine structural 
broadening (i.e., effective FWHM). The phase composition 

was evaluated based on the XRD peaks, and the dislocation 
density was estimated from the microstrain (ε) and crystal-
lite size (D) using software based on the Rietveld refinement 
method.

Then, the dislocation density was calculated using 
Eq. (3),

where ρs and ρd are the dislocation density due to the size 
effect and the dislocation density due to lattice strain, 
respectively.

To evaluate the mechanical properties of the processed 
materials, the microhardness (i.e., Vickers hardness, HV) 
values were measured using a microhardness tester (Future-
Tech FM-ARS) under a load of 300 g for 15 s. The com-
pressive tests were performed using samples with diam-
eter = 5 mm and height = 10 mm.

3 � Results

3.1 � Initial state microstructure

Figure 3a shows the polarized light micrograph of the as-
built (S0) SLM AlSi10Mg alloy captured on the horizontal 
cross-section. Etching with Barker’s reagent revealed the 
macrostructure of the examined alloy. The semicircular melt 
pools and scan tracks are visible, so the scanning strategy 
can be determined directly from the micrograph. In this case, 
the layers were melted using an alternating bi-directional 
chessboard (Zig-Zag) strategy with 90° rotation between 
contiguous layers, which formed a basket-weave micro-
structure. The scan track boundaries appear more heavily 
etched and darker. In the scan track interiors, smaller crystals 

(3)�XRD = (�d×�s)
1∕2

Fig. 2   ECAP die scheme used (left), sample orientation before the ECAP process (center) and the external appearances of SLM AlSi10Mg alloy 
samples after ECAP (right)
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with diverse crystallographic orientations are also visible. 
This indicates a very small grain size owing to the rapid 
solidification.

Observations using the highest magnification limit of LM 
revealed additional details (Fig. 3b). A typical fish scale pat-
tern induced by the Gaussian distribution shape of the laser 
beam was visible, and two distinct regions were observed 
in the microstructure: melt pool boundaries (A) and melt 
pool cores (B). The as-prepared SLM microstructure was 
inhomogeneous and contained coarser/elongated (located 
in the melt pool boundaries) and fine grains (located in the 
pool interiors), which is typical following laser powder bed 
fabrication. SEM analysis (Fig. 3c) allowed the identifica-
tion of extremely fine cellular structures (~ 0.32 μm in size). 
Such microstructures are associated with the high solidifi-
cation rates achieved during the SLM process, which lead 
to the formation of the cellular structures [25, 26]. The cell 
boundaries are brighter than the cell cores, which may indi-
cate enrichment with heavier elements. This was confirmed 
by the SEM–EDX elemental composition maps, which indi-
cated that the cellular structures were Si-rich (Fig. 3d).

Figure 4a shows the polarized light micrograph of the 
AlSi10Mg alloy (C0) prepared by gravity casting. This tech-
nology yielded completely different microstructures compared 
with those obtained via AM processes. The as-cast AlSi10Mg 
alloy sample had a typical coarse-grained hypo-eutectic solidi-
fication microstructure (Fig. 4b) with a primary α-Al matrix 
(light areas) and various types of dispersed micro-constituents 
in the interdendritic regions (dark areas). The dendrite arms 
define solidification cells about 30 μm in size, surrounded by 
the eutectic Si particles that were several microns long and 
approx. 1 μm wide. Three different phases were identified 
based on the metallographic (Fig. 4c) and EDX chemical 
composition microanalysis: α-Al (alloy’s matrix), Mg2Si, and 
eutectic Si. The average chemical composition of the identified 
phases was determined by EDX (Fig. 4d).

Fig. 3   Microstructure of the as-prepared SLM AlSi10Mg alloy S0 sample: a polarized light image; b bright field image; c SEM image; d ele-
mental composition maps with corresponding SEM image
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3.2 � Microstructure after heat treatment

3.2.1 � SLM + solution treatment (S1 sample)

The heat treatment performed at 500 °C for 1 h caused a 
nearly complete breakdown of the arrangement typical for 
SLM technology. The microstructure transformed from a 
basket-weave to a more uniform structure. However, in the 
polarized light micrograph (Fig. 5a), some remaining fea-
tures associated with the melt pool boundaries were still 
visible, and some areas reflected different light intensities, 
thus indicating their random crystallographic orientation.

