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Abstract
Partial shielding by means of local gas supply has proven to be very effective in reducing spatter. Besides the effect of gas-
induced dynamic pressure, the shielding of oxygen is also highly relevant for melt pool dynamics and spatter formation due 
to the growth of oxides and the influence on surface tension. Therefore, this paper addresses the effect of local supplied argon 
on oxide growth and seam topography during keyhole mode laser beam welding of high-alloy steel AISI 304. To determine 
the shielding quality, the results are compared to laser beam welding in a global argon atmosphere. The topography of the 
upper weld seams was analyzed by scanning electron microscopy (SEM). An X-ray microanalysis (EDX) in line scan modus 
was performed to determine and to locate the elements which are covering the specimen surface. The chemical state of the 
found elements was quantified by X-ray photoelectron spectroscopy (XPS). In a last step, high-speed synchrotron X-ray 
imaging was performed to separate the effect of the gas-induced pressure and the gas-induced shielding on keyhole geom-
etry. The results show that a local supply of argon contributes to a significant difference in oxide growth, affecting melt pool 
convection and weld seam geometry. It was further shown that the effect of gas flows at low flow rates is primarily because 
of oxygen shielding, as no significant difference in keyhole geometry was found by high-speed synchrotron X-ray imaging.

Keywords Laser beam welding · Spatter formation · Oxide formation · Melt pool dynamics · Gas atmosphere

1 Introduction

Spatter formation is a major challenge in high-speed laser 
beam welding, especially when welding high-alloy steels. 
The process is initiated when the sum of the metal vapor 
induced kinetic energy Evap and the kinetic energy of the 

fluid element Ekin,fl is equal to or greater than the sum of the 
kinetic energy of the spatter Ekin,sp and the surface energy of 
the melt Esur (Eq. 1) [1].

Partial shielding in the form of locally supplied gas has 
proven to be very effective in reducing spatter formation, 
e.g. for partial penetration welding of high-alloy steels with 
welding speeds of 1 m/min [2], 1.5–5 m/min [3, 4], 6 m/
min [5] and even at high welding speeds up to 16 m/min [6, 
7]. The spatter reduction was also observed during welding 
of full penetration welding of high-alloy steel up to 16 m/
min [8], while the spatter-induced loss of mass could be 
reduced up to 70%. Due to the massive reduction in spatter 
formation, the specimen surface was largely free of spatter 
adhesion, while the top of the seam was often observed 
to be locally widened [6]. As a result of affected spatter 
trajectories, detached spatters were re-absorbed into the 
downstream melt pool [8]. In addition, the formation of 
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a more circular keyhole aperture was observed, while the 
melt pool was prolongated due to the local gas supply [7]. 
The changes in spatter formation and melt pool dynamics 
were mainly attributed due to the effect of the gas flow on 
the pressure balance of the keyhole, which gives the ratio 
of keyhole-opening to keyhole-closing pressures (Eq. 2) 
according to [9, 10].

The pressure balance includes the physical quantities of 
precoil as recoil pressure, ∆pdp_v as differential vapor pres-
sure, pσ as surface tension pressure, ph as hydrostatic pres-
sure, pdyn as hydrodynamic pressure, pv as vapor pressure 
and p0 as atmospheric pressure. Up to now, the influence 
of the gas flow–induced dynamic pressure pgas has been 
preferred to attribute the fundamental effect mechanism by 
increasing the keyhole-opening pressures (Eq. 2) [8, 11], 
which can be approximated by Eq. 3 including ρgas as gas 
density and vgas as gas flow velocity.

Since recent results have shown that the melt pool dynam-
ics and spatter formation can differ dependent on the used 
shielding gas (Ar, N, He), while the flow rates were adapted 
for reaching similar dynamics pressures (normalization), 
the effect of partial shielding by means of a local gas sup-
ply cannot be solely attributed to the influence of dynamic 
pressure [12].

Following, it is necessary to consider other possible 
determinants. In literature, it is well known that the gas 
atmosphere has a significant effect on the formation of 
welding imperfections (e.g. spatter and pore formation) 
[13, 14], melt pool dynamics [15] and resulting weld seam 
geometry [16, 17]. In particular, the shielding of oxygen 
through the use of inert gases has a strong influence on 
the melt pool dynamics, since the oxygen concentration is 
highly relevant for the growth of a specimen covering top 
layer (e.g. oxides) [18].

The process of oxide growth can be classified into two 
parts in general. Based on the high-temperature laser weld-
ing process, molecular oxygen dissociates into highly reac-
tive atomic oxygen [19]. Subsequently, the atomic oxygen 
present in the atmosphere next to the welding zone reacts 
with the metal or alloying element that is present at the inter-
face between the metal and the gas, depending on tempera-
ture and partial pressure [20, 21]. Oxide nuclei are formed 
at this interface and grow during the transient phase of the 
reaction until a first layer is formed [22]. The gradient of 
chemical potentials is essential for a further oxide growth 
since the formed layer represents a gas/oxygen barrier [23]. 
Consequently, any further oxide growth is based on solid-
state diffusion, which depends on the structure of the crystal 

(2)precoil + Δpdp_v = p� + ph + pdyn;Δpdp_v = pv − p0
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and the grain boundaries [22]. Because the initial forma-
tion of the oxide layer is much faster than the subsequent 
diffusion-based process, the growth rate decreases over time. 
The oxide layer thickness sOx can be calculated by the para-
bolic rate law (Eq. 4), including the temperature-dependent 
parabolic rate constant 

́

kp and growth time t [24].

The region in which the oxide layer grows depends on the 
diffusion velocities of the ions and electrons. If the oxygen 
anions in the oxide layer can move faster than the metal 
cations, the oxide layer grows from the inner side of the 
metal-oxide interface (e.g.  Fe2O3,  SiO2,  TiO2). If the metal 
cations in the oxide layer can move faster than the oxygen 
anions, the oxide layer grows from the outside at the oxide-
gas interface (e.g.  Cr2O3, FeO, NiO,  Cu2O). If the ions in 
the oxide layer can move faster than the electrons, both cases 
can occur (e.g.  Al2O3) [19]. Since technical applications 
often use alloys, which usually consist of a large number of 
chemical elements (e.g. AISI 304), the growth mechanism 
can act in parallel.

