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Microstructure and mechanical properties of 7075 aluminum alloy
prepared by metal fused deposition modeling
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Abstract: An optimized microcrystalline wax-based feedstock was used to fabricate 3D 7075 Al alloy through metal
fused deposition modeling (Metal-FDM). The affinity between the wax-based binders and powders was evaluated by a
hot-press experiment. The phases, morphology evolution, tensile strength and friction performance of the sintered Al
alloy were studied. The feedstock displayed shear-thinning behavior for a smooth extrusion process, resulting in a
satisfactory surface quality and minimal stacking pores in the 3D structure. The morphology evolution of Al alloy
sintered in nitrogen could be divided into four stages, including the precipitation of fine Mg,Si and Si at 500 °C,
appearance of Mg»Si phase over 560 °C, nitridation of the oxide layers on alloy powders and enhanced grain growth via
the diffusion process over 620 °C. The 3D 7075 Al alloys achieved a high relative density of 95%, exhibiting a tensile
strength ranging from 120 to 141 MPa and a tensile strain of 1.0%—2.5%.
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1 Introduction

Aluminum (Al) alloy is a non-ferrous metal
that is widely used in the aerospace industry due to
its high specific strength and good corrosion
resistance [1]. The 7 series of Al alloys, particularly
the 7075 Al alloy, exhibit higher specific strength
and are important structural materials used in
various industries [1]. In contrast, the powder
metallurgy (PM) structural parts used in the
automobiles are mainly focused on sintered iron-
based parts [2]. Compared to iron-based alloys, Al
alloys have only about a third of their density,
higher specific strength, better corrosion resistance,
and no magnetism.

Due to the increased demand for light weight
and structural complexity, high-performance

aluminum alloys are currently being developed [3].
Although the consumption of Al alloy parts by PM
continues to grow, the PM route can only produce
relatively simple parts with limited structure [4].
Metal 3D printing technology has emerged as an
important and suitable method for producing
complex parts [3,5]. Many additive manufacturing
(AM) methods on 3D Al alloys have been reported,
which were mainly focused on laser powder bed
fusion (LPBF) process [6—8], wire arc additive
manufacturing (WAAM) [9,10], and additive
friction stir deposition process [11]. Due to the
presence of hot cracks in the aluminum alloy
prepared by LPBF during the construction process,
only several Al alloys designed via -eutectic
solidification strategy were gradually developed,
like Al-Si [12], Al-Fe [7] and Al-Ce [13] alloys.
Although 3D Al alloys with enhanced strength and
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decreased hot cracks could be achieved via adding
Sc and Zr elements, the intermetallic phases and
precipitations were complicated, and heterogeneous
microstructure was hard to control [14,15].
Compared to LPBF, WAAM [9] and additive
friction stir deposition process [11] were more
suitable for fabricating large-scale parts with lower
residue stress and a higher deposition rate.
Moreover, Al alloys including 2xxx Al-Cu [16],
4xxx Al-Si [17], Sxxx Al-Mg [17] and 7xxx Al—
Zn [18] alloys have been successfully fabricated.
However, the surface quality was poor due to the
thick deposited layers.

Recently, metal fused deposition molding
(Metal-FDM) using highly filled polymers as the
feedstock has shown great potential to fabricate 3D
metals [19]. The process involves printing a 3D
green body via extrusion of the melted feedstock,
layer by layer, on a heated platform. A dense
structure is then achieved through subsequent
debinding and sintering processes. Many types of
3D metals, such as steel [20], copper [21],
titanium [22], nickel [23], tungsten-based alloys
[24], ceramics of alumina [25], zirconia [26], and
even composites like cemented carbides [27] have
been successfully prepared, exhibiting acceptable
properties. Overall, compared to other AM methods,
Metal-FDM has several main advantages [19]:
(1) small residual stress during printing; (2) uniform
microstructure achieved through the debinding and
sintering process; (3) low cost of the printing
equipment and materials; (4) a wider range of
printing materials that can be fabricated via the PM
route; (5) mature technology support from powder
metallurgy and metal injection molding. To date,
less literature concerning Metal-FDM of Al alloy is
available, likely due to the difficulty of the sintering
process caused by the oxide layer on the surface of
Al particles. QIU et al [28] studied the sintering
densification process of Al-Mg alloy in flowing
nitrogen. The sintering densification process could
be divided into three stages, which included the
breaking of oxide film via the diffusion of Mg at
460 °C, the formation of intermetallic compounds
like AlCu from 460 to 560 °C and the rapid
densification process with grain growth from 560
to 600 °C, respectively. DU et al [29] prepared the
2 series Al alloy via MIM, with a high relative
density over 98% and high tensile strength around
350 MPa after solution via adding the sintering aid

of 0.5 wt.% Sn.

