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Abstract

Additive friction stir deposition (AFSD) is a relatively new metal additive manufacturing technique with many advantages
compared to fusion-based methods. Despite the recent developments, the research about AFSD is in the initial stages, and
processing hard and strong materials such as Aluminum 7075 is still challenging. In this study, a set of processing parameters
is introduced and optimized for the AFSD of defect-free Al 7075 parts. Microstructure, electroconductivity, and mechani-
cal properties of the as-deposited parts are studied. Compared with feedstock, the results indicated that the conductivity of
the printed specimens increased by 19.5%, and the strength and hardness experienced a significant decrease by 54.4% and
43.5%, respectively. The change in the properties was associated with the precipitation enlargement and aggregation dur-
ing the AFSD process. Subsequently, heat treatment was conducted to recover the mechanical properties, and noteworthy
enhancements, a 101.2% increase in hardness and a 49.1% increase in strength, were recorded compared to the as-deposited

condition due to the smaller and more uniformly distributed secondary phases in the matrix.

Keywords Additive friction stir deposition - Aluminum alloy - Microstructure - Mechanical properties

1 Introduction

Metal additive manufacturing (AM) is a disruptive tech-
nology that has provided great opportunities for various
industries due to its numerous advantages. Some of these
benefits are enhanced design freedom, reduced production
lead time and wastes, custom fabrication, and rapid proto-
typing. Fusion-based metal additive manufacturing has been
introduced as one of the first commercial techniques, and it
is still dominating the market today [1, 2]. However, some
of the inherent constraints related to the fusion-based AM
technique have caused a gap between the production capa-
bilities and industrial demands. Solidification-related defects
such as porosity, residual stress, distortion, hot cracking, ele-
mental segregation, and elemental loss are examples of such
constraints that deteriorate the quality of the parts prepared
by fusion-based methods [3]. Therefore, it is vital to develop
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AM techniques that process metallic alloys in the solid state
rather than melting them and subsequent solidification to
prevent the aforementioned issues.

Friction-based additive manufacturing is a plasticity-
based solid-state process that has emerged as a promising
alternative to fusion-based 3D printing methods. It involves
severe shear deformation of the material induced by the
frictional forces to build the desired shape layer-by-layer.
Friction extrusion additive manufacturing, hybrid metal
extrusion and bonding, and additive friction stir deposition
(AFSD) are three common friction-based additive manu-
facturing methods [4]. AFSD, commercially named MELD,
is the most prevalent solid-state AM technique which ren-
ders considerable advantages regarding production effi-
ciency, flexibility, and cost. The process involves feeding
the feedstock rod to a substrate surface through a hollow
rotating tool. The tip of the feedstock rod is softened due to
the heat generated by frictional forces and deposited onto
the substrate due to the traverse motion of the tool. Mate-
rial feed rate (F), tool rotational speed (w), layer thickness
(T), and tool traverse velocity (V) are the major parameters
in the AFSD process which control the deposition quality.
The higher the rotational speed and the lower the traverse
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velocity result in higher heat input, which influences the
part’s quality and properties significantly [5, 6]. Common
surface defects observed in AFSD are excessive material
flash, onion ring pattern, galling, surface scratch, and edge
cracking which can be removed by adjusting the processing
parameters [7]. Therefore, optimization of the parameters
is essential to acquire a defect-free deposition with the best
possible properties.

