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Abstract
The ISO 3690 standard “Determination of hydrogen content in arc weld metal” requires a thermal activation of the diffus-
ible hydrogen in a piece of weld metal for the subsequent ex situ concentration measurement by carrier gas hot extraction 
CGHE or thermal desorption spectroscopy (TCD). Laser-induced breakdown spectroscopy (LIBS) offers a time and spatially 
resolved, almost non-destructive, in situ measurement of hydrogen at surfaces without sample preparation. We measured 
hydrogen in steels, which were charged either electrochemically or by high-pressure hydrogen gas, and compared the results. 
Further, the feasibility of quantitative hydrogen line scan measurements with LIBS was demonstrated by measuring hydrogen 
at water jet cut surfaces. The hydrogen concentrations measured with the help of LIBS were compared with CGHE meas-
urements. It was observed that hydrogen can be reliably measured with LIBS for concentrations larger than 2 wt.-ppm. The 
maximum hydrogen concentration achieved using electrochemical charging was 85.1 ppm. The results show that LIBS is a 
promising technique for time- and spatially resolved measurements of hydrogen in steels.

Keywords LIBS · Hydrogen measurement · Welding · Stainless steel · Diffusible hydrogen

1 Introduction

During the welding of steels, critical combinations of dif-
fusible hydrogen, hardened microstructure, and welding 
residual stresses can occur, leading to the formation of cold 
cracks in the welded joint’s structure. For material damage 
caused by hydrogen, the two most accepted theories are 

presented. Hydrogen enhanced decohesion (HEDE) [1, 2] 
and hydrogen enhanced localized plasticity (HELP) [3]. 
According to HEDE, hydrogen diffuses towards areas of 
high mechanical stress and strain. There, it reduces the bond-
ing forces between metal atoms. HELP postulates that the 
hydrogen in the material accelerates the dislocation move-
ments and reduces the yield point due to the improved slip 
processes in the material. The local deformation capacity is 
increased. If the local elongation capacity in the microstruc-
ture is reduced by the uptake of hydrogen and, in addition, 
overstressing occurs, hydrogen-assisted material damage 
can result. When hydrogen is taken up during operation or 
production, it can be transported either directly at the pickup 
location or into critical areas of the material, such as highly 
stressed areas or brittle microstructure areas.

The hydrogen can be absorbed into the material in differ-
ent ways. One example is the diffusion of dissociated hydro-
gen from the plasma of the shielding gas during arc weld-
ing into the weld pool, where it remains after solidification 
[4–6]. Another possible path could be diffusion from the sur-
face to the interior of the material due to corrosion processes 
[7]. The service life of steels can be affected by the uptake 
of hydrogen, leading to the degradation of mechanical prop-
erties and possibly to the formation of hydrogen-induced 
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cracking (HIC). Numerous research papers have thoroughly 
investigated various parameters affecting the susceptibil-
ity to hydrogen embrittlement. These parameters include 
hydrogen content, residual stresses, and deformation due to 
internal or external forces and microstructural features. All 
these influencing factors can cause a critical condition that 
eventually leads to hydrogen embrittlement [8–10]. HIC is 
often called cold cracking in welding technology and can 
lead to failure of the material or the component in service 
[11–13].

The diffusibility for hydrogen in austenitic stainless steels 
is in the order of  10−4 compared to ferritic steels. These 
steels have a decrease in ductility and can show brittle 
cracking during hydrogen charging [14]. If both the nickel 
concentration and the martensite content in the steel are 
increased, the susceptibility to hydrogen embrittlement 
increases due to changes in the crack growth mechanism. 
Martensite is considered to be a very susceptible micro-
structure for hydrogen embrittlement, which is why retained 
austenite is usually present in martensitic stainless steels to 
decelerate hydrogen embrittlement [15, 16]. The diffusibility 
of hydrogen in duplex stainless steels depends on the phase 
distribution due to the mixed matrix of austenite and ferrite. 
Investigations into hydrogen embrittlement in duplex steels 
can be found in [17, 18].