Based on this, 3D 7075 Al alloys were
fabricated by Metal-FDM using an optimized
wax-based feedstock. The rheological properties of
the feedstock, phases and morphology evolution
during sintering were characterized in detail.

2 Experimental

The Al-Zn—Mg—Cu alloy powders used in this
study were purchased from Shanghai Xiangtian
Nanomaterials Co. Ltd. (China). The composition
of these powders included 5.5 wt.% Zn, 2.4 wt.%
Mg, 1.5 wt.% Cu, 0.5 wt.% Fe, and 0.4 wt.% Si,
with a diameter of approximately 10 um. The
microcrystalline wax (MW, CAS: 8001-75-0,
Macklin, Shanghai, China) was used as the filler
of the binder system. In order to optimize the
binder component, backbone binders such as
polypropylene (PP, CAS: 9003-07-0, Macklin,
Shanghai, China), high-density polyethylene
(HDPE, CAS: 9002-88-4, Macklin, Shanghai,
China) and ethylene-vinyl acetate copolymer (EVA,
CAS: 24937-78-8, Merck, Germany) were selected.
A small amount of surfactant was adopted to
enhance the bonding strength between the powders
and polymers, which included stearic acid (SA,
CAS: 57-11-4, Sinopharm, Shanghai, China) and
zinc stearate (Znst, CAS: 557-05-1, Sinopharm,
Shanghai, China).

The hot-pressing experiment was designed to
evaluate the affinity between the binder and 7075
Al alloy powders. An increased affinity would
result in denser samples after cooling. In order to
optimize the binder system for smooth printing,
three types of powder—polymer mixtures with
different backbone binders were utilized in the hot-
pressing process. These mixtures were prepared by
ball milling Al powders and crushed binders for 2 h,
maintaining a consistent solid loading of 68 vol.%.
The binder system typically consisted of 60 wt.%
MW, 35 wt.% backbone binders, 3 wt.% SA, and
2 wt.% Znst. For comparison, the backbone binders
were selected as 35 wt.% PP, 35 wt.% HDPE, and
30wt.%HDPE-5wt.%EVA, respectively. The hot-
pressing experiment followed the following steps:
Firstly, the powder—polymer mixture was poured
into the mold and subjected to a pressing pressure
of 50 MPa. Secondly, the mold was heated to a
certain temperature (190 °C for PP and 160 °C for
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HDPE and HDPE-EVA) and held for 15 min. Then,
the mold was cooled to room temperature. The
resulting pressed cylinders were used to optimize
the binder system.

The Metal-FDM process flow chart for Al
alloys using MIM feedstocks consisted of five
steps, as shown in Fig. 1, including kneading of
the powder and polymer mixture, granulating the
composite dough into pellets, Metal-FDM of 3D
green parts, solvent debinding, thermal debinding
and sintering. The binders were composed of
60 wt.% MW, 30 wt.% HDPE, 5 wt.% EVA, 3 wt.%
SA and 2 wt.% Znst. Prior to kneading, the 7075 Al
alloy powders were subjected to vacuum drying
at 80°C for 12h. The kneading process took
place in a kneader (CF-3LKH, Cfine, Dongguan,
Guangdong Province, China), with a mixing
temperature and time of 160°C and 60 min,
respectively, and a rotation speed of 40 r/min. The
resulting hot composite dough was then granulated
using a granulator (CF-45, Cfine, Dongguan,
Guangdong Province, China) at 110 °C. This
granulation process produced feedstocks in the
form of small cylinders with a diameter of 3 mm.
Finally, 3D green Al samples were prepared using
a Metal-FDM machine (UPS-556, Uprise 3D,
Shenzhen, Guangdong Province, China).