AFSD has been successfully employed for the deposition
of different Al alloys including softer series of 5xxx and
6xxx and harder series such as 2xxx and 7xxx. Several stud-
ies have been performed to find out the relations between
the processing parameters and the printed part’s properties
[4, 8-25]. For instance, Philips et al. [22] reported success-
ful deposition of Al 5083 by AFSD and investigated the
mechanical properties and microstructure of the as-depos-
ited part. Ghadimi et al. [15] worked on AFSD of Al 6061
to study the effect of different deposition parameters on the
tensile properties of the fabricated parts. In another study
by Ghadimi et al. [14], the hardness distribution and micro-
structure of the deposited Al 2050 parts were studied. Al
2219 was 3D printed by Rivera et al. [23] to study the tensile
and microstructure of the as-deposited parts. Ahmed et al.
[8] deposited Al 2011 without any physical discontinuities
or interfacial defects between layers in the building direc-
tion. Grain refinement is a common phenomenon reported in
AFSD studies. It is due to dynamic recrystallization caused
by the high temperature (above half of the melting tempera-
ture) and large plastic deformation in the process [7]. Fur-
thermore, in many studies on AFSD of Al, the hardness,
strength, and corrosion resistance of the as-deposited part
are found to be worsen compared to the feedstock material.
The reason for these decreases is ascribed to the change in
the strengthening mechanism and loss of hardening precipi-
tations after AFSD [6]. This indicates the importance of heat
treatment after AFSD to recover the properties. The as-fab-
ricated Al 6061 parts were subjected to T6 heat treatment by
Zeng et al. [24], and the hardness for the heat-treated parts
is comparable to that of the feedstock. Moreover, Chen et al.
[11] investigated the effect of heat treatment on Al 6061
samples prepared by AFSD and found that the strength was
increased by 18%.

The 7xxx series of Al alloys have been extensively uti-
lized in the aerospace industry and military sectors due to
their high specific strength, good fatigue properties, and
machinability. Considering the challenges associated with
fusion-based additive manufacturing of Al 7xxx due to its
non-weldable nature, it is vital to develop solid-state tech-
niques such as AFSD [20, 26] for processing Al 7xxx. There
are several studies on one-layer deposition of 7xxx series of
Al alloys, specifically Al 7075, for repairing purposes [27,
28]. However, the number of papers on AFSD of multilay-
ers is much less than the other alloys. The higher hardness
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and strength of Al 7075 make the AFSD process more chal-
lenging. Avery et al. [9] deposited an Al 7075 block with a
feedstock feed rate and traverse velocity of 50.8 mm/min
and rotational speed of 250 rpm. The microstructure and
mechanical properties of the deposition were assessed. The
results revealed a refined microstructure for the deposition.
Hardness, tensile strength, and fatigue life of the printed
block were lower than the feedstock material. The effect
of heat treatment on the properties of the deposition was
not studied. In addition, excessive flash was observed in the
printed block which was due to improper selection of pro-
cessing parameters. Cahalan et al. [10] explored the influ-
ence of overlapping parallel pass depositions by AFSD on
the mechanical properties of Al 7075. Feedstock feed rate,
traverse velocity, and rotational speed were 69.9 mm/min,
127 mm/min, and 275 rpm, respectively. They indicated that
components with comparable properties to single-row depo-
sitions could be obtained by adjusting the overlapping depo-
sition paths. Elshaghoul et al. [13] studied the feasibility of
3D printing Al 7075 on an Al 2024 substrate by AFSD and
optimization of the deposition parameters. The parts were
fabricated by pushing a rotating Al 7075 feeding rod 4 cm in
diameter onto the Al 2024 substrate without moving in the
traverse direction. Physically defect-free depositions were
successfully obtained using a rotational speed of 400 rpm
and material feed rates of 1, 2, 3, and 4 mm/min.

In the present work, detailed processing parameters are
introduced and optimized for the AFSD of defect-free Al
7075 parts. Since a fast deposition rate is more desirable
for industry, effort is made to introduce higher deposition
parameters in this study compared to the literature. Next, two
Al 7075 blocks are deposited using the optimized param-
eters and one of them is subjected to heat treatment. Micro-
structural, mechanical, and electrical conductivity tests are
performed on the two parts to determine the performance of
the as-deposited material at different layers and find out if
the heat treatment can recover the performance of the part.
This study provides the groundwork for the implementation
of AFSD for the fabrication of Al 7075 parts for engineering
applications.

