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Abstract

With the increasing industrial implementation of additively manufactured metal parts, the welding of such components
gains importance. Due to size limitations of laser powder-bed fusion (PBF-LB) machines and design constraints, subse-
quent joining processes are required. However, the weld seam quality of PBF-LB manufactured parts, particularly alu-
minum parts, is still limited by pore formation in the weld seam. These pores are believed to be primarily caused by the
agglomeration of hydrogen. Therefore, this study investigates the pore formation during laser beam welding of PBF-LB
manufactured AlSi10Mg parts by means of in-situ high-speed synchrotron X-ray imaging. In addition, an in-situ laser
powder drying process is investigated to reduce the hydrogen content of PBF-LB manufactured aluminum parts in order
to prevent the formation of hydrogen porosity during the subsequent welding process. Results show that pores predomi-
nantly form in the interdendritic region at the solidification front due to the locally increased hydrogen concentration.
By applying laser powder drying, the hydrogen content can be reduced by up to 25%, thereby effectively preventing the
formation of hydrogen pores.

Keywords Laser welding - Powder bed fusion (PBF-LB) - AlSil0Mg - Hydrogen pores - Weld seam quality - High-
speed x-ray imaging

1 Introduction fusion (PBF-LB) due to their benefit in weight and strength

[1]. The size limitations for PBF-LB parts set by the process

Additively manufactured parts experience an increased
implementation in industrial applications. In the aviation
and aerospace sector, for example, aluminum cast parts are
substituted with parts manufactured with laser powder bed
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chamber and the integration of these parts into larger assem-
blies, however, necessitate a consecutive joining process [2,
3]. This is mostly done by laser beam welding, as this pro-
cess allows high productivity and flexibility [2]. However,
it is reported that welding of aluminum parts manufactured
by PBF-LB leads to porous weld seams [4, 5], especially
compared to weld seams in sand- or pressure die-cast parts
[6]. Pores in the weld seam have several undesirable effects
such as lowering the mechanical strength [7, 8] or fatigue
strength [3] of the joint and lowering the electrical conduc-
tivity, which is paramount for e-mobility applications [9].
Pore formation in laser beam welding has already been
studied widely and different pore formation mechanisms
such as keyhole instabilities and entrapment of shielding
gas have been identified [10—12]. Especially for laser weld-
ing of aluminum and aluminum alloys, hydrogen porosity
is a frequent form of weld seam defect [13—16]. Miyagi et
al. [17] proved in an experimental investigation that pores
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occurring during laser welding of aluminum materials
mainly contain hydrogen. The hydrogen is believed to origi-
nate from moisture on the part or in the ambient atmosphere
as for the laser welding of conventional aluminum an early
investigation of Kutsuna et al. [18] showed that moisture on
the specimen surface increases the weld seam porosity. Gou
etal. [19] observed a similar impact of the ambient humidity
during aluminum laser welding.

Several studies showed that aluminum alloy parts manu-
factured by PBF-LB are especially prone to pore formation
in laser welding [2, 4-6, 8, 20]. Cui et al. [4] and Zhang et
al. [6] conducted laser welding experiments with A1Si10Mg
parts manufactured by PBF-LB and casting. Despite con-
stant boundary conditions the PBF-LB manufactured part
showed a 6-26 times increased weld seam porosity com-
pared to the cast part. It is believed that this increase in
porosity is caused by hydrogen which stems from powder
moisture and is captured inside the part during PBF-LB [2,
6].

Recent studies investigated different possibilities to
reduce the porosity in weld seams of aluminum parts. Cui et
al. [4] investigated a laser melting deposition process, fill-
ing the weld gap layer-wise with powder material during the
welding process. Sun et al. [21] used a laser with a variable
core-ring intensity distribution for welding and managed to
reduce the weld seam porosity by 40% withan optimized
intensity distribution. In a study by Wang et al. [22] chemi-
cal cleaning and mechanical polishing were used as surface
treatment before welding. This resulted in a 93% decreasein
weld seam porosity but also in a decrease in welding depth.
Chen et al. [2] investigated laser welding of AISi10Mg parts
manufactured by PBF-LB with increased ambient pressure.
Porosity and pore size were significantly reduced by weld-
ing under an increased pressure of 0.4 MPa.

Although all listed approaches improve the weld seam
quality, the root cause of the porosity formation, hydrogen,
is not addressed. Furthermore, these techniques often need
a complex infrastructure or hamper the productivity due
to a reduced welding speed. Therefore, this paper investi-
gates the formation mechanisms of hydrogen pores and an
approach to prevent hydrogen pore formation during weld-
ing of aluminum PBF-LB manufactured parts.

1.1 Formation mechanisms for hydrogen porosity

The formation of hydrogen pores is well investigated for the
casting of aluminum and aluminum alloys. For a hydrogen
pore to form, the partial pressure of hydrogen

20
PH, > Pamb + Phy + 7 (l)
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in the melt has to exceed the sum of the ambient pressure
(Pamp)» hydrostatic pressure of the melt (p,,) and the pres-
sure caused by the surface tension (o) and the pore radius ()
of the pore nucleus [14].

It is widely recognized that homogeneous pore nucle-
ation in the free-flowing melt is not possible [23, 24]. Due
to the small radius of a free-flowing pore nucleus, the neces-
sary partial pressure of hydrogen and thereby the necessary
hydrogen concentration would be unrealistically high [15]
and hydrogen pore formation during casting has been docu-
mented for hydrogen contents as low as 0.15 ml/100 g [25].
Therefore, most investigations propose either:

e alocally limited homogeneous pore nucleation in areas
with increased hydrogen concentration, or

e some kind of heterogeneous pore nucleation, meaning
that hydrogen pore nucleation occurs on or between cer-
tain surfaces or substrates and thereby effectively reduc-
ing the necessary partial pressure.

