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Abstract
Surface pretreatment is of great significance for improving the welding quality of metal materials, especially aluminum alloys. 
At present, the welding process is introduced to join the laser powder bed fusion (LPBF) AlSi10Mg alloys or their repair 
during manufacturing or service. However, the high susceptibility of hydrogen pores is one of the most important problems 
encountered in the fusion welding process of LPBF AlSi10Mg alloys. To clarify the influence of the surface state of the 
base metal on the hydrogen pore characteristics, the LPBF AlSi10Mg sheets were pretreated by chemical cleaning treat-
ment (CCT), mechanical polishing treatment (MPT), and chemical cleaning treatment after mechanical polishing treatment 
(MPT-CCT) before laser welding. Subsequently, the hydrogen pore characteristics, microstructure, and micro-hardness of 
the welded joints were investigated. The experimental results show that laser welding with MPT-CCT significantly reduces 
the porosity and pore diameter. In addition, MPT-CCT can eliminate most of the broken and discontinuous surface oxide 
film and Mg enrichment. In summary, the necessity of MPT-CCT for LPBF AlSi10Mg alloys is analyzed systematically, 
which is of great significance to improve the welding quality.
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1  Introduction

Metal-based additive manufacturing (AM), which allows 
producing structural and functional parts employing a layer-
by-layer addition of material starting from 3D digital models, 
is a potentially disruptive technology across multiple indus-
tries, including the aerospace, biomedical, and automotive 
industries [1]. In the past years, LPBF has been developed as 
an economically viable technology for fabricating complex 
geometries in aerospace industries and also as an advanced 
technique for component repairs [2–4].

However, due to the limit of the building chamber’s 
available size and other factors, the dimension of the LPBF 
parts is small. As a result, welding may be necessary to 
meet industry needs for larger parts. Furthermore, repairing 
LPBF components by welding is more cost-effective and 
time-saving than replacing them, making welding technolo-
gies a practical solution [5–7]. Prashanth et al. [8], Du et al. 
[9], and Moeini et al. [10] employed friction welding (FW), 
a solid-state joining technique commonly used to join LPBF 
Al-12Si or AlSi10Mg parts, showing that the improvements 
in the joints’ ductility were strongly related to a pronounced 
change in the Si-rich phases and the α-Al cells in the Al 
matrix. Nahmany et al. [11–13] investigated the electron 
beam welding (EBM) of LPBF AlSi10Mg workpieces and 
effectively applied this technique to produce a thin-walled 
pressure vessel. Biffi et al. [14] and Zhang et al. [15] inves-
tigated the laser weldability of LPBF AlSi10Mg alloy. Some 
investigations have studied the weldability of additive manu-
facturing parts, but the research on surface treatment before 
welding is still limited, as well as lower mechanical proper-
ties of the weld seam than the base metal (BM) and high 
susceptibility to hydrogen pores have not been resolved yet.
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It is well known that aluminum alloys require various 
surface pretreatment processes before welding in order to 
reduce the influence of surface oxide film. At the same time, 
the formation of pores in aluminum alloy welding is mainly 
due to the significant difference in the hydrogen solubility 
of aluminum in solid and liquid states [16]. The dense oxide 
film, impurities on the BM surface, and the filling material, 
adsorbing the crystalline water and chemical water from the 
air and shielding gas, are decomposed to produce hydrogen 
gradually. The precipitated hydrogen has no time to escape 
and remains to form pores in the weld seam. Thus, the pow-
der of LPBF aluminum alloy has a larger surface in contact 
with the surroundings than a conventional forgeable piece 
or casting component; it offers more possibilities to absorb 
moisture from the environment. This moisture and hydrogen 
have been dissolved in the powder and cannot be completely 
eliminated during the additive manufacturing process. And 
for the AM parts, the sides and any areas in contact with 
the supporting material have a rougher surface. Therefore, 
it is necessary to perform surface pretreatment on the BM 
before welding to reduce the porosity and the associated 
surface imperfections.

Considering the pretreatment of aluminum alloys before 
welding, the effective cleaning of aluminum substrate can 
be achieved by a variety of processes. Laser welding with 
coatings, e.g., galvanized surfaces on steel, has been exten-
sively studied for improving corrosion resistance [17]. It has 
been reported that the produced vapor from the coating can 
be entrapped, leading to variations in recoil pressure and so 
on, which might be similar to oxidized aluminum surfaces 
in this work. It is also known from there that oxide skins 
can lead to reactions in the melt pool. When laser welding 
with coatings, e.g., galvanized surfaces, similar effects might 
occur. Meanwhile, whether the surface pretreatment by using 
coatings is suitable for LPBF parts remains to be verified. 
At present, no detailed description of surface pretreatment 
of LPBF AlSi10Mg alloy has been reported based on the 
literature.

