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Solid-state additive manufacturing constitutes a worthwhile alternative for
many precipitation-based aluminium alloys that cannot be processed through
fusion-based approaches due to metallurgical problems. In this work, the
newly developed solid-state friction screw extrusion additive manufacturing
(FSEAM) approach has been employed to study the processability of AA6060
T6 as a function of the printing velocity. Various wall-like builds were fabri-
cated at printing velocities of 100 mm/min to 250 mm/min by deposition of 50
layers of 1 mm thickness, 14 mm width, and 150 mm length. No major defects
were observed in cross section, and the microstructure showed equiaxed
grains with an average size of 2–4 lm for all builds. Promising mechanical
properties were obtained for all tensile test specimens extracted in the depo-
sition direction of the layers. For specimens extracted in the build direction,
only the builds fabricated with sufficiently high normal force to ensure proper
bonding between successively deposited layers showed similar results to the
deposition direction. The relatively high temperatures obtained during fabri-
cation led to the dissolution of strengthening precipitates for the 150–250 mm/
min samples as indicated by serrated yielding effects. Post-manufacturing
heat treatment of these samples was successful, partially restoring the feed-
stock hardness.

INTRODUCTION

Additive manufacturing (AM) techniques have
gained increasing attention in recent years as a
viable solution for the fabrication of intricate
designs with different materials. However, fusion-
based AM approaches are known to cause several
problems during the melting and re-solidification of
aluminium alloys, including porosity, hot cracking,
high residual stresses, and evaporation of alloying
elements.1,2 In fusion-based additive manufacturing
processes, the microstructure of the fabricated
products often exhibits a preferred orientation of
the grains, which can be attributed to the direc-
tional nature of the heat dissipation during the

solidification of the liquid phase, usually leading to
unwanted anisotropic properties of the final
product.3

Solid-state AM approaches have attracted a sig-
nificant amount of interest recently, owing to their
ability to overcome many of the limitations associ-
ated with traditional fusion-based AM tech-
niques.4,5 In this work, the emphasis is on the
freeform, direct AM approach that utilizes friction
and severe plastic deformation (SPD) to soften,
transport, deposit, and bond the feedstock on top of
a substrate or previous layer below the onset of
melting. Several of these approaches that build up
or repair parts layer by layer, based on virgin or
recycled materials, have been developed success-
fully, albeit typically with a relatively large width
per layer exceeding 20 mm.4–16 The builds are
characterized by a fine microstructure with an
average grain size of< 10 lm and by the absence
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of preferred grain orientation and fusion-based AM
defects associated with melting and solidification.
However, discernible reductions in strength and
hardness values are typically observed when
employing solid-state AM techniques on precipita-
tion-based aluminium alloys, including those clas-
sified under the 2xxx, 6xxx, and 7xxx series.1,12,16–20

Friction Screw Extrusion Additive
Manufacturing

This research study investigated the novel in-
house developed solid-state additive manufacturing
technique, friction screw extrusion additive manu-
facturing (FSEAM), based on the principles of
friction stir welding (FSW).21,22 FSEAM employs a
screw-like rotating tool to generate heat through
friction and SPD of the rod-shaped feedstock mate-
rial. The tool transports the softened material
toward the substrate/previous layer and deposits it
in a sequential layer-by-layer fashion to fabricate
the intended product. A schematic outline of the
FSEAM setup used in this study is shown in Fig. 1,
where X is the rotational speed of the tool, vt is the
velocity of the table/substrate, Vf is the volumetric
supply rate of the feedstock, t is the vertical position
of the exit opening, defining the layer thickness, and
W is the width of the deposited layer.

The tool gap, depicted in Fig. 1b, is established by
the vertical distance between the housing and the
screw and can be customized before conducting
experiments. The flow characteristics of the mate-
rial, temperature, and pressure build-up during
printing are all influenced by the tool gap. The
precision of the deposited layers can be improved
through the utilization of additional support edges,
which act as a die located at the lower section of the
housing. These support edges effectively avoid flash
formation during the process and enhance the
controllability over the width of the builds. The
width of the deposited layer is denoted by W, while
Wd represents the width of the die.

Feed Ratio

The volumetric supply rate of the feedstock Vf is
in balance with the deposition rate of the material
according to the principle of mass conservation. The
required amount directly follows from the layer
width, layer thickness, and print velocity through:

V f ¼ W � t � vt

The feed ratio f is defined as the ratio of volumet-
ric feeding supplied per unit of time to the volume of
material required per unit of time based on a layer
width equal to the distance between the support
edges, Wd:

f ¼ V f

Wd � t�vt
¼ W

Wd

The feed ratio constitutes an important parame-
ter in the FSEAM manufacturing process as learned
from preliminary investigations.22 Supplying just
the right amount of material per unit of time to
fabricate a build with layer thickness equal to the
distance between the support edges, i.e., W = Wd

with f = 1, led to insufficient bonding between
successively deposited layers yielding poor mechan-
ical properties. Overfeeding, where f is greater than
one, is effective in reducing manufacturing defects
and achieving adequate intermixing between con-
secutive layers generating better mechanical
performance.