The printing process began with the creation of
3D models by UG, which were then imported into
the UPRISE3D (v2.5.17) software produced by
Uprise 3D in the form of files. To ensure successful
printing, the printing temperature was set at 150 °C
with a hot bed temperature of 100 °C. Using a
nozzle diameter of 0.6 mm and a layer height of
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0.2 mm, the hot wind was utilized during printing to
maintain a stable temperature within the working
cavity and prevent sample warping. The deposition
temperature was carefully controlled at 140—155 °C
using a stainless steel nozzle with a diameter of
0.6 mm. The hot bed was kept at 100 °C, and the
layer height and printing speed were 0.2 mm and
40 mm/s, respectively. The green body was
debinded in n-heptane solution at 50 °C constantly
for 24 h. After the debinding process, the green
body was thoroughly dried before being placed in a
tube furnace for thermal debinding and sintering.
The specific process was as follows: (1) heating
from room temperature to 450 °C at 2 °C/min and
holding for 2 h; (2) gradually raising temperature
up to 500°C at 2 °C/min and holding for 2 h;
(3) finally firing to the target temperature in the
range of 560—630 °C and holding for 1h before
furnace cooling. Throughout the sintering process,
high-purity nitrogen was used as a protective
atmosphere, with a consistent gas flow rate of
200 mL/min.

The rheological properties of the MW-based
feedstocks were measured using a rotational
rheometer (Haake Mars 60, Thermo Electron,
Germany). The complex viscosity and modulus of
the feedstock under shear stress from 10 to 1000 Pa
were measured at 145, 150 and 155 °C, respectively.
To gain a deeper understanding of the phase
evolution of 7075 Al powders and the pyrolysis
of the feedstock, the thermal properties of 7075
Al alloy powders and the prepared MW-based
feedstock were characterized using a TG—DSC
(NETZSCH STA 2500, NETZSCH, Germany). The
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microstructure of powders, hot-pressed samples,
extruded filaments, 3D structure and sintered alloys
were observed by SEM (Mira3, Tescan, Czech).
The sintering density of the alloy was measured by
Archimedes principle, and the tensile properties
were measured by universal strength testing
machine (Instron3369, USA). Furthermore, an
analysis of the phases after sintering was conducted
using XRD (X’Pert Pro MPD, Nalytical, Finland).

3 Results and discussion

3.1 Characterization of 7075 Al alloy powders
The morphology and size of the raw powders

are crucial in determining the viscosity of the

feedstock and the sintering behavior of the printing

105.0

2111

samples [19,24]. Figure 2(a) demonstrates the
spherical morphology of atomized 7075 Al alloy
powders, with a grain size of approximately 10 pm.
An advantage of these powders is the presence
of partial irregular grains and fine grains, which
contribute to an increase in packing density and
strength of the green bodies. Figure 2(b) shows the
TG—-DSC curves of 7075 Al alloy powders fired
in nitrogen environment. The DSC curve exhibits
two endothermic peaks at 541.63 and 611.27 °C,
which are attributed to the formation of
intermetallic compounds of Al-Cu and Al-Si,
respectively [28].

The affinity between the binders and 7075 Al
alloy powders was assessed using the hot press
technique. Hot-pressed samples in Figs. 3(c, f)
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exhibit the highest density, with no visible pores
on the fracture surface. Meanwhile, Figs. 3(a, d)
and 3(b, e) illustrate particles that have become
detached from the binder skeleton, indicating
unsatisfactory powder—binder affinity which affects
the properties of the green body adversely.
Therefore, MW-based binders, including HDPE—
EVA, are found to effectively encapsulate the
powders due to their excellent wettability with
the polymers. The HDPE-EVA system was
selected as the backbone binders for subsequent
experiments, given that EVA can lubricate HDPE
to encapsulate powders more effectively [30].

3.2 Morphology, thermal and
properties of feedstock

The as-prepared feedstock after kneading and
granulating is shown in Fig. 4(a). The pellets had an
irregular shape with a size around 3—5 mm and a
smooth surface. The color of the feedstock was
similar to that of 7075 Al alloy powder. Figure 4(b)
displays the TG—DSC curves, which confirmed
three endothermic peaks on the DSC curve. These
peaks corresponded to the melting of MW at 80 °C,
pyrolysis of MW at 332 °C, and HDPE-EVA at
454 °C. It is indicated that the mass loss of the
feedstock began at 200 °C and was completed at
500 °C. At 500 °C, the binders were completely
removed, resulting in a mass loss of 14%.

