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AA7075 alloy is a high-strength aluminum alloy with properties enhanced by heat treatments. However, like
most high-strength aluminum alloys, AA7075 is non-weldable, as it suffers from hot cracking when it is welded
or additively manufactured with fusion techniques. A proposed way to reduce the hot cracking tendency is by
refining the microstructure by adding nucleation enhancers. In this study, AA7075 powder feedstock was
functionalized with 1.7 and 3.4 vol% TiC nanoparticles, printed with laser-directed energy deposition (DED),

subjected to T6 heat treatment, and characterized with optical and electron microscopy, electron backscatter
diffraction (EBSD), and hardness measurements. Although TiC was not homogeneously distributed in the
aluminum matrix, the addition of TiC successfully suppressed hot cracking by inhibiting dendritic growth pro-
duced by increased and more uniform nucleation, which resulted in refined equiaxed grains, and thus enhanced

the printability of the material.

1. Introduction

The interest in additive manufacturing (AM) for industrial applica-
tions has been increasing in recent years due to the fast transformation
from prototyping to manufacturing applications. Another feature of this
technology that the industry is interested in is that it has the potential to
repair and manufacture components of complex geometries that cannot
be obtained through conventional manufacturing processes [1].
Directed energy deposition (DED) is an AM technique that can produce
high dimension components and add features to existing geometries
within a short period.

AA7075 is one of the most commonly used aluminum alloys in in-
dustry, especially in aerospace, as it has high mechanical strength,
corrosion resistance, and reasonable machinability. In addition, heat
treatments can further enhance its mechanical properties. From the AM
point of view, it has been considered non-weldable. The main problem of
AA7075 is that it suffers from hot cracking when it is 3D printed and
welded; in other words, cracks appear in the rapidly solidified metal,
which risks the component’s structural integrity [2,3]. Besides cracks,
porosity and embedded alumina foils are other common problems when
welding high-strength aluminum alloys. Pores originate as a result of gas
entrapment during solidification. The main gas that causes porosity is
hydrogen, which has a high solubility in molten metals but decreases as
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the material solidifies, becoming entrapped inside. Hydrogen during
welding can come from moisture, flux, or the gas supply that prevents
oxidation if damaged [4]. In AM, porosity can also be caused by low
boiling point alloying elements, such as Mg and Zn, as the gas becomes
entrapped in solid due to the rapid cooling rates [2]. The size of the
pores can go from micrometric to millimetric [4].

Hot cracking is a high-temperature cracking mechanism that occurs
on certain alloys containing phases with melting points considerably
lower than the solvent or rejected atoms. When the material cools down,
the material with less alloying elements solidify as nuclei, where other
atoms attach and grow creating dendrites. While dendrites grow, they
push lower melting phases and other alloying elements towards the
interdendritic space, where they accumulate causing segregation. Upon
growth, they finally collide with other ones, creating boundaries. As a
result, the remaining melt becomes entrapped between the long chan-
nels that form the boundaries. As the material cools down, the remaining
molten material solidifies and contracts, applying strain and creating
cracks [4].

There are several solutions to reduce the probability of hot cracking.
For example, high welding speeds reduce the heat-affected zone (HAZ)
depth and cooling time reducing the shrinkage stresses. In general, the
used welding methods are the ones that reduce the internal stresses or
use an appropriate filler that has a narrow range between liquidus and
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solidus lines, i.e. a narrow mushy area [4].

Another solution for hot cracking is to refine the microstructure. This
refinement is achieved by functionalizing the alloy with nanoparticles
that act as nucleation enhancers. These nanoparticles should have
matching crystallographic lattice spacing and density providing a low-
energy nucleation barrier [5]. The presence of nucleation enhancers
reduces dendritic growth and encourages heterogeneous nucleation
[6-8]. As a result, the microstructure shows refined equiaxed grains.
With this heterogeneous nucleation, dendrite growth is limited, avoid-
ing entrapment of the liquid phases between the interdendritic space
and later cracking. Titanium, zirconium, and scandium nanocomposites
are used for grain refinement [4,7,8].