2 Materials and method

Al 7075 square rods with dimensions of 9.5X9.5x457.2
mm?® were cut from Al 7075-T651 plates (OnlineMet-
als) using a waterjet cutter and utilized as the feedstock
material. A MELD L3 machine equipped with a H13 tool
was employed for 3D printing. This tool has two pairs of
teardrop-shaped protrusions around 2.3 mm in height. The
protrusions were located on the bottom surface of the tool
in a centrosymmetric array, two of them surrounding the
feedstock rod outlet and the other pair near the edge of the
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tool. They assist in material flow and heat generation due to
an increase in frictional forces. In addition, they can re-stir
the previously deposited layer depending on the layer thick-
ness selection.

An Al 7075-T651 plate (L: 304.8x W: 101.6 X T: 12.7
mm?) was employed as the substrate to 3D print the mate-
rial on it. A thermocouple was placed below the substrate
to provide an estimate of the processing temperature. The
substrate was heated to 250 °C prior to the deposition to
assist in printing the first layers. The feedstock rods were
coated with a thin layer of graphite as a dry lubricant prior
to being fed to the machine to prevent them from jamming
inside the tool during the AFSD. Schematics of the process
and the deposition tool are shown in Fig. 1a and b, respec-
tively. The process started by pushing down the rods against
the substrate to generate enough heat for material flow, and
the parts were deposited layer-by-layer based on a G-code.
The relation between the processing parameters is given by
the continuity equation (Egs. 1 and 2) [29, 30].

= Mgy (1)
2. .

a*y = witx 2

where a is the side of the feedstock cross-section, y is the

feedstock feed rate, w is the deposited layer width, ¢ is the

Feeding
direction c

Slice for hardness and

deposited layer thickness, and x is the traverse velocity. The
range of the processing parameters used in this study is sum-
marized in Table 1. Two large blocks with the same length
and height of 165.1 and 40.6 mm were deposited and cut
based on the schematic indicated in Fig. 1c and d to obtain
tensile specimens in the longitudinal direction (XY plane)
and two 3-mm-thick slices (YZ plane). The slices were then
cut to acquire three samples from the middle section of the
building plane named top (T), middle, (M), and bottom (B).
This is done to study the properties at different layers. All
the samples from one of the blocks were heat treated to T73
conditions according to AMS2772. Briefly, solution treat-
ment was performed at 470 °C for 2 h, followed by water
quenching. Then, aging treatment was conducted at 107 °C
for 7 h, followed by 177 °C for 8 h. All the samples except
for electron backscatter diffraction (EBSD) and tensile

Table 1 Processing parameters used in this study

Parameter Value
Feedstock feed rate (mm/min) 138.4
Traverse velocity (mm/min) 138.4-194
Tool rotational speed (rpm) 100-200
Initial substrate temperature (°C) 250

Layer thickness (mm) 1.5

Slice for

Rotation
direction

3D printing Tool

Fig. 1 Schematic of a AFSD process, b deposition tool, and ¢, d specimens cutting design for different characterizations from the deposited
blocks

Tool Face

40.6 mm

10 mm
Specimens arrangement in the Slice

for microstructural, conductivity, and
hardness tests

40.6 mm

Substrate

Specimens arrangement for tensile
testing
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testing ones were polished using SiC papers with different
grit sizes (400, 600, 800, 1000, and 1200) and then by pol-
ishing pads with polycrystalline diamond suspension (6, 3,
and 1 um) prior to characterization.

The deposited parts were macroscopically inspected to
find out the print quality and assess the existence of any
common defects in the AFSD such as lack of material and
excessive material flash. The machine data recorded dur-
ing the AFSD were saved and processed to study the pro-
cessing parameters, downward force, torque, and substrate
temperature.

Heat input during the process can be estimated using the
torque values recorded by the machine and the processing
parameters. It is calculated by Eq. 3 first developed by Pew
etal. [31].

2rwt

Heat input =
eat 1npu 60y 3

where o is the tool rotational speed in rpm, 7 is the torque in
N.m, and v is the traverse velocity in m/min.