It is well known that when removing the aluminum oxide 
layer, there will be less disturbance in the process and, thus, 
less pores. The pores affected by the aluminum oxide layer 
usually are process pores, but not hydrogen pores. This is 
because the formation of the process pores in the weld seam 
is mainly attributed to the instability of the laser keyhole 
resulting from the recoil force of the vapor on the liquid 
metal when the laser power density is high enough [18]. 
However, the pores formed in the WM of LPBF AlSi10Mg 
alloy show standard circles with much smaller sizes, which 
can be determined as hydrogen pores. The formation mecha-
nism of hydrogen pores in laser welding of LPBF AlSi10Mg 
alloys is similar to that in traditional Al-based alloys. The 
formation of hydrogen pores during the welding of conven-
tional aluminum alloys is caused by the presence of moisture 

or hydrogen in the welding environment, oxide film on the 
surface, and hydrogen generated by the decomposition of 
impurities, welding consumables, and BM itself [19]. It is 
generally thought that the weld pool will absorb hydrogen, 
and then supersaturated hydrogen rejects from the liquid 
metal to form bubbles during cooling and solidification due 
to a decrease in hydrogen solubility, especially a sharp drop 
at the solidification temperature between liquid and solid. 
If the bubbles cannot float out from the weld pool before 
solidification, they will remain in the weld as pores [20]. For 
the LPBF AlSi10Mg alloys, the reason for the high hydrogen 
porosity occurred in the WM was largely associated with the 
much higher amount of oxygen and hydrogen in the LPBF 
AlSi10Mg alloys than that of the casting ones, owing to the 
special powder characteristics, which are used to prepare the 
LPBF aluminum alloys, having a larger surface in contact 
with the surroundings than conventional forgeable or cast-
ing bulk materials [21, 22]. Beckmann et al. [23] reported 
that the hydrogen content in the LPBF part was seven times 
higher than that in the cast parts. Our previous study also has 
confirmed the high hydrogen content of the WM in the laser 
joint of LPBF AlSi10Mg alloys [24]. Therefore, it is of great 
significance in doing pretreatment for the surface of LPBF 
aluminum alloys before laser welding.

Compared with conventional aluminum alloy, welding 
of LPBF AlSi10Mg alloys has been particularly challeng-
ing [14]. Characteristics of laser welding include small 
beam size, precise control of beam shape and position, and 
very high energy density. The extension of the thermally 
affected areas is narrow with consequent low residual 
stresses and almost no distortions [20]. Using laser weld-
ing can improve the mechanical properties of LPBF Al-Si 
welded joints [15]. Prashanth et al. [8] had proposed that 
the pre-existing oxide films might cause pore formation in 
the weld seam of the LPBF Al-Si alloys. Large amounts of 
spherical porosities were generated because the dissolved 
hydrogen came from the oxide films covering powder 
or moisture. Different BM surface states still affect the 
absorptivity and the laser energy input into the weld seam, 
affecting the dilution ratio of BM into the weld seam [25]. 
Different dilution ratios affect the melting amount of BM 
as well as the hydrogen content in the melting pool [24]. 
Therefore, the study of surface pretreatment of the LPBF 
AlSi10Mg alloys is critical to the weld seam.

This paper investigated the effect of surface pretreat-
ment on the porosity and microstructure properties of the 
welded joints that were carried out by autogenous laser 
welding of LPBF AlSi10Mg alloys. Specific microstruc-
tural analyses were investigated on LPBF AlSi10Mg 
specimens, followed by surface characterization at the 
microstructural scale to better understand the influence 
of surface pretreatment with LPBF AlSi10Mg alloy on 
welded joints.
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2 � Materials and experimental methods

2.1 � Materials

The raw AlSi10Mg powder prepared by gas-atomized was 
employed for preparing the Base Material sheets in the present 
study. The size distribution of the powders was mainly in the 
range of 15~53 μm through Tod Laser Particle Sizer, and the 
chemical composition of the AlSi10Mg powders is shown in 
Table 1. The LPBF AlSi10Mg sheets for welding in the dimen-
sion of 60 × 30 × 3 mm3 were fabricated by EOS M280 in a 
high-purity argon protection environment (99.99%). During 
the LPBF processing, the raw AlSi10Mg powders were depos-
ited on an Al substrate, which was pre-heated to 150 °C. The 
oxygen content of less than 200 ppm was kept under argon gas 
protection. The laser scanning path of each layer was rotated 
67° from the path of the previous layers. The LPBF process 
parameters were optimized by the orthogonal experiment for 
achieving a high relative density. The samples shown in Fig. 1, 
with a relative density of 99.6% for welding, were prepared 
with a laser power of 370 W, a scanning speed of 1300 mm/s, 
a hatching space of 0.19 mm, and a layer thickness of 20 μm. 
In this study, the relative density of as-built AlSi10Mg sam-
ples was estimated by the Image method using the Image J 
software. Considering that LPBF Al alloys produced with opti-
mized parameters can achieve a relative density that exceeds 
99%, the LPBF AlSi10Mg alloys prepared in this study have 
a comparatively high relative density.