AA7075 is a high-strength alloy whose mechanical properties can be
enhanced with T6 heat treatment due to its alloying elements. Alloying
elements, however, generate a large mushy area during solidification,
which increases the tendency for hot cracking [2,3]. AA7075 has a so-
lidification range of more than 100 °C from the most abundant element,
Al (T, 660 °C), to the main alloy element, which is Zinc (T, 420 °C) [9].
Besides, phase S’ Al,CuMg (T, 490 °C) has a lower melting point than its
constituents. Liquid material becomes entrapped between the inter-
dendritic space, which later solidifies and contracts, creating strains that
tear off the material, producing cracks. According to Bhagavatam [3,6],
“during welding of Al 7075, hot cracking may occur due to the liquation
of Al,CuMg and Fe-rich particles surrounded with CuyFeAl within the
solid solubility limit due to the high cooling rate.”

One solution to this problem is to nanofunctionalize the alloy with
nucleation enhancers. There have been studies of grain refinement of
aluminum alloys with nucleation enhancers since the 1950s. Results
indicated that adding small amounts of W, Ti, Zr, B, and Cr acted as
nuclei for an effective grain refinement [10]. There have been studies
with successful grain refinement with pure elements Sc, Zr, and Ti alone
or combined [11]. Since the mid-2010s, there have been studies for
aluminum castings of the 2xxx and 7xxx series, with Al»0s3, SiC, TiC, Ag,
and Sn nano compounds, including 7075 castings [12-17].

The studies of nucleation enhancers in welding have started recently,
with most of the investigations considering 7075 published in the past
few years. For welding 7075, the most used nanoparticles are Ti and Zr
compounds [6,18]. Embedding TiC nanoparticles in welding wires has
also suppressed hot cracking [6,19].

In parallel to solve hot cracking in 7075 aluminum alloy during
welding, there have been studies on how to work with 7075 when using
AM methods. Most publications concern powder bed fusion (PBF),
where researchers try to solve hot cracking by adding TiBy, TiC, Sc, and
Zr compound nanoparticles as nucleation enhancers [20,21].

Although hot cracking has been solved in welding applications and is
being explored with PBF, there is no detailed information on the use of
nucleation enhancers in laser DED of AA7075 alloy and its response to
thermal post-processing.
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2. Materials and methods
2.1. Powders

The AA7075 powder feedstock consisted of spherical particles with
sizes in the range of 50-150 pm (TLS Technik GmbH & Co. Spezialpulver
KG, Bitterfeld-Wolfen, Germany), Fig. 1. The composition given by the
feedstock supplier is shown in Table 1, which conforms with the EN
573-3:2019 standard. SEM micrographs illustrate spherical particles
with an average size of around 60 pm, obtained with the help of ImageJ
(NIH and LOCI, University of Wisconsin, USA).

Aluminum powder was functionalized with TiC nanoparticles of 50
nm in diameter (Hunan Huawei Jingcheng Material Technology Co.,
Changsa, China) displayed in Fig. 1b. Two powder mixtures were pre-
pared, one with a concentration of 1.7 and the other with 3.4 vol% of
TiC. The selected concentrations, 1.7% and 3.4%, are based on the work
of Sokoluk et al., where it was studied how welding rods modified with
1.7% vol. of TiC nanoparticles suppressed hot cracking and modified the
grain structure of AA7075 during arc welding [6].

After weighing the components of the mixes, they were blended by
ball milling to get a homogeneous mixture. Ball milling was employed to
attach the nanoparticles to the aluminum powder to enhance the flow-
ability. The mixing was performed with a Fritsch Pulverisette 5 plane-
tary mill (FRITSCH, Idar-Oberstein, Germany) at 200RPM for 3 h. A 4:1
wt ratio of steel balls of 10 mm in diameter was used for the milling
process. The mixtures were sieved with a mesh size of 150 pm due to the
maximum particle size of the powder-feeding nozzle.

2.2. Laser DED

The DED system set-up comprised four main equipment components;
laser, coaxial powder nozzle, powder feeder, and a kinematic robot. The
laser was a CORELASE 3 kW fiber laser (Coherent Inc. Santa Clara, USA)
of 400 pm fiber diameter, with an f120 collimator and f250 optics. The
laser beam was ejected through the center of a Coax 8 powder nozzle
(Fraunhofer IWS, Dresden, Germany). The powders were fed by a
Medicoat Duo powder feeder (Medicoat AG, Magenwil, Switzerland).
The powders were deposited on the 8 mm thick plates made from the
weldable AA5754 with temper H111 (EN AW-5754-H111), which were
clamped to a processing table of Fanuc F-200iB parallel kinematic robot
(Fanuc Ltd., Oshino, Japan). Table 2 and Fig. 2a show the process pa-
rameters and system set-up. Fig. 2b summarizes the experimental pro-
cedure consisting of single walls.

