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Abstract: As part of the present project, an inquiry is being conducted into the impact of the cooling
rate subsequent to extrusion on both the mechanical characteristics and microstructure of 6061 alloy
extruded profiles tailored for application in the automotive industry. Water quenching, air cooling,
and step-cooling (combination of air cooling and water quenching) were performed after a solution
heat treatment for simulating different cooling processes on the exit of the extrusion press. Microstruc-
ture examination was performed after artificial aging for every cooling method accompanied by
three-point bending and tensile testing for investigation of differences in formability characteristics
in each one of the three cases. Electron fractography, texture, and grain boundary misorientation
analysis consisted the main analytical techniques, allowing the correlation between grains orientation
resulting from the extrusion process with cracking initiation behavior in mechanical testing and
for the determination of the regions which were more prone to cracking. From the examination,
the positive role of rapid cooling for improved formability was highlighted. Through the grain
boundary misorientation analysis and the formation of Taylor factor maps, it was shown that crack
initiation preferably took place at subsurface regions even though “roughening” of the bent surface
was obvious and expected to lead to crack initiation in the more ductile samples. Considerable
amounts of LAGBs (Low Angle Grain Boundaries) (14.7%) and SGBs (Subgrain Boundaries) (4.5%)
were detected in the sample which was subjected to step cooling accompanied by an outer and inner
surface layers (surface zone) of 200–250 µm thicknesses exhibiting different orientations. The results
of this project will be used for optimization of the automotive extruded profiles production process,
ensuring improved mechanical performance and resistance to premature fracture.
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1. Introduction

The mechanical attributes of extruded profiles are subject to modification, among
other factors, by the cooling rate implemented after extrusion. This is due to the fact that
the process significantly influences the concentration of alloying elements, such as silicon
and magnesium, which remain in a solid-state solution. This amount will be later available
for precipitation hardening through Mg2Si formation in the subsequent artificial aging
process [1–3]. The metallurgical condition of profiles affects the formability, and currently,
a lot of investigations have been carried out in order to discover the most appropriate
thermal processing for achieving the desirable combination of strength and ductility as this
is manifested by tensile, compression, and three-point bend testing [4–6]. This happens,
because as the strength of the material is increased and the metallurgical condition reaches
the T6 condition the ductility is decreased. Fracture toughness does not follow a specific
trend, as this property consists of a combination of strength and ductility. In terms of phase
transformations during aging, two processes occurring simultaneously affect seriously the
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mechanical properties. One effect, identified in the literature [7–9], involves the formation of
precipitate-free zones (PFZs) at the boundaries of grains. This occurrence has the potential
to result in a lack of coherence between grains, which can be consequential under the
application of tensile stresses. In order to assess the mechanical characteristics of samples,
the application of tensile stresses is executed by means of a three-point bending test, which
acts upon the outer bent surface of specimens. The PFZs constitute weak regions inside a
matrix of higher strength (intragranular areas), since they lean on alloying elements and
no precipitation hardening occurs. The reduction in ductility can be attributed to a second
factor, namely the occurrence of grain boundary precipitation. This phenomenon is notably
accentuated, when precipitates achieve a thermodynamically stable and non-coherent
β-phase state. In this scenario, they act as stress concentrators, similar to coarser AlFeSi
intermetallic particles that are widely disseminated throughout the matrix [10–12]. This
process of precipitation is highly effective in diminishing ductility, as it serves to exacerbate
the concentration of stress at specific sites within the material. These phase transformations
are well explained by the mechanism of rapid vacancies diffusion at high temperature
annealing and vacancies-depleted zones formation.

With regard to the outcomes of three-point bending tests, it has been demonstrated that
the inception of macroscopic cracking transpires primarily on the outer bent surface and
that ultimate fracture results from a sequence of mechanisms. Such mechanisms include
the development of shear bands in intragranular locations, the rotation and decohesion of
grain boundaries, and the amplification of the number of grain boundary decohesion sites,
culminating in the final failure of the sample. This is assisted by coalescence of voids formed
and extended among coarse intermetallic particles and grain boundaries precipitation [12].
In another work, it has been shown that the load direction is important and transverse
testing can reveal differences in formability more easily than longitudinal tests [13,14].