The formation of oxides affects the melt pool convec-
tion since the layer causes a shear-induced deceleration of 
near-surface melt flows, particularly in the case of Maran-
goni convection [25]. Thus, the magnitude of the Maran-
goni convection is related to the presence and growth of 
oxides [26]. Since the flow direction of the Marangoni 
convection depends on the temperature-dependent gradi-
ent of the surface tension [27] which is positive for liquid 
iron with an oxygen content greater or equal than approx. 
0.009 wt% [28], the Marangoni flow is directed from the 
weld seam edge to the weld seam centre (centripetal) when 
welding in ambient atmosphere [15]. However, the surface 
tension gradient becomes negative for oxygen contents 
less than or equal to approx. 0.0017 wt% in liquid iron 
[28], which means that a shielding of oxygen can cause 
an inversion of the flow direction [15, 17]. As a result, the 
melt flows from the centre of the weld to the edge of the 
weld (centrifugal), causing a local widening of the weld 
seam top when welding in an inert gas atmosphere [14, 
16]. Nevertheless, it should be noted that the temperature 
coefficient can change its positive or negative sign depend-
ing on the temperature and the concentration of surfactants 
[29]. This can result in an inversion of the Marangoni con-
vection during the welding process. It should also be noted 
that the effect of the Marangoni convection decreases with 
an increase in welding speed [9, 30], making it particularly 
relevant for lower welding speeds [1] as well as for TIG 
welding [31].

The change in surface tension can also affect the for-
mation of spatter. According to the condition of spat-
ter formation (Eq.  1), the critical energy for spatter 
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detachment is related to the surface tension. In the case 
of welding iron, an oxygen shielding causes an increase 
in surface tension [32], which can result in a decrease 
of spatter formation by enhancing the critical energy for 
spatter detachment.

Consequently, it can be concluded that the atmosphere 
has a significant influence on the melt pool dynamics and 
spatter formation by affecting the growth of oxides and 
manipulating the surface tension. Therefore, this study is 
concerned with the effect of locally supplied argon on the 
surface morphology and topography of AISI 304 during 
keyhole laser beam welding in continuation of the previ-
ously studied effect of the gas-induced dynamic pressure. 
To characterize the shielding quality, the results are com-
pared to laser beam welding in a global argon atmosphere. 
High-speed synchrotron X-ray imaging was performed 
to separate the effect of the gas-induced pressure and the 
oxygen shielding on keyhole geometry and keyhole fluc-
tuations in addition.

2  Materials and methods

2.1  Experimental welding setup

Bead-on-plate welds were performed on 2-mm-thick speci-
mens of stainless austenitic steel AISI 304 (X5CrNi18-10, 
1.4301) using a disk laser (Trumpf TruDisk 5000.75,  
Pmax = 5 kW, λ = 1030 nm). Two different experimental setups 
were used for realizing a global gas atmosphere and a partial 
shield by means of a local gas supply. In both experimental 
setups, the laser beam was in focus at the specimen surface. 
A remote laser scanning system (Scanlab intelliWELD 30 
FC) was utilized to weld fixed samples in a global gas atmos-
phere (Fig. 1a). For investigating the effect of a local gas sup-
ply (Fig. 1b), the specimens were handled by a six-axis robot 
(Kuka KR 60HA) and welded by using a stationary arranged 
welding optics (Trumpf BEO D70). The robot speed vm was 
inverse to the welding speed vw. Technical specifications of the 
used setups are given in Table 1.

Fig. 1  Experimental environ-
ments. a Setup for global gas 
atmosphere. b Setup for local 
gas supply
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To compensate the difference in focal diameter of both 
setups (dfoc = 420 μm/274 μm), the weld parameters (laser 
power, welding speed) were adjusted for each setup to pro-
vide comparable characteristics of the welding processes 
(criteria: similar melt pool dynamics and spatter forma-
tion). Section 3.2 provides a detailed description of the 
process characteristics for each setup.

To set up the global gas atmosphere (Fig. 1a), the weld-
ing chamber was evacuated with a vacuum pump in a first 
step. The vacuum was limited to pchamber ≥ 200 mbar by 
using a vacuum limiter valve (Schmalz VR-G1/4-IG) to 
avoid possible damage of the chamber. After the evacua-
tion, argon 5.0 was fed in to restore ambient pressure. The 
argon 5.0 used was in accordance with ISO 14175:2008 
and had a purity of 99.999%. The procedure was repeated 
until an oxygen concentration < 20 ppm was reached, 
checked by using an oxygen sensor (Erika Jankus JAero 
F). The pressure inside the chamber was monitored dur-
ing the procedure and the welding process by a pressure 
sensor (Thermovac TTR 101). The protection windows 
of the chamber were made of borosilicate glass (Schott 
BOROFLOAT®33) to minimize the optical loss during the 
transmission of the laser beam into the chamber (transmit-
tance about 93% for λ = 1030 nm). For the experiments 
with local gas supply (Fig. 1b), a custom gas nozzle unit, 
described in detail in [6], was mounted to the stationary 
welding optics. The gas nozzle was set to a trailing flow 
orientation with a flow angle of φ = 48° and a nozzle 
distance of a = 5 mm, feeding argon 5.0 at a flow rate 
of V ̇ = 2 l/min, based on the parameter set for achiev-
ing best weld results (lowest spatter formation, defect-
free surface) of [6–8]. The nozzle had an inner diameter 
of 1.4 mm. The flow rate was controlled by a mass flow 
controller (Bronkhorst FG-201AV-AGD-33-V-D A-000). 
A high-speed camera (Photron SA-X2) equipped with a 
zoom lens (Navitar 12X Zoom Lens System) was used in 
both setups for a process recording at 10,000 frames per 
second. The camera was set in parallel to the specimen 
surface to record melt pool dynamics and spatter forma-
tion. A narrow-band filter with a centre wavelength of 808 
nm was used to mask out process emissions. To quantify 
the effect of spatter formation on the loss of material, the 
specimens were weighed before and after the welding pro-
cess using a high-precision balance (Kern PLJ 2000-3A). 

Based on the captured high-speed video data, the amount 
of spatter was counted by visual inspection using the full 
image sequence.