As shown in Fig. 1, the macrostructure of the LPBF 
AlSi10Mg alloys in the side view at the Y-Z plane and 
X-Z plane parallel to the processing direction is similar, 
exhibiting a typical “fish-scale” pattern in the melt pool. 
The macrostructure in the top view at the X-Y plane 
perpendicular to the processing direction consists of 
columnar morphology with a width of approximately 
100–200 μm but various lengths.

2.2 � Surface pretreatment

Four types of surface pretreatment processes were prepared 
on the LPBF AlSi10Mg alloys before welding, including (1) 
untreated (UNT, the original state was only treated with ace-
tone), (2) chemical cleaning treatment (CCT), (3) mechanical 
polishing treatment (MPT), and (4) their combination (chemi-
cal cleaning treatment after mechanical polishing treatment, 
MPT-CCT). In the MPT, the welding surface of the X-Z plane 
BM specimens was mechanically polished to remove about 
0.5 mm thickness with the abrasive paper of 1000 meshes, 

then washed away the surface particles. And the CCT applied 
to LPBF AlSi10Mg alloy specimens consists of an alkaline 
followed by an acid treatment. The CCT specimens were first 
soaked in an alkaline-saturated sodium hydroxide (NaOH) 
aqueous solution at 60 °C and then ultrasonically washed 
with deionized water and dried. Subsequently, the identical 
specimens were cleaned in a 30% nitric acid (HNO3) aqueous 
solution. Finally, the specimens were ultrasonically cleaned 
with deionized water. The welding should be conducted within 
24 h after the surface pretreatment.

2.3 � Laser welding experimental

LPBF AlSi10Mg sheets in the dimension of 60 × 30 × 
3 mm3 were used for autogenous laser welding using a 
YLR-6000 fiber laser (IPG, Germany) with a wavelength 
of 1060–1070 nm and maximum output power of 6 kW, 
delivered in continuous wave mode through an output 
fiber core diameter of 100 μm. The laser beam was trans-
mitted through a processing fiber with a diameter of 300 
μm, collimated by a lens of 150 mm focal length, and 
then focused on the sheet surface by a focusing lens with 
200 mm focal length. The laser beam was inclined 10° 
to the vertical direction to avoid equipment damage from 
beam reflection. The laser’s spot size was approximately 
0.3 mm when the beam was focused on the BM surface. 
The ultra-high-purity argon gas was used as the primary 

Table 1   Chemical composition 
of the AlSi10Mg powders 
(wt.%)

Elements Si Mg Fe Mn Cu Ni Zn Ti Pb Sn Al

Content 9–11 0.42 0.10 0.08 0.05 0.05 0.10 0.15 0.05 0.05 Bal.

Fig. 1   Three-dimensional macrostructure of LPBF AlSi10Mg alloys
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shielding gas at a flow rate of 15 L/min to shield the 
welding pool from the surrounding atmosphere.

A schematic diagram of the autogenous laser welding 
process of LPBF AlSi10Mg alloys is illustrated in Fig. 2. 
The laser beam was focused on the X-Z plane, and the weld-
ing direction was perpendicular to the processing direction 
along the X-axis. To obtain a sound weld shape, the weld-
ing parameters were optimized as a laser power of 2200 W, 
a travel speed of 30 mm/s, and a defocused beam distance 
of 0 mm.

3 � Characterization of microstructure 
and mechanical properties

After welding, the welded joints were cut transversely and 
longitudinally prepared for metallographic inspection by 
mounting, mechanical polishing, and etching in a Keller 
reagent (1 % HF + 1.5 % HCl + 2.5 % HNO3 + 95 % H2O) 
to display weld shapes and microstructures. The macro-
structure of the welded joints and BM surface roughness 
were examined using a laser scanning confocal microscope 
(LSCM, Olympus, LEXT OLS4100). The porosity was cal-
culated with the ratio of the pore areas to the whole weld 
area. The microstructure of the welded joints was examined 
using an optical microscope (OM) and scanning electron 
microscopy (SEM). An FMS300E micro-hardness tester 

was employed for the hardness test, during which the load 
was fixed at 100 g, and the loading process lasted for 10 s. 
X-ray photoelectron spectroscopy (XPS) was conducted to 
characterize the oxide film. An ultra-high-resolution scan-
ning electron microscopy-focused ion beam (SEM-FIB, 
Helios G4 PFIB CXe) was used to prepare ultra-thin section 
specimens for TEM (Titan-Themis) observation. For further 
refinement of the oxide layer analysis, the FIB specimen was 
prepared using a platinum (Pt) coating applied locally to the 
alloy surface to protect the oxide film in the region of inter-
est on the surface from being damaged by the high-energy 
ion beam [26].