Images captured at the highest magnification limit of 
the LM showed partially maintained “fish scale” features 
(Fig. 5b). The microstructure became coarser, and Si formed 
randomly distributed particles in the aluminum matrix, 
rather than comprising a hard “shell” around α-Al grain 
boundaries (Fig. 3b).

Figure 5c shows the morphology and distribution of 
the Si particles at higher magnification. After the heat 

treatment, the Si agglomeration at the melt pool bounda-
ries did not completely disappear. The preferential growth 
of Si particles at the melt pool boundaries was observed 
because these regions were remelted multiple times dur-
ing SLM since they lie at the overlap of two hatches [27]. 
The vast majority of Si particles appeared to be irregular 
in shape, and their sizes ranged from 0.05 to 3 μm. This 
size of Si particles is typical for the applied heat treatment 
conditions [28, 29].

To examine the Al, Si, and Mg elemental distribution 
in the S1 sample in greater detail, EDX analysis was per-
formed. Images obtained using secondary electrons and 
the corresponding Al, Si, and Mg elemental distribution 
maps are shown in Fig. 5d. According to EDX mapping, 
Al mainly covers the sample matrix, while Si segregates at 
the remaining melt pool boundaries and inside randomly 
distributed particles.
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Fig. 4   Microstructure of the as-cast AlSi10Mg alloy C0 sample: a polarized light image; b bright field image; c high-magnification SEM image 
of the eutectic area; d results of the pointwise chemical composition EDX microanalysis
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3.2.2 � SLM + low‑temperature annealing (S2 sample)

Figure 6 shows the microstructure of the investigated alloy 
after low-temperature annealing. This heat treatment did 
not cause significant changes in the macrostructure, i.e., the 
solidified melt pools and laser scan tracks typical of AM 
alloys were still present (Fig. 6a). Similar to the as-built 
sample, the scan track boundaries were heavily etched and 
appeared darker. Some variations in the crystallographic 
orientation were also visible in the scan track interiors. This 
indicated that a relatively small grain size was maintained 
after low-temperature annealing.

Observations at the highest magnification limit of LM 
revealed fully maintained “fish scale” microstructural fea-
tures (Fig. 6b). Similar to the S0 sample, two distinct regions 
were distinguishable in the microstructure: melt pool bound-
aries (A) and melt pool cores (B). The cellular structures 
in the melt pool boundaries in this case were significantly 
larger than those observed in the as-built sample, making 
them easily noticeable. However, the melt pool cores were 

composed of ultra-fine cell structures that could not be easily 
identified using a light microscope.

Figure 6c shows a higher magnification SEM image of 
the S2 sample, revealing the microstructural evolution dur-
ing low-temperature annealing. This heat treatment led to a 
complete breakdown of the eutectic network; however, the 
overall appearance of the cell structure was still recogniz-
able. In general, the microstructure became coarser, and Si 
particles became larger after low-temperature annealing.

To investigate the chemistry of the Al/Si interface in the 
S2 sample, EDX analysis was performed (Fig. 6d). The Si 
enrichment at the cell boundaries was clearly visible, as well 
as α-Al over-saturation. Owing to the high solubility of mag-
nesium in aluminum, Mg was is uniformly distributed in the 
alloy matrix.

3.2.3 � Casting + solution heat treatment (C1 sample)

Figure 7 shows the microstructures observed by optical and 
scanning electron microscopy for the solution-treated cast 

Fig. 5   Microstructure of the S1 sample: a polarized light image; b bright field image; c high-magnification SEM image; d elemental composi-
tion maps with corresponding SEM image
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(C1) sample. The typical coarse-grained dendritic casting 
structure composed of primary α-Al and eutectic phases 
was completely maintained (Fig. 7a). However, the mor-
phology of eutectic Si particles changed slightly because of 
the diffusion processes (Fig. 7b). Specifically, they became 
fragmented, rounder, and coarser (Fig. 7c) compared with 
the as-cast state (Fig. 4b). SEM analysis and EDX elemental 
mapping confirmed the presence of α-Al, Mg2Si, and eutec-
tic Si phases (Fig. 7d).

3.3 � Microstructures after ECAP

Figure  8 presents the optical micrographs showing the 
microstructural evolution of materials with increasing num-
bers of ECAP passes and different initial conditions. Each 
sample microstructure was examined at the cross-section 
plane.

