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Only a limited aluminium material palette is currently available for L-PBF processing, especially for high
strength aluminium alloy. Unmodified Al7075 suffers from hot cracking making it nearly impossible to process
by L-PBF. Adding some grain refiner to Al7075 solves this issue of hot cracking. However, this alloy still
presents difficulties to be processed with densities above 99.5%. In this study, the unconventional pre-sintering
scanning strategy is applied to process 99.9% density Al7075+1.8%Zr. For this scanning strategy, each layer

is scanned twice with different power, i.e. it is first scanned with half the power selected for the second scan.
This specific strategy remelts potential defect generated by the first scan and reduces lack of fusion pores.
These two phenomena lead to high density L-PBF Al7075+1.8%Zr and pave the way to higher densities for

high strength aluminium alloys.

1. Introduction

Additive manufacturing (AM) is no longer restricted to rapid pro-
totyping. Nowadays, the aerospace, medical, energy and automotive
industries have a continuously growing demand for high performance
complex metal parts [1,2]. For aluminium alloys, laser powder bed
fusion (L-PBF) is the leading AM technology. It allows processing
complex parts with high resolution and surface finish but L-PBF is cur-
rently restricted to a small building volume [3,4]. This manufacturing
technique is characterised by a higher cooling rate than conventional
manufacturing methods (between 10° and 10® K/s) and imposes mul-
tiple thermal cycles to the material. This innovative process generates
unique, complex and interesting microstructures that can lead to out-
standing mechanical properties [1,5,6]. Due to complex processing
conditions, each new material requires an extensive amount of research
to find the optimised set of parameters that allows the building of
fully dense parts with the desired properties. Moreover, only a limited
commercially available material palette is able to sustain easily these
extreme processing conditions [1,3].

AlSi10Mg and AlSil12 are the most extensively studied L-PBF alu-
minum alloys [7-13]. These alloys initially designed for casting exhibit
a low solidification range and form large fraction of eutectic phase at
the end of solidification [14]. Thus, they can easily sustain the high
cooling rate making dense parts relatively easy to process. However
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they do not ensure high mechanical performances: their yield strength
is usually between 200 and 300 MPa [8,11,13]. Unlike the mentioned
two alloys, the processing of high strength aluminium alloys suffers
from several inherent issues when processed by L-PBF, including hot
cracking due to their large solidification interval [2,3,6,15] and loss of
alloying elements (Zn and Mg) during processing due to preferential
evaporation [2,3]. Research on process parameter optimisation has, to
date, not rendered good results in terms of eliminating hot cracking in
unmodified 7xxx series alloys [16-19].

To allow L-PBF processing of high strength aluminium, the most
widespread solution is adding a grain refiner to the alloy. In 2017,
Martin et al. [20] coated Al7075 powder with small micron sized Zr
particles. As a result, sub-micron Al;Zr precipitates are formed at the
beginning of solidification. They will act as preferential nucleation sites
for aluminium grains and thereby transform the classical columnar
microstructure generated by L-PBF into one composed of fine equiaxed
grains [20]. This new refined microstructure is free of hot cracking due
to a better distribution of the solidification strains as well as a better
liquid feeding in the latest stages of solidification [21]. Zr is an efficient
grain refiner due to its low lattice mismatch with aluminium combined
with the early formation of sub-micron Al;Zr precipitates. These two
characteristics allow the aluminium phase to nucleate preferentially on
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coherent precipitates formed at the onset of solidification. Following
this seminal work, Zr became frequently selected for processing a
wide range of high strength aluminium alloys using L-PBF [22-33] as
proposed in the present study.

L-PBF processed Al alloys are often targeted for applications in the
aerospace sector, which require an outstanding fatigue performance.
For fatigue properties to meet industry demands, porosity must be
minimised, especially the fraction of pores larger than 50 um [9]. The
current lack of literature about fatigue properties of L-PBF Al 7xxx se-
ries could be explained by the high Zn and Mg preferential evaporation
that make high relative density complex to reach. Indeed, these two
elements suffer from a high vapour pressure [34] which leads to their
loss during manufacturing [20,30,35,36]. Evaporation also generates
spatters [37] and gas pores [8,30,38]. Therefore, most relative density
values reported in the literature lie below 99.5% [31,36,39-41] while
only few works report higher densities (with 99.8% as the best density
reported) [35,42-44]. The origin of such high density values has not
been properly explained. Thus there is a need to understand deeply
how to reach these kind of high densities to aim for better mechanical
properties.