2.2  High‑speed synchrotron X‑ray imaging

High-speed synchrotron X-ray imaging was performed at the 
European Synchrotron Radiation Facility (ESRF) at Beam-
line ID19 ( Fig. 2). AISI 304 with a thickness of 3 mm was 
used and penetrated by an X-ray beam of 4 × 4  mm2 with 
an energy ≤ 60 keV. The scintillator material used was Ce-
doped  Lu3Al5O12 with a thickness of 250 μm from manu-
facturer Crytur, lens-coupled to a Photron SA-Z high-speed 
camera (propagation distance 4.5 m, framerate 40,000 Hz). 
For more information on the theory of high-speed synchro-
tron X-ray imaging, see [33]. A spatial resolution of 4 μm 
per pixel was achieved within the high-speed recordings. 
Image processing was performed to reduce artifacts in the 
image and to increase the contrast between the keyhole and 
the surrounding material as well as between the melt pool 
and the atmosphere. A processed image Fn was calculated 
where n is the index of an individual image, In is an indexed 
frame from the high-speed recording and I is an average 
image of 100 frames recorded with the sample moving at 

Table 1  Technical specifications and used parameters

Laser optics PL dfoc vm Specimen handling Specimen environment

Setup 1: Welding in a global gas atmosphere
Remote laser scanning system 3.5 kW 420 μm 8 m/min Fixed position Welding chamber
Setup 2: Welding with local gas supply
Stationary welding optics 2.18 kW 274 μm 10 m/min Six-axis robot Local gas supply in atmosphere

High-speed
camera

X-
Rayt = 3 mm

50
 m

m

Stationary 
processing 

head

0.2 mm

Melt pool
swelling

Keyhole

Atmosphere
vw

AI
SI

 3
04

240 µm

Setup for high-speed synchrotron X-ray imaging

Gas 
nozzle

Fig. 2  Experimental setup for high-speed synchrotron X-ray imaging 
with local gas supply
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the welding speed but without carrying out the laser welding 
process (Eq. 5).

Stack images were created based on 1000 sequential 
frames using the minimum intensity projection feature of 
Fiji [34]. Afterwards, the brightness was normalized for each 
image, reaching a maximum grey value of 170 (8-bit grey 
value image). For increasing the comprehensibility, the black 
and white images were converted to false colour images by 
using the “physics” look-up table of Fiji. For the welding 
process, a fiber laser (Coherent HighLight FL8000-ARM) 
and a stationary welding optics (Precitec YW52) was used. 
The specimen was handled by a linear motion system (three-
axis linear motion system, isel). The core power (Pcore) to 
ring power (Pring) of the laser system (dfoc = 240 μm) was set 
to a calculated top-hat intensity distribution to ensure a high 
comparability of all used welding setups. Gas was supplied 
with the same setup and nozzle as described in Section 2.1.

2.3  Material analysis

A surface morphological analysis of the specimen was car-
ried out using two different scanning electron microscopes 
(Table 2).

To identify the elements which are covering the surface 
and their chemical state, a XPS investigation were carried 
out using a SPECS SAGE HR 150 system equipped with 
a 1D delayline detector using monochromatized AlKα 
radiation (excitation energy hν = 1486.7 eV) and the ana-
lyzer Phoibos 150. The calibration of the energy scale was 
ensured by reference measurements on a polycrystalline 
silver sample. The measurements were carried out after 20 
min of sputtering with argon plasma to remove the utmost 
of unwanted adventitious hydrocarbons from the surface 
(acceleration voltage for sputtering: 3 kV; argon pressure: 
2.2*10−3 mbar). An energy-dispersive X-ray spectroscopy 
(EDX) in line scan mode with a Bruker EDX Quantax 200 
Z30 detector was also performed to increase the spatial reso-
lution of the chemical elemental analysis. The acceleration 
voltage was set to 20 kV with a working distance of 7 mm, 

(5)Fn =
In

I

resulting in an excitation area of approximately dx/y = 8 μm 
(surface area), dz = 4 μm (penetration depth). All element 
analyses were performed on unetched specimens.

3  Experimental results

3.1  Effect of local gas supply on keyhole formation

Since the state of the art focuses primarily on surface-related 
phenomena (e.g. effects on spatter formation and near-sur-
face melt pool dynamics), no information with high temporal 
and spatial resolution is available on keyhole formation and 
dynamics of keyhole mode laser beam welding processes 
using comparable settings of laser power and welding speed. 
Therefore, high-speed synchrotron X-ray imaging was per-
formed for visualizing the keyhole formation and dynamics 
of the non-gas-assisted process (reference process) and the 
keyhole behaviour of the gas-assisted process. Beginning 
with the gas-unaffected reference process (Fig. 3a), the for-
mation of a keyhole with a narrow aspect ratio (ratio of key-
hole length to depth) and a highly stable keyhole front was 
observed. A fluctuating bulge of the bottom of the keyhole 
was found, which did not collapse. The keyhole depth was 
constant throughout the entire welding process. The rear wall 
of the keyhole was fluctuating with high frequency. While 
the lower part of the keyhole rear wall was fluctuating with 
lower amplitude, the upper part showed a higher fluctuation 
amplitude. These fluctuations contributed to the formation 
of spatter, which can be characterized by four different sub-
steps (Fig. 3a, I–IV). In the first step (Fig. 3a, I), a fluctuat-
ing melt pool swelling was formed at the upper keyhole rear 
wall. After 0.2 ms (Fig. 3a, II), the melt pool swelling was 
transformed into a melt column due to the upward momen-
tum of the melt pool. A further upward movement caused a 
necking of the melt column within another 0.2 ms (Fig. 3a, 
III). In a last step, the spatter was separated from the melt 
pool (Fig. 3a, IV). By realizing a partial shielding using a 
local gas supply (Fig. 3b), a notable change in spatter forma-
tion could be observed. While the first frames in the series 
show the formation of an upward rising melt pool swell-
ing on the upper keyhole rear wall also (Fig. 3b, I, II), the 
keyhole and melt pool dynamics of the gas-assisted process 
often did not lead to spatter formation. Instead of a spatter 
detachment, the height of the melt pool swelling increased, 
and the melt was fed back into the downstream melt pool 
by the formation of a reverse melt flow (Fig. 3b, II–IV). 
The local gas supply had also an effect on the stability of 
the keyhole bottom. While the reference process (Fig. 3a) 
was characterized by a stable keyhole bottom, a pore separa-
tion could be detected by using locally supplied gas. Begin-
ning with the formation of a keyhole bulging in the initial 
frames of the series (Fig. 3b, V), pores were separated at 