The three most commonly proposed hydrogen pore forma-
tion mechanisms are depicted in Fig. 1.The first proposed
mechanism is interdendritic pore formation [25-27] and is
depicted in Fig. 1a). Hydrogen is rejected by the progressing
solid phase because of the significantly lower solubility of
hydrogen in solid aluminum compared to the liquid state, and
agglomerates in the melt. This leads to a locally increased
hydrogen concentration in front of the solid/liquid (S/L) inter-
face and especially between the dendrites when compared
to the average hydrogen concentration in the free-flowing
melt. The locally increased hydrogen concentration is caus-
ing the partial pressure of the hydrogen to exceed the pres-
sure threshold, thereby enabling pore nucleation at the base
of the dendrites. Pore nucleation and growth is facilitated by
a simultaneous drop in the hydrostatic pressure of the melt
in the mushy zone. This is due to the volume change caused
by the shrinking of the material during solidification and
subsequent melt flow into the interdendritic space [28, 29].
The surface of the dendrites is well wetted with melt which
would cause pore nuclei to develop contact angles close to
180° when attached to the dendrite surface [14, 30]. The high
contact angle translates to a small pore radius r, and following
Eq. 1 thereby increasing the necessary hydrogen pressure for
pore nucleation. Campbell [30] therefore assessed that nucle-
ation occurs primarily in the liquid phase. Pore nuclei grow
by absorbing the hydrogen from the surrounding melt and can
occasionally leave the mushy zone at the S/L interface and
float into the weld pool when above a certain size [31]. The
pore shape and size is not necessarily limited by the adjacent
dendrites as the pressure in the pore can bend and deform the
surrounding material [27].



The International Journal of Advanced Manufacturing Technology

a ) dendrites b )
supersaturated  H

melt

" "

pore nucleus H

c)

supersaturated H

high hydrogen
concentration

" H melt H
H
H ./ .
double oxide film oxide particle H
o H H H

bl 'y / u :
( H,-pore \ f 2 ).
= A
H2-concentration \ ) / ]
double oxide film oxide particle

N\
\

Fig.1 Pore formation mechanisms in literature: a) interdendritic pore formation with (1) pore nucleation, (2) pore growth and (3) pore detachment.
b) pore formation between double oxide films. ¢) pore formation on oxide particles

The second proposed mechanism is the pore formation
between double oxide films (“bifilm-theory”. Figure 1b))
[23, 30, 32-34]. Oxide films which build on the surface of
the aluminum melt due to remaining oxygen in the ambi-
ent atmosphere are entrapped and folded by the movement
of the melt, building a bifilm particle. These non-metallic
inclusions possess a significantly lower wettability com-
pared to dendrite surfaces. Pore nuclei on these surfaces
develop a small contact angle and consequently a large
radius which in turn drastically decreases the surface ten-
sion of the pore nucleus. Hence, pores nucleate between the
folded oxide films due to the significantly reduced neces-
sary hydrogen pressure and start to expand. Pore defects
based on this mechanism were for example reported by Cao
& Campbell for Al-Si casting parts [35].

While most fundamental research on hydrogen pore for-
mation in aluminum is based on casting processes, several
studies also explored the hydrogen pore formation for weld-
ing of aluminum materials. Cross et al. [14] investigated
the hydrogen pore formation during laser welding and con-
cluded, that the probability for homogeneous pore formation
in the free-flowing melt pool is negligible during laser weld-
ing. Pore formation was assessed to most likely happen on
non-metallic inclusions due to the low wettability of these
particles by the melt. Interdendritic pore formation was not
considered in this work. Trometer et al. [36] suggested that
during laser welding of aluminum the natural oxide layer on
the surface of the part is broken up. Fragments of the oxide
layer then distribute in the weld pool during the laser weld-
ing and act as pore nucleation sites. (Fig. 1c)) This third
proposed mechanism does not include a double oxide film
as presented by the “bifilm theory”. Gu et al. [37] simulated
the dendrite growth coupled with the formation of hydrogen
pores for the laser welding of a AlCu-alloy. The simulation
shows the formation of hydrogen pores in the interdendritic

region and an increased hydrogen concentration in the melt
surrounding the dendrite tips. An experimental validation
confirmed that an increase in cooling rate leads to a decrease
in pore size and an increase in solute trapping of hydrogen.

The literature review clearly shows that while there are
multiple theories on the hydrogen pore formation mecha-
nism during laser welding of aluminum materials, knowl-
edge is limited.

1.2 In-process laser drying during PBF-LB

Investigations showed that the powder material used in PBF-
LB quickly picks up moisture from the ambient humidity
due to the large surface to volume ratio [38]. During PBF-
LB the moisture is split and oxygen and aluminum build
stable aluminum oxides,

3H20 + 2Al — AlyOs3 +3Ho 2)

while hydrogen is absorbed into the aluminum melt due to
the high solubility of hydrogen in liquid aluminum,

Hy — 2H s, 3)

The high cooling and solidification rates of the PBF-LB
process lead to entrapment of hydrogen in the material dur-
ing solidification [39]. While most of the hydrogen remains
in atomic form in the supersaturated Al-phase, part of the
hydrogen forms small gas pores during the PBF-LB pro-
cess [40]. During a consecutive heat treatment, especially
at solution heat treatment temperatures above 500 °C [41],
hydrogen diffusion leads to the formation of additional
pores as well as to the expansion of already existing pores
(“hydrogen blistering”) [42]. This effect can lead to signifi-
cant dimensional changes of PBF-LB manufactured parts,
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Table 1 Chemical composition of AISil0Mg powder material in %

Si Mg Fe Mn

Ti Zn Cu Al

9.8 0.35 0.18 0.01

0.03 0.01 <0.01 Bal.

thereby affecting the parts quality [43]. Moreover, hydrogen
embrittlement is a key factor enhancing stress corrosion of
aluminum parts [44, 45]. An experimental study by Gatto et
al. [46] showed an increased corrosion for AISi10Mg parts
manufactured by PBF-LB compared to cast parts. There-
fore, multiple studies investigated possibilities to reduce the
hydrogen content or hydrogen pores inside PBF-LB manu-
factured aluminum parts.

