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Abstract. Chemical compositions of a weld can be varying locally as a result of the welding
process. These local variations can be due to the vaporization of individual alloying elements. In
this work, tungsten inert gas (TIG) bead-on-plate stainless steel welds of EN grade 1.4404 and
1.4435 were investigated using laser-induced breakdown spectroscopy (LIBS) on the completed
welds. This study aims to reveal the welding parameters’ influence on the resulting local
chemical compositions of the stainless steel welds. We demonstrated Mn vaporize before Cr due
to its lower latent enthalpy of vaporization. Hence, Mn accumulates on the heat-affected zone
(HAZ) both sides across the weld bead by being swept away through the circulation flow of the
welding plasma. Additionally, increasing the heat input tends to enhance the accumulated Mn
content on the HAZ as well as increasing the shielding gas flow rate. The results are in good
agreement with the literature and proved that LIBS is an effective method to inspect completed
welds.

1 Introduction

Tungsten inert gas (TIG) welding process uses a free burning electric arc in a surrounding shielding gas
between a non-consumable tungsten electrode and a workpiece. Consequently, the strong heat flux from
the welding arc plasma partially melts the workpiece and forms a weld pool. Metal vapor can be released
from the weld pool surface due to the vaporization of the molten material[ 1]. If the material’s loss results
in a critical change of the chemical composition, the mechanical properties of the weld may be impaired.
Moreover, the chemical composition of the metal vapor and the arc plasma alters the arc stability and
fume formation[2].

The alloying elements’ vaporization from the weld pool is a complex process and includes several
stages. Moreover, the rate of vaporization depends on the relative contributions of each following step.
First, the alloying elements are transported to the surface of the weld pool either by convection or
diffusion. Second, as the alloying element reaches the surface, several thermodynamic factors determine
the rate of vaporization e.g. the local concentration of the alloying element, the extend of surface
coverage by the surface active elements, the nature of the weld pool surface interface and the weld pool
surface turbulence. Finally, the nature of the boundary layer and the diffusivities of the vaporized species
influence the rate of vaporization[3]. The principal factors governing the rate of vaporization including
various interdependent physical phenomena are e.g. the temperature distribution at the surface of the
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weld pool, partial pressure of the gas species above the weld pool, the chemical composition of the melt,
individual elements’ molecular weight and their diffusion coefficients[4].

Various experimental and numerical simulation studies have been conducted on the topic of alloying
element vaporization to determine the metal vapor behaviour during welding. Yamamoto et al. have
used a numerical model for TIG welding of stainless steel and concluded the concentration of the
manganese in the arc plasma is much higher than the amount of manganese in the stainless steel,
especially above the area with the lower weld pool temperature (farther locations from the welding arc)
due to the higher partial pressure of manganese at lower temperatures[5]. Tanaka et al. have detected
most of the chromium and manganese vapor released from the stainless steel weld pool surface are
carried into a circulation flow in the welding plasma (cathode jet) and then swept away towards the
surroundings of the welding arc. They have also concluded that if the concentration gradient in the arc
plasma is large enough, chromium could be transported through the cathode jet by diffusion and could
be carried towards the welding electrode[6]. Tashiro et al. have investigated the fume formation
mechanism and the individual particle behaviour in stationary TIG-welding of pure iron. Hence, they
observed the metal vapor escaping from the plasma arc to the atmosphere, instantaneously cooling down
and condensing as fume[7]. Tanaka et al. have used imaging spectroscopy to observe stationary TIG
welding processes and metal vaporization. They have detected that the atomic and ionic chromium are
the dominant species in the welding arc plasma compared to iron due to the lower ionisation energy of
Cr[8]. Taparli et al. have detected post-weld manganese enrichment at the heat affected zone (HAZ) in
stainless steels using laser-induced breakdown spectroscopy (LIBS)[9]. In situ monitoring of the
stationary weld pool using LIBS has also indirectly revealed the significant amount of manganese in the
metal vapor above the weld pool and instantaneous condensation on the weld metal as soon as the
welding process was terminated[10].