Several approaches exist to minimize the risk of HIC 
by limiting hydrogen uptake. Examples include reducing 
hydrogen uptake from electrochemical reactions by adding 
corrosion inhibitors or applying a surface coating that acts 
as a barrier to hydrogen diffusion. Furthermore, thermal 
degassing processes such as dehydrogenation heat treatment 
(DHT) can be used. In addition, various alloying elements 
such as vanadium, titanium, or boron can be used to improve 
the solubility of hydrogen in the material. They serve as so-
called traps, where hydrogen collects and reduces the risk 
of damage to the material. In addition to the methods for 
controlling the hydrogen concentration in the material, there 
is considerable interest in precise hydrogen measurements in 
metals. This is particularly important for the evaluation of 
hydrogen uptake reactions or the success of heat treatment 
methods [19].

The international standard ISO 3690 [20] currently speci-
fies how to measure diffusible hydrogen in deposited metal 
and fused weld metal. The ex situ concentration measure-
ment is carried out with the help of carrier gas hot extraction 
(CGHE). In contrast, laser-induced breakdown spectroscopy 
(LIBS) would provide a temporally and spatially resolved, 
nearly non-destructive measurement of hydrogen on sur-
faces. Using a high-energy pulsed laser, the sample mate-
rial is superficially heated, a micro-sized plasma is gener-
ated, and the material begins to vaporize. During the cooling 
of the plasma, element-specific electromagnetic radiation 
is emitted, which can be recorded wavelength-specifically 

with the help of a spectrometer and which is analyzed with 
vendor’s evaluation software [21, 22].

In previous studies, LIBS was successfully used for in situ 
measurement of chemical compositions during the welding 
of stainless steels. Main alloying elements such as Cr, Ni, 
and Mn could be measured both qualitatively and quanti-
tatively [23–25]. Ball et al. [26] found in their investiga-
tions that it is possible to measure hydrogen using LIBS. 
They determined a detection limit of 20 wt.-ppm H for LIBS 
measurement in metals. They tested stainless steel, alu-
minum, copper, and titanium and introduced an external flow 
of  H2 gas. Hydrogen was supplied in gaseous form through a 
gas chamber and thus served as an external source of gase-
ous hydrogen. LIBS is particularly used for hydrogen detec-
tion in radioactive applications [27]. The advantage of LIBS 
is that a chemical analysis is possible without direct contact 
with a contaminated sample surface thus allowing applica-
tions, e.g., in the nuclear industry. Hydrogen and isotopes 
like deuterium were analyzed using LIBS by Fantoni et al. 
[28]. They coated Mo samples with W-Al and charged them 
with hydrogen to simulate contamination from nuclear appli-
cations. Marenkov et al. [29] conducted numerical calcula-
tions to estimate the relative error in LIBS measurements of 
H. They use tungsten as a base material with defined con-
centrations of hydrogen. They showed that as laser energy 
increases, the relative error of the measurements decreases. 
Xing et al. [30] investigated methods for quantitative meas-
urement of hydrogen using LIBS in hydrogen storage mate-
rials. They analyzed hydrogen isotopes (Deuterium) in Ti 
and determined the hydrogen concentration in the materials 
using CGHE. They were able to achieve a relative error of 
11%, which is still very high compared to a conventional 
CGHE (about 1–5%). Furthermore, hydrogen was measured 
in weld seams by Smith et al. [31]. They welded a low-
alloyed steel in a GMAW process, with hydrogen-containing 
shielding gas. They performed LIBS measurements as a line 
scan perpendicular to the welding direction to determine the 
distribution in the WM and the HAZ. They observed that the 
hydrogen distribution in the weld seam can be measured reli-
ably with LIBS, but they could not establish reproducibility 
in their applications for quantitative measurements. In gen-
eral, it can be concluded that hydrogen measurements with 
LIBS are commonly used only in the nuclear industry [32].

