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Abstract: Modern arc processes, such as the modified spray arc (Mod. SA), have been developed for
gas metal arc welding of high-strength structural steels with which even narrow weld seams can be
welded. High-strength joints are subjected to increasingly stringent requirements in terms of welding
processing and the resulting component performance. In the present work, this challenge is to be met
by clarifying the influences on hydrogen-assisted cracking (HAC) in a high-strength structural steel
S960QL. Adapted samples analogous to the self-restraint TEKKEN test are used and analyzed with
respect to crack formation, microstructure, diffusible hydrogen concentration and residual stresses.
The variation of the seam opening angle of the test seams is between 30◦ and 60◦. To prevent HAC,
the effectiveness of a dehydrogenation heat treatment (DHT) from the welding heat is investigated.
As a result, the weld metals produced at reduced weld opening angle show slightly higher hydrogen
concentrations on average. In addition, increased micro- as well as macro-crack formation can be
observed on these weld metal samples. On all samples without DHT, cracks in the root notch occur
due to HAC, which can be prevented by DHT immediately after welding.

Keywords: high-strength structural steel; gas metal arc welding; diffusible hydrogen; hydrogen-
assisted cracking; TEKKEN; residual stresses; weld metal cracking; hydrogen removal heat treatment;
dehydrogenation heat treatment

1. Introduction

Lightweight design in steel constructions require an increasing use of high-strength
structural steels with yield strengths ≥ 690 MPa [1,2]. These steels are mainly used in
building, plant and crane construction. Their use is currently being extended to the offshore
sector [3]. The joining of these steel grades by welding is mainly carried out by gas metal
arc welding (GMAW). For this purpose, steel manufacturers offer numerous base materials
and welding consumables with low alloying contents. Base materials with yield strengths
of up to 1300 MPa [4] and filler materials of up to 930 MPa [5] are commercially available.
Further developments are being driven forward, especially for metal-cored wires [6].
During welding, adequate heat control (heat input, preheat and interpass temperature)
is essential to achieve the required mechanical properties in the welded joint. In case of
inappropriate welding processing a local crack-critical microstructure with high hardness,
locally increased stresses or strains and locally increased diffusible hydrogen concentrations
can cause hydrogen-assisted cracking (HAC) in the heat-affected zone (HAZ) or in the
weld metal [7]. The fundamental mechanisms of hydrogen embrittlement are extensively
reported by Lynch [8] and Djukic et al. [9]. In general, diffusible hydrogen can cause a
degradation of the mechanical properties, which in combination with high residual stresses
or strains can lead to damage of components.
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In principle, the diffusible hydrogen concentration in welded joints depends on the
welding process parameters and the type of the used filler material. There are several
studies that address hydrogen uptake during welding [10–14]. The studies show that a
reduction of the diffusible hydrogen concentration in the weld metal and thus a reduction
of the risk against HAC is possible through a suitable choice of welding process parameters
such as arc voltage, welding current or contact-tube-to-work distance (CTWD). However,
attention must also be paid to the fact that higher diffusible hydrogen concentrations are
present when flux cored wires are used compared with solid wires [11,15]. In the applicable
guidelines for welding high-strength structural steels [16,17], a suitable choice of preheat
and interpass temperatures is recommended to minimize the risk against HAC. However,
these inhomogeneous heat inputs can lead to increased welding residual stresses in the
welded joint [18–20]. This option should rather be used to adjust the required t8/5-cooling
times and thus, the microstructure in the HAZ [21]. Alternatively, a dehydrogenation heat
treatment (DHT) or hydrogen removal heat treatment (HRHT)—both terms are accepted—
immediately after welding can be recommended for complete hydrogen effusion and thus
also for prevention of HAC [22,23].