Microstructure Development During
and After FSEAM

The FSEAM process generates high temperatures
and strain rates that can result in significant
microstructural changes of the feedstock material
while being transported and deposited. The
dynamic nature of the process triggers multiple
metallurgical mechanisms, including strain hard-
ening, recovery, and recrystallization, which occur

Fig. 1. Schematic outlines of (a) the FSEAM setup, (b) the tool gap, which is the vertical distance between the housing wall and the screw, and
the additional support edges for FSEAM, which increase the precision of printing.
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almost simultaneously and often lead to a notable re-
duction in grain size.9,23,24 Although a smaller grain
size is often associated with an increase in strength,
the mechanical properties of medium and high-
strength aluminium alloys are dominated by the
amount, size, type, and distribution of precipitates.
Growth and/or dissolution of precipitates and nucle-
ation of clusters and/or new precipitates are addi-
tional mechanisms that play a significant role in the
development of the mechanical properties in the as-
fabricated state.18,24 It is critical to monitor, evalu-
ate, understand, and control these mechanisms
during the transportation and deposition stages of
the fabrication process to attain the desired
microstructure, mechanical properties, and part
performance.25,26 Post-manufacturing heat treat-
ment cycles can be included, for example, to modify
the as-built microstructure and improve the
mechanical properties.27–30

This study aims to analyse the impact of the
FSEAM printing velocity on the macrostructure,
microstructure, and mechanical properties of rect-
angular builds fabricated from AA6060 T6, which is
used as a typical example of a medium-strength
precipitation hardenable aluminium alloy. The
study includes the effect of post-processing heat
treatments on the mechanical properties of the
manufactured builds.

MATERIALS AND METHODS

Materials and FSEAM Process

In this series of experiments, rectangular wall-
shaped AA6060 builds were manufactured through
FSEAM on top of AA2024 T351 substrate plates
employing rod-shaped feedstock with a diameter of
8 mm and lengths up to 45 mm. The chemical
composition (in wt.%) of the AA6060 T6 feedstock,
used in this study, as determined by energy disper-
sive spectroscopy (EDS) measurement, is: Mg 0.5%,
Si 0.4%, Fe 0.4%, Mn 0.1%, Cu 0.1%, Zn 0.1%,
Ti< 0.1%, Cr< 0.1%.

The FSEAM process was successfully employed
using a modified planer machine equipped with an
in-house developed printing system consisting of a
vertically oriented 13-kW electric motor driving a
threaded tool placed in the stationary housing of the
printhead. A dedicated nozzle with a Ø 10.5-mm
opening was placed underneath the printhead. The
feed material was supplied through a hydraulic
cylinder attached to the side of the printhead.

The tool rotational speed and the tool gap were
fixed during the experiments to 400 rpm and 3.2
mm, respectively. Four builds were manufactured
through FSEAM, employing a printing/table velocity
of 100 mm/min, 150 mm/min, 200 mm/min, and
250 mm/min. Each build consisted of 50 sequen-
tially deposited layers with a uniform thickness of 1
mm and length of 150 mm. The feed ratio employed
in each experiment was set to approximately 1.3,
implying that an increase in printing velocity was

met with a corresponding increase in the feeding
rate, thereby preserving a constant feed ratio.
Consequently, the width of the manufactured builds
was expected to be around 14 mm, representing a
30% increase compared to the distance between the
support edges of the die.

The temperature was measured through K-type
thermocouples positioned at various locations in the
setup and substrate. One thermocouple was placed
relatively close to the nozzle opening of the print-
head to approximately determine the feedstock
material temperature during deposition. Addition-
ally, the normal force, exerted on the substrate
during deposition, was measured using three load
cells placed equally around the circumference of the
motor frame. A more comprehensive explanation of
the setup and printing process has been presented
recently.22

Microstructure and Mechanical Evaluations

The fabricated builds were sectioned into two
pieces where one piece was employed for
microstructure characterization, while the other
was used for mechanical analysis.

Standard metallographic methods were used for
surface preparation of the cross-sections. Grinding
was carried out up to 4000 grit paper to eliminate
surface irregularities, followed by diamond polish-
ing with suspensions of 3 lm, 1 lm, and colloidal
silica, to obtain a deformation-free surface suit-
able for microstructural evaluations. Some cross-
sections were etched prior to microscopy using a
solution of 10 g NaOH in 90 ml distilled water for
60–120 s to enhance the visibility and contrast of
microstructural features.