Weingarten et al. [39] investigated the formation of
hydrogen pores during PBF-LB and proposed in-pro-
cess laser powder drying as a new method to effectively
reduce powder moisture and thereby hydrogen porosity
in PBF-LB parts. This process uses a defocused laser
beam to locally and layerwise heat the spreaded powder
in the PBF-LB process chamber and evaporate moisture.
An experimental study by van Cauwenbergh et al. [47]
compared in-process laser drying with hydrogen outgas-
sing and hydrogen solute trapping with regard to the
amount of pores in a PBF-LB part. While hydrogen out-
gassing aims at releasing hydrogen into the inert atmo-
sphere by slowing down the solidification process it also
led to the formation of large process pores. Hydrogen
solute trapping prevents the release of hydrogen com-
pletely with a fast solidification process resulting in a
part supersaturated with hydrogen and only few pores.
As the trapped hydrogen would outgas and lead to
intense porosity in a consecutive welding process due
to the slower solidification rate of the welding process,
hydrogen solute trapping is also not suitable. Lubkowitz
et al. [48] conducted experiments to compare vacuum
drying and furnace drying with in-process laser drying,
proving the latter to be the most effective strategy to
minimize powder moisture and the formation of oxide
layers on the powder particles.

The aim of this paper is to investigate and describe
the formation of hydrogen pores when welding PBF-LB
manufactured AISi10Mg parts using in-situ high speed
X-ray imaging. In a second step, in-process laser drying
during PBF-LB is used, to reduce the hydrogen content
of the manufactured specimens as a strategy to mitigate
the formation of hydrogen pores in the subsequent weld-
ing process. The prepared specimens are welded and the
hydrogen pore formation is compared with standard PBF-
LB specimens. The impact of different drying intensities
on the resulting weld seam porosity is investigated. Based
on the results, a theory for the formation of hydrogen pores
during welding of AlSi10Mg PBF-LB-manufactured parts
is proposed.
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2 Materials and methods

The AISi10Mg powder material used for specimen produc-
tion had a particle size between 20 and 63 pm with an aver-
age diameter of 42.14 um and was supplied by m4p material
solutions GmbH (Magdeburg, Germany). The chemical
composition of the powder material is listed in Table 1.

In-process laser powder drying as presented in [39] was
used to locally dry the spreaded powder before melting the
desired area and thereby manufacturing batches of specimens
with reduced hydrogen content. The procedure is schematically
depicted in Fig. 2. In a first step (Fig. 2a)), the area of the speci-
men is irradiated with a defocused laser beam using a reduced
laser power compared to the actual PBF-LB process. This leads
to heating of the powder, the moisture is evaporated and taken
away by the inert gas flow inside the process chamber. The
reduced intensity prevents the melting of the powder particles
and therefore prevents the evaporated moisture to be captured
by the melt. In a second step (Fig. 2b)), the laser beam is focused
on the surface of the powder layer, melts the dried powder mate-
rial and thereby generates the desired part geometry.

For the laser drying process step the focal plane is shifted up
by 10 mm thus defocusing the laser to a spot diameter of 230
pum on the powder layer surface. Four different parameter sets
for laser drying, taken from [48], were tested and are listed in
Table 2. The line energy is used to characterize the heat input

a) P b) PPBF’ dfocus

' m Vscan

dry? dspot
> Vscan

Fig. 2 Schematic depiction of the PBF-LB process steps with in-pro-
cess laser powder drying: (a) powder drying using a defocused laser
beam (b) melting the dried powder using a focused laser beam

Table 2 Parameter sets for laser powder drying

Laser powder dry- Laser Scanning Hatch Line
ing parameter set power speed vy, in distance  energy
Pyyin W mm/s in pm (=P/v) in
mJ/mm

D1 25 1037 160 24

D2 38.8 1288 155 30

D3 75 1500 155 50

D4 75 1000 155 75
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for the powder drying process and is calculated as the quo-
tient of laser power and scanning speed. Reference specimens
were manufactured alongside without in-process laser powder
drying.

Specimens were manufactured on a SLM 280 HL
machine from Nikon SLM Solutions AG (Luebeck, Ger-
many) using Argon as an inert gas. The machine is equipped
with a fiber laser with a wavelength of 1070 nm. The beam
profile was measured according to DIN EN ISO 11146-2
with a M? of 1.33, a Rayleigh length of 3.77 mm and a focus
diameter of 83 um on the powder bed surface. The PBF-LB
process parameters (Table 3) combined with a 67° rotation
of the scanning pattern between the layers reliably produce
specimens with a relative density of >99.5%. All manufac-
tured specimens had a size of 50 %30 x2 mm?>.