Texture analysis has emerged as a pivotal tool in the investigation of fracture per-
formance of extruded profiles, with software packages providing a range of options for
identifying sites that are susceptible to crack initiation. Among the available methods,
Taylor factor maps have been proven to be highly informative in portraying this tendency,
with the frequency and location of interfaces characterized by high Taylor factor values
being indicative of the bending performance of a material. The work of Inoue [15] has
previously demonstrated the utility of such maps in this context. Furthermore, electron
backscatter diffraction (EBSD) enables precise mean grain size analysis in aluminum alloys,
providing a notable advantage over optical microscopy, particularly with respect to the
identification of fine grains [16,17]. Other valuable techniques for fracture-analysis-related
projects include the calculation of recrystallization amounts and mapping of grain boundary
angle misorientation, as evidenced in the existing literature [18–24]. Extruded profiles are
frequently characterized by a high degree of texturing, with the nature and intensity of this
texturing varying depending on the specific alloy employed [25–31]. Notably, disparities
can be observed between the surface texture and that of the material’s mid-thickness. In
order to better understand and evaluate these variations, the application of inverse pole
figure (IPF) plots has proven to be an invaluable analytical tool. Through the utilization
of such techniques, it is possible to discern the presence of both single and double fiber
textures, which can arise as a direct result of the hot extrusion process. The surface texture
is affected by a high amount of shear deformation and temperatures higher than 580 ◦C
in the extrusion die. The recrystallization percentage varies among the alloys based upon
the presence of grain inhibitors, and it can be also different in different areas of the same
profile. With regard to automotive alloys, studies have demonstrated that deformation
texture on the surface zones of extruded profiles is conducive to the formation of shear
bands, whereas random texture is associated with delayed fracture initiation. Additionally,
the size and distribution of constituent particles on the free surface of bent specimens
have been shown to significantly influence bending performance, as reported in previous
investigations [18,19]. The study conducted by Vazdirvanidis et al. [13] has highlighted the
valuable contribution of finite element analysis (FEM) in elucidating the results of three-
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point bend and tensile tests. Specifically, the FEM approach enables the visualization of the
stress fields that emerge between intermetallic particles and the surrounding aluminum
matrix, which in turn act as stress raisers depending on their morphology. According to
the findings, globular particles can function as constant stress raiser points, irrespective
of the loading direction, while non-equiaxed particles exhibit a higher sensitivity to the
direction of the applied load. In the current research, the focus has been given to the
comparison of the texture and the grain boundary misorientation between the surface
zone and the mid-thickness areas (core) and to the correlation of precipitation potential
with grain boundaries misorientation. In this aspect, the boundaries are divided to three
different categories, i.e., high-angle grain boundaries (HAGBs, >15 degrees), low-angle
grain boundaries (LAGBs, 5–15 degrees), and sub-grain boundaries (SGBs, 2–5 degrees).
HAGBs have not been further categorized, but this will be performed in future work.

2. Materials and Methods
2.1. Materials Production

6061 alloy extruded profiles were provided by ETEM-GESTAMP Bulgaria S.A. (see a
typical chemical composition in Table 1). The samples were subjected to solid-solution heat
treatment for 20 min at 570 ◦C and were then cooled down by three different processes:
(i) water quenching (WQ); (ii) air cooling (AC); and (iii) step cooling including air cooling
from 570 to 420 ◦C and then water quenching (SC). The samples were naturally aged for
24 h and were then artificially aged at 210 ◦C for 3 h.

Table 1. The nominal chemical composition of the 6061 alloy extruded profiles [31].

Element (%) Si Fe Cu Mn Mg Cr Zn Ti Al

0.4–0.8 0.7 0.15–0.4 0.15 0.8–1.2 0.04–0.35 0.25 0.15 Bal.

2.2. Microstructure Characterization

A comprehensive analysis of the fracture surfaces of the bent areas from three-point
bending tests was conducted utilizing advanced microscopy techniques. The macroscopic
examination was performed using a Nikon SMZ 1500 stereo-microscope (Nikon, Tokyo,
Japan), while a Nikon Epiphot 300 (Nikon, Tokyo, Japan) inverted metallographic mi-
croscope equipped with Image Pro Plus software was utilized for optical microscopy
examination. The samples were initially assessed in the as-polished state to identify the
location and morphology of the cracks resulting from the bending test, followed by polar-
ized light illumination after Barker’s electrolytic etch to reveal the grain structure. In-depth
microscopic and fractographic observations were conducted using a JEOL IT-800 HL scan-
ning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan). To obtain information on the
crystallographic orientation of the samples, electron backscatter diffraction (EBSD) analysis
was performed on transverse to extrusion direction sections using an EDAX Hikari XP
camera (AMETEK BV, Berwyn, PA, USA).

