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Abstract Over the last decades, press hardening or hot
forming has become all pervasive for automotive body-in-
white design. Press-hardened boron-microalloyed steels are
widely used in modern body structure for high safety standard
and lightweight achievement. Considering the welding of
press-hardened components, some special considerations
have to be taken into account compared to conventional
deep-drawing steel grades. The welding process results in a
significant hardness drop in the heat-affected zone (HAZ)
which may lead to a change in failure mode or premature
failure. Furthermore, the mechanical properties of the welded
joints are influenced by the weld metal hydrogen content.
Hydrogen pickup of press-hardened steel may result from
the heat treatment or the welding process. Due to the martens-
itic microstructure and the high strength level, a critical hy-
drogen content may cause hydrogen embrittlement or
hydrogen-assisted cold cracking (HACC). This paper contrib-
utes to the determination of the diffusible hydrogen content in
resistance spot-welded and gas metal arc-welded joints of
press-hardened boron-microalloyed steel. It also promotes
the understanding of the effect of diffusible hydrogen on the
mechanical properties of those joints. Hydrogen was deliber-
ately introduced during welding by wetting of the sheet sur-
face with hydrogenated fluids. The hydrogen content in the
weld metal was quantified by thermal desorption mass spec-
trometry (TDMS) technique. Finally, the influence on the
mechanical properties of the welded joints was determined
based on a simple component test. A GMA-welded

component was set under a constant static load and evaluated
for delayed hydrogen-assisted cracking.
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1 Introduction

The demand for improved fuel efficiency and rising CO2

targets has led to a lot of engineering effort on car body weight
reduction since the 1990s [1]. Today, a broad variety of high-
strength steel grades is used in modern body-in-white design
in order to reduce the weight and enhance the safety of
automobiles.

Press hardening (also called hot forming or hot stamping)
involving the use of boron manganese-alloyed steel
(22MnB5) is a preferred process for complex, high-strength
components such as lateral impact protection, door sills, or A
and B pillars. The 22MnB5 steel has a ferritic-pearlitic micro-
structure in as-received condition with a 500-MPa minimum
tensile strength and a total elongation of approximately 20 %
[2]. These blanks are heated in a roller hearth furnace to
austenitization temperature of about 900–950 °C. Forming
as well as quenching is then performed in the die tool in the
fully austenitic condition. The use of cooled dies guarantees
rapid cooling, and thus, a martensitic microstructure with an
ultimate tensile strength of about 1,500 MPa is obtained by
phase transformation. The critical cooling rate to transform
22MnB5 into martensite is around 30 K/s.

To avoid oxidation (scaling) and surface decarburization,
heating of uncoated 22MnB5 steel blanks must be done in a
protective atmosphere. Besides this, there are aluminum-
silicon and zinc surface-coated 22MnB5 steels, which form
a diffusion layer during heat treatment and thus offer scaling
protection. The properties of the surface coating, which are
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affected by furnace temperature and dwell time, have a strong
influence on the weldability of these steels [3].

Despite the advantages of the press-hardening process for
the production of crash-relevant sheet metal components, one
significant point of concern involves the hydrogen embrittle-
ment susceptibility of press-hardened steels. This is with
respect to hydrogen pickup during heat treatment in the roller
hearth furnace as well as during subsequent welding of press-
hardened components. High-strength steel grades are well
known to be particularly susceptible to hydrogen embrittlement
as well as hydrogen-assisted cold cracking (HACC) due to
welding processes. Hydrogen in welds exists in two forms:
residual hydrogen, which is captured or trapped by microstruc-
tural features in the metal, and diffusible hydrogen, which is
free to diffuse in the metal microstructure and is therefore
primarily responsible for hydrogen degradation [4]. Diffusible
hydrogen either effuses from the metal or migrates to flaws or
microcracks in the weld and therefore accelerates cracking. The
delayed cracking phenomenon inwelded joints of high-strength
steels is a combined effect of different parameters (Fig. 1):

& Hydrogen absorption during welding or the amount of
diffusible hydrogen in the weld metal, respectively;

& A martensitic structure with high hardness and strength,
but low ductility; and

& A stress state of the welded joint caused by tensile residual
stresses and/or externally applied loads [5].