The rheology of the feedstock plays an
important role in evaluating its viscoelastic
properties and ensuring a smooth printing process.
Temperature, being a key factor in printing,
influences the complex modulus and viscosity of
the microwave-based feedstock under varying shear
stress conditions at 145, 150, and 155 °C. Figure 5

rheological

viscosity (7) and shear stress (7). It can be observed
that the complex viscosity decreased with an
increase in shear stress, indicating shear thinning
behavior. Based on the value of 7, the rheological
property can be divided into three stages. In the
preliminary stage, at low T, the storage modulus (G”)
was higher than the loss modulus (G"), suggesting
that the feedstock exhibited the characteristics of an
elastic solid with a viscosity higher than 10°Pa. As
the 7 increased towards the gel point, G' equaled G",
indicating a semisolid state. Higher temperatures
caused the gel point to occur at lower t values and
slightly decreased the complex viscosity of the
feedstock. When the shear stress was further
increased, the rate of descent of G’ became faster
than the rate of descent of G", indicating that the
feedstock transformed into a viscoelastic liquid.
During this stage, the viscosity decreased rapidly,
ensuring smooth extrusion of the flowing feedstock
through a small nozzle.

The phase structure of the clastic solid was
disrupted with the increase in shear stress, leading
to a transformation into a viscoelastic liquid.
During the period of G'> G", the descent rate of
the composite viscosity is slower than the storage
modulus and loss modulus. Nevertheless, during the
period of G'< G", the descent rate of the composite
viscosity is clearly faster than that of the storage
modulus and loss modulus. With the increasing of
shear stress, the transformation of the feedstock
from elastic solid to viscoelastic liquid and the
decline in composite viscosity confirmed the shear-
thinning characteristic of the feedstock. Herein, the
values of shear stress at the gel point aid in
evaluating the suitable temperature for stable printing.
When G=G", the abscissa value of shear stress

illustrates the relationship between complex at 150 and 155 °C is smaller than that at 145 °C.
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Fig. 4 Photos of MW-based feedstock (a) and related TG—DSC curves fired in nitrogen (b)
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Given that the microwave binder chosen for this
experiment tended to stick to the nozzle above
150 °C, 150°C was selected as the optimized
printing temperature for this experiment.

3.3 Characterization of extruded filaments at
different extrusion temperatures

The microstructure of the surface and fracture

of the extruded filaments were investigated, as

shown in Fig. 6. The SEM images in Figs. 6(a—d)

revealed that the surface of the extruded filaments

varied at different temperatures. At a high printing
temperature, extruded filament exhibited a very
smooth surface due to the low viscosity at the wall
of nozzle. However, at lower temperatures, a rough
surface with partially unwrapped Al powders was
observed, suggesting an increase in viscosity and
friction during the extrusion process. In terms of
surface quality, the morphology of the filaments
extruded at 140 and 145 °C was found to be inferior
compared to that extruded at 150 and 155 °C.
Furthermore, as shown in the insets of Figs. 6(c, d),
the 7075 Al alloy powders were evenly dispersed
within the polymers. Figures 6(e—1) display the
fracture of extruded lines at different temperatures.
Several defects could be found in Figs. 6(e, f), and
the packaging of spherical powders in Figs. 6(i, j)
was worse than that in Figs. 6(k, 1). With taking the
surface and fracture of the extruded lines into
consideration, a printing temperature of 150 °C
was deemed suitable, as it aligned well with the
rheological properties of the feedstock.

3.4 Microstructure of as-printed 3D 7075 Al

samples

Figures 7(a,b) show photos of the printed
tensile samples and rotating nut. The stable
printability of the MW-based feedstock was
demonstrated by the production of solid green
samples with excellent surface quality. The printing
steps could be observed along the Z-axis direction
due to the layer-by-layer deposition [31]. The
surface, side, and fracture views of the as-
printed tensile samples are presented in Fig. 7.
Figures 7(c, d) confirmed the fine combination and
connectivity between deposited layers, with the
measured width and thickness of the layers being
600 and 200 um, respectively. The connectivity
between layers on the side explains that the
filaments were extruded smoothly and steadily. In
addition, Figs. 7(e, f) show a dense fracture surface
with no stacking pores formed between layers,
indicating satisfactory bonding between the
polymers. The uniform dispersion of the 7075 Al
alloy powders in the MW-based binder resulted in a
pull-out of the spherical particles after fracture,
leaving spherical pores in the composites. Overall,
the green bodies of 7075 Al alloys exhibited high
quality, including good surface accuracy, few
stacking pores and a uniform microstructure.
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Fig. 6 Surface (a—d) and fracture (e—1) morphologies of extruded filaments at different extrusion temperature:
(a, e, 1) 140 °C; (b, 1, j) 145 °C; (c, g, k) 150 °C; (d, h, 1) 155 °C