After the first ECAP pass (Fig. 8a), the microstructure of 
cast alloy (C1-1 sample) comprised slightly elongated pri-
mary α-Al cells, which were similar in size to those observed 
in sample C1. The effect of ECAP was more evident after 

the second pass (C2-2 sample; Fig. 8b). The dendritic struc-
ture and microstructural constituents became significantly 
elongated and pancaked, so the initial dendritic structure 
(Fig. 6b) transformed into a band-like structure.

The microstructure of the SLM alloy (S1-1 sample) after 
the first ECAP pass is shown in Fig. 8c. The analyzed rep-
resentative area consists of numerous micro-metric cellular 
structures localized between parallel deformation bands 
approx. 70–90 μm wide (white arrows). This microstruc-
ture evolved progressively after the subsequent ECAP pass 
(Fig. 8d). The additional deformations increased the number 
of parallel deformation bands. Additionally, an array of not 
well-defined cell structure boundaries was observed (yellow 
arrows).

The images in Fig. 8e,f show the novel microstructures 
after the first (S2-1 sample) and second (S2-2 sample) ECAP 
pass, respectively. It is clear from comparing Fig. 6a (S2 
sample) and Fig. 8e (S2-1 sample) that a basket-weave 
microstructure evolved during ECAP. Surprisingly, after the 
first pass, the resulting microstructure was a combination of 
stacked “fish scale” patterns and parallel deformation bands 

Fig. 6   Microstructure of the S2 sample: a polarized light image; b bright field image; c high-magnification SEM image; d elemental composi-
tion maps with corresponding SEM image
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approx. 70 μm wide. After the second pass, more signifi-
cant changes to the microstructure occurred (Fig. 8f). The 
observed “fish scale” patterns became heavily pancaked and 
elongated along the transverse direction (TD).

3.4 � Mechanical properties

Table 5 summarizes the Vickers microhardness results (aver-
ages), measured on the ND-TD plane across the sample 
diameter, and Fig. 9 shows these values plotted as a function 
of the number of ECAP passes. It is clear from Table 5 that 
the as-cast (C0) sample had the lowest microhardness (~ 68 
HV), and the measured microhardness decreased by about 
10% (~ 61 HV) after applying the solution heat treatment 
(C1 sample). In contrast, the SLM (S0) sample had a very 
high microhardness (~ 135 HV), which was consistent with a 
previous report [30]. The measured microhardness decreased 
by about 50% after the solution heat treatment (S1 sample) 
and by about 25% after low-temperature annealing.

A significant microhardness enhancement occurred after 
ECAP as a result of microstructural refinement (Fig. 9). The 

C1 sample hardness increased gradually from 61 to 93.2 HV 
after three ECAP passes, and then the hardness decreased 
slightly to 91.7 HV. A similar hardening behavior was 
observed for the S1 sample; the microhardness increased 
rapidly after the first ECAP pass, from 66.5 to 96.8 HV. 
Further microhardness enhancement occurred following 
subsequent ECAP passes, and after four ECAP passes, the 
average microhardness reached 104.1 HV. However, the S2 
sample showed distinct hardening behavior. There was a 
rapid increase in microhardness, from 101.2 to 137.2 HV 
after the first pass, which was followed by a slight decrease 
to 135.1 HV after the second pass. The mechanical prop-
erties drop after a certain number of ECAP passes can be 
related to microstructural changes. After ECAP, the degree 
of heterogeneity decreased, thus the strengthening produced 
by the incompatibility between aluminium matrix and Si 
particles. Similar observations—mechanical properties drop 
after a certain number of ECAP passes have been observed 
in this study [31].

The different strain hardening rates of the C1, S1, and 
S2 samples was attributed to their unique microstructures, 

Fig. 7   Microstructure of the C1 sample: a polarized light image; b bright field image; c high-magnification SEM image; d elemental composi-
tion maps with corresponding SEM image
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since the S2 sample had a partially maintained heterogene-
ous partial-cellular microstructure prior to ECAP. During 
plastic deformation, large local strain gradients existing 
between the cell cores and the Si particles led to much 
higher accumulations of geometrically necessary disloca-
tions (GNDs), which were responsible for the faster grain 
refinement and resulting mechanical properties enhance-
ment. However, the role of the generated strain gradient 
(partial-cellular microstructure) in the strain hardening 
behavior of the AlSi10Mg alloy requires further clarifica-
tion via electron microscopy.