2.3. Mechanical Testing

Three-point bending tests were carried out under ambient temperature conditions,
with a flexure extension of 25 mm using an Instron 5567 30 kN electromechanical testing
machine (Instron, Norwood, MA, USA), where early cracking was observed in the AC
sample. The tensile tests were performed according to ISO 6892 standard using a Zwick
Z100 (Zwick, Ulm, Germany) at a constant speed of 10 mm/min. Tensile specimens were
extracted from the original aluminum profile and tested parallel to the extrusion direction.

3. Results
3.1. Mechanical Testing and Electron Fractography

Five (5) tensile specimens were retrieved for each cooling method. The results of the
tensile tests are summarized in Table 2. It is shown that the WQ sample attained higher yield
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and tensile stress values (304 and 315 MPa) and an intermediate value of elongation at fracture
(12.1%), signifying an acceptable combination of strength and ductility. The AC sample did
not reach the desired values for the tensile strength (284 MPa with a minimum value of
300 MPa), the yield strength (241 MPa with a minimum value of 280 MPa), and the elongation
(9.6% with a minimum value of 10%). The SC sample exhibited acceptable values of strength
and ductility (tensile strength: 310 MPa; yield strength: 298 MPa; elongation: 12.8%), which
were intermediate regarding the strength and the highest regarding ductility, among the three
conditions. These results are indicative of the positive contribution of the increased cooling
rate from homogenization or the solution temperature to both strength and ductility.

Table 2. Tensile test results (mean of five measurements).

Sample TS (MPa) YS (MPa) El. (%)

WQ 315 304 12.1
AC 284 241 9.6
SC 310 298 12.8

During three-point bending tests, the AC sample was severely fractured at a 22 mm
vertical distance (Figure 1a), and it was separated into two pieces. The fracture mode
was intergranural, and brittle secondary cracks were developed transverse to the main
fracture surface (Figure 1b,c). Electron fractography revealed fine and shallow dimples
developed on the grain facets, indicating minor ductility behavior. The prevailing mecha-
nism is microvoid coalescence on the grain boundaries caused by Mg2Si precipitation. This
behavior characterized the whole samples’ thickness, and no difference in fracture mode
was observed between the surface and mid-thickness regions. The WQ sample exhibited
“orange peeling” on the bent region, while the sample on the bending line of the SC sample
revealed a thin longitudinal crack parallel to the extrusion direction (Figure 1d,e).

3.2. Microstructure Characterization

The microstructure of the profiles was fully recrystallized with a mean grain size
of 56 µm (Figure 2a). The grains of the outer and inner surface layers (surface zone) of
200–250 µm thickness exhibited different orientations, which rendered different anodizing
responses to the specific regions after Barkers’ electrolytic etch (Figure 2b). In the mid-
thickness, the grains were not easily identified because of the strong extrusion texture
resulting from the hot extrusion process. No differences were detected on the microstruc-
ture among the WQ, AC, and SC samples regarding the grain size, morphology, and texture,
as these were formed during extrusion and they were not affected by the subsequent lab-
oratory heat treatment. Upon the examination of the bent region of the three-point bent
SC specimen, it was discovered that “orange peeling” and microcracking developed on
the outer surface, with a maximum crack depth of 25 µm (Figure 2c). However, more
pronounced microcracking was observed in the subsurface region, between the surface
zone and the mid-thickness region. Moreover, it was observed that surface roughening and
the formation of shear bands coincided with the development of intergranular disconti-
nuities, predominantly not only on the surface, but also in the subsurface regions. These
discontinuities could occur due to strain accommodation differences in neighboring grains
and were formed along grain boundaries. Shear bands were also observed in traversing
different grains on the surface and subsurface regions, characterized by intergranular cracks
with approximately 100 µm in size, coinciding with the location of slip bands that extended
from the surface to the interior of the profile. In addition, the formation of discontinuities
was observed between constituent intermetallic particles, both intergranularly and trans-
granularly. The optical and electron microscopy analysis of the intermetallic particles’ size,
morphology, and general appearance in this particular type of Al-alloy provided typical
evidence of AlFeSi secondary phases that underwent deformation during processing (ex-
trusion). The intermetallic particles not only served as sites for discontinuities formation
during bending testing, but also promoted cracking due to their inherent brittleness.
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Figure 1. (a) AC sample divided into two pieces during a three-point bending test from the top-view
imaging of the fracture area; (b) “orange peel” on the bent region of the WQ ample after a three-point
bending test; (c) linear minor crack coinciding with the bending line on the bent region of the SC sample;
(d) fracture surface of the sample AC after a three-point bending test. The intergranular fracture mode
was noticed; (e) electron fractograph of the same area. The intergranular fracture mode accompanied by
fine, shallow dimples on the grain faces and brittle intergranular secondary cracks was noted.
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Figure 2. (a) EBSD grain structure map of the profile. (b) Grain structure of the WQ sample away
from the bending region (unaffected area). (c) Development of “orange peeling” on the bent surface
and subsurface microcracking initiation in the SC sample.