Another application area that is highly relevant, especially 
for a possible extension of ISO 3690, is the use of handheld 
LIBS devices. These allow, for example, the on-site detec-
tion of various elements, on components already installed or 
in use. Noll et al. [33] provide an overview of current appli-
cations of handheld LIBS devices as well as new research 
and development projects in various industries. For appli-
cations that allow a low pulse energy and a small measur-
ing distance (a few cm), the authors see a good opportunity 
for the use of miniaturized LIBS measurement devices. 
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Some studies show that with multivariate data analysis and 
appropriate software, a better analytical performance can be 
achieved than with comparable XRF handheld instruments 
[34, 35]. Afgan et al. [36] used a specially designed hand-
held LIBS device to determine the elements Si, Cr, Mn, Ni, 
Mo, V, C, and Cu quantitatively in high and low alloy steel. 
The accuracy of the LIBS results can be compared with the 
results of commercial XRF instruments already in industrial 
use. Pochon et al. [37] also used a handheld LIBS device 
in their study to detect gold occurrences in gold ore and 
gold alloys. The advantage here was that the LIBS device 
could be used directly on site, when mining the gold, and the 
samples did not have to be investigated in the laboratory. In 
some studies, hydrogen could be measured using a handheld 
LIBS device. For example, Garlea et al. [38] showed that 
they could reliably perform LIBS measurements on uranium 
samples containing defined hydrogen concentrations using a 
handheld device. They studied four samples, with hydrogen 
concentrations between 1.8 and 14 wt.-ppm and analyzed 
the atomic emission lines of H. In austenitic steels, Trusch-
ner et al. [39] measured hydrogen using handheld LIBS. 
They investigated the hydrogen embrittlement of a auste-
nitic steel and analyzed the hydrogen concentration on the 
sample surface by handheld LIBS. The steel samples were 
either unloaded or electrochemically loaded. Their data sets 
showed a large scatter of concentrations, due to fluctuating 
laser energy. Also, the excitation energy of 6 mJ/pulse of 
the handheld device is very low and can cause scatter at low 
concentrations. However, they were able to find qualitative 
trends and a correlation with the LIBS intensities and con-
cluded that this is a successful method to measure hydrogen 
in steels.

In this work, hydrogen in stainless steels is measured both 
qualitatively and quantitatively with LIBS. Experiments 
with time and spatially resolved measurements of hydrogen 
concentrations using LIBS were performed, and the total 
hydrogen concentration was measured using CGHE.

2  Materials and methods

2.1  Investigated materials and sample geometry

For these investigations, austenitic stainless steels of the 
grade EN 1.4301 were selected. In body-centered cubic 
(bcc) lattice, i.e., for ferritic and martensitic steels, hydro-
gen has a higher diffusion rate than in austenitic steels with 
face-centered cubic (fcc) lattice. This can be explained by 
the higher solubility of hydrogen in austenitic steels [40, 
41]. Because of this lower diffusion rate and higher solu-
bility of hydrogen in austenite than in ferrite, EN 1.4301 
was chosen for the experiments. Table 1 shows the chemical 
composition, which was measured using optical emission 
spectroscopy (OES).

In addition, the microstructure was examined by prepar-
ing metallographic microsections of the base material. Fig-
ure 1a shows the microstructure of the used material EN 
1.4301. The material was etched using Lichtenegger-Bloech 
I (LB I) etchant. A typical austenitic structure with a low 
volume fraction of δ-ferrite can be observed. Additionally, 
the hardness of the material was analyzed using Vickers 
hardness measurement (HV1). On average, the hardness of 
the material was 190 HV1 ± 0.5. Figure 1b illustrates the 
sample geometry used. This selected geometry has been 

Table 1  Chemical composition 
of the material used (EN 
1.4301), measured with OES

Grade (EN 10088-1) Chemical composition (wt. %)

C Si Mn Cr Ni Mo Fe

1.4301 0.032 0.35 1.30 19.59 8.10 0.26 Bal.