Table 1

Chemical composition of AA7075 powder (wt.%).
Al Zn Mg Cu Fe Si Mn Cr Ti
Bal. 5.22 2.46 1.46 0.13 0.35 0.17 0.24 0.16

Fig. 1. SEM micrograph of a) AA7075 powder and b) TiC nanoparticles.
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Table 2

Laser DED process parameters.
Parameter Value
Power 1000 W
Spot @ 2.5 mm
Travel speed (TS) 8.3-16.7 mm/s
Powder feed rate (PFR) 1.6-3.2 g/min
Carrier gas flow (Ar) 6 1/min
Shielding gas flow (Ar) 15 I/min
Number of layers 10 and 50
Layer height (LH) 0.1-0.2 mm
Interpass time 1s
Preheat RT, 260 °C
Powders AA7075, AA7075 + TiC

2.3. Thermal post-processing

Part of the samples was heat-treated to the T6 temper (Table 3). This
heat treatment consists of two steps, solution annealing and precipita-
tion hardening. First, the samples were solution treated at 480 °C for 50
min and quenched in room temperature (RT) water just after extraction
from the oven to avoid precipitation. According to JMatPro simulations,
MgZn, starts to precipitate at around 340 °C after 4 s, so the cooling rate
must be high, at least 100 °C/s. A CCT diagram obtained with JMatPro is
shown in Fig. 3a.

After quenching the samples, they were precipitation hardened at
120 °C for 21 and 24 h to determine the time for the maximum strength.
Fig. 3b depicts the precipitation sequence as a function of time. During
the first minute, there is a rapid increase in the formation of GP until it
stabilizes at around 2%. After 1 h, GP zones grow and transform into T/
and 1/, where 1’ gives the maximum hardening effect. This is explained
by the GP content decrease and the increment of T' and n/ precipitates
after 1 h. After 20 h, precipitation of these two phases stops, as its At.%
stabilizes, while S’ and 0’ phases start to precipitate.

2.4. Characterization

The microstructure was analyzed using an optical microscope Leica
DM2500 M (Leica Microsystems GmbH, Wetzlar, Germany), JEOL JSM-
IT500 (Jeol Ltd., Tokyo, Japan) SEM equipped with an EDS detector. For
EBSD analysis, the Zeiss ULTRAplus SEM (Carl Zeiss AG, Oberkochen,
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Germany) was equipped with Oxford Instruments Symmetry CMOS
EBSD detector. It was operated at an accelerating voltage of 15 kV and a
step size of 1 pm for 500 x 500 pm scanning areas and 4.9 pm for 2300
x 2600 pm scanning area. In addition, grains with more than 15°
boundary misorientation angle and grains with more than 10 pixels
were considered.

Hardness was measured using microhardness tester Matsuzawa
MMT-X7 (Matsuzawa Co., Ltd, Akita, Japan), which measures the
Vickers hardness of the samples with a 200 g load. Hardness was
analyzed the entire sample, from top to bottom, by successive vertical
measurements separated around 0.5 mm from each other and starting
0.1 mm below the top of the sample.

3. Results and discussion
3.1. Microstructure analysis

Fig. 4 shows four samples made with the optimum fabrication pa-
rameters. Samples a and b were made of pure AA7075 powder. In
Fig. 4a, the base plate was at RT and 4b at 260 °C. Fig. 4c and d presents
samples with different TiC concentrations, 1.7% and 3.4%, respectively.

Both a and b samples (non-functionalized) presented cracks in the
building direction, but the area on the top contained none. The sample
made with a preheated plate also exhibits dark bands that indicate a
layered structure. These dark bands may be the result of over-etching.
The origin of the layered structure will be explained later.

Fig. 5 displays the microstructures of the samples at a higher
magnification. Fig. 5b and d (made with non-functionalized powder)
show cracks oriented towards the building direction, and in the space
between the cracks, small voids that are equidistant in the direction
perpendicular to the building one and linearly displaced in the building
direction. These voids are probably the result of isolated liquid pockets
that remain after dendrites’ secondary branches coalesce [22].

The top area of samples made with non-functionalized powders,
which are illustrated in Fig. 5a and c, present grains with a dendritic
structure oriented in different directions. The sample fabricated on a
preheated plate has coarse dendrites that exhibit secondary branching,
whereas the sample fabricated with no preheating of the plate presents a
smaller grain size and fine dendrites with no secondary branching. Grain
size and dendrite size will be discussed in section 3.2.3.