The first analysis of the prepared cross sections
was carried out through light microscopy (LM)
employing a digital optical Keyence VHX 7000
microscope. The stitching function was employed
to obtain a complete overview of the builds and their
layers. Subsequently, scanning electron microscopy
(SEM) using a Thermo Fisher Phenom XL and a
JEOL JSM 7200f with EDS and electron backscat-
ter diffraction (EBSD) detectors were utilized for
further analysis to comprehensively characterize
the microstructure. A back-scattered electron (BSE)
detector was used for image acquisition to provide a
comprehensive overview of different phases within
the microstructure. Selected samples were embed-
ded in conductive epoxy to improve image quality
and prevent charging issues during EBSD imaging.

Vickers microhardness (HV) measurements were
done on the cross-sectional plane along the height of
the fabricated builds employing a 1-mm distance
between subsequent indents. A ‘Leco LM 100 AT’
hardness tester was employed for this purpose,
utilizing a force of 300 gf and a dwell time of 15 s.

Tensile test specimens were extracted from the
horizontal (deposition direction) and vertical (build
direction) orientations using electrical discharge

Solid-State Additive Manufacturing of AA6060 Employing Friction Screw Extrusion Additive
Manufacturing

4201



machining (EDM), assuring minimal mechanical
stress and deformation. The approximate extraction
locations of the tensile specimens are depicted in
Fig. 2a. The dimensions of the non-standard tensile
specimens were maintained at an overall length of
45 mm, thickness of 2 mm, and fillet radius of
2.5 mm, while the gage length and width were 20
mm and 5 mm, respectively. A schematic drawing of
the tensile specimen is given in Fig. 2b.

Tensile tests were done using a Zwick Z100
mechanical tester with a load cell capacity of
100 kN. The specimens were sprayed and coated
with a black–white speckle pattern paint on one
side a day before testing to facilitate displacement
measurements through the ARAMIS digital image
correlation system. The system was equipped with a
Titanar B camera and utilized the ARAMIS profes-
sional 2020 software.

The fracture surfaces of the tensile specimens were
examined using SEM to discern the type of fracture
and ascertain the potential influence of defects
arising during the fabrication process of the builds.

For conducting the post-process heat treatment of
the samples, cross-sectional pieces from the entire
height of each build were put in a preheated furnace
at 170�C for durations of 3 h and 20 h. The temper-
atures of the furnace and samples were carefully
monitored throughout the experiments with a pre-
cision of ± 2�C employing K-type thermocouples. A
dedicated thermocouple was positioned inside an
aluminium block that held the samples to achieve
accurate temperature monitoring. Microhardness
measurements were conducted along the height of
the heat-treated samples employing the microhard-
ness device and procedures described above. The
post-manufacturing heat treatments were carried
out about 6 months after fabrication of the builds.

RESULTS AND DISCUSSION

Feed Ratio, Nozzle Temperature, and Normal
Force

Results of the average nozzle temperature
(Tnozzle), average normal force (Fn), and feed ratio
(fexp) as a function of the printing velocity (vt) are

shown in Fig. 3. The average nozzle temperature
exhibited an upward trend with increasing printing
velocity from 100 mm/min to 250 mm/min and a
similar rising trend was observed for the average
normal force, as also supported by the dashed trend
lines that act as a guide to the eye. Apparently, the
deposition of larger amounts of feedstock material
per unit of time led to higher forces and more heat
generation. The respective values for the experi-
ments performed at 150 mm/min deviated from the
trend lines, which was related to the use of an
accidentally higher value of the feed ratio.

The intended feed ratio for all samples was
f = 1.3, and the measured values for 100 mm/min,
200 mm/min, and 250 mm/min builds were found to
be 1.31, 1.33, and 1.39, respectively. However, the
feed ratio for the 150 mm/min sample was around
1.6, causing the average nozzle temperature and
exerted normal force to exceed the expected levels
based on the trend lines.

Build Appearance

A macroscopic image of the manufactured
AA6060 build on top of an AA2024 substrate with
a print velocity of 200 mm/min is depicted in Fig. 4a.
The build has an approximate length of 150 mm in
the x direction and a width of around 14 mm in the y
direction, which corresponds to a feed ratio of 1.3
used in the experiments. The build consists of 50
layers, each with a thickness of 1 mm, deposited on
top of each other in the z direction using a back-and-
forth movement of the printhead. At the two
endpoints of the builds, the width is larger com-
pared to that of the mid-section as visible within
both black dashed rectangles of Fig. 4a. This can be
attributed to the relatively slow upward movement
of the printhead before starting a new layer
deposition.