Figure  10 shows the compression engineering 
stress–engineering strain curves for the SLM, low-tempera-
ture annealed SLM, and SLM + ECAP-processed samples. 
Table 6 summarizes their yield strengths, ultimate compres-
sive strengths, and stain to failures.

It was clear that the as-built (S0) sample exhibited the 
highest ultimate compressive strength and had excellent 
yield strength (794 and 370 MPa, respectively). Low-tem-
perature annealing resulted in partial disappearance of the 
heterogeneous microstructure, and reduction of the residual 
stress decreased the yield strength and the ultimate com-
pressive strength to 264 and 650 MPa, respectively. How-
ever, along with the reduction in yield strength, a significant 
increase in ductility increase was obtained. As expected, 
ECAP processing further enhanced the mechanical prop-
erties of the AlSi10Mg alloy. After the first ECAP pass 
(S2-1 sample), the yield strength and ultimate compressive 
strength increased to 315 and 685 MPa, respectively. After 
the second pass (S2-2 sample), the yield strength increased 
to 382 MPa, but this improvement was achieved at the 
expense of ultimate compressive strength and ductility. In 

Fig. 8   Microstructures of the 
AlSi10Mg alloy samples after 
ECAP: a C1-1; b C1-2; c S1-1; 
d S1-2; e S2-1; f S2-2
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this case, the ultimate compressive strength (675 MPa) was 
registered at a strain value of 48%.

3.5 � XRD analysis

XRD analysis was additionally performed to support the 
microstructural results. Figure 11 shows the X-ray diffrac-
tion profiles of the AlSi10Mg alloy samples in different 
conditions. The main identified reflections corresponded 
to aluminum (111), (200), (220), (311), (222); Si (111), 
(311); and Mg2Si (220) crystalline phases. The Si peaks 
of the solution heat-treated samples (C1, C1-2) and SLM 

samples (S1, S1-2) had higher intensities than those of as-
built or annealed samples (S2, S2-2). This is because, in the 
S2 condition, the alloy’s matrix was supersaturated with Si. 

Table 5   Vickers microhardness measurements of the initial and the 
ECAP-processed AlSi10Mg alloy samples

Sample ID Microhard-
ness (aver-
age)

S0 SLM 135.4
S1 SLM + solution treatment 66.5
S2 SLM + low-temperature annealing 

300 °C 8 min
101.2

S1-1 1 ECAP pass 96.8
S1-2 2 ECAP passes 103.1
S1-3 3 ECAP passes 103.9
S1-4 4 ECAP passes 104.1
S2-1 1 ECAP pass 137.2
S2-2 2 ECAP passes 135.1
C0 As-cast 68.1
C1 As-cast + solution treatment 61.0
C1-1 1 ECAP pass 87.0
C1-2 2 ECAP passes 89.5
C1-3 3 ECAP passes 93.2
C1-4 4 ECAP passes 91.7

Fig. 9   Hardness values as a function of ECAP passes

Fig. 10   Comparison of the engineering stress–engineering strain 
curves from compressive tests for the investigated SLM AlSi10Mg 
alloys in various conditions

Table 6   Ultimate compressive strength, yield strength, and strain to 
failure of the SLM samples

*The compressive tests were conducted up to 51% deformation

Sample ID Strain to 
failure (%)

Yield strength 
(MPa)

Ultimate compres-
sive strength 
(MPa)

S0 34 378 794
S2 * 264 650
S2-1 * 315 685
S2-2 48 382 675

Fig. 11   XRD patterns of the AlSi10Mg alloys in different conditions
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However, during the solution heat treatment, Si tended to 
diffuse, thus significantly decreasing the Si solid solubility 
[32] and increasing the peak intensity [33].

X-ray diffraction peak profile analysis was conducted to 
evaluate the microstructural changes caused by ECAP defor-
mation. Equation (4) was used to calculate the lattice strain 
and the crystallite size,

where λ is the X-ray wavelength, θ is the Bragg angle, B is 
the line broadening, and ε is the root mean square of the 
microstrain. These results are summarized in Table 7.