~

b) Find optimal
parameters

Cold plate

N N

With optimal
parameters

Functionalized
1.7% vol TiC

Functionalized
3.4% vol TiC

Cold plate 1

Non
functionalized

{

Preheated plate Non
(260°C) functionalized
J J/

Fig. 2. Images of a) Laser DED system set-up and b) flow chart of the experimental procedure.

Table 3
Specimens subjected to post-heat treatment.
Group No. samples Laser power (W) Travel speed (mm/s) Powder feed rate (g/min) No. layers Preheat Powder
A 2 1000 16.7 1.6 50 No 7075
B 2 1000 16.7 1.6 50 Yes 7075
C 2 1000 16.7 1.6 50 No 7075 + 1.7% TiC
D 2 1000 16.7 1.6 50 No 7075 + 3.4% TiC
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Fig. 3. Diagrams of a) CCT and b) isothermal precipitation kinetics calculated by JMatPro using original powder feedstock composition.

‘@ s

Fig. 4. Cross-sections of as-built samples processed with optimum parameters a) on a cold plate, b) on a preheated plate, ¢) with 1.7% TiC, d) with 3.4% TiC. All

samples have 50 layers.

There is an absence of cracks on samples c and d from Fig. 4, and the
microstructure is uniform in all the cross-sections. It presents fine
equiaxed grains and the absence of dendrites. The sample also has
spotted appearance where the dark spots are made of TiC. Fig. 5e and f
shows the dark spots in detail, where samples with a higher TiC con-
centration present more dark areas.

3.1.1. Cracks

It can be observed, from samples a and b in Fig. 4, that cracks grow as
the number of layers increases; however, cracks are not present in the
last layer. As discussed previously, they are visible only in the layers
beneath the last one. Moreover, cracks were suppressed with the addi-
tion of TiC. These cracks can have two origins: residual stresses and hot
cracking. It is important to consider aluminum’s high coefficient of
thermal expansion, as the dimensional changes when it is heated or
cooled down produce distortions and residual stresses, which can pro-
duce cracks, as already mentioned [4,23-27].

Distortions and residual stresses are not produced when the tem-
perature distribution is uniform and there is no external restraint. In
welding, preheating the base material can solve this problem [23,24,26,
27]. Cracks are still present on the samples when they are fabricated on a
preheated build plate, which means that distortions and residual stresses
were not the leading cause of cracks. The most probable cause for the
appearance of cracks is due to hot cracking, as 7075 contains low
melting point elements and components such as Zn and Al-Cu
components.

The dendrites grow as the melt cools down and segregates lower
melting point and other elements towards the solidification front, which
becomes entrapped between the dendrites. This stage is the most

susceptible to hot cracking, as explained in Ref. [28]. In the end, when
there is no more liquid flow into these interdendritic areas, the low
melting point elements solidify and contract, creating voids and cracks
[4,22,28]. When dendrites continue growing, if they have the same
crystallographic orientation, the dendrite branches are coherent with
each other and coalesce, creating a bridge that unites different den-
drites. Dendrite coherency presents a high resistance to strains making it
less susceptible to hot cracking. Samples that present cracks also have
areas with coherent dendrites [22,28].

However, grain boundaries are highly susceptible to hot cracking, as
they present a high-energy planar interface that liquid can fill. First,
there is no dendrite coherency and no interdendritic bridging, so a
dendrite boundary appears, where segregation of low melting point and
other elements occurs. Secondly, grain boundaries make crack propa-
gation easy. And thirdly, the structure is affected by dendrite
morphology oriented towards the building direction in the samples,
explaining why the cracks are oriented in this direction [26,28]. In
addition, an investigation performed by EBSD (Fig. 6) confirmed that
non-functionalized samples have large elongated grains that grow to-
wards the building direction and cracks, displayed in detail in SEM
micrographs (Fig. 7), coincide with the grain boundaries, indicating
intergranular fracture. It shows that the fracture surface does not present
a dendritic morphology, which may suggest that the cracks result from
an intergranular fracture due to the presence of a liquid component. This
finding verifies the explanation of the results discussed in the previous
paragraph. These features are characteristic of liquation cracking which
is a hot cracking phenomenon. Liquation cracking occurs in the partially
melted zone (PMZ), where the material overpasses the eutectic tem-
perature. Hence, the low melting point elements segregated on the grain
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Fig. 5. Cross-sections of samples made with optimal parameters at a higher magnification where a) upper part and b) crack area of sample built on a cold plate, c)
upper part and d) crack area of sample built on a preheated plate, e) sample made with 1.7% TiC, f) sample made with 3.4% TiC. The arrow next to the scale bar

indicates the building direction.