Further details of the build from within the white
dashed square of Fig. 4a are shown in Fig. 4b. The
outer surface quality of the 200 mm/min sample is
characterized by a relatively smooth surface with
uniform edges as visible from the black dashed
lines. The 150 mm/min and 250 mm/min sample

Fig. 2. (a) Approximate extraction locations of the horizontal (H) and vertical (V) tensile test specimens. Build length and height were about 150
mm and 54 mm, respectively. (b) Schematic drawing with dimensions of the non-standard tensile test specimens.
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displayed a similar appearance, with smooth and
consistent edges. In contrast, Fig. 4c depicts the
build with 100 mm/min printing velocity, which
displays a rougher appearance on the edges with a
wavy shape, as indicated by undulating black
dashed lines. The origin to the non-uniform shape
of the build for the lower print velocity of 100 mm/
min is under investigation.

Microstructure

For a more comprehensive analysis of the cross
section, an overview of the bonded layers was
acquired, using digital optical microscopy, as

illustrated in Fig. 5a. This detailed examination
was carried out in the upper region of the builds, as
indicated by the black-dashed rectangle in Fig. 5b.

In all builds, a layer-by-layer structure was
observed, and distinct flow patterns among individ-
ual layers were noted, which correspond to the
material flow during the fabrication process. These
flow patterns did not exhibit any apparent correla-
tion with print velocity or feeding rates, as observed
in different samples and various heights of the
builds. It is hypothesized that the variation in grey
colour among the layers could be attributed to slight
differences in their microstructure, such as grain
size or precipitate distribution, resulting in different
reactions to the etchant. Further investigation is
necessary to fully elucidate this phenomenon.

The excess value in the feed ratio for the 150 mm/
min sample, as illustrated in Fig. 3, is reflected in
the width of the build, which is noticeably larger
than that of the other samples, as visible in Fig. 5a.

To examine the presence of interior defects like
cracks and porosities that may arise during the
manufacturing process, SEM analysis was carried
out. The results indicated that at a lower print
velocity of 100 mm/min, numerous cracks and
unbonded areas were observed among the deposited
layers, as shown by the white arrows in Fig. 5c.
Limited interdiffusion and intermixing between the
layers, likely caused by relatively low average
normal forces and average nozzle temperatures
(Fig. 3), could be responsible for the formation of
these elongated crack-like defects. Conversely, for
the sample with the high print velocity of 250 mm/

Fig. 3. Average nozzle temperature (Tnozzle), average normal force
(Fn), and experimental feed ratio (fexp) as a function of printing
velocity (build velocity) during the FSEAM process. Dashed lines act
as guides to the eye.

Fig. 4. (a) Macroscopic image of a printed AA6060 build through the FSEAM process on top of an AA2024 substrate using AA6060 T6 as the
feedstock material. Black-dashed rectangles on both sides of the build indicate the larger width of the build due to the relatively slow vertical
movement of the printhead in the z direction before starting a new layer deposition. (b) Further details of the surface quality of the 200 mm/min
build, depicting a relatively smooth surface with fairly uniform edges. (c) Surface quality of the manufactured build with low printing velocity of 100
mm/min, exhibiting wavy edges and inhomogeneous appearance (Color figure online).
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min, no major defects or unbonded regions were
observed within the deposited layers upon SEM
investigation. The improved interlayer mixing and
diffusion, likely facilitated by higher average nor-
mal forces and average nozzle temperatures, accord-
ing to Fig. 3, resulted in a more homogeneous and
defect-free build, as demonstrated in Fig. 5d. There-
fore, adequate temperature and normal force set-
tings during the printing process are crucial factors
in mitigating the occurrence of cracks and defects in
fabrication of builds.

The above microstructural analysis was con-
ducted throughout the entire height of the current
builds, revealing no major differences in grain size.
However, it has been reported that microstructural
inhomogeneity can occur throughout the height of
the builds because of the influence of deposition
process variables such as temperature and pres-
sure.31,32 This means that the microstructural prop-
erties of previously deposited layers can be affected
by the heat from the layers deposited at later stages
of the manufacturing process.

To obtain a more in-depth understanding of the
microstructure, EBSD measurements were con-
ducted on the upper one third part of the builds,
as indicated by the dashed box in Fig. 5b. The EBSD
results revealed a well-refined equiaxed grain
microstructure for all manufactured samples
(Fig. 6a–d). The equivalent circle diameter (ECD)
values of the grains were determined by analyzing
the EBSD data with a scanned area of approxi-
mately 4500 lm2. The average grain sizes of the

fabricated builds, obtained from four different spots
in the upper one third of each build, are included in
the figure (see< D>) and varied between 2 lm
and 4 lm for different printing velocities between
100 mm/min to 250 mm/min. Moreover, the
microstructural evaluation conducted over the
height of the samples revealed no significant change
in grain size and particle/dispersoid distribution for
each build. Hence, a very homogeneous appearance
of the microstructure was observed throughout the
height and width of each sample.