The major welding processes for press-hardened steels in
automotive industry are resistance spot welding, gas metal arc
welding, and laser beamwelding [6]. Sources of hydrogenwhen
welding press-hardened components may be hydrogenated sur-
face layers at the weld joint due to condensate or torch leaking
water as well as remains of anticorrosion oil or paint on the steel
blanks. Hydrogen input in the weld pool can also be a result of
moisture in the shielding gas or air turbulence. In addition, the
welding consumable and the base metal can have significant
hydrogen content due to fabrication (e.g., heat treatment) and
thus may also be a source of hydrogen in the weld. However the
latter is not discussed within the scope of this study.

The press-hardened 22MnB5 steel is characterized by a
high-strength martensitic structure, but offers only low ductil-
ity and toughness with an elongation less than 6 %. It is
therefore particularly susceptible to hydrogen embrittlement
and hydrogen-assisted cold cracking when sufficient levels of
diffusible hydrogen and tensile stresses are present at the same
time. The stresses in welded joints of 22MnB5 steel are
essentially determined by residual stresses due to manufactur-
ing processes (e.g., welding) along with externally applied
stresses caused by assembly or handling of the components.

Based on these considerations, this study contributes to the
determination of the hydrogen input when welding press-
hardened steel and the evaluation of the resulting hydrogen-
assisted cracking potential of welded components.

2 Determination of diffusible weldmetal hydrogen content

The determination of the hydrogen content in arc weld metal is
specified in ISO 3690:2012 [7]. The document gives a stan-
dardized procedure for the production of a weld sample in the
form of a rapidly quenched single bead-on-plate deposit using
a specified welding jig. The hydrogen input during welding is
referred to the deposited filler metal weight. Therefore, the
weight of each test piece has to be determined before and after
welding, and the balance is used as a reference weight.

The ISO standard distinguishes between the diffusible hy-
drogen HD, milliliters per 100 g of the deposited weld metal
(refers to the deposited filler metal weight only), and the
diffusible hydrogen HF, parts per million of the fused weld
metal, which also includes fused base metal material. The
diffusible hydrogen in the fused weld metal HF is thus calcu-
lated as by the following equation:

H F ¼ HD⋅0:9
AD

AF
ð1Þ

where AD and AF are the cross-sectional areas of the deposited
metal and the fused metal, respectively (Fig. 2).

hydrogen

local diffusible
hydrogen content

HYDROGEN ASSISTED 
COLD CRACKING (HACC)

fracture surface of hydrogenembrittlement 
(SEMmicrograph)

Fig. 1 Critical parameters
causing hydrogen-assisted cold
cracking (HACC) in high strength
steels
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Analytical determination of diffusible hydrogen is required
in terms of concentration in the carrying medium. This is why
there is a necessary reference weight for the determination of
diffusible hydrogen in weld metal, which is either the depos-
ited filler metal weight or the fused metal weight (as seen
above). However, this approach is specified in the ISO stan-
dard for arc welding processes with filler metal only. There is
currently no standardized procedure for welding processes
without filler metal like resistance spot welding or laser beam
welding. Therefore, within the scope of this study, another
approach had to be considered to determine diffusible hydro-
gen in spot-welded joints of 22MnB5 steel.

In [8], the diffusible hydrogen content in laser beam-
welded joints of high-strength steels was determined by refer-
ring to the fused weld metal weight as derived from the ISO
standard. For that purpose, the cross-sectional area of the weld
and the weld length were used. A similar approach was
applied in the current study for the determination of diffusible
hydrogen in resistance spot welds. For resistance spot
welding, the fused weld metal correlates to the weld nugget
volume. The weld nugget has approximately the form of an
ellipsoid of revolution with a pair of equal semi-axes (a) and a
distinct third semi-axis (b) which is an axis of symmetry
(Fig. 3). The semi-axes were measured in the cross section
at the center of the weld nugget, and the nugget volume was
approximated as

VRSW ¼ 4

3
π⋅a2b: ð2Þ

The weld nugget weight, which was used for HF determi-
nation, was then calculated as by the following equation:

mRSW ¼ ρSt⋅VRSW ð3Þ

where ρSt is the density of 22MnB5 steel with 7.85 g/cm3 [9].
There are several distinct analytical methods for the quan-

tification of hydrogen in metallic materials. Within the scope
of this study, the thermal desorption mass spectrometry

(TDMS) technique was used, which is a widely established
procedure and allows the quantitative determination of very
small concentrations of hydrogen [10]. The diffusible hydro-
gen was released from the sample by hot solid extraction at a
temperature of 400 °C as derived from the ISO standard. The
hydrogen particles were then carried by an inert gas (pure
nitrogen 5.0) into the quadrupole mass spectrometer, where
they were ionized and accelerated through the mass analyzer
into the detector. The integral of the resulting ion current
signal correlates to the detected hydrogen content in the sam-
ple. The analyzer used in this study was the Bruker G8
GALILEO ON/H with a mass spectrometer IPI ESD 100.