Laser-induced breakdown spectroscopy is one of the various methods in atomic emission
spectroscopy. It is based on measuring the element specific photon emission. A pulsed laser beam is
focused onto the surface of the substance to be analysed. Radiation energy is locally coupled into the
material. Consequently, the material starts to evaporate. In this material vapor and the surrounding
atmosphere, a plasma is generated, leading to the excitation of the material constituents and their
spontaneous emission (Bremsstrahlung). As the plasma cools down and decays with time, it starts to
emit element-specific radiation. This emission can be resolved and detected by a spectrometer[11].

This work presents post weld chemical composition analysis results of TIG bead-on-plate stainless
steel welds using LIBS. Individual welds were investigated (after the welding process is completed) by
perpendicular (to the welding direction) LIBS line-scans to determine the final chemical compositions
in the fusion zone (FZ), heat affected zone and the base material. Furthermore, the influence of the
welding heat (energy) input and the shielding gas (Ar) flow rate on the final chemical compositions of
the welds were investigated.

2 Materials and methods

2.1 Materials

EN grade 1.4404 and 1.4435 (standardized in DIN EN 10088-1) austenitic stainless steels were chosen
as sample materials for the experimental series. Chemical compositions of the main alloying elements
are shown in Table 1. The values were measured by conventional mobile spark optical emission
spectroscopy instrument Spektrotest (SPECTRO Analytical Instruments GmbH).
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Table 1. Selected sample materials and their alloying element concentrations. (Source: Spark-OES)

Grade /Batch  Thickness (t) Chemical composition (wt%)

(EN 10088-1) (mm) C Si Mn Cr Ni Mo Fe
1.4404 / 31785 3 0.013 0.33 0.75 17.02 11.11 2.18 bal.
1.4404 / 327005 6 0.021 0.33 1.39 16.84 10.00 2.00 bal.
1.4435/ 315821 4 0.023 0.49 1.49 17.92 12.55 2.47 bal.

Sample plates with the dimensions 320 mm x 35 mm x ¢ manufactured by Columbus Stainless
Ltd.(1.4435), Outokumpu (1.4404 / 31785) and U&A (1.4404 / 327005) were used for the experiments.
The respective surface of the plates was in as-manufactured condition without further mechanical
treatment. Prior to welding, they had been cleaned with acetone to remove any resultant surface
contaminants.

2.2 Experimental set-up

The LIBS system consisted of a 1064 nm Nd:YAG laser at 10 Hz pulse repetition rate with output energy
of 200 mJ (Quantel CFR 200). The laser source was synchronized by a LIBS controller (Lasertechnik
Berlin (LTB), Berlin Germany) with the Echelle spectrometer Aryelle 200 (LTB) equipped with
intensified charged-coupled device (ICCD) detector (ANDOR iStar, Oxford Instruments). ICCD-
detectors have a better time resolution to detect the very short lifetime of the laser-induced plasma
(typically lies between 0.5-50us[11]) and a higher gate-width flexibility compared to single CCD-type
detectors[12].

Welding experiments were conducted using a tungsten inert gas (TIG) arc welding system by
Castolin CastoTIG 1611DC power supply and Castolin TIG torch using WC-20 tungsten electrode (2%
Ceriated) with 1.6 mm diameter. The contact distance from the base material to the electrode tip was set
to approx. 3 mm. The electrode tip extended 3 mm from the ceramic gas nozzle (diameter 6 mm).
Welding processes were conducted using a motorized linear stage. Sample plates were mounted on the
stage and moved, whereby the welding torch and the LIBS system remained fixed. Relative movement
of the sample plate resulted in weld beads of 80 mm in length. Welding parameters (welding current
and speed) were arranged in order to realise various heat input values. Argon 5.0 (purity > 99.999 %)
was used as the shielding gas.
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Figure 1. Experimental set-up.
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The laser head was positioned normal to the sample surface. The laser beam was focused on the
sample surface using a custom-built focusing and light collecting optics system (Figure 1). The emitted
light was transmitted into the spectrometer through an optical fibre. A single measurement accumulated
the emitted light from 10 laser shots. The delay time between the laser pulse and the beginning of
exposure was set to 1.0 us and ICCD gate width (how long the ICCD gate is open for each LIBS
measurement) was set to 20 ps. LIBS line-scans were conducted perpendicular to the welding direction
and at the midpoint (at approx. 40 mm from the start) of each weld seam, using the motorized linear
stage with a step size of 200 um. Individual LIBS measurement spots have radii of approx. r = 100 pm.