4 � Results

4.1 � The influence of surface pretreatment 
on the BM

Figure 3 depicts the 3D topographical images of the meas-
ured surface roughness parameters in terms of the arithme-
tic mean for the BM with the different surface pretreatment 
processes of UNT, CCT, MPT, and MPT-CCT. As indicated 
in Fig. 3, the surface from the UNT specimen suffered an 
uneven appearance with an average roughness Ra of 8.3 μm, 
presenting some bumps on the surface with UNT mainly 
caused by a stair-step effect, and the unmelted or partially 

Fig. 2   Schematic diagram of autogenous laser welding setup of LPBF AlSi10Mg alloys

Fig. 3   Roughness and morphology of different surface states for LPBF AlSi10Mg specimens: (a) UNT, (b) CCT, (c) MPT, and (d) MPT-CCT​
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melted powders during LPBF processing. Generally, the 
powder materials introduce more surfaces and thus expose 
larger surfaces of Al alloys to oxygen, although the cham-
ber was argon-shielded with only less than 0.2% oxygen. On 
the other hand, powder materials absorb more laser energy 
and achieve higher temperatures, making Al more sensitive 
to oxygen [27]. Therefore, the UNT specimen suffered the 
most severe oxidation among the four specimens. For the 
CCT specimen, the surface showed similar morphology with 
slightly decreased roughness Ra of 7.8 μm. Thus, there was 
no obvious difference in surface roughness between the UNT 
and the CCT specimen, while the chemical cleaning dealt 
with the surface could reduce some of the oxidation films. 
This implies that the oxidation of the CCT specimen was less 
severe compared to the UNT specimen due to the more effec-
tive removal of the oxides by means of chemical cleaning. In 
the case of the MPT and MPT-CCT specimens, much flatter 
surfaces with much less and lower bumps were observed as 
a result of the mechanical polishing pretreatment. The sur-
face roughness Ra of the MPT and MPT-CCT specimen was 
significantly decreased to 0.18 μm and 0.19 μm, respectively. 
Therefore, MPT and MPT-CCT specimens revealed much 
smoother surfaces with noticeably reduced roughness, which 
implies less oxidation compared to the UNT and CCT speci-
mens [27].

Typical surface morphologies of BM with different 
pretreatment processes are depicted in Fig. 4. As shown 
in Fig. 4a, the UNT specimen exhibited irregular surface 
features and poor surface quality. In the CCT specimen, 

some surface defects were removed, with a few slight cor-
rosion pits observed on the surface. Hence, the CCT speci-
men showed slightly lower surface roughness than the 
UNT specimen. A smoother surface and slight longitudinal 
machining marks were visible on the MPT specimen surface 
in Fig. 4c. After applying MPT-CCT, surface irregularities 
were removed, and the microstructure consisting of Al-Si 
eutectic networks was visible along the cell boundaries. 
Thus, MPT removed uneven pits and impurities on the sur-
face and reduced the surface area contacted with the sur-
rounding air, and MPT-CCT would further etch the surface.

Figure 5 shows the microstructures of the Y-Z plane cross-
sectional close to surfaces obtained with four types of surface 
pretreatment processes. Where yellow-dotted lines mark the 
contour morphology of different surface pretreatment close 
to the BM surface, and the red circles mark the sub-grain 
cell consisting of α-Al and the eutectic Si network. Different 
surface pretreatment strongly affected the sub-grain sizes and 
the cell morphology close to the surface. The UNT speci-
men had the coarsest cells with an average size of 1.65 μm. 
The CCT specimen exhibited a more uniform and smoother 
surface than the UNT one, with a cell size of about 1.28 μm, 
as shown in Fig. 5b. In the case of the MPT specimen, the 
cellular networks near the surface were almost broken due to 
the shear loads caused by the MPT. As shown in Fig. 5d, the 
substrates of the MPT-CCT specimens were deeply etched, 
resulting in obviously wider etching areas. The cell sizes of 
the MPT and MPT-CCT specimens were 2.54 μm and 1.23 
μm, respectively. Thus, the BM with MPT-CCT achieved 

Fig. 4   Surface morphologies 
of LPBF AlSi10Mg specimens 
in the side view with X-Z plane 
under different pretreatment 
processes: (a) UNT, (b) CCT, 
(c) MPT, and (d) MPT-CCT​
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finer sub-grain structures in the substrates than in the other 
pretreatment.