3 Experimental

A road map of the experimental approach of this study is
given in Fig. 4 and will subsequently be described in detail.
The material used was a boron manganese-alloyed 22MnB5
steel with an aluminum-silicon surface coating (22MnB5 +
AS150) and a sheet thickness of 1.5 mm. The chemical
composition is given in Table 1. Press hardening was done
in a laboratory-scale facility. The as-received material with a
ferritic-pearlitic structure was heat-treated at an austenitization
temperature of 950 °C for 6 min and subsequently formed and
quenched in a die tool reaching a cooling rate of more than
30 K/s. The aluminum-silicon coating, which was applied by
hot dipping into a molten aluminum bath before press hard-
ening, serves as a scaling protection during austenitization
inside the furnace and is transformed into a Fe-Al-Si alloy
diffusion layer during heating. After press hardening, an ad-
ditional dehydrogenated heat treatment at 180 °C for 20 min
was performed to release all diffusible hydrogen from the
material, which may have resulted from previous manufactur-
ing processes. The press-hardened material had a 0.2 % yield
strength of 1,007±30 MPa, an ultimate tensile strength of
1,466±11 MPa, and a total elongation of 5.9±0.3 %.

3.1 Determination of hydrogen input when welding

The dimensions of the hot solid extraction analyzer used
imposed some limitations to the sample size and geometry.
As a reasonable compromise between the size of the infrared
furnace (inner diameter of 30 mm) and an easy handling when
welding, the press-hardened steel sheets were mechanically
cut to relative small samples for resistance spot and gas metal
arc welding as shown in Fig. 5.

Fig. 2 Cross section of a manual
metal arc bead-on-plate deposit
with reference areas AD and AF
for HF determination

Fig. 3 Geometrical approximation of weld nugget volume using an
ellipsoid of revolution with a pair of equal semi-axes (a) and a distinct
third semi-axis (b)
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To represent possible sources of hydrogen when welding
press-hardened steels, the surface of the samples was deliber-
ately wetted with hydrogenated fluids. Welding of the
22MnB5 steel was done in three sheet surface conditions:
acetone-cleaned surface, water-wetted surface, and oil-
wetted surface. The water was hand-applied by an aerosol
dispenser, while the hydrocarbon anticorrosion oil was depos-
ited by a roll-on applicator. The average amount of fluid on the
sample surface was determined by weight as approximately
17 and 10 mg/cm2, respectively. The chemical composition of
the used filler metal is given in Table 2, while the welding
parameters for gas metal arc welding and resistance spot
welding are listed in Table 3. The gas metal arc (GMA)
welding was done using the synergic cold metal transfer

(CMT), which is an established modified dip arc welding
process for thin metal sheets in automotive industry [11].

Based on the ISO standard [6], the welded samples were
immediately transferred into liquid nitrogen after the welding
process. Before hydrogen measurement, the samples were
removed from the storage coolant, raised to room temperature,
rinsed with acetone, and air jet dried.

Determining the fused weld metal weight of the welded
joints, which served as reference weight for the quantification
of diffusible hydrogen in the weld metal (HF), was done as
described above (Section 2). The GMA-welded samples were
weighted before and after welding. For the spot welds, the
measured cross-sectional area in conjunction with Eqs. 2 and
3 was used.

Press hardening of 22MnB5+AS150 steel

Evaluation of HACC based on a 
simple component test

Gas metal arc welding (CMT) Resistance spot welding

Determination of diffusible hydrogen in welds by TDMS

Cleaning with acetone
Wetting with hydrogenous fluids

Water Anti-corrosion oil

Fig. 4 Experimental approach

Table 1 Chemical composition
(wt%) of the base metal Press-hardened 22MnB5 + AS150

C Mn Si P Al Ti Cr B Mo Cu Ni

0.22 1.15 0.23 0.018 0.034 0.035 0.18 0.0027 <0.005 0.017 0.013

GMA weldSpot weld

Fig. 5 Spot-welded (left) and
GMA-welded (right) sample of
22MnB5 steel for hydrogen
determination

Table 2 Chemical composition (wt%) of GMA filler metal

Filler metal G3Si1 (DIN EN ISO 14341)

C Si Mn P S Ni Cr Mo V Cu Al Ti + Zr

0.06–0.14 0.7–1.0 1.3–1.6 0.025 0.025 0.15 0.15 0.15 0.03 0.35 0.02 0.15
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3.2 Evaluation of hydrogen-assisted cold cracking

The influence of hydrogen input when welding press-
hardened 22MnB5 steel on the mechanical properties of the
welded joints was investigated by a simple component-based

test. The test components consisted of a C-shaped lower part
and a flat upper part, both of press-hardened 22MnB5 +
AS150 steel (Fig. 6).