Fig. 7 Photos of CAD modes and as-printed tensile
sample (a) and rotating nut (b); surface (c), side (d) and
fracture (e, f) images of printing tensile samples

3.5 Debinding and sintering

MW, as the main binder, was firstly removed
via solvent debinding. The process of solvent
debinding was carried out in n-heptane solution at
50 °C. The wax was rapidly removed within the
first 5 h, resulting in a mass loss of approximately
6.5%. After 24 h, the mass loss reached around 8%,
as shown in Fig. S1(a) in Supporting Materials
(SM). Figure 8 shows the SEM images and EDS
mapping of the 3D Al alloys sintered at different
temperatures ranging from 500 to 630 °C. As the
sintering temperature increased, the density of the
material first increased and then decreased. The
relative density of the material reached its peak
of 95% when the temperature reached 620 °C, as
shown in Fig. S1(b) in SM. When the thermal
debinding was finished at 500 °C, the binders are
totally removed, leaving in-situ holes in the body.
At a sintered temperature of 560 °C, there was
a linear shrinkage of approximately 9% and clear
grain boundaries of the spherical powders were
observed. Hence, the diffusion among Al alloy
particles was limited due to the stable oxide on the
surface. At this stage, the nitridation of Al,Oj3 layers
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~SEM Al N

Fig. 8 SEM images, and element distributions of sintered 3D 7075 Al alloys at different temperatures: (a) 500 °C;

(b) 560 °C; (¢) 610 °C; (d) 620 °C; (e) 630 °C

was weak, and shrinkage primarily resulted from
the formation of the Mg,Si phase, leading to a
decreased number of holes. Further increasing the
sintering temperature to 610 °C, the number and
size of holes were significantly reduced, and the
linear shrinkage was increased to around 11%. A
complete nitride was confirmed at this stage, along
with the formation of sintering necks among Al
particles. Moreover, liquid Al—Cu phase appeared,
dispersing among Al alloy grains. Compared to the
agglomerated Mg»Si at 560 °C, the phases exhibited
a tendency to disperse uniformly, possibly due to
the enhanced wettability between the Al—Cu liquid
and newly formed nitride layers. When the firing
temperature was increased to 620 and 630 °C,
samples with relative density over 95% were
achieved, accompanied by a slight increase in
grain size. Based on the EDS mapping results, three
phases were confirmed, including the Al alloy

matrix, Mg:;Si compound and precipitated Si. A
certain amount of oxygen was bonded with Mg,
which was probably introduced during the
treatment.

By combining with the ESD mapping results
in Fig. 8 and the XRD patterns in Fig. 9, the
distribution of elements, phases and morphology
evolution during the sintering process could be
analyzed. Firstly, it could be analyzed that the
dispersion of zinc and copper was relatively
uniform, while the aggregation of magnesium,
silicon and oxygen occurred. The phases produced
during the sintering process were mainly Al, AIN,
Si and Mg,Si. It is worth noting that N occupied
the lattice of Al to generate AIN, but no evidence
of this was found in the XRD patterns due to the
low crystallinity of the nano grains. Meanwhile,
there are Al—Cu phases present, but their peaks
were not clearly visible.
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Fig. 9 XRD patterns of sintered 3D Al alloys at different
temperatures

The process of microstructure evolution during
sintering was divided into four stages. The first
stage was the formation of Mg2Si and precipitation
of Si, occurring over 500 °C. Secondly, complete
nitrides were formed on the surface of Al alloy
spherical grains, with the appearance of Al-Cu
liquids. Then, the alloy grains started to be sintered
together via diffusion process, resulting in the
uniform dispersion of Cu and N. Finally, dense
structure of 3D 7075 Al alloys was formed, with a
few Mg,Si and Si distributing among the Al alloy
grains. Overall, AIN and Mg,Si were formed at
500 °C, the Al-Cu phase was formed at 560 °C, and
the change of phase was finished over 560 °C and
remained unchanged. The specific reactions were
expressed as follows [4,29]:

AN, —AIN (1)
Mg+Si—Mg:Si (500 °C) ©)
Al+Cu—AlCu; (560 °C) 3)

During the sintering process, managing the
oxygen content was of paramount importance.
Excessive oxygen content could hinder the
diffusion process within the Al-based matrix,
leading to difficulties in shrinkage and poor
performance. The fabrication of dense Al alloys
relies on the disruption of the oxide layer on Al
particles, which can be achieved through two routes
during sintering. On the one hand, the oxide film is
disrupted by bonding Mg atoms with the oxygen of
the oxide. On the other hand, the nitridation
process plays a crucial role in the destruction
of the oxide film on the surface of Al. Hence, 3D

7075 Al alloys with dense structure and uniform
morphology were obtained.

3.6 Mechanical and tribological properties

In this work, the solid-solution treatment was
not considered. Instead, the main focus was on
evaluating the basic morphology and tensile
strength of the sintered 3D 7075 Al alloys. The
tensile strength was in the range of 120—140 MPa,
with a tensile strain from 1.0% to 2.5%, as shown in
Fig. S2 in SM. Owing to a few residue pores,
the strength was relatively lower than that of the
deformed samples. Nevertheless, strengthening of
the 3D Al alloys via gas-pressure sintering and
subsequent heat treatment will be considered in
future work. Figure 10 shows the SEM images of
the fracture surface of tested tensile samples. The
sintered samples had a grain size around 12 pm.
Several dimples were confirmed, indicating a good
toughening effect during the breaking. Meanwhile,
a few pores could act as the source of fracture,
leading to decreased strength.

The friction coefficient curves with different
speeds are shown in Fig. 11(a). In the initial stage,
the friction coefficient curves increased first and
then decreased after reaching a peak. With an
increase in the sliding distance, the friction
coefficient curves kept constant. As the sliding
speed increased, the wear rate of the material
surface significantly increased. In comparison to
lower sliding speeds, at a sliding speed of 0.8 m/s,
there were fewer scratches present, but the width of
these scratches was larger, as shown in Fig. S3 in
SM. The average values of the friction coefficients
and wear rates are presented in Fig. 11(b). The
sliding speed had a slight effect on the average
friction coefficient of the 7075 aluminium, and the
average friction coefficients ranged from 0.52 to
0.64. With an increase in the sliding speed, the
average friction coefficient increased first and then
decreased. When the sliding speed reached 0.4 m/s,
the maximum friction coefficient was 0.64. The
sliding speed had a slight influence on the wear
rates of the material. There was a slight increase in
the wear rate from 0.1 to 0.2 m/s, reaching a
maximum at a sliding speed of 0.2 m/s. With an
increase in the sliding speed, the wear rate
decreased and then stabilized. The lowest wear
rate of the material was 4.5x10"mm/(N-m) in a
high-purity nitrogen atmosphere.
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Fig. 11 Friction coefficient curves (a) and average friction coefficient and wear rates (b) of 7075 aluminium

manufactured by FDM

4 Conclusions

(1) A hot-pressing experiment was designed to
evaluate the affinity between CW-based binders and
7075 Al alloy powders. The optimized binder
system exhibited shear thinning behavior and good
wrapping property to the powders, which was
composed of 60 wt.% MW, 30 wt.% HDPE, 5 wt.%
EVA, 3 wt.% SA, and 2 wt.% Znst.

(2) Extruded filaments with smooth surface
and dense structure were confirmed during printing

at 150 °C, and 3D green samples with good surface
quality and few stacking pores were achieved.

(3) Morphology evolution during sintering
could be divided into four stages, including the
precipitation of fine Mg,Si and Si at 500 °C, the
formation of liquid phase of Mg,Si over 560 °C,
nitridation of the oxide layers with the formation of
AlCus phase, and grain growth with improved
density via the diffusion process at temperature
over 620 °C. 3D 7075 Al alloys with a high relative
density of 95% were fabricated after sintering, with
a tensile strength of 141 MPa.
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