3 Results and discussion

Each LIBS measurement provides an individual spectrum for that specific measurement spot. Data
processing was conducted for each spectrum in the following sequence; the spectral background was
removed and individual peaks were fitted using the Gaussian function. Integrating the selected peaks
results in the relative intensity values of the selected element. Using a selection of certified reference
materials (CRM) and measuring their relative intensity values, one can establish a quantification model
for the measured unknown substances and predict their chemical compositions. In this study, we used
the basic linear regression method using CRMs to establish the quantified chemical composition values.
Further reading on the topic can be found elsewhere[13, 14].

3.1 Space-resolved elemental distributions of Cr and Mn

Processing each spectrum of the line scan results in a chemical composition vs. position profile for each
weld seam. Figure 2 demonstrates three processed spectra between approx. 402.8 nm to 403.8 nm (the
welding parameters for the sample are indicated in the caption of Figure 2.). These spectra show the
typical Mn | triplet peaks at 403 nm, which were also used for quantification of the manganese element
in this study. These peaks were processed as it was explained in the previous section i.e. the spectral
background was removed; the data were fitted by the Gaussian function and the area under the peak was
calculated by definite integral of the curve. In Figure 2, one can see three spectra, however two of them
overlap; namely the black curve (measured spectrum from the weld bead) and the blue curve (measured
spectrum from the base material) are hard to distinguish. The reason for this can be seen in Figure 3, i.e.
the Mn content at the base material and the weld bead are largely similar. However, Mn content for the
HAZ is significantly greater compared to the weld bead and the base material. This result indicates that
a higher Mn content was observed at the border of the FZ. Moreover, Mn accumulates on the HAZ as a
result of the welding process. The spectrum in Figure 2 (red curve), respectively the Mn I peaks recorded
from the HAZ, supports this argument with much higher relative intensity values compared to the other
two curves.

Figure 3 reveals a slightly different trend for Cr. The chemical compositions present the lowest values
for the weld bead or the FZ, and slightly higher values towards the base material (farther away from the
FZ). This phenomenon indicates a possible Cr depletion in the solidified weld metal. This can be
explained by a possible vaporization of the alloying element in this region. However, contrary to Mn, a
significant local accumulation of Cr at any specific location does not occur.
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These results for both Mn and Cr are in good agreement with the literature[7-9]. Therefore, we
extended our study to investigate the influence of the welding parameters on the local chemical
composition changes.

3.2 Relation between welding heat input and Mn accumulation at the HAZ

The previous section has revealed a possible Mn accumulation phenomenon at the HAZ. Hence, the Cr
compositions at the FZ differs slightly from the rest of the welds. Figure 4 presents the Mn (left) and Cr
(right) compositions as a function of welding heat input for the material EN 1.4404 / 31785. Both
diagrams demonstrate the chemical composition of the aforementioned elements measured in three pre-
defined locations on the welds (base material, HAZ and weld bead (FZ)).
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Figure 4. Mn (left) and Cr (right) chemical compositions at the base material, HAZ and the
weld bead displayed as a function of welding heat input. Dashed lines are guide-to-the-eye.
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Figure 4 shows that increasing the heat input from 110 J/mm up to 450 J/mm results in approx. 0.5
wt% increase of the resulting chemical compositions for both Mn and Cr at the HAZ. Similarly, at the
weld bead (FZ) an increasing trend for Mn and Cr compositions with the increasing heat input is
observed. However, this latter increasing trend for Mn at the weld bead is relatively slower than for Cr
(blue dashed lines). Measurements conducted at the base material have showed only negligible
composition variations as function of the heat input (black dashed lines).