In addition to the prevention of HAC formation, the welding process and the associ-
ated seam configuration is also of crucial importance for the quality of the welded joint.
GMAW of high-strength structural steels is conventionally carried out in the transitional
arc range (Conv. A) between dip-transfer arc and spray arc. Modern inverter and con-
trol technology enable the use of controlled arc variants, such as the modified spray arc
(Mod. SA) [24]. In this context, there are several advantages, such as reduced weld seam
opening angles and increased deposition rates with considerable savings in welding time,
required filler material and the number of weld beads. This is combined with a reduction in
total heat input and distortion [25]. Lower reaction stresses arise if distortion or shrinkage
of the welded component is hindered [26]. The deeper weld penetration in case of Mod.
SA compared to the Conv. A can lead to locally increased tensile residual stresses in the
weld metal due to inhomogeneous shrinkage and delayed phase transformations [18], see
Figure 1. However, with increased restraint of shrinkage this influence becomes insignifi-
cant. Thus, in welding tests on component-like specimens with a high restraint intensity
and by variation of weld seam opening angle and arc process, no differences were observed
in the tensile residual stresses in the weld metal, see Figure 1. The maximum level of tensile
residual stresses in the weld metal of the S960QL reaches about 50% to 70% of the nominal
Rp0.2 proof stress of the filler material [25]. The tensile residual stresses in the area close to
the weld (HAZ and base material) are even lower at the same restraint intensity level. This
can be attributed to the lower amount of weld metal and total heat input with significantly
reduced reaction forces at the narrow weld joint.
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Previous investigations by the authors showed, that weld metal in butt joints at
reduced V-groove welded with Mod. SA can contain higher diffusible hydrogen concentra-
tions when welding was carried out at higher deposition rates compared to wider V-groove
welded with Conv. A due to the deeper weld penetration profile and the increased weld-
ing currents [12,27]. Independent of the seam configuration and arc process, the limited
processing range when welding high-strength structural steels (low t8/5-cooling times) did
not allow sufficient hydrogen effusion out the weld metal. After DHT at 250 ◦C for 4 h
at 20 mm thick plates of S960QL, no diffusible hydrogen could be detected in the weld
metal [27].

The studies so far have mainly referred to the resulting stresses during welding with
restraint of shrinkage as a function of heat control, welding process and weld seam opening
angle [25]. In addition, DHT was investigated with respect to hydrogen effusion out of the
weld metal, but not for HAC prevention for component-like specimens. For investigation
of hydrogen embrittlement, different test methods exist. Tests regarding the influence
of diffusible hydrogen on degradation of different microstructures and steels are mainly
carried out on electrochemically hydrogen charged tensile specimens [28–31]. When it
comes to welding, there are numerous self-restraint and externally loaded test procedures
for investigating HAC [32,33]. The externally loaded implant test was used to analyze the
influence of diffusible hydrogen concentration [34] and different base materials or filler
materials [35–38] on HAC in the HAZ. Investigations carried out using the Mod. SA in the
implant test showed that the deeper weld penetration profile and the increased welding
current result in higher diffusible hydrogen concentrations and longer time-to-failure of
the specimens until fracture [39]. However, the critical implant stress for crack initiation
was not affected. The most common self-restraint tests are the CTS (controlled thermal
severity) test [40,41] and the TEKKEN test. The TEKKEN test with Y-groove was applied to
determine required preheat temperatures or heat input to avoid HAC [4,42]. By applying
acoustic emission analyses, also time of crack initiation could be determined [15,43]. The
advantage of TEKKEN test is, that component-like specimens can be modeled due to
the geometry and the correspondingly high restraint intensity. The test can be used to
investigate HAC in the HAZ as well as in the weld metal.

The aim of the present study is to determine the HAC susceptibility in the HAZ and in
the weld metal of a 960 MPa grade high-strength structural steel. The complex interactions
of the influences of material, welding process and weld seam configuration on HAC are
investigated using the TEKKEN test. Both solid wire and metal-cored wire are used to
vary the diffusible hydrogen concentration. In addition, the welding residual stresses on
the surface of the weld seam are considered. Acoustic emission analysis is also used to
determine the time of crack initiation for different weld seam configurations. Finally, the
effectiveness of DHT immediately after welding to prevent HAC is examined under high
restraint of shrinkage.