The welding experiments were performed at the
“Deutsches Elektronen-Synchrotron” (DESY) X-ray radia-
tion source PETRA III at beamline P61A, operated by the
Helmholtz Centre Hereon in Hamburg, Germany. In-situ
X-ray imaging of laser welding processes using synchro-
tron radiation was introduced in 2012 by Yamada et al. [49]
and has since been established for in-situ investigations on

Table 3 PBF-LB process parameters for specimen production

Parameter Value
Laser Power Ppgp 350 W
Scanning Speed v, 1150 mm/s
Hatch Distance & 170 pm
Layer Thickness ¢ 50 pm

Fig. 3 Experimental setup for
capturing in-situ X-ray images of
the laser welding process

/1

Mirror

Scintillator Specimen

melt flow [50], pore formation [17, 51] or welding capillary
behavior [52]. In recent years this method was even adapted
for in-situ observations of the PBF-LB process [53]. The
experimental setup for capturing in-situ X-ray images of the
welding process is schematically depicted in Fig. 3. A col-
limated, white X-ray beam radiates through the process zone
of the sample. The intensity of the X-ray radiation after the
sample is based on the local attenuation of the X-ray beam in
the welding specimen. As the attenuation during the passage
through the specimen is weaker for gaseous material such as
pores, bubbles or the welding capillary these features become
visible as brighter areas compared to the denser aluminum
material. In addition, diffraction of the X-rays and the asso-
ciated interference occur at phase boundaries. This leads to
black edges at the transition between gas and solid or liquid.
The X-rays are transformed into visible light by a Cerium
doped Lutetium Aluminum crystal (Ce:LuAG) scintillator
with a thickness of 600 um. This light is mirrored and cap-
tured by a high-speed camera (iSpeed 727 by ix Cameras,
UK) with a frame rate of 50 kHz. The observed section is
1.6 x 2.1 mm? with a resolution of 383 px/mm. The image
processing includes a flat-field correction to exclude possible
defects from the scintillator, imaging system or camera and
to mitigate the intensity distribution of the brightness of the
X-ray beam. This is followed by a Kalman filter operation
to reduce noise and a fast Fourier transform to mitigate peri-
odical features generated by the high-speed camera sensor. To
improve the X-ray image quality the surface roughness of all
specimens was reduced by grinding and polishing.

High-Speed
Camera

Scanner
Optics

Movement LaSEr
Direction () X-Ray
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Laser welding was performed using a single mode fiber
laser (Coherent, USA) with a wavelength of 1070 nm (M2 =
1.31), laser power of 1.5 kW and the focal plane was set 4
mm above the specimen surface, resulting in a laser spot size
of 187 pum on the specimen surface. Laser welding param-
eters were maintained for all welding experiments and all
specimens, reference specimens and laser-dried specimens.
The laser beam was moved over the specimen surface with
a feed rate of 400 mm/s using a scanner optic. The laser
parameters were set to result in a U-shaped capillary, which
is known to be a stable capillary shape [54], therefore pre-
venting the formation of any process pores and ensuring
almost all of the observed pores are generated inside the
weld pool during cool down. As common for remote laser
welding, no shielding gas was used during laser welding.

For every weld seam six cross-sections were prepared, pol-
ished and etched using NaOH as etchant. The porosity of the
weld seam and the base material was evaluated using bina-
rized optical microscope images and the particle analysis tool

provided by Imagel. Single pores were further investigated with
a Helios NanoLab600 (FEI Company, USA) scanning electron
microscope (SEM) equipped with an Aztec EDX Ultim Max
energy-dispersive X-ray spectroscopy (EDS) unit (Oxford
Instruments, UK). The microstructure was investigated using a
JSM-6010 LV SEM (Jeol, Japan). The hydrogen content of the
specimen’s material was measured using carrier gas hot extrac-
tion. Three material samples of the reference material and D4
material with a mass of 0.8-0.9 g each and polished surfaces
were used for hydrogen content measurement.

3 Results
3.1 Formation of hydrogen porosity
The formation of hydrogen porosity was evaluated for laser

welding of PBF-LB manufactured specimens without applying
the in-process laser drying process (“reference specimens”).

120 T T T T T T

b)

100 8

Pore Count
D
o

(a) Cross-section of a weld seam containing numerous pores (refer-
ence material). The shape of the weld seam is outlined by the dashed
red line. Laser welding parameters see Table 4. (b) Average size dis-
tribution of the pore diameter of pores inside the weld seam (reference
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Table 4 Laser welding parameters

Laser power Feed rate Spot diameter on sample surface

Focus shift M2 Laser wavelength Shielding gas

1.5 kW 400 mm/s 187 um

4 mm 1.31 1070 nm None

Figure 4a) shows an optical microscope image of the cross-
section of a weld seam in a reference specimen. The welding
process creates numerous pores inside the weld seam with
increasing porosity towards the top and center of the weld
seam. In the material surrounding the weld seam single scan
tracks from the PBF-LB process are visible. Figure 4b) shows
the average size distribution of pores inside the weld seam of
the reference specimen. The porosity mostly comprises of pores
smaller than 6 pm and only includes few pores larger than 15
um. To further characterize the porosity and pore distribution,
the weld seam was split in six horizontal layers (see Fig. 4c)).
For every layer the average porosity as well as the average pore
size and pore count was measured and the results are shown in
Fig. 4d). The evaluation confirms the decrease in weld seam
porosity from the top towards the bottom of the weld seam. The
pore size and pore count decrease correspondingly.

The size of the weld pool was measured with the use of
the X-ray images. It has a length of 3.3—3.5 mm and is lon-
ger than the section observed in a single image. Therefore,
the complete weld pool and capillary is displayed by stitch-
ing four single frames of the X-ray image sequences with a
time interval of 2.5 ms between each frame (Fig. 5).