Khan et al. reported that increasing the power input during laser welding of stainless steels increases
the vaporization rate of individual elements [4]. Their results are in good agreement with the Figure 4.
Hence, the Mn composition at the HAZ increases with the higher welding heat input values.
Consequently, the amount of the condensed material on the weld surface after welding is also increased.
Same principal applies for Cr but in a different location on the weld surface. Tanaka et al. have
demonstrated that Cr is dominantly present in the welding arc plasma due to its lower ionisation energy.
[8]. It has also been reported that the vaporized Cr could be carried towards the TIG welding
electrode[6], which supports the finding of higher Cr composition directly above the weld bead or on
the FZ.

3.3 Shielding gas flow rate and alloying element vaporization

This last section presents the chemical composition changes of Mn and Cr as a function of the shielding
gas (Ar) flow rate for the sample material 1.4435 /315821 at constant heat input (491 J/mm). Figure 5
(left) demonstrates the accumulated higher Mn content at the HAZ for any given flow rate with approx.
0.2 wt% increase. The significant increase occurs at the highest applied gas flow rate (20 1/min) with
approx. 1 wt% difference to values measured at the base material and the weld bead (FZ). This result
also indicated that the vaporized Mn is swept away from the area above the FZ faster and carried onto
the HAZ, i.e. also accumulated on the HAZ faster therefore resulting in higher composition value.
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Figure 5. Various shielding gas flow rates and alloying element compositions on the bead-on-weld
samples for Mn (left) and Cr (right). (EN 1.4435 / 315821 — Heat input = 491 J/mm constant).

Furthermore, previous in situ LIBS investigations had demonstrated the vaporization rate of the Mn
is related to the welding input energy, hence the overall thickness of the accumulated Mn layer was
enhanced at higher heat input values[10]. However, this result indicates that the transport model of the
individual alloying elements in the welding arc plasma is also strongly related to the shielding gas flow
rate, although the rates of vaporization is considered as independent of the gas flow rate in the arc
plasma[3]. Considering the rate of vaporization is independent of the gas flow rate, it is possible to
interpret this higher Mn content at 20 I/min setting to the faster transport kinetics in the welding arc
plasma; not due to the higher vaporization rate.
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Cr has demonstrated relatively stable results throughout the all selected flow rate settings for this
sample material. The measured chemical composition of the Cr in various areas depend neither on the
shielding gas flow rate nor the heat input. Moreover, comparing the latent enthalpy of vaporization
values for Mn and Cr would make this assumption more comprehendible. Mn would require 225 kJ/mol
to vaporize whereby Cr would need 347 J/mol[15]. Hence, this supports the possible Mn vaporization
and consequent condensation to happen thermodynamically easier compared to Cr. Furthermore, Huber
et al. reports that the temperature of the weld pool has a high impact on the metal vapor generation and
the excitation degree of the individual alloying elements[16]. In this example, the welding heat input
possibly lies below the critical level, therefore a distinguishable Cr composition difference on the weld
metal was not observed.

4 Conclusions

Laser-induced breakdown spectroscopy method was used to investigate post TIG bead-on-plate welds
and the possible metal vaporization and condensation phenomena due to the welding process. Key
findings of the study are:

e  Mn vaporize from the weld pool during welding and tend to be swept away from the welding
arc along the weld bead. Instantaneously, it condenses on the HAZ and resulting in higher
chemical compositions across both sides of the weld bead.

e Increasing the heat input results in higher Cr composition on the weld bead (FZ).

e Increasing the heat input results in higher Mn composition on the HAZ.

e Increasing shielding gas flow rate enhanced the Mn content accumulated at the HAZ.

We investigated post-weld individual trends of alloying elements chemical compositions for the
selected stainless steel sample materials. The detected phenomena are in good agreement with the
literature and the theory. Further research on online LIBS feedback for welding process regulation is in
development.
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