A solution used only twice in literature to improve density of L-
PBF aluminium alloys is the use of pre-sintering (PS) scanning strategy.
Aboulkhair et al. [7] successfully reached 99.8% density in L-PBF
AlSi10Mg by scanning each layer twice: first with a power of 50 W and
afterwards with a power of 100 W while keeping the other scanning
parameters constant. Xie et al. [45] confirmed that using a higher
power second scan helps removing defects left by the first scan in the
case of L-PBF Ti6Al4V. The beneficial effect of a first low power scan
to reduce porosity was confirmed for L-PBF AlSi10Mg by Weingarten
et al. [46] using a laser drying of the powder using an even lower
power first scan (first scan = 50 W, second scan = 910 W). In their
case, it could not really be considered as PS since the first laser pass
does not melt the powder. This promising PS scanning strategy remains
unexplored for high-strength L-PBF aluminium alloys.

Hence, the main objective of this work is to successfully process
fully dense Al7075 parts by L-PBF that are free of hot cracking. ZrH,
was added to the pre-alloyed powder to avoid hot cracking and an
unconventional PS strategy was used to reach a relative density above
99.5%. To understand deeply the effect of this unconventional scanning
strategy on the specific case of Al7075, microstructural characterisation
by electron backscattered diffraction (EBSD) and optical micrography
(OM) combined with microfocus X-ray computed tomography was per-
formed. This work paves the way to a detailed characterisation of static
and dynamic mechanical performances on this promising high-strength
L-PBF aluminium alloy.

2. Materials and methods
2.1. Powder feedstock

Two different powder feedstocks will be used in this work. The
first one is a pre-alloyed Al7075 powder (Carpenter Additive, UK)
without any addition. The second one is a mechanical mix of the same
pre-alloyed Al7075 powder with ZrH, (Nanografi, Turkey). The two
powders are mechanically mixed together using a turbula mixer for at
least six hours. The particle size distribution (PSD) of the Al7075 is
characterised by d,, = 21 pm, ds; = 38 pm and dg; = 63 pm while for
the ZrH, it is d|y = 3 pm, ds; = 14 pm and dyy = 36 pm. These PSD
were obtained by wet sieving of the powder and a measurement by
laser diffraction using a Coulter LS 100Q equipment. The complete PSD
is available in supplementary Figure A.1. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) analyses were performed on
the powder mix. Samples were dissolved before being analysed using
an Agilient Technologies 5100 ICP-OES. The chemical composition
obtained using these analyses is reported in Table 1. The powder
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mix will thus be called Al7075+1.8wt%Zr throughout this article. ICP
analyses were also performed on solid L-PBF samples (see Table 1).

Powders and L-PBF samples were also analysed using an Oxy-
gen/Nitrogen/Hydrogen Elemental Analyser (ONH836, LECO). It al-
lows to have access to the total amount of H by inert gas fusion of
the samples, which is not possible using ICP-OES.

2.2. L-PBF process

A ProX®DMP 200 system (3D Systems Inc., USA) was used to
process the Al7075 and Al7075+1.8%Zr alloys. The laser is operated at
a 1075 nm wavelength, a 70 pm spot size and with a maximum power
of 273 W. The samples were manufactured on a non-heated squared
Al5Mg (wt%Mg) build-plate of size 141 mm x 141 mm. Processing
of rectangular parallelepipeds of size 10 mm x 10 mm X 5 mm was
performed under argon gas keeping the chamber below 500 ppm of
0,.

Concerning the processing parameters, the layer thickness (t) was
kept constant at 30 pm. Two scanning strategies are compared. In the
first one, called single scan (SS), the scanning pattern is composed
of 5000 pm side regular hexagon with 100 pm overlapping between
adjacent hexagons. Within each hexagon, a meander scanning strat-
egy is used. Between each layer, a rotation of 90° is applied on the
scanning pattern. Initially, a wide range of power (P)(109 W-273 W)
and scanning speed (v)(100 mm/s—-2000 mm/s) combined with a fixed
hatching space (HS) of 100 pm were tested to find an optimum set of
parameters. The HS was also modified between 50 pm and 295 pm with-
out significantly improving the density. The SS strategy is compared to
the pre-sintering (PS) scanning strategy was utilised. In the PS strategy,
each layer is scanned twice, the first time with half the power of the
second scan. To the author’s knowledge, PS was only used twice in
literature (see Section 1). A complete list of the parameters tested in
this study is available in the supplementary material: in Table A.1 for
Al7075 and Table A.2 for Al7075+1.8%Zr.

2.3. Characterisation

The porosity of the manufactured parallelepipeds was analysed
using three complementary characterisation techniques. To allow a fast
and effective screening of the numerous process parameters analysed,
the Archimedes method was utilised in ethanol to obtain the relative
density of the samples [11]. A rolled wrought Al7075 alloy served as
a reference and a Mettler Toledo AE200 weighing system was used
following ASTM-B311 standard. On the most promising samples, the
optical aperture of a DuraScan G5 indentor (EmcoTest, Austria) was
used to perform large micrographs of three different cross-sections per
sample along the building direction (thus 150 mm? is analysed for
each sample). The amount of large pores present in the microstructure
was computed by image analysis using ImageJ software. Microfocus
X-ray computed tomography (micro-CT)-based morphological charac-
terisation of two samples was performed using an EasyTom XL system
(RX Solutions, France). A tungsten target and a LaB6 filament were
used. The tube was set in middle focal spot and the applied voltage
and current were 100 kV and 48 pA, respectively. After scanning, the
radiographs were reconstructed using X-Act reconstruction software
(RX Solutions, France). The resulting images had an isotropic voxel
size of 1.2 pm. Since the spatial resolution corresponds to three times
the voxel size, the minimum size of the observable features is 3.6 pm.
Avizo software (ThermoFisher, Bordeaux, France) was used for analysis
and 2D/3D visualisation of the sample volume (850 pm X 1050 pm X
1300 pm) and internal structure.