The yellow line describes the shape of the weld pool and
was determined by observing where bubbles moving inside
the weld pool start to freeze, since the actual S/L interface
is not directly visible in the X-ray images. The depth of the
weld pool measured from the X-ray image is 575 um and
corresponds well with the depth of the weld seam (580 um)

measured from the optical microscope image of the weld
seam cross-section in Fig. 4a). The shape of the capillary is
highlighted with red and verifies the aspired U-shape, result-
ing in a stable capillary. An exemplary temporal sequence of
the stable capillary shape is provided in appendix Al. Con-
sequently, the weld pool behind the capillary does not con-
tain any process pores caused by instabilities of the vapor
capillary. The base material, however, naturally contains a
certain amount of porosity from the PBF-LB process. These
pores can be categorized as “gas pores” due to their small
diameter and spherical shape [39]. As indicated by the Ara-
bic numbers in Fig. 5, gas pores in the base material can
either be:

1) on the side of the weld seam and not be affected at all,
but still visible in the X-ray images as unmoved pore
defects,

2) picked up by the weld pool and escape the melt due to
the buoyance,

3) or be picked up by the weld pool, remain in the weld
pool, grow e.g., due to the thermal expansion of the
contained gas and/or due to fusion with other pores and
freeze in the solidifying melt.

Pores which directly meet the capillary dissipate and the
contained gas is presumably released into the environ-
ment. However, towards the end of the weld pool numer-
ous bubbles occur inside the weld pool, highlighted with

2 asenmecrs

Welding
Direction

Fig. 5 Stitched image sequence of X-ray images showing the weld
pool and capillary (reference material). The shape of the weld pool is
indicated by the yellow line, the capillary is highlighted in red. Laser

welding parameters see Table 4. The corresponding high-speed record-
ing of the reference material is provided in the supplementary materi-
als (Online Resource ESM 5).
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purple shading, resulting in pores in the weld seam. By
comparing the depicted frames, it is evident that along
the welding direction the first bubbles of this kind can be
found in the middle of the weld pool (see 4), purple circles)
while the front of the weld pool is free of bubbles except
the ones already present in the materials as e.g. 1)-3).
As these newly formed bubbles at 4) are neither process
pores nor pores from the base material, it is believed that
these bubbles form through diffusion and accumulation of
hydrogen. Along the weld pool depth, the weld pool can
be separated in three different zones (I-III) depending on
the pore formation characteristics, where the transition
between the zones is smooth. No pore formation can be
observed at the bottom of the weld pool (zone I). In zone
II few pores form at the solidification front at the end of
the weld pool and expand but no bubbles are present in the
weld pool. In zone III pores are much more numerous at
the S/L interface at the end of the weld pool. The poros-
ity increases towards the end of the weld pool to a point
where it is not possible anymore to identify single pores in
the X-ray images. This is due to the small diameter of the
pores (<4 px) in this region and the overlapping of mul-
tiple pores in the direction of the X-ray beam, making a
quantitative analysis of the X-ray images impossible. The
increased porosity towards the top of the weld pool how-
ever is confirmed by the cross-section in Fig. 4a) and Fig.
4b) demonstrates the large number of small pores inside
the weld seam. Also, in zone III bubbles can be observed
further away from the S/L interface floating inside the
weld pool (see (4)). These bubbles have a diameter of 5 to
6 pixel in the highspeed camera recordings, which equals
13—16 um and corresponds well with the size of the largest
pores measured in Fig. 4. The agglomerated bubbles near
the S/L interface show no general movement but rather
solidify at or near the formation site.

Single pores inside the weld seam were investigated
with optical microscopy (see Fig. 6a & b) and SEM (see
Fig. 6¢). The investigated pores have a spherical shape
and show no signs of aluminum oxide particles or oxide
layers as these would clearly stand out from the base
material as shown in microscopic images of oxide par-
ticles by [35, 36]. This is confirmed by the EDS elemen-
tal analysis of the pore (see Fig. 6d)) which shows no
oxygen concentrations inside the pore. The only oxygen-
containing particles are agglomerations of the colloidal
silicon dioxide of the polishing suspension. The EDS
analysis further shows that the typical Si-network struc-
ture of fast-solidifying AISi10Mg is maintained inside
the pore [55]. Magnesium is evenly dispersed inside the
material. The microstructure inside and outside the weld
seam consists of a Si-rich network surrounding the Al-
phase. The coarser microstructure inside the weld seam
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(Fig. 6¢)) compared to the base material (Fig. 6f)) is due
to the slower cooling rate of the laser welding process
compared to the PBF-LB process.

3.2 Reduction of hydrogen porosity

In addition, laser welding with the same process parameters
was applied to the material which was manufactured with an
additional in-process laser drying step during PBF-LB (D1-
D4). The line energy used for the laser drying process was
varied between 24 and 75 mJ/mm. Polished cross-sections
of the resulting weld seams are shown in Fig. 7. For low line
energies during the in-process laser drying (24 & 30 mJ/
mm, Fig. 7a & b)) the weld seam still contains numerous
pores which are distributed at the top of the weld seam. With
an increased line energy (50 mJ/mm, Fig. 7c)) the number of
pores decreases drastically. The maximum line energy (75
mJ/mm, Fig. 7d)) enables a weld seam containing no mac-
roscopic pores. The in-process laser powder drying does
not influence the shape or size of the weld seam, as these
remained constant for all experiments.