The variation in the average grain size among the
additively manufactured builds can be explained by
the microstructural phenomena of dynamic recrys-
tallization (DRX), recovery, and grain growth dur-
ing the FSEAM process.24

Recrystallization is a process of nucleation and
growth of new grains from sufficiently deformed
grains to reduce internal energy. Dynamic recrys-
tallization (DRX) is a type of recrystallization that
occurs during deformation at high temperatures
and high strain rates, likely to be occurring during
FSEAM. The phenomenon is responsible for the fine
grains in all builds. Recovery is a process in which
dislocations align and are partially annihilated,
reducing the internal energy of the material which
can occur simultaneously with DRX.9,20

Grain growth, on the other hand, is the increase
in grain size due to prolonged exposure to high
temperatures. In FSEAM, grain growth can occur
because of the relatively high temperatures of the
process, which promote diffusion of atoms and lead

Fig. 5. (a) Overview image of the cross section of the manufactured builds with different printing velocities of 100 mm/min, 150 mm/min, 200 mm/
min, and 250 mm/min. The scale bar is valid for all builds. (b) An overall cross section of a manufactured build with a black-dashed rectangle
which indicates the area of the more-detailed investigations shown in (a). (c) Manufacturing defects that are frequently observed in the low
printing velocity of 100 mm/min as a result of low bonding quality between subsequent layers, indicated by white arrows. (d) No major defects and
good bonding condition between deposited layers in the printing velocity of 250 mm/min (Color figure online).
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to coarsening of grains. Figures 3 and 6 indicate
that the lower average nozzle temperature of the
100 mm/min build led to stronger nucleation of new
grains providing a smaller overall grain size com-
pared to the other fabricated builds. In addition to
the nozzle temperature, the amount of the deposited
material affects the time required to dissipate heat.
The sample printed at 150 mm/min had a greater
amount of deposited material due to the higher feed
ratio and thus retained heat for a longer duration,
possibly resulting in facilitated grain growth.

Mechanical Characterization

Tensile Tests

To evaluate the mechanical properties of the
fabricated builds, including yield strength, tensile
strength, and ductility, tensile tests were conducted
on each of them. Three vertical samples along the
build direction and five horizontal samples along
the translational direction were extracted from
specific regions in each build, as shown in Fig. 2a.
The ARAMIS measurement system was employed
in tensile testing to determine the average engi-
neering strain over the gage section of the tensile
test specimen leading to the engineering stress-
strain curves as presented in Fig. 7. The black and
blue lines in the image represent the horizontal (H)
and vertical (V) samples, respectively.

The samples extracted in horizontal direction, i.e.,
along the deposition direction, typically exhibited
ductile behaviour characterized by a large plastic
region, distinct necking area, and significant elon-
gation after yielding. A linear trend of increased
tensile strength was observed from 100 mm/min to
250 mm/min, while the yield strength remained
relatively constant across all printing velocities, and
the elongation at fracture slightly reduced approx-
imately from 30% to 25%.

On the other hand, Fig. 7 shows that the tensile
test results of the samples extracted in vertical
direction, i.e., in the build direction, follow the
results of the horizontal test specimens quite well
for the first stages of the tests. However, at later
stages of the tests for the printing velocities of
100 mm/min and 200 mm/min, a sudden drop is
observed indicating premature and unexpected fail-
ure. These failures could be attributed to the
presence of interior crack-like manufacturing
defects and/or unbonded interlayer regions, as
explained in Section ‘‘Microstructure,’’ and shown
for the 100 mm/min build in Fig. 5c, that typically
occurred at the interface between successive layers.
Hence, the larger number of layers that are part of
vertical samples compared to horizontal ones make
the vertical samples with their larger number of
interlayer regions more prone to premature failure.

Fig. 6. (a)–(d) EBDS results of the fabricated builds with different printing velocities from 100 mm/min to 250 mm/min. Equivalent circle diameter
values of the grains are indicated for each image,<D>.
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However, the results of the samples extracted
from the 150 mm/min and 250 mm/min builds dis-
played a smaller difference in strength and ductility
between horizontal and vertical samples, which
could be ascribed to the relatively high normal
forces observed during fabrication, see also Fig. 3,
which limited the occurrence of interior defects.