Fig. 6. EBSD inverse pole figure (IPF) orientation maps of non-functionalized
AA7075 sample built on a cold plate. BD represents the building direction.

boundaries become liquid. The grain boundary becomes weak and
fractures when this liquid zone solidifies and contracts [29]. This
explanation clarifies why the last layer of the material does not crack, as
it is not subjected to another thermal cycle where a PMZ forms, but the
metal of the layers underneath does.

EDS results (as shown in Table 4) show on both samples (Fig. 7) a

significant amount of Cu on the crack surface, 10% on average, whereas,
in the adjacent areas, there seems to be much less Cu. Copper has a very
high melting point but forms low melting compounds in the Al-Mg-Cu
system [28]. Due to the low melting compounds, there is segregation of
the Al,CuMg phase on the solidification front during solidification.
Segregation of Cu components, especially Al;CuMg from dendrite and
grain boundaries, causes hot cracking on 7075 alloy [3,28,30,31]. This
coincides with the results from Bhagavatam et al. and Sokoluk et al. [3,
6]1.

There was also a slightly higher concentration of Zn on the crack
surface than on the free defect surface. The concentration on the crack,
measured with EDS, was around 6% whereas Zn distribution was ho-
mogeneous on the rest of the sample with a concentration of ~3% in
non-functionalized samples. These differences in concentration indicate
that Zn segregation has also been on dendrites and grain boundaries, an
element with a low melting point.

The AA7075 powder contains 5.2 wt% of Zn, and the samples’
content indicates a Zn loss of 42% regardless of the bed temperature. A
study by Stopyra et al. [32] about AA7075 additive manufacturing with
laser powder bed fusion (LPBF) showed a Zn loss of 23% and 30% when
the laser power was 200 and 500 W, respectively. With DED, there is a
42% Zn loss when the laser power is 1000 W. The comparison of these
values suggests a linear correlation between the Zn loss and the laser
power.
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Fig. 7. SEM micrographs of cracks in samples made of non-functionalized powder on a) a cold plate, b) a preheated plate.

Table 4

EDS results in wt.%.
Location Al Cu Zn
Spc 001 83.2+ 0.6 10.4 £ 0.4 6.4 + 0.4
Spc 002 95.9 +£ 0.5 09+0.1 3.2+0.2
Spc 003 84.0 +£ 0.7 10.4 £ 0.5 5.7+ 0.4
Spc 004 96.8 + 0.5 0.5+ 0.1 2.8+ 0.2

Hot cracking is suppressed with the addition of TiC, as seen in Fig. 4c
and d. TiC acts as a nucleation enhancer, promoting heterogeneous
nucleation, which stops the formation of columnar dendrites and pro-
duces fine equiaxed grains, as seen in Fig. 5e and f. As discussed earlier,
heterogeneous nucleation occurs when there is a reduction in interfacial
energy, which is favorable when there is good contact between the solid
surface and liquid. This is the effect TiC nanoparticles have over the

molten aluminum, as TiC has a lattice mismatch factor of 5.8% with
aluminum. This means that aluminum nucleates easily on the surface of
the nanoparticles, as it reduces the interfacial energy and nucleation
barrier [5-7,33]. Similar results have been reported by Bhagavatam
et al. and Sokoluk et al. [3,6].

3.1.2. Porosity

In general, the samples had low porosity. The measured values
represent only 0.002-0.161% of the total area of the samples. Pores in
the samples present two different morphologies. The pores on the
sample’s edges have an irregular shape, whereas the pores inside the
sample have a spherical shape. The first morphology is associated with
improper melting [34]. Spherical pores are associated with bubbles of
evaporated elements entrapped in the melt pool [3,4,34]. Magnesium
and especially Zinc have low boiling points, which can explain the
morphology of these pores. The most characteristic pores that appear in

Fig. 8. EBSD IPF orientation (a, b, ¢) and phase maps (d) of a) non-functionalized AA7075 sample built on a cold plate, b) as-cast AA7075 [35], ¢) functionalized
AA7075 sample subjected to 24 h-T6 and d) functionalized AA7075 sample subjected to 24 h-T6, where green represents TiC and red Al. The color code is only valid

for figures a and c.
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almost all the samples are single big rounded shaped pores of 50-100 pm
in diameter on the bottom of the sample, next to the building plate, like
the ones seen in Fig. 4a, b, and c highlighted by a red arrow. EDS results
show high concentrations of Zn on the surface of these pores, which
indicates that it has evaporated and entrapped in the melt pool.