4.2 � Weld shapes and pores

The cross-sections of welded joints with surface pretreat-
ment are presented in Fig. 6a–e. The weld depths obtained 
with UNT, CCT, MPT, and MPT-CCT were 1.6 mm, 1.1 
mm, 0.9 mm, and 0.8 mm, and the fusion areas of the weld 
seam were 2.04 mm2, 1.64 mm2, 1.04 mm2, and 0.94 mm2, 
respectively. The weld seam with UNT showed a higher 
weld penetration of depth and larger fusion area than that of 
the left ones. As shown in Fig. 6a1–d1, the longitudinal sec-
tion profile of weld centers exhibited longitudinal weld mor-
phology and porosity distribution. It proves that the pores 
distributed throughout the weld seam tended to aggregate 
at the upper part of the weld seam. The quantity of pores 
in each weld seam was determined by computing the mean 
outcomes of more than ten welding specimens. As shown in 
Fig. 6f, the porosity of the weld seams with the UNT, CCT, 
MPT, and MPT-CCT was 34.5 %, 14.6 %, 5.6 %, and 2.3 %, 
respectively. Thus, the porosity in the weld seam with CCT, 
MPT, and MPT-CCT on the BM surface was significantly 
decreased. The maximum pore diameters of the weld seam 
were qualified in Fig. 6f, and the maximum pore diame-
ters were decreased from 554.92 to 49.62 μm. The macro-
scale pores are completely disappeared in the weld seam 
with MPT and MPT-CCT, implying the key to reducing the 
welds’ hydrogen pores was to select an appropriate surface 
pretreatment process.

Figure 7 shows the pore morphology of the weld center 
and the statistics of pore sizes. According to the differ-
ence in the diameters size of the pores, Fig. 7a–d show 
the main features of pores in four weld seams. In addition 

to large hydrogen pores, there were still many tiny pores 
with red marks less than 10 μm in the weld seams. As 
shown in Fig. 7e, it was sub-divided into four groups: 
below 10 μm, 10~50 μm, 50~100 μm, and above 100 μm. 
The pore diameters less than 50 μm were predominately 
for four weld seams. And the statistical analysis showed 
that 15.84 % of the pore diameter of the UNT specimen 
had a size of more than 10 μm, and 18.66 % of these pore 
diameters were less than 10 μm. Accordingly, 1.47 % of 
the pore diameters of the MPT specimen had a size of 
more than 10 μm, which was reduced by 91.0 % com-
pared with the UNT specimen. And 0.48 % of the MPT-
CCT specimen had a size of less than 10 μm, which was 
reduced by 88.5 % compared with the UNT specimen. 
This indicated that the MPT and the MPT-CCT signifi-
cantly reduced the number of pores more prominent than 
10 μm generated in the weld seam. 

4.3 � Microstructure of the welded joints

Figure  8 shows microstructures in the cross-section of 
welded joints, taken from the fusion line (Fig. 8a–d) and 
the weld center (Fig. 8a1–d1). Each welded joint revealed 
a columnar morphology near the fusion line, while the 
equiaxed structures were formed in the weld center. The 
associated morphology of the sub-grains was affected by 
constitutional supercooling as well as the ratio of tem-
perature gradient (G) to the rate of solid-liquid interface 
movement (R) [20]. The equiaxed fine-grain zone (EQZ) 
revealed spherical, with sizes of approximately 46.2 μm, 
50.4 μm, 30.3 μm, and 38.1 μm, respectively. Additionally, it 
shows that the spherical hydrogen pores of the UNT welded 
joint near the fusion boundary were more numerous and 
larger, in the range of 3.15~19.95 μm in diameter, and few 

Fig. 5   SEM micrographs of the 
cross-section surfaces in the 
side view with the Y-Z plane 
of LPBF AlSi10Mg specimens 
with (a) UNT, (b) CCT, (c) 
MPT, and (d) MPT-CCT​
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Fig. 6   Macrographs and longitudinal sections along the welding direction with (a, a1) UNT, (b, b1) CCT, (c, c1) MPT, and (d, d1) MPT-CCT; 
(e) pool depth, pool width, and pool area of laser welded joints; (f) the porosity and size of pores in the weld seam

Fig. 7   The pores morphology in the weld seams with different surface pretreatment: (a) UNT, (b) CCT, (c) MPT, and (d) MPT-CCT; (e) the 
distribution of hydrogen pores
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pores appeared in MPT and MPT-CCT welded joints. Fig-
ure 8a1–c1 exhibit that the cellular dendrite structures of the 
weld center were about 4.41 μm, 5.25 μm, and 3.58 μm. The 
dendritic structures formed in the MPT-CCT weld center 
were much finer than the other three specimens, as shown in 
Fig. 8d1, because of high energy input and few heteronuclear 
points compared with the MPT weld seam.