The overview of all tensile test results is given in
Fig. 8, where the mechanical properties evaluated
for horizontal and vertical samples are represented
by solid and dashed lines, respectively. The manu-
factured builds exhibited a tensile strength ranging
from 120 MPa to 145 MPa as function of the
printing velocity. These values are lower than the
tensile strength of the AA6060 T6 feedstock, which
is approximately 210 MPa. The yield strength of the
fabricated samples experienced a decrease to a
value of around 80 MPa, independent of the print-
ing velocity, compared to 150 MPa for the feedstock.
The elongation at fracture of the manufactured
builds was in the range of 25–30%, which is larger
than the corresponding value for the feedstock,
which is about 10%.33

The results of the tensile tests, in combination
with the normal forces applied during the process,
suggest that a normal force of approximately 8–
10 kN is necessary to ensure adequate bonding
between layers, at least given the current design of
the setup with a flat tool bottom. Further

investigation and optimization of the printing
parameters are expected to lead to improved quality
of the vertical samples and equal mechanical prop-
erties in deposition and build direction.

Upon analysing the results of the tensile test
presented in Fig. 9a, which shows one tensile result
in the horizontal direction for each build, it was
observed that three stress–strain curves possess

Fig. 7. Engineering stress–strain curves of the tensile experiments of the 100 mm/min to 250 mm/min builds conducted on the vertical (V) and
horizontal (H) directions corresponding to build and deposition directions, respectively (Color figure online).

Fig. 8. Overview of the mechanical properties results of the
manufactured builds, including tensile strength, yield strength,
elongation at fracture (d), and Vickers microhardness (HV), in two
different directions, horizontal (solid lines) and vertical (dashed
lines).

Rezaeinejad, Strik, Visser, Bor, Luckabauer, and Akkerman4206



serrated appearance in the plastic region before
necking. This phenomenon has been reported to
occur in various aluminium alloys, including the
6xxx series, during tensile tests, and is often
compared to the Portevin–LeChatelier (PLC) effect
found in carbon steels.34–36

One proposed model to explain this phenomenon
is the interaction between dislocations and solute
atoms/atomic clusters. The solute atoms diffuse
towards the area around the dislocations, effectively
pinning them by reducing their stress fields. As the
tensile force increases, the dislocations must sur-
pass this atmosphere to move and cause further
deformation. The release of pinned dislocations
leads to small drops in the stress-strain curve,
which ultimately results in the observed serrations.
Consequently, this phenomenon can only be
detected if a substantial amount of free solute
atoms is available in the aluminium matrix.34,37 In
fact, the magnitude of the serrated yielding effect is
influenced by the number of solute atoms and a
higher concentration of solute atoms leads to a
stronger serrated yielding.34

During the FSEAM process, high strain rates and
elevated temperatures cause growth and/or dissolu-
tion of precipitates in the microstructure. In the
latter case, an increase in the concentration of
solute atoms is expected, which can trigger the
appearance of serrated yielding in the stress-strain
curves. The analysis of the tensile results for the
100 mm/min sample did not show any signs of
serrated yielding. In Fig. 9b, the pseudo-binary
phase diagram of Al-Mg2Si is shown. The measured
composition of the AA6060 alloy used for the
experiments is indicated by the vertical dashed
line. Above 450�C, the material is a single-phase a
solid solution. However, the average nozzle temper-
ature for the 100 mm/min sample, according to
Fig. 3, is about 384�C, represented by a circular blue
dot in Fig. 9b, which was insufficient to dissolve the
precipitates in the microstructure, thereby

preventing the formation of free solutes and the
emergence of serrated yielding.

Conversely, in the case of the other samples (150
mm/min, 200 mm/min, and 250 mm/min), the
average nozzle temperature during manufacturing
was> 450�C, as shown in Fig. 3 and depicted in
Fig. 9b by the circular red, green, and black dots,
respectively, indicating that the temperature was
sufficient for precipitate dissolution. However, the
magnitude of the serrations varies across these
samples, which possibly relates to the temperature
level of the process to dissolve the precipitates. The
average nozzle temperature of the 250 mm/min
sample is relatively higher than the 150 mm/min
sample, resulting in a faster dissolution of precip-
itates and causing a higher concentration of solute
atoms, which in turn leads to a stronger intensity of
serrated yielding.34 Evidently, the cooling rates
experienced by the deposited layers after deposition
also depend on the maximum temperature
achieved, but apparently, the cooling rates were
high enough for a significant number of solute
atoms to remain in solution to explain the occur-
rence of the serrated yielding effect.

Fractography

Fractography was employed in both horizontal
and vertical directions for printing velocities of 100
mm/min and 250 mm/min to assess the fracture
behaviour of the tested tensile samples. The results
of the fractographic analysis conducted in the
vertical direction for both printing velocities using
LM and SEM are presented in Fig. 10a–f. The
vertical direction was selected as it represents the
most critical direction for the tested samples.