3.1.3. Grain size and morphology

Samples printed on a cold plate with non-functionalized powders
revealed irregularly shaped grains of 93 pm of average size on the top of
the sample, which corresponded to the last layer and exhibited primary
dendrites with a columnar structure (see Fig. 5a). Furthermore, the
bottom area, corresponding to the layers underneath the top one, shows
large irregular elongated grains growing towards the building direction,
as illustrated in Figs. 6 and 8a. The average grain size is difficult to
measure, as they have a wide variation in lengths and thicknesses, but,
as seen in Fig. 8a, the smaller grains, which correspond to the first layers
are around 500 pm long. In contrast, the upper layers form larger grains
exceeding 1 mm in length. Epitaxial growth explains why there is no
discontinuity showing layers on the grain structure, and there are,
instead, largely elongated that comprehend several layers. Furthermore,
from Fig. 8a, a predominant crystallographic grain orientation is visible.
Mostly {101}, but there are grains with {001} orientation, too. The base
has smaller grains with less orientation when compared to the upper
grains, which have orientations between {001} — {101} and {001} -
{111}. The base plate material has small grains randomly oriented,
which probably affects the orientation of the first deposited layer.

Samples built with non-functionalized powders on the preheated
plate exhibit irregularly shaped grains with an average size of 221 pm on
the top of the sample. The microstructure consists of coarse dendrites
with secondary branching (Fig. 5¢). These microstructures are typical
for pure as-cast AA7075 after various cooling rates [17]. Fig. 8b shows
an IPF orientation map of a typical as-cast AA7075 microstructure,
where the grains are irregular with randomly oriented equiaxed grains.

The samples built on the preheated plate are subjected to slower
cooling rates than the ones made on a cold plate. High cooling rates at
the solidification stage enhance the driving force and produce more
nuclei than slow cooling rates. For this reason, the cooling rate in-
fluences dendritic and grain growth during solidification. As they are
diffusion-controlled mechanisms, they are thermally activated processes
that require a certain amount of energy and time to occur. High cooling
rates inhibit diffusion and the driving force for solidification increases.
There is less time for diffusion, which results in finer microstructures
[17,33,36-38].

As discussed in previous sections, adding TiC plays an essential role
in grain size and morphology. Microstructures contained fine equiaxed
grains with an average size of 11.5 pm and 9.7 pm when the amount of
TiC was 1.7% and 3.4%, respectively. These samples did not present
dendritic structures. These results coincide with the studies made by
Sokoluk et al. [6,17]. Besides grain refinement and growth restriction,
nanoparticle additions modify secondary phases and increase the
amount of liquid phase at the terminal stage of solidification as reported
recently by Sokoluk et al. [39].

However, TiC was not homogeneously dispersed in the Al matrix;
instead, it formed clusters, as seen in Fig. 5e and f, and confirmed in
Fig. 8d, where the green areas represent TiC agglomeration. It seems
that adding more nucleation enhancers refined the structures more, but
the refinement was not very significant with those concentrations used
in the present study. In addition, samples having 3.4% TiC showed
larger agglomerations than the samples made with 1.7% TiC. Other
studies observed similar behavior on the influence of the addition of
various concentrations of nucleation enhancers, such as TiC, Al,03, SiC,
and TiBy on the AA7075 matrix [12,14,15,40].

3.1.4. Melt pool, HAZ, and layers
The samples were fabricated layer by layer by a single laser track, so
each layer was composed of one single melt pool. This is visible in
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Fig. 4b. In addition, samples made with non-functionalized powders
show a top part that measures around 1,5 mm height on average and a
cracked area with a directional dendritic growth towards the building
direction. The layered structure results from overlapping melting pools,
and the top part corresponds to the last melting pool. The final layer
does not overlap and has a structure that resembles the as-cast one.

When the material is deposited and melted on the base plate, it nu-
cleates following the same structural orientation as the base material
and grows following the thermal gradient. In addition, with the depo-
sition of the subsequent layers, the grains grow following the same
structural orientation [41]. This is called epitaxial growth, which gives
AM microstructures the characteristic outlook. A typical AM micro-
structure is presented in Fig. 8a. However, on the last melt pool,
epitaxial growth is lost near the top edge, as the cooling rate is higher at
the top of the melt pool. On the contrary, the bottom of the melt pool is
the one with the lowest cooling rate, producing coarse dendritic struc-
tures at the melt pool boundaries [42] as seen in Fig. 5d. Epitaxial
growth towards the building direction is a possible explanation for the
cracks appearing parallel to the building direction.