To further study the sub-grain structure, the SEM mor-
phology of the weld seam was investigated, and the results 
are shown in Fig. 9. The dark zone corresponds to the Al 
matrix, enveloped by the white region that constitutes the 
Si-rich eutectic network. Still, some were elongated along 
the processing direction, indicating the thermal gradient 
direction. The average sizes of the α-Al cells in the weld 
seams with the UNT, CCT, MPT, and MPT-CCT were about 
5.55 μm, 4.71 μm, 5.41 μm, and 4.29 μm, respectively. The 
size of the α-Al cells in the weld seam was much coarser 
than that of the LPBF AlSi10Mg alloy. The higher magni-
fied micrograph in Fig. 9a1–d1 reveal that some rod-like or 
granular shape of Si-rich eutectic phases were distributed 
within the α-Al cell boundaries, having the length ranging 
from 0.75 to 4.75 μm (UNT), 0.60 to 3.00 μm (CCT), 0.45 
to 2.85 μm (MPT), and 0.30 to 1.50 μm (MPT-CCT), respec-
tively. Thus, the minimum size of α-Al cells and eutectic Si 
phases were obtained in the weld seam with MPT-CCT. As 
illustrated in circle 1 in the figures, the Si contents of the 
eutectic phases in the weld seam were increased to 24.0 wt%, 
19.8 wt%, 23.0 wt%, and 18.4 wt% for the weld seams with 
the UNT, CCT, MPT, and MPT-CCT, respectively. The Si 

contents in the Al matrix of the weld seam were 5.8 %, 4.1 
%, 4.2 %, and 8.4 % from circle 3. The Si content of 8.4% 
in the Al matrix of the weld seam with the MPT-CCT was 
extremely close to the equilibrium (~10.0 wt%). Thus, it was 
beneficial to improve the effectiveness of the solid solution 
strengthening.

4.4 � Micro‑hardness distribution of the welded 
joints

A micro-hardness test was applied to the cross-sectional 
welded joints to investigate the mechanical performance. 
Figure 10 shows the profile of micro-hardness across from 
the top surface of the weld through the weld to the BM with 
the four specimens. It can be seen that the BM of LPBF 
AlSi10Mg alloys had an average micro-hardness value of 
114.5 HV0.1. For the welded joints, the micro-hardness in the 
weld seam region for the UNT, CCT, MPT, and MPT-CCT 
specimens was about 78.3 HV0.1, 90.5 HV0.1, 92.0 HV0.1, 
and 105.2 HV0.1, respectively. A reduced hardness was pro-
duced in the weld seam with the four specimens compared 
to the BM, showing a softening phenomenon occurred in 
the weld seam. However, the weld seam of the CCT, MPT, 
and MPT-CCT specimens exhibited higher hardness than 
that of the UNT specimen. This indicates that the pretreat-
ment with CCT, MPT, and MPT-CCT effectively improved 
the hardness. Additionally, the weld seam of the MPT-CCT 
specimen showed the highest hardness up to 105.2HV0.1, 
reaching 91.8% of the BM, which was higher than the other 

Fig. 8   Microstructures of LPBF AlSi10Mg welded joints in the cross-section: (a–d) near the fusion line and (a1–d1) in the welding center with 
UNT, CCT, MPT, and MPT-CCT, respectively
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specimens. The significantly improved hardness of the MPT-
CCT specimen was attributed to the fine sub-grain structures 
and the solid solution strengthening of Si.

4.5 � Surface oxide film

Figure 11 shows the TEM-EDS mapping of the elemental 
distribution of the FIB specimens (the sampling examples 
at the lower right corner) from different surface pretreat-
ment of the BM surface. The TEM-EDS mapping of the 
UNT, CCT, MPT, and MPT-CCT surface clearly revealed 
the formation of the oxide film, ranging from 10 to 100 nm. 