Fig. 1  a Light microscope 
image of EN 1.4301. Ground, 
polished, and etched with LB 
I. b Technical drawing of the 
specimen. Dimensions in mm
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established for electrochemical hydrogen charging and is 
therefore also used in these investigations.

2.2  Hydrogen charging and measurement

The hydrogen charging was performed using conven-
tional cathodic charging in galvanostatic mode. This mode 
involved a constant current density provided by a galvanostat 
(Wenking TG 97 from Bank Elektronik in Germany). A 0.05 
M  H2SO4 (sulfuric acid) aqueous solution was used as the 
electrolyte. The sample under investigation served as the 
cathodic working electrode, while a Pt1800 electrode from 
SI Analytics, Germany, was used as the anodic counterpart. 
Further information on the electrochemical charging can be 
found in [42]. Prior to charging, each sample was ground 
with sanding paper type 600 and cleaned in an ultrasonic 
bath with acetone. The solution was additionally purged with 
argon to remove oxygen from the solution and prevent cor-
rosion of the sample. The charging was performed at room 
temperature. One sample was charged at 50 °C using a heat-
ing plate controlled by a PT100 element for temperature con-
trol. The current density for each sample was 50 mA/cm2. 
Table 3 provides the sample names and the parameters of 
the electrochemical charging. In addition, two more samples 
were charged with hydrogen using pressure gas charging to 
investigate a different charging method. The two samples 
were charged with different parameters. Autoclaves were 
used, which were evacuated before charging. Subsequently, 
they were flushed once with  N2 and three times with  H2. One 
sample was heated to 200 °C and the other one to 150 °C. 
The heating was turned off 24 h prior to sample extraction. 
Following the charging, the samples were stored and trans-
ported in liquid nitrogen. The measurement of the concentra-
tion of diffusible hydrogen was conducted using a G8 Gali-
leo analyzer from Bruker AXS and a coupled quadrupole 
mass spectrometer (MS) ESD100 from InProcess Instru-
ments. This specific analyzer utilizes the carrier gas hot 

extraction (CGHE) method. In this experimental approach, 
the sample was heated inside a glass tube using an infrared 
radiation-emitting furnace, IR07, which is part of the Galileo 
G8 system. By thermally activating the hydrogen present in 
the sample and employing a carrier gas stream of  N2, the 
hydrogen was transported to the MS detection unit. Prior 
calibration of the system using different defined quantities of 
hydrogen allowed for precise adjustment for measuring min-
ute amounts of hydrogen. Before measuring the hydrogen 
concentration, the sample was thawed in acetone at ambient 
temperature for approximately 60 s and subsequently dried 
in an  N2 gas stream for 60 s.

2.3  LIBS measurements

The LIBS system consists of a pulsed Nd to YAG laser with 
a wavelength of 1064 nm, a pulse rate of 15 Hz, and a maxi-
mum pulse energy of 200 mJ (Quantel CFR 200). The laser 
was synchronized using an Echelle spectrometer (Aryelle 
200) from LTB Lasertechnik Berlin GmbH, which was con-
nected to an Andor iStar ICCD camera from Oxford Instru-
ments for maximum temporal resolution [43]. The experi-
mental setup is depicted as a sketch in Fig. 2. A focusing 
lens (focal length: 300 mm) was used to focus the laser beam 
onto the sample surface. The electromagnetic radiation was 
then collected by an optical fiber (in the same system) with 
a focal length of 10 mm and directed into the spectrometer. 
In all experiments, a gate width of 40 μs and a delay time of 
1 μs were used. These configurations have shown promise 
in previous experiments to obtain optimal LIBS intensities. 
Therefore, they are now also used to measure hydrogen in 
steel [23, 25]. For each spectrum acquisition, 15 laser pulses 
were accumulated. The LIBS spectra were recorded in the 
spectral range of 200–800 nm. The background noise in the 
acquired spectra was removed using the AirPls software 
[44]. The measurements were conducted in atmospheric 
conditions. To investigate the hydrogen concentration in 