A Keyence VHX-7000 optical microscope was used to image etched
samples (1 min with Keller reagent). The melt pool dimensions were
obtained by averaging at least six melt pools from the last layer (to be
able to observe the full melt pool).
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ICP-OES measurement performed on the Al7075 and ZrH, mix powder feedstock as well as on three L-PBF samples processed with two different scanning
strategies: one using the single scanning strategy (SS) and two using the pre-sintering strategy (PS)(see Section 3.1). Here are the parameters used to process
these samples: SS processed using P = 164 W, v = 200 mm/s and HS = 100 pm, PS opti using P = 164 W, v = 400 mm/s and HS = 50 pm and PS un-opti using

P = 164 W, v = 200 mm/s and HS = 100 pm. The loss of Mg and Zn for these three samples is evaluated based on the specific composition used to process
them (see Table A.3).
Scan. [Yowt] Al Cr Cu Fe Mg Si Zn Zr Mg loss Zn loss
strat. [%] [%]
Powder / Mean bal 0.2 1.53 0.08 2.39 0.03 5.49 1.79 / /
mix
/ St. Dev. - 0.00 0.06 0.01 0.03 0.01 0.21 0.08 / /
L-PBF SS Mean bal 0.22 1.60 0.08 1.82 0.03 3.55 1.75 25 39
sample (opti)
PS Mean bal 0.22 1.60 0.08 1.76 0.03 3.32 1.82 27 37
(opti)
PS Mean bal 0.22 1.58 0.08 1.65 / 2.98 1.89 31 47
(un-opti)

Electron backscattered diffraction (EBSD) analyses were performed
using a Helios NanoLab 600i FEG-SEM equipped with a HKL EBSD
detector and an Aztec acquisition software. The Channel 5.0 software
was used to analyse the EBSD data. An acceleration tension of 25 keV
and a current of 5.5 nA were used for the measurements. For the low
and the high magnification maps step sizes of 0.5 pm and 0.1 pm were
respectively used. These two types of maps allow to analyse the large
columnar grains as well as the melt pools morphology and the fine
equiaxed grains respectively. Given the irregular nature of the investi-
gated microstructures, the grains were classified into three populations:
fine equiaxed, medium equiaxed and columnar. Small equiaxed grains
are defined as being smaller than 2 pm. The medium size grains are
larger than 2 pm and are not columnar. Columnar grains are defined as
grains with an equivalent diameter larger than 3 pm and an aspect ratio
larger than 2 [47]. To obtain the mean size of each grain population
with enough statistics, the high resolution maps were used to measure
fine grains while low resolution maps were used to measure medium
and columnar grains. Due to this highly heterogeneous microstructure,
it was chosen to avoid using the mean grain size. The large number
of really small grains decrease artificially this average grain size, since
each grain has the same weight. Instead, it was chosen to use a surface
weighted average to represent better the real microstructure of the
sample. For each category of grains (fine, medium and columnar), its
mean size was weighted according to the surface fraction occupied
by this category (extracted from the large EBSD maps). A schematic
summary of the EBSD computations methodology is available in Figure
A.2. Samples for microstructural characterisation were mechanically
polished using diamond sprays with a minimum particle size of 1 pm
and finally with 0.04 pm colloidal silica suspension.

3. Results and discussion
3.1. Towards high density L-PBF Zr-modified Al7075

Fig. 1 illustrates the density of Al7075 samples processed using the
parameter sets included in Table A.1 as a function of the volumetric
energy density (VED)( ~ ; er) [8]. In all cases, the density is lower than
98%. The samples with the highest densities were analysed using OM
and all exhibit severe cracking (an example of the defect distribution
of one of those specimens is shown in the inset of Fig. 1 and additional
micrographs for a wide range of VED are shown in supplementary
Figure A.3). The origin of cracks can be unambiguously attributed to
hot cracking since they are intergranular and parallel to the building
direction as extensively reported in literature for L-PBF 7xxx alloys [16—
19]. It was also formally verified by analysing the fracture surface
of a L-PBF un-modified Al7075 manually broken (see supplementary
Figure A.4 clearly exhibiting hot cracks fracture surface). The inset of
Fig. 1 also contains an EBSD map of the same sample illustrating that
the processed samples have the characteristic columnar microstructure.
The average grain length and width of that sample are 27+31 and 8 +4