Table 2  Specifications of SEM analysis

SEM system Working distance Accelerating 
distance

Hitachi S-4800 8.4 mm 11 kV
ZEISS GeminiSEM 300 7.5 mm 20 kV
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the keyhole tip within another 0.1 ms (Fig. 3b, VI). In some 
cases, pores were observed to be dissolving (Fig. 3b, VII), 
which can be explained by the condensation of metal vapor 
inside the cavity according to [35]. However, it was not pos-
sible to observe any further gas-induced changes in keyhole 
geometry and keyhole dynamics by visual inspection, while 
the formation of spatter changed significantly. In order to 
attribute these changes, the video data was further processed 
to provide false colour images. Therefore, stack images of 
1000 sequential frames are provided for each setup (refer-
ence/gas-assisted). Based on the chosen projection method 
(Section 2.2) and the difference in grey value of the solid 
material (e.g. melt pool) to the X-ray image background, the 
grey values of the stack images indicate the distribution of 
spatter and the melt pool geometry over time. By analyzing 
the stack image of the reference process (Fig. 3a), a large-
sized spatter area ■( ) was found, indicating spatter trajec-
tories in the opposite of the weld direction. Furthermore, 
the formation of the melt pool swelling at the keyhole rear 
wall followed by a melt flow area was observed. Based on 
the high-speed recordings, a flow direction against welding 
direction can be attributed to this melt flow area. In contrast 

to the reference process, the stack image of the gas-assisted 
process (Fig. 3b) illustrates the formation of a significant 
higher melt pool swelling. Next to this, a melt flow area 
was formed. By using the local gas supply, a smaller spatter 
area was found. While the most spatter trajectories of the 
reference process exceeding the field of view of the X-ray 
recordings, the spatter trajectories of the gas-assisted pro-
cess indicate a spatter reabsorption into the downstream melt 
pool. This can be attributed to a significant lower kinetic 
energy of the detached spatter. Since no significant change 
in keyhole geometry and keyhole dynamics was found for 
the gas-assisted process (except for pore formation at the 
keyhole tip), the difference in spatter formation and melt 
pool dynamics must be strongly influenced by some physi-
cal effect other than the gas-induced pressure [12]. In this 
context, the use of non-reactive gases (inert gases) can affect 
the melt pool dynamics by a change in surface tension and 
oxide growth due to a shielding of oxygen. To investigate the 
effect of coverage, the following sections provide an over-
view of the effect of partial shielding by means of a local gas 
supply on the chemical composition of the weld seam and 
their topological structure. To characterize the coverage of 
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locally supplied gas, the experiments are compared to weld 
experiments in a global gas atmosphere.

3.2  Effect of partial and global shielding on melt 
pool dynamics and spatter formation

The following section focuses on the comparison of the melt 
pool dynamics and spatter formation of welding processes 
realized with global and partial shielding (Fig. 4). Since the 
focal diameter of both setups (global atmosphere/local gas 
supply) was different (Section 2.1), the process parameters 
(laser power, welding speed) were adapted to ensure compa-
rable spatter formation mechanism and the same penetration 
depth (approx. 1.7 mm). To demonstrate the effect of the 
parameter adaption, Fig. 4 a and b show the upper melt pool 
dynamics for the reference processes of both environmen-
tal setups (ambient atmosphere inside the process chamber 
(Fig. 4a), welding in atmosphere without locally supplied 
gas (Fig. 4b)). The comparison of the high-speed recordings 
revealed similar melt pool characteristics for both setups, 
which can be attributed to the single wave regime accord-
ing to [36]. Accordingly, the frame series of both reference 
processes (Fig. 4a, b) illustrate a nearly identical sequence of 
spatter formation. The initial frames show the formation of 

a melt pool swelling at the upper keyhole rear wall (Fig. 4a, 
b, I), followed by a transformation of this melt pool swelling 
into a melt column (Fig. 4a, b, II). Afterwards, a necking of 
this melt column could be observed (Fig. 4a, b, III) before 
the spatter was separated (Fig. 4a, b, IV) and eject out of the 
melt pool (Fig. 4a, b, V). Since the melt pool dynamics for 
both reference processes can be considered comparable, it 
can be concluded that, despite the differences in focal diam-
eter, the parameter adaption provides a reasonable basis for 
comparing the effect of a partial and global shielding.

As the effect of locally supplied argon on spatter forma-
tion and melt pool dynamics has already been described in 
Section 3.1, the effect of a global argon atmosphere (Fig. 4c) 
is referred to there. For a visual comparison of both effects, 
Fig. 4d shows again the effect of locally supplied argon. By 
changing the ambient gas atmosphere into a global argon 
atmosphere inside the process chamber, a significant change 
in melt pool dynamics and spatter formation was observed 
(Fig. 4c). While the reference processes (Fig. 4a, b) and the 
local gas-assisted process (Fig. 4c) resulted in the formation 
of a pronounced melt pool swelling, the use of a global argon 
atmosphere induced only a small melt pool swelling, which 
was barely visible on the upper surface (Fig. 4c). Further-
more, a significant reduction in spatter formation could be 
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observed. Since the reduction in the spatter-induced loss of 
mass of the local gas-assisted process is already described in 
[6–8], Fig. 5 provides the loss of mass and the spatter counts 
depending on a global gas atmosphere (ambient/argon). By 
using the global argon atmosphere, a reduction in the loss 
of mass of 62% was achieved, while the spatter counts were 
reduced by 83% in an almost similar wise. Since prelimi-
nary investigations determined a nearly identical reduction 
in the loss of mass of up to 91% by using locally supplied 
argon (e.g. [6]), the oxygen shielding seems to have a signifi-
cant effect, especially when feeding argon at low flow rates 
(approx. up to 5 l/min), resulting in low dynamics pressures. 
An increase in chamber pressure due to thermal expansion of 
the material and ambient gas is neglected since the pressure 
monitoring during the experiments proved a constant pres-
sure inside the chamber (Section 2.2). As the main effect of 
the shielding of oxygen can be given by a change in oxide 
growth as well as an affected surface tension, the absence of 
oxygen can influence the weld seam geometry and topogra-
phy due to an affected melt pool convection. Therefore, the 
following section examines the effect on weld seam cross 
sections and specimen top sides.