The solution-treated samples processed by ECAP had 
the lowest dislocation densities (1.57–5.02 × 1014  m–2). 
The lower dislocation density may arise from their initial 
microstructure. The large, dispersed Si particles observed in 
the solution-treated condition represented weaker obstacles 
for dislocations, whereas smaller particles (e.g., observed 
in the S2 condition) could serve as additional obstacles 
for mobile dislocations in the Al matrix. Additionally, 
considering strain gradient plasticity theory [34], a higher 
density of GNDs can accumulate near Al/Si interfaces in 
the S2 sample [35] during the severe plastic deformation, 
which increases strain hardening and improves mechani-
cal properties [36]. The calculated dislocation density for 
the S2-2 sample (1.23 × 1015 m–2) was slightly lower than 
the recently reported dislocation density (5.11 × 1014 m–2) 
for the SLM AlSi10Mg alloy subjected to high-pressure 
torsion [10]. The values obtained from XRD analysis for 
the solution-treated, ECAP-processed samples were very 
close to the value reported by Cardoso et al. [37] for as-cast 
Al–10wt.%Si (4.5 × 1014 m–2), and by Zribi et al. [38] for 
as-cast Al–7wt.%Si after ECAP (1.9 × 1014 m–2).

4 � Discussion

To date, many attempts have been made to increase the 
mechanical properties of cast Al–Si alloys [35, 37, 39, 40]. 
Researchers attribute the high mechanical strength of this 
alloy system to the enhanced grain refinement caused by 
the accumulation of geometrically necessary dislocations 

(4)Bcos� =
[

0.9�

D

]

+ [4�sin�]

in the strain gradient fields [35]. According to strain gradi-
ent plasticity theory, GNDs will accumulate in the alloy 
matrix surrounding large, nondeformable particles. This 
generates strong back-stresses [38], which develop when 
dislocations are a few nanometers away from Si particles 
[41].

As is shown, Fig. 7b, the C1 sample microstructure con-
tained relatively large and brittle Si particles arranged in a 
solidification cellular distribution between the original Al 
dendrites. This microstructure evolved during severe plas-
tic deformation; Si particles became fragmented, so the 
volume fraction of nondeformable particles in the micro-
structure increased. Cho et al. [42] demonstrated that such 
particles formed by severe plastic deformation play a role 
as dislocation multiplication sites. It is widely reported 
that during plastic deformation, the strain incompatibility 
between these hard Si particles and the soft α-Al matrix is 
accommodated by the generation of GNDs, which provide 
a strong driving force for substructure formation [37–40]. 
Considering that the density of geometrically necessary 
dislocations (ρGND) is proportional to the strain gradient 
(i.e., the variation of plastic strain over the microstructural 
length (λ) for which the gradient is created; Eq. 5) [43] 
it is possible to predict the density of GNDs in the C1-2 
sample.

The aforementioned spacing between the near-continu-
ous Si cellular network and bands in the as-cast solution-
treated AlSi10Mg alloy was approx. 20 μm, which corre-
sponds to ρGND = 5.67 × 1014 m–2, which is consistent with 
a previous study [39].

In contrast to the solution-treated cast sample (C1), 
the SLM sample (S1) had a completely different micro-
structure, composed of uniformly distributed Si particles 
approximately 0.4 μm in diameter. Therefore, it can be 
assumed that to achieve compatible deformation, Orowan 
loops can also form and be stored in the grains when dislo-
cations attempt to bypass the precipitates. Similarly, GND 
accumulation is expected. In this condition, the measured 
mean spacing between large nondeformable Si particles 
was approx. 2.1 μm. Therefore, using Eq. (5), we obtain 

(5)�GND = 8�∕3b�

Table 7   Evolution of 
microstructural parameters

ρs  dislocation density due to lattice microstrain; ρd  dislocation density due to size effect; ρ   total disloca-
tion density

Sample ID Lattice microstrain, ε Crystalline size, 
D (nm)

ρd (m−2) ρs (m−2) ρ (m−2)

S1-2 3.03 × 10–3 39 1.90 × 1015 1.33 × 1014 5.02 × 1014

S2-2 6.50 × 10–3 32 2.95 × 1015 5.16 × 1014 1.23 × 1015

C1-2 1.11 × 10–3 43 1.64 × 1015 1.50 × 1013 1.57 × 1014
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ρGND = 5.40 × 1015  m–2, which is verified by the XRD 
results since the overall dislocation density in the S1-2 
was higher than in the C1-2 sample.