The macroscopic image of the fractured tensile
sample of the 100 mm/min build in vertical direction
showed little deformation and a small necking area,
as shown in Fig. 10a. The vertical samples printed
at 100 mm/min suffered premature failure caused

Fig. 9. (a) Serrated yielding effect in tensile samples of the AA6060 fabricated builds with different printing velocities from 100 mm/min to 250
mm/min. (b) Pseudo-binary phase diagram of Al-Mg2Si and the correlation between the average nozzle temperature during the FSEAM process
for all builds with printing velocities from 100 mm/min to 250 mm/min (Color figure online).
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by interior elongated crack-like defects, as noted in
Section ‘‘Tensile Tests.’’ Therefore, the fracture
surface exhibited a shear-like pattern combined
with shallow dimples, indicating a small amount of
ductility, shown in Fig. 10b and in more detail in
Fig. 10c. Also, in Fig. 10d, two different types of
fracture, dimple fracture and shear-like fracture,
related to the 100 mm/min sample are visible.

Conversely, the 250 mm/min sample showed a
well-developed dimple-rich fracture surface with a
deep cup-and-cone pattern and distributed large
and small dimples, which is a common pattern in
aluminium alloys exhibiting adequate elongation in
the plastic region.20,38 Dimple fractures occur
because of micro-void coalescence, where the mate-
rial deforms significantly before fracturing.38 The
elongation in the plastic region is associated with
the ability of the material to absorb energy before
fracture. Figure 10e presents the fracture surface of
the 250 mm/min sample, while Fig. 10f reveals more
detail of the area indicated by the white dashed
rectangle in Fig. 10e.

These findings provide important insight into the
fracture behaviour of the tested samples and will be
useful in optimizing the printing parameters to
minimize the occurrence of defects and enhance the
mechanical performance of the printed components.

Hardness and Heat Treatment

Vickers microhardness measurements were con-
ducted throughout the height of each build in the
midplane of the cross-sectional area. The average
hardness for each sample was around 40 HV with a

marginal increase in the hardness as the printing
velocity increased from 100 mm/min to 250 mm/
min; see Fig. 8. The hardness was strongly reduced
compared to the value of 80 HV of the AA6060 T6
feedstock.

The hardness profiles through the height of
AA6060 fabricated builds with printing velocities
of 100 mm/min and 250 mm/min, representing the
lowest and highest speeds, respectively, are illus-
trated in Fig. 11. The results are shown in three
different conditions: as-printed (AP), aged for 3 h at
170�C (3 h), and aged for 20 h at 170�C (20 h). The
dashed lines in Fig. 11a and b serve as a visual aid
for referencing the value of the feedstock.

Upon analysing the hardness values for the 100
mm/min and 250 mm/min samples in the as-printed
condition, it can be inferred that the hardness
remains nearly constant through the height of both
builds with small variations. However, a slight
increase in the hardness value was noticed in the
uppermost layers of the 250 mm/min sample, as
signified by the blue arrow in Fig. 11b.

After the application of two different heat treat-
ment cycles to both specimens, a negligible rise in
the hardness value (approximately 5%) across the
complete height of the 100 mm/min sample was
identified; see Fig. 11a. Conversely, the 250 mm/min
sample demonstrated a substantial increase
(around 25%) in hardness throughout the entire
build. Remarkably, the top six to seven layers
exhibited an increase of even 60% compared to the
as-printed state, indicated by the black arrow in
Fig. 11b. Interestingly, there was no significant

Fig. 10. (a) Macroscopic image of fractured tensile sample of the 100 mm/min build in vertical direction, showing small deformation and necking
area. (b) Fracture surface of 100 mm/min sample performed on the rectangular black dashed area in (a), representing shear-like fracture. (c)
More detail of the area indicated by white dashed rectangle in (b). (d) Two different modes of fracture, known as dimple fracture and shear-like
fracture, next to each other in the 100 mm/min sample. (e) Fracture surface of 250 mm/min sample. (f) More detail of the area indicated by white
dashed rectangle in (e), showing a dimple-rich fracture surface (Color figure online).

Rezaeinejad, Strik, Visser, Bor, Luckabauer, and Akkerman4208



difference in the hardness values observed between
both heat treatment durations for both samples.

The observed hardness increase of the 250 mm/
min sample confirms the presence of available free
solute after build fabrication that forms additional
strengthening precipitates during the post-process
heat treatment. The results are in line with the
observations of serrated yielding in Fig. 9 for this
sample. The stronger hardness increase in the top
layers of the sample can be attributed to the
variation in overall heat input in the different
layers at varying heights during fabrication. Specif-
ically, the topmost layers receive less heat input as
they are not subject to further layers being printed
above them. Consequently, they experience shorter
‘ageing’ times as compared to the lower layers,
leaving more solute atoms in supersaturation in the
as-printed state. This difference in thermal history
results in differences in mechanical properties and
creates mechanical inhomogeneity within the
build.31,32 The absence of a hardness increase upon
post-process heat treatment for the 100 mm/min
sample is attributable to the average nozzle tem-
perature that remained below 450�C during the
FSEAM process, failing to dissolve the precipitates
in the microstructure. Consequently, the post-pro-
cess heat treatment did not influence the hardness
value. These findings provide evidence of the effec-
tiveness of the post-processing ageing heat treat-
ment as a means to restore the hardness value, and
possibly other mechanical properties, in printed
components that reach a sufficiently high temper-
ature during the process to dissolve precipitates and
subsequently are cooled rapidly enough to maintain
a certain degree of super saturation.27,38