X-ray diffraction (XRD) analysis was performed to inves-
tigate the phase structure of Al 7075 after AFSD and the
effect of heat treatment for the top and bottom layer regions.
A PANalytical Empyrean diffractometer equipped with Pre-
FIX (pre-aligned, fast, interchangeable X-ray) modules with
monochromatic CuKa radiation was employed for this pur-
pose. The patterns were collected from 10 to 90° with a scan
step size of 0.01.

A ThermoFisher Helio G5 Xe PFIB/SEM machine was
utilized in the backscatter electron (BSE) mode for general
inspection of the surface of the cross-section for top and bot-
tom layers before and after the heat treatment. The composi-
tion distribution and the grain evolution of the specimens

Fig.2 Photographs of the
depositions: a the first run at
F=138.4 mm/min, V=194
mm/min, and @ =200 rpm; b
the first run at F'=138.4 mm/
min, V=138.4 mm/min, and
=200 rpm; ¢ multiple layers
at F=138.4 mm/min, V=138.4
mm/min, and @ =200 rpm; and
d final block at F=138.4 mm/
min, V=138.4 mm/min, and
»=150 rpm

were also studied using the same instrument equipped with
energy-dispersive spectroscopy (EDS) and EBSD detectors,
respectively. The samples for EBSD were prepared by pol-
ishing their surfaces with the PFIB source of the machine.

Microhardness of the different layers was measured along
the center line in the building plane before and after the
heat treatment using a CM-803 AT microhardness tester.
The load and dwell time of the machine were set at 100 gf
and 15 s, respectively.

Electroconductivity of the specimens was recorded by
a portable instrument (Sigmascope SMP 350, Helmut Fis-
cher GmbH) working based on the eddy current principle.
The device was calibrated by standard samples with similar
conductivities. The results were presented as percentages
according to the International Annealed Copper Standard
(%IACS).

Tensile properties of the as-deposited and heat-treated
specimens were evaluated based on ASTM E8-E8M. Sub-
size flat samples were cut from the top and bottom regions
in the longitudinal direction (XY plane) as shown in Fig. 1c
and d. They were subjected to a tensile rate of 1.2 mm/
min using a universal testing machine (TestResources 313)
equipped with a 5-kN load cell.

3 Results and discussion

3.1 Macroscopic inspection

The AFSD processing parameters were initially selected
based on our prior experiences (138.4 mm/min, 194 mm/
min, and 200 rpm for feed rate, traverse velocity, and rota-
tional speed, respectively). Figure 2a shows the surface of
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the deposition after the first run based on these conditions.
An obvious lack of material can be observed on the surface
due to insufficient feeding of the feedstock material. In the
next attempt, the traverse velocity was decreased to 138.4
mm/min at the same feed rate and tool rotational speed (194
mm/min, and 200 rpm, respectively) to address this issue.
As can be observed in Fig. 2b, the deposited layer was suc-
cessful with no apparent defects on the surface. However,
the surface of depositions was defect-free only for the first
couple of layers, and as the process continued, excessive
material flash was observed (Fig. 2¢). This material flash led
to a lack of material on the surface indicated and magnified
in two regions by red circles in Fig. 2c.

The reason for the occurrence of the defects after the
deposition of subsequent layers stems from the deformation
behavior of Al 7075 at elevated temperatures. Undesired
surface tearing has been reported in hot extrusion of Al 7075
especially at temperatures above 460 °C. In addition, it has
been reported that the tearing can be controlled by reducing
the processing temperature [32, 33]. The peak temperature
in the AFSD process can be estimated using Eq. 4 [34].

2 a
()
vx 10*
where T, is the melting temperature of the material; K and

a are constants in the ranges of 0.65-0.75 and 0.04-0.05,
respectively; and w is the rotational speed. Based on Eq. 4,
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the tool rotational speed was decreased from 200 to 150 rpm
to reduce the peak temperature. As illustrated in Fig. 2d, the
excessive material flash was significantly eliminated after
this change in the rotational speed. Therefore, the final block
was 3D printed with a feed rate, a traverse velocity of 138.4
mm/min, and a rotational speed of 150 rpm.