Fig. 2  Sketch of the experimen-
tal setup (left) and typical LIBS 
spectrum of a stainless steel 
(EN 1.4301) (right)
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both the certified reference materials and the hydrogen-
charged samples, LIBS measurements were performed on 
the surface of the samples (see Fig. 2). A high-energy laser 
was used to generate a microplasma on the surface of the 
samples. During the cooling of the plasma, element-specific 
light is released, which was recorded by the spectrometer. 
In this publication, only the H α wavelength at 656.27 nm 
was considered [45]. The same measurement setup is used 
to generate depth profiles. However, multiple LIBS meas-
urements (up to 10,000 measurements) are now performed 
in the same location, on the surface of the sample to obtain 
information about the hydrogen distribution to the depth of 
the sample. The depth was recorded using a micrometer after 
every 10th LIBS measurement.

3  Results and discussion

3.1  Reference materials

Certified reference materials are materials with known, 
defined concentrations of the element under investigation. 
They often serve as a comparative measurand in a measure-
ment procedure. The reference materials are used to calibrate 
CGHE systems so that hydrogen can be measured reliably. 
The reference samples were measured as shown in Fig. 2 so 
that LIBS measurements could be performed on the surface 
of the reference samples. Using the known hydrogen concen-
trations of the reference materials, these could be plotted vs. 
the LIBS intensities. The reference materials were obtained 
from the Federal Institute for Materials Research and Testing 
in Berlin (BAM H1) [46] and from LECO (LECO 502-928 
and LECO 502-963) [47]. The samples were austenitic steel, 
charged with hydrogen. The sample designations along with 
their respective hydrogen concentrations are presented in 
Table 2.

The measurement was conducted on the surface of the 
samples. Figure 3 displays the results of the initial hydro-
gen measurements using LIBS on reference materials. 
Since the materials are steel, the LIBS intensities are nor-
malized to an iron line Fe I at 373.49 nm. This one was 
chosen because it had the highest intensities in the spectra 
and provided good visibility. The error bars result from six 

different measurements of the same reference sample. The 
results demonstrate that the LIBS intensities increase with 
increasing hydrogen concentration. Consequently, the results 
obtained with LIBS are valid. Below the given hydrogen 
concentrations, the qualitative determination is not possible, 
because there, the detection limit of the spectroscopic meas-
uring technique LIBS is reached. A functional connection 
with the other measuring points is therefore not meaning-
ful. It should be considered that the surface roughness has 
a great influence on the hydrogen LIBS signal [48]. How-
ever, the reference materials did not have uniform surface 
roughness. Therefore, all loaded samples were ground with 
sandpaper and a reproducible surface could be ensured. In a 
next step, this correlation of LIBS intensities and hydrogen 
concentrations will be used to generate a calibration curve.

3.2  Electrochemical charging and gas charging

After the samples were charged electrochemically, they were 
examined using LIBS and CGHE to determine the total 
concentration of hydrogen. Two samples were charged in 
parallel with the same parameters, allowing for comparable 
samples to create a calibration model for quantitative meas-
urements and compare the measurement methods LIBS and 
CGHE. The measured hydrogen concentrations using CGHE 
are presented in Table 3.