The samples were further etched by a HF solution for revealing PFZs. It was observed
that in the AC sample a semi-continuous network of wide PFZs existed across thickness.
Due to the size of the zones they were easily discerned by optical microscopy. In some
areas, their width reached 7.8 µm (Figure 3). PFZs were also detected in the WQ and SC
samples, but not at the same degree of continuity, and with a lower width compared to in
the AC sample (Figure 4).
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Figure 4. PFZs formation in the WQ sample (a) and in the SC sample (b).

The observed differences in the size of the PFZs were strongly related with the cooling
rate after solution heat treatment. It was considered that through air cooling the vacancies
which were near the grain boundaries diffused rapidly towards them and created vacancy-
depleted zones, which were responsible for the formation of the PFZs. It is worth noting
that even though water quenching was an extremely rapid process, vacancies still diffused
towards the grain boundaries, but to a very lower extent. As a result, even in the WQ and
SC samples, PFZs formation was not prevented (see Figure 4).

3.3. Electron Backscatter Diffraction

EBSD scans were performed for texture characterization across the thickness of the
profiles, for the examination of the grain boundaries characteristics on the surface and the
mid-thickness regions and the correlation of misorientation with precipitation behavior.
Scans were performed on transverse sections, as these are considered more representative
for texture observation of extruded products. The SC sample was selected for the specific
examination, but the same results regarding texture applied for the AC and WQ samples
as well.

The sample in terms of texture characterization can be divided into two distinct zones,
i.e., the surface zones (inner and outer) with an approximate thickness of 200 µm and a
mid-thickness (Figure 5). The subsurface zones did not exhibit strong, preferred texture;
however, the (001) orientations had a higher density (4.5 times random in the inverse pole
texture plot). On the other hand, the mid-thickness region was strongly textured, exhibiting
a single (001) fiber texture which was typical for extruded products (17.6 times random).
This preferred texture was responsible for the poor response of the profiles to Barker’s
electrolytic etch.

The surface zones were mostly characterized by HAGBs, a low percentage of LAGBs,
and a minor percentage of SGBs (81/15/4 fraction, Figure 6a). The precipitation behavior
was observed in different grain boundaries of the same area. After electrolytic polishing
the HAGBs were easily discerned, while the LAGBs were not so easily detected and only at
high magnifications greater than 10k X were they fully traceable. In area of interest (AOI) 1,
it was observed that extensive grain boundary precipitation occurred on the HAGBs with
20 nm precipitates in length and limited precipitation on the LAGB, while on the triple
boundary a coarse precipitate of a 100 nm length was observed (Figure 6c). However, this
behavior was not identical on the other boundaries. In AOI 2, grain boundary precipitation
was observed on an LAGB with characteristics similar to those of the precipitation of
HAGBs of AOI 1. The precipitates were almost globular with a 15 nm mean diameter,
and they were met at a random spacing between two successive precipitates ranging
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between 20 and 500 nm (Figure 6d). In AOI 3, it is shown that precipitation occurred at both
HAGBs and LAGBs but the size of the precipitates was coarser on the HAGBs, taking into
consideration both length and thickness reaching a length of 90 nm and a thickness of 8 nm
in the HAGB (Figure 7). The precipitates of the LAGBs boundaries reached a maximum
length of 75 nm, and the spacing between them was higher than that of the HAGBs. Similar
behaviors were observed on the other areas of interest of the subsurface-recrystallized
regions of the profile.
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the SC sample. The differences in length (i), thickness (ii), and inter-particle distance (iii) of the
precipitates were noticed.