2. Materials and Methods
2.1. Test Materials

For the investigations, the quenched and tempered high-strength structural steel
S960QL (BM) according to EN 10025-6 [44] with a plate thickness of 20 mm was chosen.
This steel is typically used in mobile crane construction and shows high susceptibility to
HAC in GMAW [37,39]. The welds were carried out with micro-alloyed filler materials of
the same type. The solid wire (SW) G 89 6 M Mn4Ni2CrMo according to ISO 16834-A [45]
and the seamless metal-cored wire (MW) T 89 4 Mn2NiCrMo M M 1 H5 according to ISO
18276-A [46] with a diameter of 1.2 mm each were used. Tables 1 and 2 show the chemical
composition and the mechanical properties of the test materials. Table 2 also shows that
SW leads to a slight undermatching and MW to a matching weld seam.
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Table 1. Chemical composition in wt.% of test materials (Fe—balance).

Material C Si Mn Cr + Ni + Mo S V + Nb + Ti CEIIW
3 CET 4

S960QL (BM) 1 0.16 0.22 1.26 0.831 <0.002 0.068 0.54 0.36
Mn4Ni2CrMo (SW) 2 0.10 0.81 1.77 3.170 0.013 0.053 0.73 0.41
Mn2NiCrMo (MW) 2 0.08 0.44 1.57 3.251 0.005 0.071 0.70 0.37

1 Measured by optical emission spectroscopy. 2 According to manufacturer’s certificate. 3 CEIIW = C + Mn/6 + (Ni + Cu)/15 + (Cr + Mo +
V)/5 [16]. 4 CET = C + (Mn + Mo)/10 + (Cr + Cu)/20 + Ni/40 [16].

Table 2. Mechanical properties of test materials.

Material Yield Strength
Rp0.2 in MPa

Tensile Strength
Rm in MPa

Elongation
A5 in %

Impact Energy
in J

S960QL (BM) 1 990 1040 19 140 (−40 ◦C)
Mn4Ni2CrMo (SW) 2 938 980 15 62 (−60 ◦C)
Mn2NiCrMo (MW) 2 1000 1050 17 60 (−40 ◦C)

1 Mechanical testing in [25]. 2 According to manufacturer’s certificate.

2.2. TEKKEN Test and Welding Parameters

The restraint of shrinkage of a welded construction has a significant influence on
the formation of HAC. Therefore, self-restraint specimens using the TEKKEN test were
used for the systematic analysis of the cracking behavior under high restraint intensity as
function of the seam configuration and the diffusible hydrogen concentration. According
to ISO 17642-2 [47], TEKKEN samples have Y-seam configuration with a seam opening
angle of 60◦. In the present work, the seam configuration was adapted to the requirements
of the Mod. SA. Therefore, the seam opening angle was reduced to 30◦. In addition, the
standard [47] contains the requirements to mechanically manufacture the TEKKEN samples
from the specimen parts and to join them by anchor weld seams. To avoid possible welding
distortion or stresses caused by anchor welds, the seam geometry was produced by means
of electric discharge machining (EDM) from the solid material. Figure 2 shows the geometry
of the TEKKEN sample and two variants for the seam configuration. Welding with the
Conv. A was carried out at the seam configuration with a seam opening angle of α = 60◦.
The Mod. SA was used with a seam opening angle of α = 30◦. In both cases, the angle of
the notch was kept constant to ensure comparative stresses and strains at this location. The
restraint intensity in the transverse direction of the TEKKEN sample with a seam opening
angle of 60◦ for a sheet thickness of 20 mm is approximately RFy = 17 kN·(mm·mm)−1 [48].
This level is in the range of RFy of real welded components in shipbuilding or crane
construction [25,49,50].
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Before welding, the surfaces to be welded were cleaned with acetone. Welding of
the single-pass test welds took place with the arc processes and welding parameters from
Table 3. ISO 14175-M21-ArC-18 [51] was used as shielding gas. In order to also increase
the diffusible hydrogen concentration, a shielding gas mixture (81.5% Ar, 18% CO2 and
0.5% H2) was used in combination with solid wire. The gas flow rate was kept constant
at 18 l/min in all welds. Analogous to previous investigations [12,27,39], the higher wire
feed speed of the Mod. SA required an adjustment of the welding speed to maintain
comparative heat inputs. In addition, to realize high cooling rates, and thus, crack–critical
microstructures in weld metal and HAZ, all welds were performed without preheating.
During cooling the temperature T(t) was recorded on the surface of the weld beads by
a digital pyrometer to determine the t8/5-cooling times. To verify the effect of DHT for
HAC prevention, additional TEKKEN samples were welded with subsequent DHT directly
from the welding heat at a temperature of 250 ◦C for 4 h in a furnace. For this temperature
and dwell time sufficient reduction of the diffusible hydrogen concentration in the weld
metal could already be shown in previous investigations [27]. A total of nine TEKKEN
samples were welded. Of these, three samples were subjected to DHT. After welding, the
samples were stored for at least 48 h in accordance with the standard [47]. To determine
the diffusible hydrogen concentration in the deposited arc weld metal, TEKKEN tests were
accompanied by test welds produced according to ISO 3690 [52] with the processes and
welding parameters from Table 3. For the analysis and detection of diffusible hydrogen
carrier gas hot extraction (CGHE) with a G8 GALILEO (Bruker AXS GmbH, Karlsruhe,
Germany) at a temperature of 400 ◦C [53] with coupled mass spectrometer (MS) ESD 1000
(InProcess Instruments Gesellschaft für Prozessanalytik mbH, Bremen, Germany) was used.
More details about CGHE and MS can be found in [37,54].