3.3  Effect of partial and global shielding on weld 
seam geometry and weld seam topography

By analyzing metallographic cross sections of the weld 
seams, a significant difference in weld seam geometry 
(Fig. 6a) and surface quality (Fig. 6b) was found. While 
the specimen top sides of the reference processes of both 
setups were characterized by spatter adhesion and par-
tial seam undercuts (Fig.  6b), a defect-free and almost 

spatter-free surface was observed for welding with partial 
and global shielding, except for the formation of melt pro-
tuberances on the weld seam edge of the specimens welded 
in the global argon atmosphere. As melt protuberances are 
formed by a laterally ejected and non-separated melt col-
umn [37] and this paper is focussed on spatter formed at 
the keyhole rear wall, the formation of melt protuberances 
will therefore not be discussed further. The coverage of 
argon also resulted in a local widening of the weld seam 
top ( Δwlocal

seam
= +19%,Δw

global
seam = +41% ). This is typical for 

a change in Marangoni convection and is usually followed 
by a decrease in penetration depth (e.g. [15]), as has been 
observed in the global gas atmosphere (Δzpen =  − 28%). In 
contrast, a local supply of argon resulted in a slight increase 
in penetration depth (Δzpen =  + 10%), which was already 
noticed for a higher welding speed (vw = 12 m/min) and 
attributed to a change in energy deposition in [6]. Another 
difference between the effect of the partial and global shield-
ing was found with respect to the formation of tarnish. While 
the specimen welded in the global argon atmosphere was 
free of tarnish, all other specimens showed dark-coloured 
tarnish formation. Although the general effects of the partial 
and global shielding are mostly identical, this implies differ-
ences in the coverage, which can affect the oxide growth and 
thus influencing the magnitude of the melt pool convection. 
Therefore, the following section is focused on the determi-
nation of the surface covering elements and their chemical 
state by XPS analysis. It should be noted that due to the 1 
mm diameter measuring spot, the XPS analysis area par-
tially covered the base material depending on the weld seam 
width, especially for the specimen welded with locally sup-
plied argon (Fig. 6c). This results in a measurement devia-
tion, which is considered in the following discussion of the 
results.

3.4  Effect of partial and global shielding 
on the composition and the chemical state 
of surface elements

Figure 7a gives an example of an XPS survey spectrum 
taken from a specimen welded in a global argon atmos-
phere, showing the characteristic secondary electron peaks, 
Auger lines (KLL, LMM) and the valence band (VB) of 
the contained elements. By summing up the  2p3/2 second-
ary electron peaks, the total element concentration of the 
specimens was determined (Fig. 7b) according to [38]. Since 
the chemical composition of AISI 304, according to the DIN 
EN 10088-3 standard, is an average over the thickness of the 
sheet and can differ particularly in the area near the surface, 
a non-welded sample was also analyzed to provide a surface-
related reference spectrum. This measurement is depicted as 
reference in the following graphs.
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By comparing the measured element concentrations of 
the specimen surface (Fig. 7b), a high amount of oxygen 
was found (approx. 20–27 at.%), which can be attributed 
to the XPS information which is limited to the first 2 nm of 
the surface due to the small mean free path of electrons in 
solids [39]. As a result, the XPS measurement is particu-
larly subjected to surface-active processes (e.g. oxidation). 
In general, all welded samples contained a higher amount of 
oxygen and carbon, while the amount of iron, chromium and 
nickel was decreased compared to the non-welded sample. 
This can be attributed to a change in the ratio of elements, 
whereby the significant increase in oxygen and carbon 
results in a decrease in all other elements. By comparing 
the effect of the gas atmosphere, ambient-welded specimens 
showed an increase in manganese, chromium (only for the 
reference process of the local gas supply setup) and silicon, 

which is consistent with the thermodynamic calculations of 
[25] that indicated an increase in iron, manganese, chro-
mium and silicon oxides for GTA-welded specimens of SUS 
304 in an ambient atmosphere with an oxygen concentration 
of more than 0.6 vol%. To specify whether the increase in 
the element concentration can be attributed to the growth of 
oxides, the following discussion focuses on the determina-
tion of the chemical states. Since the elemental concentra-
tion of silicon is comparatively low, the determination is 
concentrated on the oxidation states of iron (Fig. 8a), chro-
mium (Fig. 8b) and manganese (Fig. 8c). The correspond-
ing high-resolution XPS spectra (Fig. 20, Fig. 21, Fig. 22, 
Fig. 23, Fig. 24, Fig. 25) are included in the Appendix as 
the further discussion is based on a quantitative comparison.

A decrease of elemental iron (Fe-0) was observed for 
all welded specimen (Fig. 8a), while the amount of Fe-II 
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and Fe-III states increased at the same time. Despite a 
slight increase in Fe-0 (alloy) was observed for all speci-
men welded in an ambient atmosphere too, the increase in 
Fe-II and Fe-III states indicates the formation of iron oxide 
on the specimen surface because of the welding process. 
However, a trend in the amount of Fe-II and Fe-III states 
as a function of type of shielding (partial/global) could 
not be determined. In contrast, the analysis of the oxida-
tion states of chromium (Fig. 8b) and manganese (Fig. 8c) 
showed more similarities. Thus, all samples welded in 
ambient atmosphere showed a decrease of elemental 
chromium (Cr-0), elemental manganese (Mn-0) and Cr-VI 

state, while at the same time a significant increase of Cr-
III, Cr-IV and Mn-II, Mn-III states could be detected. This 
corresponds to a significant increase in chromium oxides 
and manganese oxides on the specimen surface, while 
the surface is also covered by iron oxides. To identify the 
geometrical structure, spatial distribution and layer thick-
nesses of these oxides, the following section provides a 
surface analysis of the specimen using a scanning electron 
microscope (SEM) and energy-dispersive X-ray spectros-
copy (EDX) in line scan mode. To emphasize the effect of 
the gas atmosphere in a more explicit way, this section is 
divided into Subsections 3.5 (Effect of partial and global 
shielding) and 3.6 (Effect of ambient atmosphere).
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3.5  Effect of partial and global shielding on oxide 
growth and spatial element distribution