On the other hand, mid-thickness region was characterized by the presence of HAGBs,
LAGBs, and SGBs at a fraction of 51/32/17 approximately (Figure 8a). The mean grain
size was 52 µm. It is worth noting that the relatively high amount of SGBs was present
in a region, which was considered fully recrystallized judged also from the size and the
morphology of equiaxed grains. Regarding the grain boundaries characteristics, the results
differed a lot in the mid-thickness region. Considerable amounts of LAGBs (14.7%) and
SGBs (4.5%) were detected as can be observed in Figure 8. In AOI 4, it is presented that
the precipitates were rounded to elliptical with a mean diameter of 40 nm on the HAGBs
and globular with a 30 nm diameter in LAGBs and minor precipitation of few nanometers
scale was also detectable on SGBs. The inter-spacing was comparable for LAGBs and
HAGBs boundaries. In AOI 5, precipitation on the HAGBs was semi-continuous; however,
the precipitates did not exhibit considerable thickness. On the LAGBs, the sizes of the
precipitates were finer, not exceeding 25 nm, and in no case were they continuous as in
HAGBs. Isolated-only particles were detected on the SGB (Figure 9).

The precipitation behavior in the WQ sample did not differ significantly from this
of the SC sample; however, the grain boundaries where relatively coarser precipitation
occurred were more dispersed (Figure 10a,b). In the AC sample, coarse Mg2Si particles were
easily detected even at low magnifications, forming a continuous network surrounding the
grain boundaries and rendering them brittle (Figure 10c,d).
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In Figure 6b, a Taylor factor map of the subsurface region is shown. The arrows
indicate the areas which were prone to cracking in the presence of tensile stresses, as they
acted as stress concentration sites. These coincided with the boundaries where high Taylor
factor values differences were observed as is the case of interfaces between blue- and
red-colored grains. The frequency of such interfaces was considered adequate, as a high
fraction of these boundaries belonged to this category in the observed region.

4. Discussion

The above findings are indicative of the important effect of the cooling rate from
the homogenization temperature, which was accomplished in this project for simulating
the hot working temperature of the extrusion process, on the mechanical properties of
extruded profiles. Water quenching led to profiles which had superior properties regarding
strength. The main reason for this behavior is that by very rapid cooling a high percentage
of the alloying elements were retained in a solid solution (Si and Mg in this case) and
the formation of the maximum possible Mg2Si precipitates quantity was allowed during
aging. The maximum grain boundary precipitate particles length was 150 nm, but the
lengths of the majority were finer than 30 nm. On the AC sample, the precipitation behavior
was characterized by the presence of up to microscopic-size β (Mg2Si) particles with
an elongated morphology located on the grain boundaries. These did not contribute to
strength, as they had non-coherent phases. In addition, they were preferable sites for stress
concentration limiting the overall ductility. Therefore, even after three hours of aging, the
AC sample exhibited low strength levels and unacceptable ductility in tensile testing. As
a result, the sample is expected to exhibit unacceptable crashworthiness and formability
performance in general.

One of the main targets of this project was to observe the precipitation behavior
in different boundaries. In this frame, the SC sample was examined. The precipitates
(mainly β′) were nucleated in the areas which were considered as energetically favored
(grain boundaries). The electrolytic polishing process enabled the observation of the
precipitates on the various grain boundaries types (HAGBs, LAGB, and SGBs), and they
could be easily measured at magnifications higher than 25 k. The ones that were located
on triple grain boundaries were generally quite coarser than those found on the other
grain boundary interfaces exhibiting a higher length and thickness. In most cases, the
precipitates on the triple boundaries extended on all double boundaries, rendering them a
star-like morphology.