pm respectively. Hot cracking happens at the end of solidification and
takes place preferentially along grain boundaries as shown by the EBSD
mapping (see inset Fig. 1) [15,21]. To avoid hot cracking, ZrH, was
added to the Al7075 pre-alloyed powder as Zr is a well known efficient
grain refiner generating a fine equiaxed microstructure [22-33]. An
amount of approximatively 2wt% of ZrH, was selected to allow enough
grain refinement while maximising mechanical properties as previously
shown in Nie et al. study on L-PBF Al-4.24Cu-1.97Mg-0.56Mn [26].
ICP analyses performed on this powder mix reveal an average value
of 1.8wt%Zr (see Table 1). The following analyses will be performed
only on this Al7075+1.8%Zr alloy.

Fig. 2(a) compares the variation of the density of Al7075+1.8%Zr
parts manufactured using SS (red dots) and a PS (green dots) strategies
as a function of the VED (see complete list of samples in supplementary
Table A.2). Please note that the use of VED to quantify the energy
density for the PS strategy is inherently flawed. Indeed, for this strat-
egy, each layer is scanned twice which complicates the computation of
energy density transferred to the sample. Nevertheless, it was chosen
to use the VED of the second high power scan of the PS strategy to
allow a direct comparison with the SS on a single graph. To the author’s
knowledge, no dedicated rule to compute the energy for a PS strategy
(or double scanning in general) is proposed in literature. The use of the
single scanning (SS) strategy leads to relative densities at best around
98% (with the highest density reached being 98.2% using P = 60 W, v
= 200 mm/s and HS = 100 pm leading to a 273 J/mm® VED, see Table
A.2). The PS strategy allows to systematically improve this relative
density as highlighted in green on Fig. 2. A maximum relative density of
99.4% (using P = 60 W, v = 400 mm/s and HS = 50 pm leading to a 273
J/mm® VED, see Table A.2) can be reached using this unconventional
scanning strategy.

The addition of Zr led to the disappearance of hot cracking (see
more details in Section 3.2). The inset of Fig. 2 illustrates, as an
example, an optical microscopy image of one sample with high den-
sity, which was manufactured using the PS strategy. Moreover, these
micrographs allow to analyse the pores larger than 50 pm which are
detrimental for fatigue performances [9]. Fatigue will not be analysed
in this paper but it is a mechanical property that is certainly pertinent
for aerospace applications of these high strength alloys. Moreover, it is
already shown in literature that large pores (especially lack of fusion
pores) initiate fatigue failure for Scalmalloy® produced by L-PBF (a
reference alloy for high strength Al L-PBF alloys) [48,49].

Fig. 2(b) shows the count of only the large pores for five different
samples whose processing parameters are referenced based on optical
microscopy image analysis. The four samples processed using the PS
strategy exhibiting the highest density based on Archimedes analysis
were selected. Additionally, the sample processed using the SS strategy
exhibiting the highest density was also selected to compare the amount
of large pores generated by both scanning strategies. PS strategy results
in a global decrease of large pores compared to the SS strategy. The
optimised set of parameters selected is P = 164 W, v = 400 mm/s
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Fig. 1. Relative density of Al7075 parallelepipeds obtained by Archimedes method as a function of the volumetric energy density (VED). The samples were processed using single
scanning classical strategy. A cross-section of the sample built using the same parameters as selected in red in Fig. 2(b) is highlighting hot cracking. A low magnification large
Euler angle EBSD map of the same sample is also displayed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

and HS = 50 pm using the PS scanning strategy. This set is selected
because it generates the lowest amount of pores larger than 50 pm
while avoiding pores larger than 100 pm. Aiming at understanding
the effect of PS scanning strategy, it will be compared with a sample
processed using the parameters leading to the highest density using
SS strategy: P = 164 W, v = 200 mm/s and HS = 100 pm. These two
set of parameters share the same VED of 273 J/mm>. The micrographs
used to obtain the large pores statistics for these two sets of parameters
are shown in supplementary Figure A.5. To assess the reproducibility
of the Archimedes results obtained for both samples processed using
the selected SS and PS sets of parameters, 11 SS strategy samples and
7 PS strategy samples were produced distributed on several building
jobs. The SS samples exhibit a mean Archimedes relative density of
97.8% + 0.4 while the PS samples a density of 99.1% + 0.2. The double
of standard deviation of the SS relative density highlights the higher
reproducibility of the samples produced using the PS strategy.
Micro-CT was performed on the two samples identified here-above
(highlighted in Fig. 2(b) by a red and a green boxes): one single scanned
sample and the optimised pre-sintered sample. Fig. 3 shows that the
volume fraction of pores is more than ten times smaller for the pre-
sintered sample than for the single-scanned one. Fig. 3 confirms what
was already concluded from the Archimedes method and from the
examination of the defect structure imaged using OM. According to
the micro-CT scan, a relative density of 99.91% is reached when the
optimised processing conditions (for PS scanning strategy) are used.
The relative density obtained by micro-CT is preferred to the one
obtained by the Archimedes method (see Fig. 2(a)) and will serve as
comparison to the values referenced in literature. Indeed, Archimedes
method is efficient and useful for the large comparison performed in
this work but it is difficult to compare with literature. The choice of a
reference value to compute the relative density impacts greatly the final
value and differs between authors [41] or is not mentioned [31,36,39].
Thus, some studies select the micro-CT results as the definitive relative
density value [35,42]. Regarding pores morphology, no large irregular
pores (lack-of-fusion pores) are observed for the pre-sintered specimen.
This is confirmed by the pores size distribution shown on Fig. 3(c).
The distribution is similar for both strategies with around 90% of
pores having a diameter below 20 pm. However, no pores exhibit a
diameter larger than 60 pm for the PS scanning strategy compared to
0.28% (10 pores for a volume of 850 pm X 1050 pm X 1300 pm) for
the SS scanning strategy. This difference is also reflected by the mean
volumetric size of the pores: 122 pm for SS strategy compared to 35 pm
for PS strategy. These pores larger than 60 pm are characterised by a