To provide a representation of the effect of an ideal argon 
shielding, the discussion will first focus on the effect of a 
global argon atmosphere. By analyzing the cross section 
of the specimen (Fig. 9), a seam formation without cover-
ing oxide layer was observed. This corresponds to the EDX 
measurement of the chemical concentration (Fig. 10). The 
line scan began approximately 100 μm inside the weld seam, 
crossed the area of the specimen surface and ended outside 
the specimen. By analyzing the concentration of carbon 
(C), oxygen (O), silicon (Si), chromium (Cr), manganese 
(Mn), iron (Fe) and nickel (Ni), a homogeneous elemental 

distribution was found along the entire scan path. This leads 
to the conclusion that the oxide growth in a global argon 
atmosphere is weak due to the inert nature of the gas, which 
could already be determined based on the differences in 
the tarnish formation (Fig. 6). Following, the oxides deter-
mined by surface-sensitive XPS analysis are limited to layer 
thicknesses below the resolution limit of the SEM analysis 
(reached max. SEM resolution: 14.3 nm/px) and the detec-
tion limit of the EDX analysis (set EDX line scan resolu-
tion: 50 nm/point). Since the weld geometry of the global 
argon atmosphere–welded specimen was characterized by 
an extensive widening of the weld top (Section 3.2), the thin 
oxides present on the top of the specimen can be considered 
of minor importance with respect to a surface-near melt pool 
convection.

The SEM analysis of the specimen welded with locally 
supplied argon revealed an almost comparable weld seam 
(Fig. 11). Thus, it was not possible to detect an all-over cov-
ering oxide layer in the near-surface area. However, a few 
areas of formed clusters were found at the edge of the seam. 
To specify the chemical elements within these structures, a 
line scan was performed across and along this area (Fig. 12). 
While the area next to the cluster showed no differences in 
chemical composition (Fig. 12, I), a decrease in iron and 
nickel and an increase in oxygen, manganese, silicon and 
carbon were detected within the cluster (Fig. 12, II). This 
is consistent with the XPS measurement, which revealed an 
increase in the chemical state of manganese and silicon (Sec-
tion 3.4), among others, suggesting that the locally formed 
clusters can be related to oxide islands composed mainly of 
oxidized manganese and silicon. Consequently, the results 
imply an imperfect coverage of the locally supplied gas, 
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resulting in an occasional contact between the melt and 
ambient oxygen. From an industrial point of view, manga-
nese and silicon are often used in the steelmaking process as 
deoxidizers to increase slag formation [40], which is prob-
ably relevant to the redistribution of chemical elements dur-
ing the welding process and may be related to the formed 
oxide islands.

In order to identify possible areas of oxide clusters, 
Fig. 13 shows an EDX line scan across the top of the speci-
men. In addition, the corresponding surface topography 
is shown by an SEM analysis to investigate the correla-
tion between the spatial element distribution and the sur-
face topography. Using the local argon supply, a widely 
homogeneous distribution of elements was observed on 

the specimen top side. However, a decrease in iron and 
nickel and an increase in manganese, oxygen and silicon 
were determined in a few local areas across the width of the 
seam. By correlating the corresponding surface topography, 
it was found that these areas were located on local maxima 
in the chevron ripples of the seam (Fig. 13, I). The uneven 
topography of the ripples may influence the EDX analysis 
by affecting the excitation area. Nevertheless, due to the high 
spatial resolution of the EDX analysis (Section 2.3), this 
effect can be considered of minor importance. According to 
the XPS analysis (Section 3.4), these areas may consist of 
oxidized manganese and silicon. Since the formation of the 
chevron structure depends significantly on the interaction 
of different melt flows within the melt pool [41], the spatial 
distribution of these locally thickened oxide layers seems 
to be affected by the melt pool convection. In this context, 
the melt pool convection caused the formation of an almost 
symmetrical chevron structure (Fig. 13, Detail A), with less 
symmetry in the edge regions of the seam. Although the 
EDX analysis revealed the formation of local oxide islands, 
the surface of the chevron ripples was free of spalling oxides 
(Fig. 13, Detail B).

In summary, a partial shielding by means of a local gas 
supply can largely prevent the formation of oxides. However, 
there can be occasional contact between the melt and oxy-
gen, allowing for potential oxide formation.

3.6  Effect of an ambient atmosphere on oxide 
growth and spatial element distribution

In addition to the oxygen concentration within the atmos-
phere, the growth of oxides is also dependent on tempera-
ture and time [19]. To investigate this dependency more 

0.1 mm

2 µm

SEM analysis (local argon supply)

Local cluster

Homogenous 
microstructure

vm

Ar
go

n

Laser

Specimen

30 µm

Fig. 11  Microstructure of AISI 304 welded with locally supplied 
argon

0 2 4 6 8
0

20

40

60

80

% t
w ni noitartnecno

C

Distance in µm

 C
 O
 Si
 Cr
 Mn
 Fe
 Ni

0 2 4 6 8
0

20

40

60

80

% t
w ni noitartnecno

C

Distance in µm

 C
 O
 Si
 Cr
 Mn
 Fe
 Ni

Edge zone

1 µm

1

1

2

2

Start EndStart End

Area of top 
layer formation

vm

Ar
go

n

Laser

Specimen

Below 
top layer

Overhanging
area

Fe, Ni
O, Mn, Si, C
Cr 

Area overhanging 
specimen surface

Fig. 12  Element concentration determined by EDX analysis of a specimen welded with locally supplied argon



1365Welding in the World (2024) 68:1353–1374 

1 3

explicit, the following analysis of the oxide growth in ambient 
atmosphere is performed for both experimental setups (Sec-
tion 2.1), since the used welding speeds and focal diameter 
(global atmosphere: vm = 8 m/min, dfoc = 420 μm, local gas 
supply: vm = 10 m/min, dfoc = 274 μm) are different and 
could therefore influence the oxide growth.