However, the thickness and the morphology of the oxide 
film for the four specimens were significantly different. The 
oxide film formed on the substrate in the UNT specimen has 
the largest thickness that contained two layers of an outer 
layer and an inner layer, as seen in Fig. 11a. The outer layer 
enriched in Al element was irregular and porous, while the 
inner layer on the substrate enriched in Mg element was 
much denser than that of the outer layer. The total thick-
ness of the oxide film on the substrate with UNT was in 
the range of 68.6–113.2 nm, and the inner layer was about 
32.8 nm. For the CCT, MPT, and MPT-CCT specimens, the 
outer layer of the oxide film formed in the UNT specimen 

Fig. 9   SEM micrographs of 
the microstructures of LPBF 
AlSi10Mg weld seams with 
UNT, CCT, MPT, and MPT-
CCT: (a–d) cellular networks 
consisting of α-Al and eutectic 
Si phases; (a1–d1) high magnifi-
cation of eutectic Si phases
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completely disappeared, and only a thinner Mg-rich layer 
was observed on the substrate ranging from 9.4 to 15.2 nm, 
as shown in Fig. 11b–d. However, the MPT-CCT was con-
ducted to further remove the partial inner layer. The surface 
changed unevenly due to the etch pits, where the oxygen 
enrichment layer became thinner, and the Mg element was 
uniformly distributed. The thickness of the broken and 
discontinuous oxide film on the surface of the MPT-CCT 

specimen was about 5.23 nm. Thus, the BM with the MPT-
CCT surface pretreatment significantly removed most of 
the surface oxide film.

A benchmark for the TEM-XPS method was jointly 
used in this work [28]. When X-ray impinges on the 
aluminum surface, the binding energy of oxide and the 
metallic species are separated by a few electron volts 
(eV), so it is possible to distinguish the contribution from 
both oxide and metal photoelectrons. The atomic contents 
of the elements in the surfaces of the MPT-CCT BM were 
tested using XPS, as shown in Fig. 12a. Al, Si, Mg, and O 
atomic contents were 14.29 %, 6.09 %, 2.62 %, and 27.08 
%, respectively. As shown in Fig. 12b, the characteristic 
peaks of Al 2p in aluminum oxide (+3) and aluminum 
metal (0) were 74.87 eV and 72.87 eV (i.e., the chemical 
shift is 2.00 eV), respectively. According to the research 
of Strohmeier [29], the thickness of the oxide film can 
be estimated from the peak intensity difference between 
both Al 2p signals in the spectrum using the following 
calculation formula (1):

where dXPS is the calculated thickness of the oxide film, 
and θ is the emergence angle of the photoelectron. λo and 
λm, No and Nm, and Io and Im are the inelastic mean free 
path (IMFP), aluminum atomic volume density, and the 

(1)dXPS(nm) = λo ∙ sinθ ∙ ln

(

Nm ∙ λm ∙ Io

No ∙ λo ∙ Im
+ 1

)

Fig. 10   Micro-hardness distribution of the cross-sectional welded joints 
with four specimens

Fig. 11   TEM images and elemental mapping for BM with different surface pretreatment processes: (a) UNT, (b) CCT, (c) MPT, and (d) MPT-
CCT​
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signal concentration ratios of Al 2p in the oxide film and 
BM, respectively. With reference to the literature, the values 
of λo, λm, and No/Nm used are 2.80 nm, 2.60 nm, and 1.6, 
respectively [30, 31]. In this experiment, θ = 90°. Besides, 
as shown in Fig. 12c, Io and Im were 62.15 % and 37.85 %, 
respectively. Therefore, the thickness of the oxide film was 
calculated to be 3.46 nm, and the result was basically con-
sistent with the TEM above.

5 � Discussion

Based on the above results and founding, a model for the 
influence of the BM surface states on the porosity of welded 
joint is illustrated in Fig. 13. The oxide film and impurities 
entered the molten pool when the UNT BM was heated by 
the laser. The crystalline water, chemical water from the air 
and shielding gas, and the oxide film on the AlSi10Mg alloy 
surface were decomposed gradually. The decomposed water 
was decomposed directly in the high-temperature region to 
produce hydrogen (H) [32]:

It could also react with the aluminum solution to form H:

(2)H2O(g) → H + HO

(3)Al(l) +
3

2
H2O(g) →

1

2
Al2O3 + 3H

Due to the presence of impurities in the melt pool of UNT 
BM, the Marangoni convection was reversed, which circu-
lated inward and downward, hindering hydrogen bubbles in 
the escape process [33–35]. At the same time, the oxide 
film and impurities affected the viscous force of the liquid 
metal [36]. The viscosity of the UNT specimen molten pool 
was increased, slowing down the floating of the bubbles. The 
pores did not have time to escape entirely and were accumu-
lated close to the surface, thus increasing the tendency of big 
pores and higher porosity. The maximum pore diameter of 
the UNT weld seam was 554.92 μm.