very low sphericity (see Fig. 3(d)), clearly identifying them as lack of
fusion pores. Moreover, the PS sample also contains around 4 times
less pores smaller than 20 pm than the SS sample (578 pores for the
PS sample and 2362 pores for the SS sample). It can be quantitatively
compared since the volume analysed for the two specimen is identical
(850 pm x 1050 pm x 1300 pm). The high differences in relative density
and in pores morphology observed between the SS and PS strategy
as well as the effect of the PS strategy on the microstructure will be
explained in Section 3.2.

It is important to note that the choice of a PS sample processed using
P =164 W, v = 400 mm/s, HS = 50 pm to compare to a single scan
sample processed using P = 164 W, v = 200 mm/s, HS = 100 pm is not
straightforward. Indeed, the influence of the change in the parameters
could influence the comparison, even if these two sets of parameters are
the optimised for PS and SS strategy respectively. Thus, a tomography
scan on a PS sample processed using the same parameters than the SS
sample of Fig. 3(a) was performed as shown in supplementary Figure
A.7. The same total volume (but with a different aspect ratio, larger
length and smaller width) as samples of Fig. 3 was analysed and a
relative density of 99.7% was obtained. Some Lack of fusion pores
also remain present in this PS un-optimised sample, attesting a lack
of overlapping between layers or adjacent scanning tracks. Thus it is
more interesting to compare the optimised PS strategy since it allows
to avoid these lack of pores. Figure A.7 also proves that, at constant
parameters, PS strategy still improves significantly the relative density
(+0.89%).

3.2. Understanding the effect of pre-sintering on the microstructure

To understand the effect of PS scanning strategy on the porosity
level of Al7075+1.8%Zr, its impact on the melt pool morphology must
be analysed beforehand. Fig. 4 shows the mesostructure of a single
scanned and a pre-sintered sample. In particular, the last layer is
highlighted in the insets of Fig. 4 to allow measuring the melt pool
size. The Keller etching reveals the grain boundaries and allows to
distinguish the melt pool borders. Moreover, Fig. 4(c) shows a pre-
sintered sample where the last layer is only processed using the first
half-power scan of the PS strategy. This highlights the effect of the first
scan on the mesostructure. The use of the SS strategy gives rise to large
melt pools of 97 ym depth and 231 pm width (see Fig. 4(a)). In turn,
the first low-power pass of the PS strategy results in shallower melt
pools, with an average depth of 47 pm and average width of 98 um (see
Fig. 4(c)). Afterwards, the second scan generates larger melt pool of
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Fig. 2. (a) Relative density of Al7075+1.8%Zr parallelepipeds obtained by Archimedes method as a function of the volumetric energy density (VED). In red, the samples were
processed using the single scan classical strategy and in green using the pre-sintering strategy. An optical microscopy cross-section of the sample built using the optimised parameters
is also displayed. (b) Equivalent diameters of pores larger than 50 pm obtained by image analysis of optical micrographs. The number of pores (N) is indicated below each scatter
plot as well as the parameters used to build the samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

74 pm depth and 140 pm width (see Fig. 4(b)). Thus, the final melt pool
is thinner and shallower than the single scanned melt pools.