The relative porosity of the weld seam and the cor-
responding base material was evaluated using binarized
microscope images. For every material configuration 5-6
cross-sections were evaluated. Results for the porosity
measurement are summarized in Fig. 8a). The porosity of
the base material remains constant for the different laser-
dried materials and is comparable to the porosity in the ref-
erence material (line energy 0 mJ/mm). The average weld
seam porosity is the highest for the reference material and
slightly decreases for lower line energies (24-30 mJ/mm).
The high deviation in porosity for all weld seams is caused
by the occasional presence of larger pores in the weld seam
as seen in Fig. 7c¢). Based on the observations from the in-
situ X-ray imaging (described in Sect. 3.1), these pores are
believed to originate from the base material and solidified
in the weld seam (see Fig. 5, number 3)). The weld seam
porosity significantly decreases for higher line energies of
the drying process. For the maximum line energy (75 mJ/
mm) the average weld seam porosity is equivalent to the
already existing porosity of the base material. Figure 8b)
shows the average circularity of the pores inside the weld
seam and the base material. Pores inside and outside the
weld seam tend to have a roundish shape with a circularity
between 0.7 and 0.8. Considering the significant standard
deviation, the circularity inside and outside the weld seam
can be deemed as constant for all investigated line ener-
gies as well as the reference material. The results for the
weld seam porosity presented in Figs. 7 and 8 show that
the in-process laser drying step was successfully applied to
reduce the resulting weld seam porosity in the laser welded
parts.
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Fig. 6 (a) Optical microscope
image of the polished cross-
section of a weld seam (reference
material) (b) Detailed optical
microscope image of an exem-
plary hydrogen pore and sur-
rounding microstructure, etched
with NaOH (c¢) SEM image of an
exemplary pore inside the weld
seam,; tilted towards the EDS
detector to achieve a sufficient
signal for elemental analysis
(reference material) (d) EDS
elemental analysis of the pore
and surrounding material (e) typi-
cal microstructure inside the weld
seam (f) typical microstructure of
the base material

The hydrogen content of the base material was measured
exemplary for the reference material as well as for the laser-
dried material D4 (line energy 75 mJ/mm) by carrier gas hot
extraction. For the reference material the hydrogen content
is 5.71 (£0.56) ml/100 g and for the laser-dried material
D4 it is 4.26 (£0.23) ml/100 g. This is a significant 25%
decrease in hydrogen content achieved by the in-process
laser drying. The corresponding X-ray image sequence (Fig.
9) illustrates that no pores form during laser welding of the
laser-dried D4 material.

Si-network

Figure 10 shows X-ray images of the different materials
before and after the laser welding. It illustrates the local dis-
tribution of the pores in the weld seam. The distribution of
the generated pores in the weld seam is identical for the ref-
erence material and the materials D1 and D2 (Fig. 10a-c)).
The porosity increases gradually towards the top of the weld
seam, which corresponds well with the porosity distribution
observed from the optical microscope images of weld cross-
sections presented in Fig. 4. The before/after X-ray images
as well as the X-ray image sequences of all the materials
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50 mJ/mm

Fig.7 Cross-sections of weld seams produced in laser-dried material. (a) D1, line energy: 24 mJ/mm, (b) D2, line energy: 30 mJ/mm, (¢) D3, line
energy: 50 mJ/mm, (d) D4, line energy: 75 mJ/mm. Laser welding parameters see Table 4
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ferent powder drying parameters. The reference material without laser
powder drying is marked with a line energy of 0 mJ/mm Error bars:

min/max error. (b) Average pore circularity inside the weld seam and
in the base material. Error bars: standard deviation
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2 asenmecrs

Welding
Direction

Fig. 9 Stitched X-ray image sequence for the laser welding of laser-
dried material (D4). The shape of the weld pool is indicated by the yel-
low line, the capillary is highlighted in red. Laser welding parameters

(see appendix A2) show, that the in-process laser drying
does not alternate the formation mechanism of pores in the
weld seam but only the number and size of pores.

4 Discussion

All conducted experiments show that no process pores formed
during laser welding, therefore process pores are ruled out as a
possible origin of porosity. The X-ray images suggest that the
majority of the pores form at or near the solidification front.
For pure aluminum at solidus temperature (660 °C, 1.013 bar)
the solubility of hydrogen in the liquid phase is estimated as
0.71 ml/100 g and 0.043 ml/100 g in the solid phase [56].
According to the hydrogen content measurement the hydro-
gen content of the reference material exceeds the solubility
by a saturation factor of S;;, = 8 for the liquid phase and S
= 133 for the solid phase. The liquid aluminum in the weld
pool is therefore supersaturated with hydrogen which causes
the formation of hydrogen pores. For the laser-dried mate-
rial D4 with a lower hydrogen content these factors reduce to
Siiq = 6 and S,;= 99, but still the hydrogen content is above
the solubility limit for both, the solid and liquid phase. Nev-
ertheless, the presented solubility values are determined for
the equilibrium state of pure aluminum and alloying elements
as well as non-equilibrium cooling can strongly influence the
hydrogen solubility [56, 57]. The hydrogen solubility of the
aluminum alloy AlSi10Mg is currently unknown. Therefore,
it is possible that hydrogen capture due to the fast cooling
and solidification during welding as well as an altered hydro-
gen solubility due to the alloying elements contribute to a
pore free weld seam during laser welding of the D4 material
despite a saturation factor Sy, > 1.

see Table 4. The corresponding high-speed recordings of the D1-4
materials (Online Resource ESM1-4) are provided in the supplemen-
tary materials.

The hydrogen content of both, the reference material and
the D4 material, is however much lower compared to the
hydrogen content of 33.6 ml/100 g for unconditioned pow-
der material which was measured by Weingarten et al. [39].
This indicates, that most of the hydrogen dissolves during
PBF-LB either due to the heated build platform or during
melting and solidification. Nevertheless, with the in-process
laser powder drying the remaining hydrogen content in the
PBF-LB parts can be further reduced significantly.