LIBS measurements were also performed on the surface 
of the samples. Figure 4 a shows the LIBS intensities of sam-
ples charged electrochemically. The hydrogen concentration 
from CGHE is plotted on the x-axis. The error bars repre-
sent the standard deviation from six different measurements 

Table 2  Certified reference materials with associated hydrogen con-
centrations from the manufacturers

Sample name (-) Hydrogen 
concentration 
(wt.-ppm)

BAM H1 1.0
LECO 502-928 2.6
LECO 502-963 6.9

Fig. 3  LIBS intensities (Hydrogen line H α 656.27 nm) plotted vs. 
hydrogen concentrations of the reference materials. The error bars 
represent the standard deviation and result from the measurement of 
six different measurements of the same reference material
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of the same sample. It is evident that an increase in LIBS 
intensities is observed with increasing hydrogen concentra-
tion, allowing for the creation of a calibration curve. Starting 
from the reference sample without hydrogen charging  (CH 
= 2.0 wt.-ppm), the calibration curve can be generated. The 
curve is not placed through the origin due to a measurement-
specific y-axis shift. This shift is dependent on the measur-
ing conditions and is determined by different parameters. 
For example by different absorption and evaporation char-
acteristics of the surface, the particle emission as well as by 
deviations in the standardization and the atmosphere. As an 
alternative to calibration with certified reference materials, 
the calibration-free LIBS (CF-LIBS) method can be used 
[49]. CF-LIBS for hydrogen measurements was discussed by 
Almaviva et al. [50]. Figure 4b presents a depth profile of the 
sample with  CH = 4.9 wt.-ppm. Using the calibration curve 
from 4a, quantitative values could be plotted. The fit curve is 
a polynomial and serves as a guide to the eye. It is intended 

to reflect the course of the measured hydrogen concentra-
tions. The hydrogen concentration decreases steeply and 
stabilizes at a minimum of approximately 1.5 wt.-ppm. The 
distribution of hydrogen is predominantly surface-oriented, 
which is reasonable considering that hydrogen diffuses from 
the surface into the interior of the material during charg-
ing. The hydrogen concentration does not drop down to zero 
because even in the uncharged base metal a small amount 
of hydrogen is present  (CH = 2.0 wt.-ppm), measured by 
LIBS. However, some factors should be considered for the 
depth profiles: The laser applies heat energy multiple times 
to the same spot, leading to an increase in diffusion capabil-
ity and potentially distorting the hydrogen concentration. 
Additionally, initially, there may be a higher water content 
on the surface due to storage in liquid nitrogen. Neverthe-
less, the measurement results are meaningful and warrant 
further investigation.

In addition to the electrochemically charged samples, two 
samples were also charged with hydrogen via pressurized 
gas. Figure 5 presents the depth profiles of these samples. 
The calibration curve derived from the electrochemically 
charged samples was used to obtain quantitative values of 
the hydrogen concentration in the samples. The fit curve is a 
polynomial and serves as a guide to the eye. It is intended to 
reflect the course of the measured hydrogen concentrations. 
Remarkably, the decrease in hydrogen concentration with 
depth in the material is less pronounced in these results. This 
is likely due to a higher overall hydrogen concentration (see 
Table 3) present in the material. Furthermore, the duration 
and method of charging also influence the distribution of 
hydrogen within the material. The hydrogen concentration 
does not drop to 0 wt.-ppm since hydrogen is still contained 
in the uncharged base metal.

To investigate the distribution of hydrogen within the 
material, one sample  (CH = 17.2 wt.-ppm) was cut in the 
middle, and a line scan was performed using LIBS. The line 
scan was conducted on the cut surface towards both ends 
of the sample, with a step size of 0.5 mm. Waterjet cut-
ting was used to minimize the heat input into the specimen. 