Earlier works have reported the formation of shallower melt pools
when using a double scan strategy, in which both passes are made with
the same process parameters. Griffith et al. [50], have observed that,
while processing an Al-Mg-Zr (Addalloy™) by L-PBF using a double
scanning strategy, a double melt pool structure could be observed.
Their second scanning pass generated shallower melt pools due the
poorer interaction between the laser and bulk aluminium compared
to the laser-powder interaction. Gusarov et al. [51] have modelled the
laser-powder interaction and showed that due to multiple reflections of
the laser inside a powder bed, metallic powder exhibit a higher absorp-
tivity compared to flat metallic surfaces. Boley et al. [52] combined
modelling and experimental measurements to prove that Al powder
absorptivity is more than two times larger than for a flat-Al surface. In
the PS strategy of the present work, which has been scarcely utilised to
date, unlike for double scanning strategy, Fig. 4 showed that the melt
pools generated by the first low power scan are smaller than for the
second full power scan. Despite the higher absorptivity of the powder,
the pre-scanning power of 82 W is still quite low. Therefore, the second
higher power scan (164 W) combined with the higher reflectivity of the
solid surface (resulting from the first scan) generate melt pools larger
than for the first scan but smaller than for a SS strategy.

Fig. 5 compares the microstructure of samples processed using the
SS and the PS strategies. For each sample, EBSD maps in the BD
corresponding to high and low magnifications are shown on Fig. 5(a,b).
For both scanning strategies, a bi-modal grain structure is formed which
is characteristic of the grain-refined L-PBF aluminium alloys. This bi-
modal microstructure is composed of fine equiaxed grains at the bottom
of the MP and of columnar grains at the heart of the melt pool (MP).
This heterogeneity can be explained by a difference of cooling rate

between these two zones during solidification. The slower cooling rate
at the bottom of the MP allows the formation of Al;Zr L1, precipitates
acting as preferential nucleation sites for fine equiaxed grains [40,47].
At the heart of the MP, closer to the laser heat source, Zr does not have
enough time to form grain refining precipitates and remains trapped
in solid solution due to the faster cooling rate [40,47]. These grain
refining precipitates were formally identified in supplementary Figure
A.6 but will not be analysed in details in this work.

The surface weighted average grain size for the PS strategy (1.4 pm)
is smaller compared to SS strategy (1.8 pm) (see Fig. 5(c)). This differ-
ence is generated by the slightly smaller fine, medium and columnar
grains combined with the smaller area fraction occupied by medium
and columnar grains for the PS strategy. Moreover, Fig. 5(d) illustrates
a small shift of the grain size distribution towards smaller values. The
grain size distribution was truncated to highlight the effect of scanning
strategy on fine grains. The complete size distribution is shown in
supplementary Figure A.8. Indeed, the sample processed using the PS
strategy exhibits a higher number fraction (79%) of grains below 1 pm
compared to the one processed using SS strategy (58%). The general
grain refinement in the case of PS strategy can be explained by two
phenomena exploiting literature.

Firstly, Griffith et al. [50], as mentioned before, observed the for-
mation of a double melt pool morphology generated by the rescanning
of a previously scanned layer. As a result, they observed a decrease
of the grain size when a double scanning strategy is used. For the
case of this study, this effect is of secondary importance since the melt
pool generated by the second scan is deeper than the MP generated by
the first low power scan. Secondly, Ekubaru et al. [53] analysed the
effect of the hatching space on the grain structure of L-PBF processed
Scalmalloy®. They measured an increase from 35% to 60% of the vol-
ume fraction of ultrafine grains (below 2 pm) when the hatching space



N. Nothomb et al.

Volume fraction: 1.19%
Mean size: 9.6 £ 10.2 ym
Mean size (Vol. w.): 122.2 + 59.2 ym

C

100,00% 7o o
Pre-sintering
Single scanning

10,00%
4.6

1,00% 0.8

0.3

0,10% 0.08 0.08
0.04 0.04 0.04

0,01%

75

10,00%

Relative frequency [%]

1,00% 0.6
0,10%

0,01%
0 50 100 150

Equivalent diameter [um]

Additive Manufacturing Letters 11 (2024) 100253

RG2S
& 0
- . -e
BD
.('9-—‘
500um ’

Volume fraction: 0.09%
Mean size: 8.9 * 7.8 ym
Mean size (Vol. w.): 34.5 £ 14.9 ym

Pre-sintering
® Single scanning

L
—_ r.l..:': L4
= R ‘s - g ° o %o
Py °® % ° ° .
S 0. o °
51,0
<
o
w

0,5
0
50 100 150

Equivalent diameter [um]

Fig. 3. Comparison of the porosity for two different building conditions: (a) sample processed with single scanning strategy (P = 164 W, v = 200 mm/s, HS = 100 pm) and (b)
with the pre-sintering strategy (P = 164 W, v = 400 mm/s, HS = 50 pm). These results were obtained by micro-CT with a voxel size of 1.2 ym. The VED is kept unchanged but
the exact parameters are selected for optimal density (see Fig. 2). (c) Pores size distribution for both conditions. (d) Comparison of pores sphericity and diameter.

is decreased from 100 pm to 60 pm. This decrease of hatching space
corresponds to an increase of the overlapping between two adjacent
scanning tracks. To summarise, Ekubaru et al. [53] demonstrated that
a smaller hatching space increase the surface fraction of fine grains due
to a higher overlapping between melt pools. In this study, the analysis is
less straightforward since the hatching space is changed from 100 pm to
50 pm but the speed is also increased from 200 mm/s to 400 mm/s and
the scanning strategy is different. In order to apply the conclusion of
Ekubaru et al. [53] to our work, the overlapping between two adjacent
melt pools must be evaluated. Using the melt pool size obtained from
Fig. 4, a 57% overlap is reached for SS strategy and a 64% overlap is
reached for PS strategy. In conclusion, this increase in the overlapping

combined with the use of two scans per layer may explain the grain
refinement observed when using the PS scanning strategy.