After low-temperature annealing, the overall appear-
ance of the heterogeneous cellular structure was partially 
maintained; however, the λ microstructural length grew 
slightly from 0.326 μm (S0 sample) to ~ 0.446 μm (S2 sam-
ple) (see Fig. 12), which leads to ρGND = 1.27 × 1016 m–2 
or ρGND = 2.54 × 1016  m–2 after 1 or 2 ECAP passes, 
respectively. Indeed, the density of GNDs increased with 
increasing strain accumulation. The GND density of the 
S2-1 sample (ρGND = 6.44 × 1014  m–2) calculated using 
ATEX software, was lower than that of the S2-2 sample 
(ρGND = 7.20 × 1014 m–2) (see Fig. 13). These values are also 
much lower than those estimated above for the GND density. 
This can be explained because during ECAP processing, 
dislocation multiplication is balanced by the dislocation 
annihilation [45]. Additionally, in the later stages of plastic 
deformation, GNDs with the opposite sign might neutralize, 
leading to an exhaustion of dislocations. Finally, with an 
increase in strain accumulation, the degree of heterogeneity 
decreases [44] leading to a decrease in the GND density.

It is clear that GNDs have a crucial influence on the 
mechanical properties of the AlSi10Mg alloy after ECAP; 
therefore, it is worth investigating the substructure devel-
opment because GNDs are believed to be responsible for 

faster grain refinement. Therefore, we conducted a more 
detailed observation of the S2-2 sample using TEM. Fig-
ure 14 shows a typical bright field TEM image taken from 
the horizontal cross-section. On this micrograph, many 
cellular structures (average size ≈ 0.3 μm) are visible. This 
image clearly shows that cell boundaries are composed of 
the refined nanoscale Si precipitates (white arrows).

Closer observation of areas 1 and 2 under higher mag-
nification (Fig. 15) indicated that after two ECAP passes, a 
submicron-sized polycrystalline structure developed. The 
high-density dislocations introduced into the AlSi10Mg 
alloy via room temperature ECAP produced strong local 
strain contrasts in these TEM micrographs. These disloca-
tions are visible at the cell boundaries and around Si parti-
cles. This suggests that the Si particles served as disloca-
tion multiplication sites during severe plastic deformation. 
The microstructure became more refined, while sub-grains 
(40–50 nm in size) appeared frequently in the bright field 
TEM micrographs (Fig. 15b, d). The average sub-grain 
size, measured from four different dark field images, was 
approx. 150 nm. This demonstrated that the GNDs gener-
ated during plastic deformation played a significant role in 
the grain refinement of the AlSi10Mg alloy, since the most 
frequently reported grain sizes for similar alloys after two 
ECAP passes are 600–800 nm [37].

Fig. 12   Evolution of cell structures in the SLM AlSi10Mg alloys: a as-built; b S2 condition; c S2-2 condition (two ECAP passes), and the cor-
responding cell size distribution histograms
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5 � Conclusions

In this study, the effects of heat treatment and a novel combi-
nation of heat treatment combined with equal channel angu-
lar pressing on the microstructural evolution and mechanical 
properties of as-cast and SLM-fabricated AlSi10Mg alloys 
were investigated. The major conclusions from this work are 
summarized as follows:

• For all of the processed samples, the hardness increased 
with strain accumulation. The high hardness exhibited by 
SLM and ECAP-processed alloys were far beyond what can 
be achieved in conventionally deformed cast Al–Si alloys, 
or even cast ECAP-treated Al–Si alloys.

• The highest yield strength (382 MPa) was obtained in 
the sample subjected to low-temperature annealing and two 
ECAP passes. Dislocation strengthening and grain refine-
ment decreased the average grain size to ~ 150 nm and rep-
resented the most dominant strengthening mechanisms.

• The initial microstructure had an influence on the 
mechanical properties of the AlSi10Mg alloys subjected to 
severe plastic deformation owing to the outstanding harden-
ing capability of the partial-cellular microstructure. There-
fore, further research should be directed towards determin-
ing the effects of heat treatment and initial microstructure 
heterogeneity prior to ECAP on the work hardening and 
mechanical properties of AlSi10Mg alloys.

Fig. 13   a, c IPF images; b, d GND dislocation density mapping calculated from KAM images of S2-1 and S2-2 samples

Fig. 14   TEM micrograph of the SLM and two-ECAP pass sample 
(S2-2)
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