The test was performed for gas metal arc welding only. The
components were successively joined with a continuous lap
joint on each side (Fig. 7, left). As before, the welding was
done with acetone-cleaned sheet surfaces as well as with
deliberate hydrogen input by wetting the sheet surface with
water or anticorrosion oil. There were three welded compo-
nents for each sheet surface condition.

After welding and cooling down to a temperature of
200 °C, a constant static test load was imposed on the com-
ponents for a test duration of 1 week (Fig. 7, center).
Afterwards, the HACC susceptibility of the components was
assessed by visual observation of the welded joints.

Since there was no crack occurrence after the whole period
of time, an additional tensile test was performed (Fig. 7, right).
The maximum tensile force developed in the test component
before rupture was measured.

4 Results and discussion

4.1 Determination of fused weld metal weight

The results from the determination of the fused weld metal
weight for the GMA and spot-welded joints are presented in

Table 3 Welding parameters for gas metal arc welding and resistance
spot welding of 22MnB5 + AS150 steel

Gas metal arc welding (CMT process)

Shielding gas 18 % CO2, Bal. Ar

Filler metal G3Si1 (Ø 1.0 mm)

Welding speed (cm/min) 65

Wire speed (m/min) 5.2

Current* (A) 95/76

Voltage* (V) 20/15

Heat input* (kJ/cm) 1.8/1.1

Resistance spot welding

Power source MF-DC (1,000 Hz)

Squeeze time (ms) 500

Hold time (ms) 200

Weld time (ms) 300

Current (kA) 5.8

Pressure (daN) 350

*Effective/mean value

Fig. 6 Shape and dimensions (in
mm) of test component of
22MnB5 + AS150 steel

F

F

Δs

GMA welded 
lap joints

Successive 
welding

Applying constant load 
after welding

1 1 2 F

F

Additional tensile test after one 
week of constantly applied load

Fig. 7 Setup for simple component-based test for the evaluation of the hydrogen-assisted cold cracking potential of the GMA-welded joints
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Fig. 8 (left) along with optical micrographs of the weld cross
sections (Fig. 8, right). The fused weld metal of the spot-
welded samples was three times less than that of the GMA
welds. For each welding process, the average value of more
than ten welds was taken as the reference weight for the HF

determination (see Eq. 1). The surface condition (acetone-
cleaned or wetted with hydrogenated fluids) had no influence
on the fused weld metal weight. No defects, particularly
porosity, were found in any of the welds inspected.

4.2 Determination of hydrogen in weld metal by TDMS

The detected diffusible hydrogen HF of the GMA-welded
samples is displayed in Fig. 9 (left). The results illustrate that
the hydrogenated fluids applied on the sheet surface before
welding had a significant influence on the diffusible hydrogen
in the fused weld metal. Wetting the sheet surface with water
or anticorrosion oil led to a considerably higher diffusible
hydrogen content in the welded joints.

GMAwelding with previous cleaning of the sheet surfaces
with acetone, i.e., without any additional hydrogen source
when welding, resulted in a diffusible hydrogen content of
approximately 3.5 ppm. The detected diffusible hydrogen
probably results from greasy contamination of the filler metal,
e.g., due to drawing grease on the welding wire. A consider-
ably higher hydrogen content was induced by wetting the

sheet surface with water or anticorrosion oil. These samples
exhibited diffusible hydrogen in the weld metal of 7.2 and
7.5 ppm respectively, which is more than twice as much as in
the cleaned samples.

While the GMA-welded samples generated a clear peak in
the ion current signal of the mass spectrometer, as illustrated in
Fig. 9 (right), there was no such peak analyzing the spot-
welded samples. The signal was, irrespective of the applied
hydrogen source and the size of the weld nugget, so marginal
that a quantitative determination of diffusible hydrogen was
not possible. As displayed in Fig. 10, only very low diffusible
hydrogen may be assumed by means of the signal received,
but it is hardly more than the background noise. A Savitzky-
Golay smoothing was performed to get a qualitative compar-
ison between the spot-welded samples. There possibly is a
slight peak in the signal when wetting the sheet surface with
water or anticorrosion oil as compared to the cleaned samples
(Fig. 10).