By analyzing the chamber-welded specimen in ambient 
atmosphere, a significant change in the seam formation was 
noted compared to the specimen welded in a global argon 
atmosphere (Fig. 14). The surface was characterized by an all-
over covering top layer, the thickness of which varied depending 
on the spatial seam position. With a thickness of approx. 500 
nm, the layer was thinnest in the centre of the weld seam and 
increased up to approx. 8 μm towards the edge of the seam. The 
thickness of the layer did not grow consistently, whereby espe-
cially the edge area showed strong variations in layer thickness. 
Inside this layer, cubical structures were found stacked on top 
of each other. While the smaller cubical structures were settled 
in the lower part of the covering top layer, the largest structures 
were concentrated on the upper side. These structures were 
embedded in a lamellar matrix that seems to consist of at least 
two chemical elements, based on the difference in SEM contrast.

To determine the chemical composition of the covering 
top layer, Fig. 15 provides a spatially resolved EDX line 
scan. Beginning in the material below the top layer, a high 
concentration of iron, chromium and nickel was found. By 
crossing the top layer formation, a significant increase in oxy-
gen, chromium, manganese and silicon was detected. This 
agrees with the XPS analysis (Section 3.4) and indicates the 
formation of chromium oxides, manganese oxides and silicon 
oxides within the top layer; in addition, the surface-sensitive 
XPS analysis also indicates the formation of iron oxides.

To give a representation of the layer structure, it might be 
useful to consider the oxidation kinetics. Since the region in 
which the oxide layer grows can be different (Section 1), the 
oxide layer can consist of a multilayer structure. According 
to this, the growth reaction of  Cr2O3 and FeO, among others, 
causes to the formation of the outer oxide layer, while  Fe2O3 
and  SiO2, among others, grows from the inner to the outer 
layer [19]. This can explain the differences in the spatial 
element distribution within the oxide layer, as shown in the 
EDX line scan in Fig. 15. Corresponding to this, it was pos-
sible to identify an increase in silicon within the embedding 
matrix material surrounding the cubical structures (Fig. 15, 
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I), which can be a result of the inner growth of  SiO2. The 
formation of the cubical structures can be attributed to two 
different phenomena. Since the formed volume of the oxides 
is usually lager than the volume of the initial metal from 
which the oxide is created, the oxide growth results in the 

formation of compressive stress within the formed layer 
[42]. This ratio is given by the Pilling-Bedworth ratio (P-B 
ratio). As the P-B ratio of most of the oxidation-relevant ele-
ments of AISI 304 is greater than 1 (e.g. Fe(II) oxide: 1.7, 
Cr(III) oxide: 2.07, Fe(II,III) oxide 2.10 and SiO2: 2.15), the 
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oxide layer tends to form cracks [19], which may be crucial 
for the formation of the cubical structures within the seam. 
The second formation mechanism can be attributed to the 
melt pool convection. Following, the melt flow during the 
welding process may break up the formed oxide layer and 
can also result in a redistribution of oxides on the weld seam 
surface. This could explain the stacks of the cubical struc-
tures in the edge of the seam. Since the temperature gradi-
ent of the surface tension of liquid iron should be positive 
for welding processes in ambient atmosphere (Section 1), 
the centripetal melt flow direction of the melt contradicts 
this theory. Therefore, it can be assumed that the resultant 
of the keyhole surrounding flow, the metal vapor induced 
flow and the Marangoni flow contribute to the weld seam 
edge–orientated redistribution of oxides. Since the velocity 

of the keyhole surrounding melt flow increases exponentially 
with welding speed [1, 9, 30], and the experiment was per-
formed at relatively high welding speeds (Section 2.1), the 
redistribution of the oxides may be dominated by the effect 
of the keyhole surrounding melt flow.

By increasing the welding speed and decreasing the focal 
diameter for the chamberless-welded specimen in ambient 
atmosphere, an almost comparable oxide formation was 
observed (Fig.  16). An all-over covering top layer was 
observed, while the seam edge was characterized by local-
ized increases in layer thickness/cluster as described above. 
However, the general thickness of the top layer was signifi-
cantly thinner than that of the chamber-welded specimen. 
This may be attributed to the differences in welding param-
eters (Section 2.1), following the increase in welding speed 
and decrease in focal diameter results in a faster seam solidi-
fication, reducing the time of interaction between oxygen 
and melt. In addition, the melt pool convection, and there-
fore the distribution of oxides, is affected by the increase in 
welding speed. The layer thickness can also increase after 
solidification. However, this influence is to be considered 
minor since the adsorption is temperature dependent (Sec-
tion 1). To determine the chemical elements in the top layer, 
another EDX line scan was performed (Fig. 17). Inside the 
thickened areas at the seam edge (Fig. 17, I), a decrease in 
iron and nickel and an increase in manganese, oxygen, sili-
con and carbon were found, while the concentration of chro-
mium remained constant. Except for the constant chromium 
concentration, this corresponds to the found element concen-
tration on the chamber-welded specimen. An almost similar 
behaviour was noticed in the area next to the thickened layer 
(Fig. 17, II). In this case, a decrease in iron, chromium and 
nickel and an increase in oxygen, manganese, silicon and 
especially carbon were observed. Despite the differences 
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in the total element concentration between both measuring 
sites, the trend of the curves is mostly the same. Consider-
ing the XPS analysis (Section 3.4), it can be assumed that 
the top layer of the chamberless-welded specimen consists 
mainly of oxidizes manganese and silicon. Since the XPS 
analysis also showed an increase in chromium oxides, the 
chromium oxides may be located outside the specified areas, 
or the layer thickness appears to be smaller than the resolu-
tion limit of the EDX analysis (set EDX line scan resolution: 
198 nm/point).

To determine whether the oxides have been redistrib-
uted by the melt flow convection, or whether the oxide 
distribution corresponds to the surface topography, Fig. 18 
provides an EDX line scan across the specimen surface 
and a correlating SEM analysis. In contrast to the speci-
men welded with locally supplied argon (Fig. 13), the 
chamberless-welded specimen in ambient atmosphere 
were characterized by a significant seam undercut due to 
the spatter-induced loss of mass (Section 3.1). Since there 
was no undercut formation in the corresponding cross sec-
tion in Fig. 6, it should be noted that Fig. 6 and Fig. 18 
represent two different specimens welded with identical 
parameters.