The optical microscope and SEM investigation of the
pores in the weld seams did not show any signs of oxide
particles or oxide films inside the pores. The nearly spheri-
cal shape and size of all investigated pores do also not
comply with the irregular pore shapes of hydrogen pores
caused by oxide films and oxide particles as presented by
Cao & Campbell [35] and Trometer et al. [36] but is simi-
lar to hydrogen pores in PBF-LB manufactured aluminum
parts [39, 45]. It is therefore believed that hydrogen pores
did not form on oxide particles or between double oxide
films in the weld pool when laser-welding PBF-LB man-
ufactured AISilOMg parts. As the specimen surface was
ground before laser welding the oxide layer resulting from
the PBF-LB process was removed, consequently reducing
the involvement of oxides in the pore formation. Hence, by
process of elimination, hydrogen pores either formed in the
interdendritic region at the solidification front, or by hydro-
gen diffusing into and expanding already existing micro-
scopic pores in the weld pool.

Although the D4 laser-dried material surpasses the
hydrogen solubility and the base material contains numer-
ous pores, no indications for growth of these already exist-
ing pores was observed in the X-ray investigations. There is
no increase in porosity inside the weld seam compared to the
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30 mJ/mm
s

X-ray images of the specimens before (top) and after laser welding
(bottom) for the different materials used. (a) reference material, (b)
D1, line energy: 24 mJ/mm, (¢) D2, line energy: 30 mJ/mm, (d) D3,

D4 base material as shown in Fig. 7d) and Fig. 8. Also, the
X-ray images in Fig. 9 show no signs of growth for already
existing pores. Therefore, the interdendritic pore formation
at the solidification front is believed to be the dominant pore
formation mechanism.

In the following, based on the presented results and
in-situ X-ray observations, a possible explanation for the
hydrogen pore formation mechanism is developed. As
described in Sect. 1, hydrogen pores form if the local partial
pressure of hydrogen in the melt exceeds the sum of the
ambient pressure, hydrostatic pressure as well as the surface
tension (see Eq. 1). As the solubility of hydrogen in liquid
aluminum is 16 times larger compared to solid aluminum,
hydrogen is rejected by the progressing S/L interface and
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LASER MEETS

SYNCHROTRON

line energy: 50 mJ/mm, (e) D4, line energy: 75 mJ/mm. The horizontal
green line marks the depth of the weld pool

agglomerates around the growing dendrites. The solidi-
fication path provides the necessary information to better
understand the solidification process at the S/L interface in
detail. The solidification path of AlSi10Mg is depicted in
Fig. 11 and was calculated with Thermo-Calc 2023b and the
provided aluminum alloy database TCALS: Al-alloys v8.2.
Calculations were done according to the Scheil-Gulliver
model [58, 59], assuming rapid cooling which is typical for
laser welding. As a comparison the solidification path under
equilibrium conditions was also calculated (see Fig. 11; red,
dashed line).

In the first phase of solidification primary o-Al solidi-
fies (mass fraction solid fs = 0-0.23.23), which presum-
ably corresponds to a quick growth of the dendrite tips. The
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Fig. 11 Solidification path for AISi10Mg calculated with Thermo-Calc
2023b according to the Scheil-Gulliver model (black line) and for
equilibrium condition (red, dashed line)

majority of the material (fs = 0.23-0.75, indicated by the
vertical, dotted red lines) solidifies in a second phase in a
narrow temperature range of 570-575 °C. It is therefore in
this phase, after the formation of dendrites, when the hydro-
gen concentration in the melt between the already solidified
dendritic grains increases the most. This leads to a signifi-
cantly higher hydrogen concentration between the dendrites
compared to the dendrite tips. The comparison with the
solidification under equilibrium conditions shows a signifi-
cant under-cooling of the melt towards the end of the solidi-
fication. This can be attributed to the rapid cooling during
laser welding. However, the majority of the solidification up
to fs = 0.75 is similar for the rapid cooling (Scheil) and the
equilibrium condition, probably due to the proximity to the
eutectic composition with 12% silicon [60].

The straight incline of the rear of the weld pool, as seen
in Fig. 5, relates to a constant solidification rate over the
depth of the weld pool. As a constant solidification rate
corresponds with constant formation conditions, a homo-
geneous pore distribution along the depth of the weld pool
would be expected. However, the porosity distribution
shown in Fig. 10 proves that more pores are found at the top
while the root of the weld seam is often free of any hydro-
gen pores. The X-ray image sequence (Fig. 5) in turn shows
that pores do not form at the bottom of the weld pool and
rise to the top but are already formed at the top of the weld
seam. Therefore, the pore distribution can only be explained
with a three-dimensional analysis of the solidification of the
weld pool (Fig. 12).

The highest porosity is found in zone III. Temperature
gradients are typically low towards the end of the weld pool
and near the surface and complete solidification takes more

time compared to the bottom of the weld pool. This is illus-
trated by the distance between the liquidus isotherm T}, and
the solidus isotherm T, in Fig. 12. The slower solidification
allows more hydrogen to agglomerate in front of the solidi-
fication front and allows pores to nucleate and grow. Addi-
tionally, the absolute volume of molten material and thereby
the absolute amount of hydrogen in zone III is higher com-
pared to zone I or II. This implies that the potential hydrogen
concentration due to the agglomerating hydrogen in front of
the S/L interface during solidification can also reach higher
values in zone III compared to zones I and II. The high local
hydrogen concentration leads to an increased partial pres-
sure of hydrogen in the melt. As the solidification starts with
o-Al dendrites, the silicon concentration in the melt between
the dendrites increases, which in turn reduces the hydrogen
solubility [61]. Both effects facilitate hydrogen pore forma-
tion. Pores are therefore mostly formed in the mushy zone
(fs = 0.23-0.75) and do not flow in the weld pool as the
melt does not flow between the dendrites to pick up the
pores. However, the X-ray image sequence (Fig. 5) shows
that some pores move with the melt flow. It is assumed that
these pores do not nucleate between the dendrites but nucle-
ate during the formation of the dendrite tips (fs = 0-0.23.23)
and are picked up by the melt flow. The simulations by Gu
et al. [37] suggest pore formation is possible in the early
stages of solidification due to high hydrogen concentrations
at the dendrite tips. Alternatively, these pores could exceed
the critical size to escape the mushy zone as described by
Yamamoto et al. [31].