Table 3  Total hydrogen concentrations of the charged samples. These 
were determined with CGHE

Electrochemically charged samples
  Charging current density (mA/cm2)/time 

(h)
Hydrogen concentra-

tion (wt.-ppm)
  Reference 2.0
  50/168 3.7
  50/168 3.9
  50/168 4.2
  50/168 4.9
  50/168 17.2
  50/576 at 50 °C 18.6
  50/192 28.1
  50/576 85.1

Pressure gas charged samples
  Temperature (°C)/pressure (bar) Hydrogen concentra-

tion (wt.-ppm)
  200/200 34.2
  150/1000 51.7

Fig. 4  a LIBS intensities plotted 
vs. hydrogen concentrations 
after electrochemical charging. 
The error bars result from the 
measurement of six different 
measurements of the same sam-
ple. b Depth profile of a sample 
after electrochemical charging. 
 CH = 4.9 wt-ppm. Using the 
calibration curve from a, the 
concentrations could also be 
plotted quantitatively. The fit 
curve is a guide to the eye
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Immediately after charging, the sample was stored in liq-
uid nitrogen, taken to waterjet cutting, and then immedi-
ately placed back in liquid nitrogen until subsequent test-
ing. Despite the cutting method chosen, which introduces a 
small amount of heat into the material and does not strongly 
activate the hydrogen, it should be noted that the sample 
was exposed to the atmosphere for some time, allowing the 
hydrogen to diffuse out. The results are shown in Fig. 6. 
They show a clear trend, with hydrogen concentration accu-
mulating at the edges of the sample and decreasing towards 
the center. This is consistent with the behavior of hydrogen 
initially diffusing from the surfaces and gradually moving 
deeper into the material over time. It should also be consid-
ered that water may remain on the surface of the sample after 
removal from liquid nitrogen. In general, LIBS proves to be 
suitable for measuring hydrogen in steel. However, further 
investigations should be conducted to validate the results. 

Furthermore, the experimental conditions should be varied. 
In other publications, it was found that the LIBS signal of 
the hydrogen line H α was improved, by measurements in 
helium atmosphere and lower ambient pressure [51, 52]. To 
our knowledge, no publication currently exists on the quan-
titative measurement of hydrogen in steel or in weld seams 
with LIBS, so there is a great demand for research and to 
expand the literature. Individual publications show qualita-
tive measurements, but these have not been continued [31].

4  Conclusion

The objective of this work was to verify the feasibility of 
measuring quantitatively hydrogen in steel using LIBS. 
The advantage of LIBS is its ability to perform fast, tem-
porally, and spatially resolved measurements on the sur-
face of metals. Commercially available certified reference 
materials were examined to evaluate the measurement tech-
nique. Furthermore, austenitic steel samples were charged 
electrochemically and with hydrogen pressure gas. With 
the help of LIBS measurements, a calibration model could 
be established, and quantitative measurements were real-
ized. The total hydrogen concentration was determined by 
CGHE. It was found that LIBS measurements provided 
satisfying results even at low hydrogen concentrations and 
showed a trend with increasing concentrations. By combin-
ing surface measurements with total volume concentrations 
obtained from CGHE, a calibration curve can be generated 
that allows quantitative measurements. This approach was 
used in depth profiling to visualize the hydrogen diffusion 
in the steel. Spatially resolved measurements were made 
on a water jet cut sample. In the future, the measurement 
technique for hydrogen in steels and welds should be fur-
ther optimized. For example, experiments under a vacuum 
and inert gas atmosphere could help to maximize the LIBS 
intensities for hydrogen. We have successfully demonstrated 
that it is possible to determine spatially resolved hydrogen 
concentrations quantitatively using LIBS. This method can 

Fig. 5  a Depth profile of the 
pressure gas charged sample, 
200 bar, 200 °C; b depth profile 
of the pressure gas charged 
sample, 1000 bar, 150 °C

Fig. 6  LIBS line scan of water jet cut sample, squares represent 
measuring points with connecting line to guide the eye;  CH = 18.6 
wt.-ppm, charging current density: 50 mA, time: 576 h at 50 °C. The 
course of the hydrogen concentrations vs. the cross-section. X=0 rep-
resents the center of the sample
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be applied to welds to visualize local hydrogen concentra-
tions and minimize in situ welding hazards. It is a valuable 
complement to CGHE.
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