The results of the determination of diffusible hydrogen HF

in the fused weld metal reveal a significant difference between
the GMA- and spot-welded samples. With equal hydrogen
sources, the hydrogen input in the weld is much higher for
GMA welding than that for resistance spot welding. During
arc welding, the hydrogen dissociates in the high-temperature
regions of the welding arc and is highly absorbed by the weld
pool as well as the large surface of the liquid drop [12]. On the
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contrary, resistance spot welding is not an open-arc process
and the weld pool surface is much smaller, but with consider-
ably higher heating and cooling rates. Therefore, much less
hydrogen is absorbed during resistance spot welding. Overall,
there is a variety of parameters which influences the hydrogen
input of the different welding processes, such as the highly
distinct energy input, the different welding and cooling times,
and particularly the time-dependent size of the weld pool
surface in GMA and resistance spot welding.

4.3 Determination of HACC susceptibility by a
component-based test

The visual observation of all welded test components (see
Figs. 6 and 7) after holding the applied load for 1 week showed
no cold cracking in the GMA-welded lap joints. The results of
the subsequent destructive testing in the form of a tensile test
conducted on all test components are presented in Fig. 11.

The highest maximum tensile force of approximately
16.9 kN was achieved by the components which where
welded with a cleaned sheet surface. Wetting the sheet surface
with hydrogenated fluids before welding resulted in a signif-
icantly lower maximum tensile force of 11.1 kN for water and
9.8 kN for anticorrosion oil.

The components with the acetone-cleaned sheet sur-
face ruptured in the high-temperature tempering zone of
the HAZ which usually occurs when welding 22MnB5
steel and is characterized by considerably lower hard-
ness values [13]. Whereas, the failure of the wetted
components occurred directly along the fusion line of
the GMA-welded joints.

The results of the tensile test clearly illustrate that there is a
correlation between the application of hydrogenated fluids on
the sheet surface before welding and the achieved maximum
tensile force of the welded joints. Although there was no
external hydrogen-assisted cold cracking after welding and
applying a constant load for a test period of 1 week, the results
of the tensile test suggest that hydrogen diffused into the weld
metal microstructure and to a certain extent resulted in em-
brittlement of the welded joints.

Additional scanning electron microscopy (SEM) was
performed on the fractured surfaces of the tensile tested
components. The topography of the acetone-cleaned
components, which achieved the highest maximum ten-
sile force and failed in the tempered zone of the HAZ,
shows a ductile fracture mode with typical shear dim-
ples (Fig. 12a). In contrast, the wetted components with
a considerably lower tensile force exhibit a brittle inter-
granular fracture surface. With maximum amplification,
gaping grain boundaries are visible as a typical feature
for hydrogen embrittlement (Fig. 12b, c).
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5 Summary

The high-strength 22MnB5 + AS150 steel was welded with
deliberate hydrogen input in the form of hydrogenated fluids
on the sheet surface before GMA and resistance spot welding.
The diffusible hydrogen in the fused weld metal was quanti-
fied by TDMS. The resulting hydrogen-assisted cold cracking
(HACC) potential of the GMA-welded joints was determined
by a simple component-based test.

The conclusions of this study may be summarized as
follows:

1. The fused weld metal weight of the spot-welded joints
was determined by a geometrical approximation in the
form of an ellipsoid of revolution and used as the refer-
ence weight for the determination of the diffusible hydro-
gen HF in the weld metal as derived from the ISO 3690
standard.

2. For GMAwelding, the detected diffusible hydrogen in the
fused weld metal was considerably higher when wetting
the sheet surface with hydrogenated fluids before
welding. The diffusible hydrogen when welding with
deliberate hydrogen input was twice as much as when
acetone cleaning of the sheet surface before welding.

3. No diffusible hydrogen content could be detected in the
spot-welded joints whether the sheet surface was wetted
with hydrogenated fluids or not. The detected ion current
signal was for all samples hardly more than the back-
ground noise of the mass spectrometer.

4. The performed simple component-based test showed no
external hydrogen-assisted cold cracking in the GMA-
welded joints. However, the components welded with
previous wetting of the sheet surface with hydrogenated
fluids achieved significantly lower maximum tensile
forces in the subsequent tensile testing.

5. SEM observation of the fractured surfaces of the tensile
tested components showed evidence of hydrogen embrit-
tlement for the samples, which were wetted with hydro-
genated fluids before welding.
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