The EDX analysis revealed a spatial dependence of the ele-
ment concentration, whereby a noticeably decrease in iron and 
nickel and an increase in oxygen, manganese and silicon was 
observed from the seam centre to the seam edge. Although 
the EDX analysis can be affected by the variation in surface 
topography due to the seam undercut, this corresponds to the 
determined differences in oxide layer thickness. It can therefore 
be assumed that the oxides preferentially segregate in the edge 
area of the weld seam during the welding process. As described 
above, this can be a result of the shear-induced forces due to the 
melt pool convection. In contrast to the clearly formed chevron 
ripples of the specimen welded with locally supplied argon, 
a much weaker chevron structure was observed, which also 
appeared to be symmetrical (Fig. 18, Detail A). The topography 
of the chevron ripples was found to be rough and characterized 
by cracks and spalling oxides (Fig. 18, Detail B). This is in line 
with the described increase in volume of the formed oxides, 
which can lead to cracking and spalling of the oxides due to the 
formation of a critical compressive stress [42].

In summary, it can be said that an all-over covering oxide 
layer with local differences in layer thickness is formed 
during the welding process in an ambient atmosphere. The 
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oxide layer consists mainly of manganese oxide, silicon 
oxide and a proportion of chromium and iron oxide.

4  Conclusion and outlook

Since there is no significant change in keyhole geometry and 
dynamics induced by a partial shielding caused by a local argon 
supply at low flow rates, this paper focuses on the determination 
of the effect of locally supplied argon on oxide formation, as 
the oxide growth affects the melt pool dynamics. To qualify the 
effect of shielding, the experiments are compared to chamber-
welded specimens in a global argon atmosphere. As a result 
of the experiments, following key facts were found (Fig. 19):

4.1  Ambient atmosphere

– Based on the contact of melt and oxygen, an all-over cov-
ering oxide layer was formed. The thickness of this layer 
increased significantly in the seam edge. Inside the oxide 
layer, cubical structures were stacked on the top of each 
other. While smaller cubes were settled in the lower part, the 
largest of them were concentrated on the upper side. These 
structures were embedded in a lamellar matrix that seems 
to consist of at least two different elements. The redistribu-
tion of oxides was attributed to shear-induced forces due to 
the melt pool convection. Since the Marangoni convection 
should be directed centripetal for welding in ambient atmos-
phere and the effect of the keyhole surrounding flow and the 
metal vapor induced flow is predominantly for high welding 
speeds, the effect will be dominated by a resultant of these.

– Using XPS and EDX analyses, the oxide layer was char-
acterized as consisting primarily of oxidized manganese, 
silicon and parts of chromium and iron. Differences in the 
concentration of elements within the oxide layer indicate 
the presence of silicon in the matrix surrounding the cubi-
cal structures. This is in line with the oxidation kinetics, 
whereby the growth of  Cr2O3 and FeO, among others, 
form the outer oxides and  Fe2O3 and  SiO2, among others, 
form the inner oxides.

– Based on the loss of mass, the seam may be charac-
terized by a seam undercut (not depicted in Fig. 19). 
Weakly formed chevron ripples were observed, while the 
specimen surface was rough and characterized by oxide 
spalling. This can be attributed to the volume increase 
of oxides, which can result in a cracking and spalling of 
them due to the induced compressive stress.

4.2  Partial shielding using local argon supply

– Due to the oxygen shielding of the inert argon, it was 
not possible to detect an all-over covering oxide layer. 

However, it cannot be excluded that an oxide layer was 
formed, since the local gas supply does not ensure a full-
time coverage during the solidification of the seam. In 
this case, the thickness of this layer should be below 
the detection limit of the measuring methods used. 
This is supported by the fact that the imperfect cover-
age resulted in the formation of oxide islands, which 
showed an almost comparable elemental composition as 
the specimen welded in ambient atmosphere. Since these 
areas were formed at the edge of the seam, this supports 
the theory of the convection-induced redistribution of 
oxides. As the temperature coefficient of liquid iron can 
become negative with a shielding of oxygen, the cen-
trifugal flow direction of the Marangoni flow supports 
the edge-orientated redistribution and results in a local 
widening of the seam top.

– In contrast to the decrease in penetration depth of the 
chamber-welded specimen in a global argon atmosphere, 
the use of locally supplied argon resulted in an increase in 
penetration depth. This may be attributed to the flow-sided 
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blowing of metal vapor resulting in an increase in laser 
beam transfer efficiency [43, 44].

– As a result of the enhanced convection on the almost free 
melt pool surface, a pronounced formation of chevron rip-
ples was observed, while the specimen surface was smooth 
and free of cracks or spalling. The spatial resolved EDX 
analysis of the specimen top side revealed a correlation 
between the chemical element concentration and the sur-
face topography. Thus, an increase of the oxidation-rele-
vant elements (Mn, O, Si) was observed on the maxima of 
the chevron ripples. According to the XPS measurements, 
this indicates a local increase in oxide layer thickness.

In conclusion, it can be said that the differences in oxide 
growth led to a significant affected melt pool convection and 
melt pool dynamics, although the shielding of oxygen also 
affects spatter formation by influencing the surface tension. 
Therefore, the fundamental effect of locally supplied argon 

at low flow rates (up to 5 l/min) seems to be dominated by 
the shielding of oxygen. Further investigations will focus on 
the characterization of the gas penetration within the key-
hole, the clarification of the gas-induced melt pool elonga-
tion and the analysis of the keyhole dynamics at higher flow 
rates.

Appendix

This section provides the corresponding high-resolution 
XPS spectra of Fe  2p3/2, Cr  2p3/2 and Mn  2p3/2 to Section 3.4. 
Depending on the experimental setup (Section 2.1), Fig. 20, 
Fig. 21 and Fig. 22 showing the results of the chamber-
welded specimen in a global gas atmosphere and Fig. 23, 
Fig. 24 and Fig. 25 showing the results of the chamberless-
welded specimen with locally supplied gas. As chromium is 
characterized by a multiplet splitting due to unpaired valence 
electrons [45], the high-resolution XPS spectra of chromium 
(Fig. 21, Fig. 24) include the related information.
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