The texture of the profiles was formed at the end of the extrusion process. The SC
sample was selected for viewing the texture in the subsurface zone and the mid-thickness
region. The texture differed significantly between these two areas. It was observed that
the mid-thickness region was strongly textured with a (001) single fiber texture while the
subsurface zone exhibited a more random texture. However, the biggest difference between
these two areas lied in the grain boundaries characteristics. Even though the sample was
recrystallized, in the mid-thickness region, SGBs were observed as a result of the extrusion
process and the respective flow of the material through the die. These boundaries were
not removed after solution and aging heat treatments. Extrusion conditions and more
specifically a high amount of shear were, on the other hand, adequate for the elimination of
SGBs and the limitation of LAGBs in subsurface zones. In terms of crack initiation, texture
analysis revealed with high accuracy where this would be observed. The largest cracks
after three-point bending testing were formed in the transition zone between the more
random subsurface and the mid-thickness region. At this area, the grains which were more
favorably oriented towards rotation during bending created a minute discontinuity which
evolved to a crack during the stress increase. The Taylor factor maps clearly indicated that
in the examined samples such interfaces and a lot of boundaries were present. The surface
roughening of the bent SC sample was linearly connected with slip lines development and
grain boundaries with favorable orientation for cracking.
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The amounts of precipitation were different on HAGBs, LAGBs, and SGBs. Coarser
Mg2Si precipitates in terms of length and thickness were located on HAGBs. It was found
that the size and thickness of the precipitates as well as the inter-particle distance were not
the same for all HAGBs and this was also proved for LAGBs. However, in neighboring
areas where for instance an HAGB met with an LAGB the size of the precipitates was
coarser in the HAGB. The morphology of the precipitates was globular in most cases
for the LAGBs, while for the HAGBs the size was globular, elliptical and in some cases
they were semi-continuous as a layer on the interfaces. In the SGBs, any precipitation
was difficulty discerned, and the interfaces on the whole leaned on such particles. The
precipitation behavior was comparable between the surface and mid-thickness locations,
and by high-magnification imaging, one could not easily distinguish if one of the two areas
was observed.

Optical microscopy can prove as a very useful tool for signifying low ductility perfor-
mance in automotive profiles for crash systems and bumpers. In case the thermomechanical
process leads to inferior formability, this can be clearly demonstrated by the formation of
PFZs which are recognizable at even a 500× magnification by optical microscopy. They
appear as white, thin zones on the grain boundaries. The more continuous they are, the
more probable it is that intergranular cracking will appear in mechanical tests in the respec-
tive profiles. It is obvious that the delineation of the grain boundaries with PFZs revealed
some of the HAGBs which were those with higher precipitation propensity and formed
thicker PFZs.

From the point of fractographic examination, a low-ductility sample exhibited ductile,
intergranular cracking, resulting from the combination of a low-strength intergranular zone
depleted in alloying elements surrounding the higher-strength grains interiors, including
β” and β′precipitates of nanometer size, which were not easily discernible with an SEM.
In the case of the harder 6xxx alloys which contained higher Si and Mg contents as well
as other strengthening elements such as Mn and Cr, a grain boundary decision across the
thickness was not observed and can be only noticed on subsurface layers in case secondary
recrystallization occur [13]. After the initiation of the initial crack when it reached the
recovered region of the profile in the mid-thickness location of the profile, it propagated at
a transgranular mode of low or high ductility with dimples formation, depending on the
metallurgical condition (aging). Additionally, since no other low-energy paths existed, the
constituent α-AlFeSi particles played this role and cracking could be detected between two
adjacent particles. In the current investigation, similar behaviors were observed in the WQ
and SC three-point bent specimens which had elongation values higher than 12%.

5. Conclusions

The following conclusions could be derived from the performed examination and
analysis of the results:

• Texture analysis can be very useful in the determination of the areas which are prone to
crack initiation and affect formability properties of automotive profiles. Apart from the
typical analysis of the orientation and grain size analysis, Taylor factor maps should
be constructed for the observation of areas with high differences in respective values.

• A plausible scenario for crack initiation in automotive profiles involves a subsurface
region where the convergence of slip lines and the presence of grain boundaries
with relatively high susceptibility to crack initiation and propagation may promote
this phenomenon. The outer surface, however, may not be the most likely site of
crack initiation. Misorientation maps can be used for observation of grain boundaries
which are based on their types (HAGBs, LAGBs, and SGBs) which are related with
different propensity values for precipitation. On HAGBs, coarser precipitates are
formed, and this is accompanied by the formation of PFZs which are visible with
optical microscopy.

• Slow cooling is related with unacceptable formability, as it can lead to substantial grain
boundary sensitization and early fracture in mechanical tests due to coarse Mg2Si
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non-coherent particles formation. In addition, the strength of the material is lower
due to a lower alloying elements amount available for precipitation hardening by
artificial aging.

• Step cooling can lead to mechanical performance which are comparable with water
quenching and therefore leaves space for further investigation, as it is directly related
with the extrusion process and the cooling method setup.
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