For further macroscopic inspection, the polished and
etched cross-section of the block is illustrated in Fig. 2d.
The layered structure of the part is obvious by the alternat-
ing bright and dark regions. This color contrast is attrib-
uted to the different crystalline morphology and texture
because of the process. The repetitive arrangement of the
layers implies the repeatable thermo-mechanical process in
AFSD [34]. The structure is different from the commonly
observed arrangement due to restirring the layers by the
tool protrusions. This restirring distorts the layer bounda-
ries and results in intertwined structures. In addition, all the
interfaces between the layers, including the one between the
substrate and the first layer, exhibit a curved profile which is
also due to the mutual plastic deformation of the layer being
deposited and the previous underneath layer.

3.2 AFSD data analysis

The data recorded by the AFSD machine during the deposi-
tion of the 26-layer blocks are processed and demonstrated
in Fig. 3. The process parameters include downward force,
torque, and substrate temperature. The axial downward force
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Fig.3 The processing data recorded by the machine during the deposition of 26 layers: a processing parameters, b axial force, ¢ actuator torque,

d substrate temperature
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(Fig. 3b) is the vertical force applied to the material being
deposited. It is required to maintain the force in a certain
range during the deposition. It should be high enough to
make sure that both sufficient heat and pressure are gen-
erated for the material flow and a good bonding between
layers. Moreover, the applied force needs to be less than a
certain amount depending on the machine design (~23 kN
for the machine used in this study) to prevent the damage to
the machine [15]. The average force recorded for the deposi-
tion of the block was approximately 8.6 kN, which met the
requirements for a successful deposition. Furthermore, the
actuator torque variations are depicted in Fig. 3c. Torque
is applied by the tool to the material, and like downward
force, it is a critical parameter in AFSD which affects the
deposition quality. The average value for torque was 212.2
Nm. It was used to calculate the heat input for the deposi-
tion of the block according to Eq. 3, resulting in a value of
24,071.9 J/m. Figure 3d indicates the temperature changes
during the process. Although the process started at a sub-
strate temperature of 250 °C, the actual temperature at which
the deposition of the first layer started based on the G-code
was around 330 °C. This was due to the initial feeding of
the feedstock rod, and pushing it against the substrate would
generate extra heat for the plasticization of the material. The
average temperature recorded by the thermocouple during
the deposition was 317.4 °C. The fluctuation in the tempera-
ture diagram indicates the heating/re-heating cycles that the
deposition experienced.

3.3 Microstructure investigation
XRD patterns of the feedstock and top and bottom layers

of the as-deposited and heat-treated blocks are depicted
in Fig. 4. From Fig. 4a, the feedstock exhibited only the

peaks attributed to a-Al (FCC) at 20=38.46, 44.69, 65.10,
78.12, and 82.13° [35]. However, weak peaks ascribed to
n/n phase (MgZn,) and S phase (Al,CuMg) were also
detected for the as-deposited top and bottom layers. Due
to the temperature and pressure provided in the AFSD pro-
cess, the precipitations, especially metastable ones, dis-
solved into the Al matrix, reprecipitated, and coarsened
based on their thermal cycle history. Hence, the size of the
precipitates became larger and detectable by XRD after
the process. The formation of larger secondary phases
would deteriorate the mechanical properties of the parts
which will be investigated in the following sections. Simi-
lar XRD results were reported after the AFSD of other
Al alloys [14, 24]. The peaks ascribed to the secondary
phases almost faded after the heat treatment. During the
T73 treatment of the as-deposited parts, the alloying
elements first dissolved back into the matrix and finally
formed fine and uniformly distributed precipitations after
artificial aging.

The diffraction peaks of the feedstock shifted slightly
to higher angles after the AFSD as shown in Fig. 4b for
260=38.46°. According to Bragg’s law, a higher diffraction
angle yields a lower interplanar spacing. Therefore, the lat-
tice parameter decreased after the AFSD. This could be
due to the formation of large and non-uniform secondary
phases [12]. This shift was more prominent for the bottom
layers compared to the top specimen because of the different
thermal histories for each layer. Compared to the top lay-
ers, the bottom ones experienced more heating cycles and
maintained a high temperature for a longer time. Hence, the
lattice parameter decreased more for the bottom specimen.
After the heat treatment, the peaks shifted back to lower
angles indicating that the lattice parameter increased due to
the formation of fine and uniform precipitation.