Thermal Process Description for FSEAM

Figure 12 presents a thermal process description
for understanding the in situ heat treatment during
the FSEAM process, which can be linked to the
typical T6 heat treatment cycle involving homoge-
nization, quenching, and artificial ageing, thereby

providing the maximum strength and hardness.
The description interconnects the FSEAM process
with the pseudo-binary phase diagram of the
AA6060 alloy and heat treatment cycles occurring
during and after the process. As shown in Fig. 12,
the supplied material experiences high tempera-
tures in the processing area, and homogenization
occurs in the microstructure corresponding to the a
solid solution region of the pseudo-binary phase
diagram (this step is depicted by yellow areas). The
deposition process follows, causing quenching from
the high temperature a solid solution area to the
two-phase region a + Mg2Si, as represented by the
blue areas in Fig. 12. Ageing may occur in the
a + Mg2Si region utilizing the heat of the subse-
quently deposited layers, which should ideally take
place in the temperature range indicated by the
green area in Fig. 12.

After performing FSEAM with different printing
velocities, as discussed in this study, it has been
found that the ageing temperature is presumably
too high for achieving an optimal size, type, and
distribution of the strengthening precipitates to
optimally enhance the build’s mechanical properties
as schematically depicted by the grey areas. In other
words, an in-process ageing heat treatment at an
appropriate temperature and time could create
optimal precipitates, regarding their size, type,
and distribution, which will lead to enhanced hard-
ness and strength in as-built state or after post-
process ageing.

This process description provides greater clarity
on the influence of individual steps and engaging
parameters during the FSEAM process on the
microstructural and mechanical properties of the
manufactured product. Such clarity, in turn,
enhances the controllability of the process,
enabling greater control over the microstructure
of the build product. Further investigations are
required to regulate the process parameters to
achieve the appropriate time and temperature
requirements.

Fig. 11. Hardness profiles through the height of AA6060 builds with varying printing velocities: (a) 100 mm/min and (b) 250 mm/min, in three
conditions: as-printed (AP), aged at 170�C for 3 h (3 h), and 20 h (20 h) (Color figure online).
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CONCLUSION

In this research work, the newly developed
FSEAM process as a solid-state additive manufac-
turing approach was employed to fabricate builds of
AA6060 T6, and the effect of different printing
velocities from 100 mm/min to 250 mm/min on the
processability, microstructure and mechanical prop-
erties was studied.

The results revealed that solid builds free from
macroscopic defects could be fabricated through the
consecutive deposition of layers by applying enough
normal force at elevated temperature.

The microstructure analysis exhibited fine
equiaxed grains with average dimensions of 2–
4 lm without detectable crystallographic texture.

Tensile test results performed in both the depo-
sition direction (horizontal) and the build direction
(vertical) displayed tensile strength values increas-
ing from 120 MPa to 145 MPa, and elongation at
fracture decreasing from 30% to 25%, as a function
of printing velocity. Best performance was obtained
for the horizontal tensile samples, while the results
of the vertical samples were strongly dependent on
the process temperature and exerted normal force.
The 250 mm/min samples in the build direction
exhibited promising results presumably because of
sufficient intermixing between subsequent layers
and the absence of non-bonded regions.

The stress-strain curves showed the presence of
serrated yielding for the builds manufactured at
high enough temperatures to reach the single phase
region according to the pseudo-binary Al-(Mg, Si)
phase diagram at the AA6060 composition.

Hardness values of the manufactured builds were
affected by the thermo-mechanical nature of the
FSEAM process. Accordingly, a hardness reduction
from 80 HV in T6 condition to 40 HV in as-built
condition was observed. A post-manufacturing heat
treatment partially improved the hardness when
the initial process temperature was high enough to
dissolve the precipitates and increase the amount of

solute atoms/atomic clusters in the microstructure,
especially when the process induced reheating time
was relatively short.

A shear-like fracture pattern instead of ductile,
dimple-rich fracture surface was observed for the
samples with small, crack-like deposition defects
confirming preliminary failure from the tensile tests
for samples in the vertical build direction.

The FSEAM process requires further optimiza-
tion to improve the mechanical properties in the as-
printed condition and to allow for an optimized post-
process heat treatment.
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Falkinger, A. Schökel, F. Spieckermann, R. Schäublin, P.J.
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