3.2. Hardness

From Fig. 9, it is clear that hardness is not uniform across the sample.
There are three hardness zones in both 10 and 50 layered samples. The
top zone presents an average hardness of 70 HV. In the middle zone, the
hardness increases, reaching values of 85-90 HV, and finally, there is a
drop of hardness on the bottom of the sample to values around 65 HV.

Hardness values of AA7075 fabricated with AM and without T6
treatment were lower than those of the as-cast state. However, these
results are in line with those Sun et al. [43] obtained. They explained the
low hardness by the formation of segregation structures in the grain
boundaries during solidification in the PBF process. The Cu segregation
found on the grain boundary cracks also indicates that this may be the
case in the present study.

Except for the presence of Cu on the crack surfaces, EDS analysis
shows no abnormalities in composition between the top part of the
sample and the cracked area, so the increase in hardness on the cracked
area is not related to the elemental alloying difference between the top
and the rest of the sample.

One possible explanation for the hardness increase when moving
away from the top part of the sample is interdendritic bridging. Dendrite
coherency presents a high resistance to strains, which means that this
microstructure has developed considerable strength. The area that
showed higher hardness than the top coincides with interdendritic
bonding, which explains this hardness increase [22]. However, this
theory does not explain the behavior of the samples including TiC.

Even if TiC-containing samples did not have cracks, residual stresses
were formed. The formation of residual stresses is very common during
welding and AM processes due to the high cooling rates, thermal gra-
dients, and high thermal expansion of aluminum [44]. In addition, the
material at the bottom part has been subjected to a higher number of
thermal cycles than the top one, which may increase distortions and
residual stresses in that area. On the other hand, layers have been
deposited on a cold substrate of a dissimilar aluminum alloy, it is more
susceptible to residual stresses. Residual stresses have an essential role in
hardness, as they distort the lattice [4,23-27]. This can explain the in-
crease in hardness in both functionalized and non-functionalized sam-
ples. The micrographs in Fig. 10 confirm that local misorientations
indicate residual stresses. Besides, these misorientations are concen-
trated in a band-like area perpendicular to the building direction, which
may be related to the thermal history of the material during the sample’s
fabrication by layers.

Apart from dendrite coherency and residual stresses, another reason
for the increase in hardness can be the thermal cycles during the
building process. The material was subjected to several complex thermal
cycles as it was built layer by layer. It was subjected to melting and
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Fig. 9. Hardness of cross sections of 50 and 10 layered samples. Circles indicate the top of the sample and base plate.

Fig. 10. EBSD local misorientation maps of a) non-functionalized AA7075 sample built on a cold plate and b) functionalized AA7075 sample subjected to 24 h-T6.
Color represents local misorientation angles. The arrows represent the building direction.

reheating that heat-treated metal, producing phase transformations by
the subsequent beads [45,46]. In the case of AA7075, these heat treat-
ments can lead to precipitation of hardening phases, such as MgZn,.
Some studies show that precipitation hardening takes place in
age-hardenable alloys (maraging steels, Al-Sc alloys, and Ni-base su-
peralloys) while components are produced by AM [45,46].

The hardness drop in the bottom is due to dilution caused by the base
plate (around 60 HV) [47]. The HAZ hardness showed transition values
from 90 to 60 HV, as seen in the selected values of Fig. 9. In general, the
hardness values are slightly higher in samples having TiC additions
because TiC increases the hardness of 7075 [6,17,48,49]. In addition, in
TiC agglomerations hardness was overpassing 100 HV.

3.3. Thermal post-processing

3.3.1. Microstructure analysis

When common aluminum alloys, such as AA7075, are heat-treated
and the temperature exceeds 455 °C, there can be recrystallization
and/or grain growth problems [50]. Besides, there are reports of grain
growth at temperatures as low as 345 °C [50]. For this reason, it is ex-
pected to have some grain growth in the T6 heat-treated samples as they
have been subjected to 480 °C during solution annealing.

Fig. 11a presents the columnar dendritic structure of the top of a
sample made with non-functionalized powders and built on a cold plate.