The effect of the PS scanning strategy on the microstructure being
explained, its improvement of the relative density observed on Fig. 3
should be understood. To explain the effect of this scanning strategy
and more generally the effect of the double scanning, a few hypotheses
can be extracted from literature. Firstly, it can be hypothesised that
the first low power scan dries the powder limiting the formation of
hydrogen pores [46]. However, for this study, the first scan already
melts the powder and thus, it does not really act as drying step for the

powder.
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Fig. 4. Optical micrographs of etched samples. (a) Sample produced using the single scanning strategy and (b) using the pre-sintering strategy. Sample (c) was produced using
the same parameters as (b) except for the last layer where only the first scan (half-power scan) of the pre-sintering strategy was performed. The melt pool size measurements
performed on the last layer of each samples are provided in the accompanying table.
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Fig. 5. (a) Detailed high magnification IPF in the building direction EBSD map and a low magnification large Euler angle EBSD map of as-built Al7075+1.8%Zr processed using
single scanning strategy (P = 164 W, v = 200 mm/s and HS = 100 pm, see Fig. 2(b)). (b) Same EBSD analyses for a sample processed using the pre-sintering strategy (P = 164 W,
v = 400 mm/s and HS = 50 pm, see Fig. 2(b)). (c) Grains statistics based on the EBSD mapping of these two conditions. (d) Comparison of the grain size distribution for single
scanning strategy in red and pre-sintering strategy in green based on the detailed EBSD maps. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Another hypothesis that is discussed in literature is the outgassing
hypothesis. Before entering into details, the principle of this phe-
nomenon is that a second scan can allow the gas pores to exit the
melt pool during processing and so improves density. For the majority
of materials processed by L-PBF, these gas pores are generated by
hydrogen coming from powder moisture, are pre-existing in the powder
or come from Argon trapped in the melt pool during processing. In

this study, in addition to hydrogen and argon pores, gas pores can be
generated by the preferential evaporation of Zn and Mg during process-
ing [8,30,38]. To assess quantitatively the degree of evaporation, the
composition of the L-PBF processed samples was also analysed. ICP-OES
was performed on the two samples analysed by micro-CT in Fig. 3,
which were processed using the SS and PS strategies (see Table 1).
Comparing these values after processing with the composition of the
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powder reveals a loss of Mg and Zn. Losses are computed based on the
composition of the specific powder batches used for each building job
(see supplementary Table A.3 for the ICP of the specific powders) and
not based on the global composition of Table 1. For the SS strategy, a
loss of 25 and 39% of Mg and Zn respectively is observed. A similar loss
of 27% Mg and 37% Zn is evidenced by the analyses for the PS strategy.
The resulting Mg and Zn wt% after L-PBF are thus below the standards
required for Al7075 (between 2.1 and 2.9% for Mg and between 5.1 and
6.1% for Zn [54]). These losses due to evaporation are non-negligible
and must be taken into consideration for the understanding of the effect
of PS scanning strategy on the porosity. For the current discussion, the
Mg and Zn losses are not significantly different for the two strategies
and thus cannot explain the density difference.

To assess the individual effect of the PS scanning strategy on Zn and
Mg evaporation, an additional ICP analysis was performed on the PS
sample analysed in supplementary Figure A.7 processed using the same
parameters as the optimised SS sample (P = 164 W, v = 200 mm/s,
HS = 100 pm, see ICP result in Table 1). A Mg and Zn loss of 31%
and 47% respectively was obtained. Thus, at constant parameters, the
evaporation of Mg and Zn is favoured by the PS strategy. However, this
loss is decreased while the density is improved when the PS strategy
process parameters are optimised as shown by the ICP result (see
Table 1). It will also facilitate the discussion to have a similar amount
of Zn and Mg evaporation for the SS and PS optimised samples.