Compared with the UNT weld seam, the large pores and 
porosity of the weld seam with CCT were decreased due to 
removing impurities, powder particles, and part of the oxide film 
on the surface. Strong melt fluidity promoted the large bubbles 
to float and escape during the welding process. In addition, after 
welding, the micro-pores in LPBF parts were released due to 
remelting and, combined with other micro-pores, grew up and 
floated. With the solidification of the molten pool, they remained 
in the weld seam. Thus, the CCT weld seam reduced porosity 
with more than 100 μm and 50–100 μm of pore diameters.

However, the porosity of the MPT weld seam was reduced 
by 61.6 % more than that of the CCT one. The BM surface had 
a big difference in the roughness between the CCT and MPT 
surfaces, resulting in the difference in laser absorptivity. Then, 
the fusion area of the MPT weld seam was reduced to 1.04 mm2, 
which was 36.6% lower than that of the CCT weld seam. Thus, 
the lower amount of H was entrained in the molten pool from the 

Fig. 12   Analysis of XPS patterns on the oxide film of the MPT-CCT: (a) broad scan spectra, (b) the characteristic peaks of Al 2p, and (c) statis-
tical analysis of both peaks

Fig. 13   Mechanism of the 
surface pretreatment of the BM 
on the formation of the pores in 
the welded joints
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BM with the MPT. At the same time, due to the high roughness 
of the surface, the MPT surface had a small contact area with 
air, shielding gas, and laser beam during the welding process. 
Few wrapped gas and impurities were entrapped in the molten 
pool. Both resulted in decreased porosity and pore diameters, 
especially when the pore size was 10–50 μm.

The MPT-CCT weld seam exhibited a smaller fusion area 
than that of the MPT weld seam. It reduced the thickness of the 
surface oxide film, enlarged the Marangoni flow, and weakened 
the reverse flow of Marangoni convection, which led to the 
decrease of fusion area. The broken oxide film also made it 
easier for the pores to escape completely. And a lower amount 
of hydrogen was entrained in the molten pool of the MPT-
CCT weld seam. Finally, the sizeable Marangoni convection 
promoted the escape of pores, and the Marangoni flow can also 
help to distribute the heat more evenly, reducing the likelihood 
of localized overheating and the formation of additional pores. 
And then, the MPT-CCT weld seam had the lowest porosity and 
diameter pores. The pore reduction was probably caused by the 
removal of the aluminum oxide film and reduced MgO layer 
based on Fig. 11 [36]. In summary, the MPT-CCT of LPBF 
aluminum alloy parts was of great significance to improve the 
welding quality.

6 � Conclusions

Four different surface pretreatment processes of the 
LPBF AlSi10Mg sheets were prepared before welding 
to understand the influence of the surface pretreatment 
on the hydrogen pores and mechanical properties in the 
welded joints. The detailed surface morphology of the 
BM with four treatment states and the welds’ porosity, 
microstructure, and micro-hardness were studied. The 
main conclusions are as follows.

(1)	 The pretreatment of CCT, MPT, and MPT-CCT 
before welding effectively reduced both the porosity 
and the pore size compared to the UNT specimen. 
The porosity was significantly reduced to 2.3 % in 
the weld seam with the MPT-CCT.

(2)	 The weld seam produced with the MPT-CCT 
exhibited a dendritic sub-structure with finer 
dendrites, while other specimens displayed an 
equiaxed sub-structure. The microstructure of the 
weld seam produced by the MPT-CCT specimen 
reveals a more uniform Si element distribution than 
that of the other specimens, close to the equilibrium 
value (~10.0 wt%) of AlSi10Mg, which improved 
the degree of the solid solution strengthening.

(3)	 The weld seam of the MPT-CCT specimen showed 
the highest micro-hardness up to 105.2 HV0.1, reach-
ing 91.8% of the BM, which was higher than the 

other specimens. The significantly improved hard-
ness of the MPT-CCT specimen was attributed to 
the fine sub-grain structures and the solid solution 
strengthening of Si.

(4)	 The broken and discontinuous oxide film was about 
3.46~5.23 nm with the UNT, CCT, and MPT speci-
mens, while no Mg enrichment appeared in the 
MPT-CCT specimen. The pretreatment of the MPT-
CCT specimen significantly removed most of the 
oxide film.

(5)	 The increase of oxides and pollutants on the weld sur-
face will increase the viscosity of the weld pool metal 
at high temperatures, reduce the fluidity, increase 
the surface tension, and increase the reverse flow of 
Marangoni convection, which circulated inward and 
downward, hindering hydrogen bubbles in the escape 
process. The MPT-CCT reduced the thickness of the 
surface oxide film, enlarged the Marangoni flow, 
weakened the reverse flow of Marangoni convection, 
and reduced the porosity of the weld seam.
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