The average primary dendrite arm spacing is 7.6 pm, whereas, without
T6 treatment (Fig. 5a), it was 2.6 pm, meaning that the dendritic spacing
has grown almost three times. In addition, the grains reached an average
size of 234 pm, which is also three times the grain size before the T6
treatment. In Fig. 11b, the columnar coherent dendritic structure of a
non-functionalized sample shows small voids and cracks that are also
present in the non-heat-treated samples.

MgZn, precipitates precipitate on the grain boundaries of T6 treated
samples, but they are not visible with optical microscopy due to their
small size [6,51-53].

Samples made with functionalized powders present a more notice-
able microstructural change. The upper part of the sample remains un-
changed, with an average grain size of 7 pm, as shown in Fig. 11c for
3.4% TiC addition, which is the same magnitude as in the functionalized
samples without T6 treatment. However, the microstructure suggests a
gradual change as it becomes closer to the first deposited layer. The
microstructural evolution at the bottom of the samples is more notice-
able (Fig. 11c). It looks like the grains have grown towards the building
direction. In Fig. 8d, grains show a preferential growth orientation. The
grains at the bottom have an average size of 12.7 pm (Fig. 8c).

3.3.2. Hardness
T6 heat-treated samples show a hardness value of 110HV (Fig. 12),
which is below the standard requirement. This result coincides with the
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Fig. 11. Microstructures after heat treatment a) top and b) bottom of non-functionalized samples built on a cold plate after 24 h of aging, c) top with 3.4% TiC after
21 h, and d) bottom with 1.7% TiC after 21 h. The arrow represents the building direction.
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Fig. 12. Hardness values of four different samples as-fabricated (black), after aging for 21 h (blue) and 24 h (red).

results obtained by Bhagavatam et al. [3] and states that the low hard-
ness is the result of the evaporation of Zn. Consequently, the reduction of
Zn content decreases the amount of MgZny precipitates. Another
possible explanation for low hardness values after heat treatment is an
inadequate aging response from the complex thermal cycles that may
have induced over-aging. There are studies where AlSi10Mg alloy pro-
cessed by PBF did not respond adequately to T6 temper, presenting

lower mechanical strength than expected due to the explained problem
[54]. Although there was a scatter in the hardness values across the
cross-section, the values after 21 h and 24 h aging were very similar. The
samples made on a cold plate with non-functionalized powders have
lower hardness levels in the middle part of the sample.

In contrast, the upper part has higher values, which is the opposite
behavior of the one presented by the non-heat-treated samples. This
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finding can mean that the lower layers may have been overaged due to
the sample’s thermal history, whereas the top part may have been
subjected to a proper aging treatment. The same occurs in the samples
made on a preheated plate, where there was a clear drop in hardness
after the heat treatment in the area where there was a hardness peak in
the non-heat-treated samples.

On the other hand, the functionalized samples show a linear hard-
ness increase towards the bottom of the samples, presenting the same
behavior as the non-heat-treated samples. This observation indicates
that the hardness of the upper part can still increase. In addition, this
behavior can also be related to the residual stresses that remain after the
heat treatment, as seen in Fig. 10b. Residual stresses are present in
aluminum alloys subjected to precipitation hardening as T6 tempers
only provide a slight reduction in stresses, in the range of 10-35% of the
yield strength [50].

4. Conclusions

High strength AA7075 is functionalized with TiC nanoparticles to see
if these nucleation enhancers can improve the printability of the alloy by
suppressing hot cracking, how the addition of these nanoparticles in-
fluence on the microstructure of the aluminum alloy, and if it is in
general possible to additively manufacture AA7075 with DED.

The segregation of Al;CuMg produces hot cracks on the grain
boundaries in the non-functionalized samples. Although porosity in the
samples is low, the evaporation and entrapment of Zn on the melt pool
causes large single pores on the base of the samples. In addition, it
compromises the mechanical properties of the alloy.

Even though T6 heat-treated samples show a hardness increase, the
values do not reach the standard’s requirements due to possible evap-
oration of Zn and over-aging.

The addition of TiC successfully solves the hot cracking problem on
AA7075 by inhibiting dendritic growth, obtaining fine equiaxed grains,
suppressing hot cracking, and enhancing the printability of the material.
However, the distribution of TiC is not homogeneous through the Al
matrix but is present in clusters.

TiC nanoparticles enhance the printability of AA7075 due to hot
cracking suppression. Furthermore, functionalized samples present
refined equiaxed grains instead of large elongated grains oriented to-
wards the building direction with a dendritic structure. However, to
correctly print AA7075 with DED, it is necessary to develop a method to
suppress or at least reduce Zn evaporation.
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