In what concerns the outgassing hypothesis, Weingarten et al. state
that the use of a low scanning speed improves the ability to outgas
the hydrogen trapped in the melt pool that results in gas pores after
solidification [46]. By using a low scanning speed, it decreases the
cooling rate and therefore increases the time during which the melt
pool is in liquid state [55]. More time is therefore available for gases
to escape the melt pool and avoid being trapped in the final part.
It can also explain the high densities (larger than 99.5%) obtained
for L-PBF Al7075 in two different studies in which a scanning speed
of 160 mm/s [35] and 50 mm/s [44] were respectively used. Back
to the present study, for the optimised PS strategy parameters, the
scanning speed is higher (400 mm/s) but the melt pools have a lower
depth facilitating outgassing. Xie et al. [45] demonstrated that a second
laser scanning that generates a deeper melt pool than the first one can
remove defect (keyhole or lack of fusion) since it remelts the whole
melt pool that was formed beforehand. Lv et al. [55] observed the
same effect of laser remelting on various defect for L-PBF Ti-6Al-4V.
Finally, de Formanoir et al. [56] showed by operando observation by
X-ray imaging of the L-PBF process of 316L stainless steel the healing
of keyhole pores by laser remelting. They directly observed that laser
remelting triggers outgassing of keyhole pores and that an increase
of the time of interaction between the laser and the defects (thus an
increase of the time the melt pool is in liquid state) improves the
healing efficiency. For this study, Fig. 4(b) clearly highlights the deeper
MP generated by the second scan compared to the MP generated by the
first scan shown on Fig. 4(c). Thus, it matches the condition stated by
Xie et al. for the second scan to remove defects remaining after a first
scan. Moreover, Fig. 3 clearly shows that no lack of fusion pores are
observed when using a PS strategy.

In the following, identification of the type of gas pores (originated
by hydrogen trapping, argon trapping or by Zn/Mg evaporation) is
carried out. Table 2 shows the amount of hydrogen in powders and
in L-PBF samples obtained using an ONH analyser, giving access to
hydrogen content of the whole L-PBF samples (solid + pores). The
initial pre-alloyed Al7075 powder and the two L-PBF samples (SS and
PS) all contain approximately 0.005% of hydrogen. Therefore, the
scanning strategy has no effect on the final amount of hydrogen in the
L-PBF samples. Moreover, since the Al7075+1.8%Zr powder contains
a significantly higher amount of hydrogen (roughly a factor 10), the
hydrogen present in the powder obviously comes from the addition
of ZrH,. However, the final L-PBF parts do not contain additional
hydrogen compared to the 7075 powder. Therefore, the addition of
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Table 2

Amount of hydrogen in the Al7075 pre-alloyed powder and the Al7075+ZrH, powder
mix powder feedstock as well as on two L-PBF samples processed with two different
scanning strategies using the optimised process parameters (highlighted in Fig. 2(b)):
the single scanning strategy (SS) and the pre-sintering strategy (PS).

Amount of H [%wt]

Type of powder

Powder Al7075 0.005 + 0.003
Al7075+1.8%Zr 0.048 + 0.002
Scan.strat. Amount of H [%wt]
L-PBF SS 0.005 + 0.008
sample
PS 0.005 + 0.002

ZrH, to the Al7075 pre-alloyed powder does not generate hydrogen
pores in the L-PBF samples. Furthermore, lack of influence of the
scanning strategy on the amount of hydrogen of the two solid samples
analysed shows that the PS scanning strategy does not outgas more
hydrogen pores compared to SS scanning strategy.

Gathering these various results and literature survey, two main
points can be concluded on the effect of PS strategy. Firstly, the use
of higher VED is possible for the PS strategy without forming keyhole
porosity as it is the case for the SS strategy (see bottom right corner
of Fig. 2(a)). The use of PS with parameters generating a high VED
allows to obtain a large enough overlapping between the layers and
adjacent scan tracks avoiding large lack of fusion pores. Secondly,
PS greatly decreases the amount of small gas pores remaining in the
final microstructure. The ONH analysis shown that it cannot be due to
hydrogen pores since the final amount of H in both SS and PS optimised
samples is the same (see Table 2). Thus the better PS density could be
due to an easier outgassing of Ar pores due to the smaller melt pool
generated by the PS strategy. In addition, this higher density could also
result from a remelting of small Zn and Mg pores by the second scan of
the PS strategy. Indeed, this PS strategy is remelting the entire first melt
pool generated by the low power scan. This all results in an optimised
PS strategy that generates an outstanding 99.9% relative density.

4. Conclusion

This study demonstrated that using a pre-sintering scanning strat-
egy, composed of a low laser power first scan followed by a higher
power second scan allows to process Al7075+1.8%Zr samples that can
reach a CT-scan density of 99.9% without experiencing hot cracking.
This pre-sintering (PS) strategy generates shallower melt pools exhibit-
ing a bi-modal grain microstructure composed mainly of small equiaxed
grains.

It was shown that the hydrogen desorption is not a major factor
dictating the density for L-PBF Al7075+1.8%Zr. Instead, PS strategy
avoid lack of fusion pores and remelts remaining defects left by the first
low power scan using a larger melt pool generated by the second scan.
Outgasing of small Ar pores could also play a role on the improvement
of density of the PS strategy.

This rarely used scanning strategy could be applied to other material
generating a lot of evaporation during the L-PBF process and help
improve their processability. This would help broaden the material
palette available for L-PBF and so increase the number of potential
applications for L-PBF.
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