As-Bottom As-Top = Feedstock
(a) [ —AsB —AsT —Feedstock —HIT-B —HT-T (b) =Hi-Bottom HI-Top
°
® o-Al 1
B MgZn2 ® :
A AlCuMg
= ) Y I
an I
~ =
2 g
g | ) ) !
N A £
= £ 1
‘2 = |
g s m A P & 1
E a '
L] LL} A A L - :
l |
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Fig.4 XRD patterns of the feedstock, as-deposited, and heat-treated specimens
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Electron and optical imaging and EDS mapping were
utilized to further analyze the secondary phases and com-
position distribution in the matrix. The results are indi-
cated for the feedstock and the as-deposited specimens in
Fig. 5 and for the heat-treated samples in Fig. 6. A smooth
surface with almost no apparent particles was observed
in the BSE image of the feedstock (Fig. 5a). In addition,
uniform distribution of Mg, Zn, and Cu ascribed to the n/f
and S phases was detected for the raw material. However,
many large particles appeared on the surface of the as-
deposited samples as can be observed in the BSE and opti-
cal images (Fig. 5b and c). These particles were attributed
to the secondary phases that reprecipitated non-uniformly
in the AFSD process [24]. Moreover, the precipitations
shown in the BSE image were larger for the bottom lay-
ers compared to the top ones. EDS mapping and optical
microscopy also confirm the larger size and aggregation
of the alloying elements and secondary phases for the bot-
tom layers. This was due to the higher number of heating
cycles that the bottom layers experienced during the depo-
sition of the whole block which resulted in precipitation
coarsening. After the heat treatment, the number of large
secondary phases significantly decreased for both bottom

S0pm

and top specimens. Nevertheless, the bottom layers still
contain larger particles compared to the top ones. The
results before and after the heat treatment were consistent
with the XRD data.

The grain structure of the middle layers before and after
heat treatment was studied by EBSD, and the inverse pole
figures are depicted in Fig. 7. The as-deposited specimen
exhibited a refined equiaxed microstructure with an average
grain size of about 4.1 um (Fig. 7a) compared to the colum-
nar microstructure reported for the feedstock material [36].
The grain refinement during the AFSD was associated with
the continuous dynamic recrystallization (CDRX) due to the
severe plastic deformation in the process and the high stack-
ing fault energy of Al 7075 [28]. Figure 7b illustrates the
obtained grain structure after heat treatment. Compared with
the as-deposited EBSD map, the grain size did not experi-
ence significant change. This could be attributed to the grain
growth impediment by the secondary phases present at the
grain boundaries [37]. However, the grains become a little
elongated after the treatment. Heat treatment tended to sta-
bilize specific grain orientations. Hence, a more organized
texture with less random orientations was acquired after the
treatment.

Fig.5 BSE images, EDS mapping, and optical images of a feedstock, b as-deposited top layers, and ¢ as-deposited bottom layers specimens
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Fig.6 BSE images and EDS mapping of heat-treated a top layers and b bottom layers specimens

Fig.7 EBSD maps of a as-
deposited and b heat-treated
specimens

3.4 Hardness and electroconductivity
measurements

Microhardness and electroconductivity tests were carried out
along the cross-section center line from the top to the bottom
layers (Z direction), and the results are indicated in Fig. 8.
For the as-deposited part, the hardness decreased from 84.4
HYV for the second layer from the top (Z=2.25 mm) to 76.1
HYV for the bottom layer (Z=38.25 mm). The average hard-
ness along the center line was 80.5 HV, indicating a 54.4%
decrease compared to the feedstock hardness (176.5 HV).
In contrast, the conductivity exhibited an opposite trend and
increased from 38.7 to 40.6%IACS for the mentioned layers.
Additionally, the average conductivity of the as-deposited