In zone II the solidification time is reduced which leads
to lower hydrogen concentrations at the S/L interface and a
higher degree of solute hydrogen trapping. Pores are smaller
and exclusively form in the mushy zone. In zone I tempera-
ture gradients are high as the surrounding base material
conducts the heat. As illustrated by the small solidifica-
tion region between T, and T, the solidification time is
extremely short which presumably prevents hydrogen to
diffuse and agglomerate in front of the S/L interface. The
hydrogen is captured in the material leading to a pore-free
weld seam root supersaturated with hydrogen.

The lower hydrogen content in the laser-dried materials
D3 and D4 consequently leads to an overall lower hydrogen
concentration and a lower partial pressure of hydrogen in
the weld pool and especially at the S/L interface in all three
zones. This reduction prevents the partial pressure to cross
the threshold for pore formation, even in zone III. Since the
hydrogen content in the laser-dried material D4 is still above
the solubility of hydrogen in aluminum at melting tempera-
ture, it is possible that for other welding parameters with
overall slower solidification the hydrogen concentration in
the solidification region is still sufficient for hydrogen pores
to form.
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Fig. 12 Schematic depiction of the dendrite growth and the formation of hydrogen pores in the different zones (I-1II, compare Fig. 5) of the weld

pool

5 Conclusion

In this study the hydrogen pore formation for laser weld-
ing of PBF-LB manufactured A1Sil0Mg parts was investi-
gated by means of high-speed in-situ X-ray imaging. The
measured hydrogen content of the reference part is 5.71
ml/100 g and exceeded the hydrogen solubility of pure
solid aluminum at solidification temperature by a factor
of 133. The results show, that hydrogen pore formation
mainly occurs in the interdendritic region at the solidifi-
cation front. Pores mainly form in the upper part of the
weld pool, where the longer solidification time allows
more hydrogen to diffuse into the melt surrounding the
dendrites. The locally increased hydrogen concentration at

@ Springer

the base of the dendrites achieves a partial pressure high
enough for homogeneous pore formation. By adding an
in-process laser powder drying step to the PBF-LB pro-
cess for manufacturing of the parts the resulting hydrogen
content of the parts could be reduced by up to 25%. This
could decrease and even prevent the formation of hydro-
gen pores during laser welding. The reason for that is pre-
sumably the reduced partial pressure of hydrogen in the
melt surrounding the dendrites during solidification. The
laser drying process can be restricted to critical areas of
the part and does not affect the resulting relative density of
the manufactured part. It is thereby an excellent possibility
to reduce hydrogen porosity when welding aluminum parts
manufactured by PBF-LB.
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As an outlook, the presented findings on the reduction
of the hydrogen content could have an impact on the cor-
rosion performance of PBF-LB manufactured parts. Cor-
rosion performance of PBF-LB manufactured AlSil0Mg
parts in the as built [44, 46] as well as in the heat-treated
[62] condition and the role of hydrogen is a current research
topic. Hydrogen embrittlement for example plays a crucial
role during stress corrosion [45]. Further it is known that
PBF-LB manufactured parts typically contain pores such
as hydrogen pores, sometimes referred to as gas pores, or
lack-of-fusion pores [63]. Hydrogen pores, due to their
small size and round shape, do not significantly impact the
mechanical performance of the parts [45, 64]. When put
in environments with corrosive substances these pores can

Appendix

A1l Temporal sequence of the capillary shape.

accelerate pit formation and pit growth and thereby drasti-
cally reduce the corrosion resistance [45]. It was proven
by Weingarten et al. [39] that hydrogen porosity in PBF-
LB manufactured parts can be reduced by in-process laser
drying and the present study confirmed this also for laser
welding of these parts. This could lead to a reduced sus-
ceptibility to corrosion and positively impact the corrosion
performance. Moreover, hydrogen blistering during a sub-
sequent heat treatment process could possibly be reduced
by the additional process step. However, further research
on these topics is needed to thoroughly assess the possi-
ble impacts of an in-situ laser powder drying process on
the performance characteristics of PBF-LB manufactured
AlSi10Mg parts.

LASER MEETS
SYNCHROTRON

0.16 ms

0.32 ms

Fig. 13 Temporal sequence of the capillary shape with every second frame of the X-ray images. The capillary shows a stable U-shape and no col-

lapses throughout the sequence
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A2 X-ray image sequences:

LASER MEETS
SYNCHROTRON

0.0075s { EELIEHS 0.0050s ¥ - (XTPERN s 100 pm | . 0.0000s

Fig. 14 X-ray image sequence D1 material

LASER MEETS
SYNCHROTRON

0.0075s & ‘ 0.0050 s ; 00025 s Rl - 0.0000 s

Fig. 15 X-ray image sequence D2 material
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0.0050 s

Fig. 16 X-ray image sequence D3 material
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