@ Springer

cross-section enhanced from 33.3 to 39.8%IACS in com-
parison to the feedstock material. These changes in the
properties could be justified by the microstructure results.
For a precipitation-hardened alloy such as Al 7075, the
secondary phases in the matrix develop distortions in the
crystal lattice structure of the material due to their com-
position and structure difference. These lattice distortions
act as barriers to the dislocation movement and make the
alloy harder. On the other hand, the precipitations and dis-
tortions scatter free electrons in the material and deteriorate
the electrical conductivity [38, 39]. For the as-deposited
part of this study, large and aggregated precipitations were
observed in the microstructure which were less effective in
hindering the dislocation movement. Therefore, the hardness
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Fig. 8 Electroconductivity and hardness data along the cross-section center line for a as-deposited and b heat-treated specimens

was significantly reduced compared to the feedstock. The
reduction in the hardness from the top to the bottom layers
could be ascribed to the coarsening of the precipitation in
the bottom layers due to experiencing more heating cycles.
Moreover, the conductivity of the AFSD specimen increased
due to the reduction in the overall lattice distortions and the
scattering effect. The electrons could move more freely in
the bottom layers due to the precipitation coarsening in these
layers. The average hardness significantly enhanced to 162.0
HYV, and the electroconductivity changed to 37.1%IACS after
the heat treatment. Furthermore, the change in the properties
from the top to the bottom layers became less significant.
A hardness of 165.7 HV was measured for the second top
layer which decreased to 160.0 HV for the bottom layer.
The conductivity improved from 35.7 to 37.9%IACS for
the mentioned layers. The considerable enhancement in the
hardness and the decrease in the electroconductivity could
be attributed to the change in the size and distribution of
secondary phases after the heat treatment which impedes

Fig.9 Stress—strain curves for
the as-deposited and heat-

the dislocation movement and increases electron scattering.
Similar results were reported for the hardness and electro-
conductivity of Al 7075 after heat treatment [38, 40].

3.5 Tensile properties

Figure 9 illustrates the strain—stress curves obtained from
tensile testing of the specimens in the longitudinal direction
before and after the heat treatment, and the results are sum-
marized in Fig. 10. According to the supplier, the ultimate
stress and elongation at break for the Al 7075-T651 feed-
stock material were 551.6 MPa and 8.2%, respectively. The
ultimate stress of the as-deposited parts decreased to 311.7
and 287.6 MPa for the top and bottom layers, respectively.
However, the ductility enhanced; the elongation at break
increased to 17.8 and 21.9% for the corresponding layers.
The significant decrease in the strength and the ductility
enhancement for the as-fabricated AFSD parts were related
to the increased dislocation movements because of the
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non-uniform distribution and aggregation of precipitations
after the process. However, the ultimate strength improved
to about 464.9 MPa and the elongation decreased to approxi-
mately 9.4% after the heat treatment, suggesting that smaller
precipitates were formed uniformly [41]. The dislocation
pinning effect by the fine precipitates makes the material less
capable of undergoing large deformations before fracture,
reducing the ductility. The results are in good agreement
with the hardness measurements and the microstructure data.

4 Conclusions

In the present work, the processing parameters for 3D print-
ing Al 7075 parts by AFSD were first discussed in detail.
Next, the microstructure, electroconductivity, and mechan-
ical properties of the deposited parts were studied. The
results revealed that the average hardness and electrocon-
ductivity of the as-fabricated A17075 blocks were 80.5 HV
and 39.8%IACS, much different from the feedstock material
values of 175.5 HV and 33.3%IACS. In addition, the tensile
strength decreased from 551.6 to 311.7 MPa. Heat treat-
ment was carried out successfully for the purpose of proper-
ties recovery. The hardness and strength were improved to
162 HV and 464.9 MPa, respectively, and the conductiv-
ity decreased to 37.1%IACS. The microstructure analysis
revealed that the changes in the size and distribution of the
precipitations in the matrix after the process were the reason
for the shifts in the properties.
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