Table 3. Welding parameters for TEKKEN tests.

Seam Configuration (Arc Process) α = 60◦ (Conv. A) α = 30◦ (Mod. SA)

Arc voltage U in V 26.7 ± 0.3 29 ± 0.1
Wire feed speed vD in m/min 8.7 11
CTWD in mm 22 23
Welding speed vs. in mm/min 330 400
Welding current I in A 245 ± 10 287 ± 10
Arc energy E in kJ/mm 1.2 1.3

2.3. Acoustic Emission Analyses

Acoustic emission testing offers the possibility of registering HAC during the cooling
process of a weld seam. In the present work, the acoustic emission technique helped to
record the time until crack initiation during the cooling process as a function of the weld
seam configuration. For this purpose, a piezo sensor was placed on the TEKKEN samples
(α = 30◦ and 60◦, welded with SW and shielding gas mixture with H2), see Figure 3a. Due
to the temperature sensitivity of the sensor, it was placed on the samples after welding
processing. To eliminate background noise as far as possible, both the welding power source
and the control unit were switched off after welding, so that the acoustic measurement
started two minutes after welding was finished. Acoustic signals were analyzed by means
of high-frequency impulse measurement (HFIM) [55]. During this process, acoustic waves
are detected by the sensors and converted in real time into a three-dimensional image (time,
frequency and amplitude) by Fourier transformation, see Figure 3b.
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2.4. Measurement of Local Residual Stresses

In all welded TEKKEN samples, the local transverse residual stresses were quantified
via X-ray diffraction at the position x = 100 mm in weld metal, HAZ and base material, see
Figure 2. In general, the determination of residual stresses by X-ray is based on Bragg’s
law [56], Equation (1):

n · λ = 2 · dhkl · sinθ, (1)

The monochromatic X-ray radiation with the intensity I0 and the wavelength λ hits
the surface of the measuring point at the angle θ. A part of the radiation can be diffracted
by reflection at the lattice planes (hkl). If the distance between two beams reflected at the
distance dhkl is an integer factor n of the wavelength λ, the Bragg equation is fulfilled. In
this case, the incident radiation is diffracted around 2θ and has the intensity I. Residual
stresses change the distance of the lattice planes dhkl and thus, shift the interference of the
X-rays. By means of equations of elasticity the displacement can be converted into stress
values [57]. The analysis and calculation of the residual stress values in the present work
was performed using the sin2ψ-method [56]. Table 4 gives an overview about the settings
and specifications of the used mobile X-ray diffractometer Xstress G3 (Stresstech GmbH,
Rennerod, Germany).

Table 4. Experimental details for the X-ray diffraction.

Radiation
CrKα

Power
30 kV; 6.7 mA

Collimator
Ø 2 mm

Detector
Linear Solid-State Detector

Lattice plane ψ-range Exposure time Analysis method
211 (2θ0 = 156◦) −45◦ to 45◦ (10 steps) 8 s Pearson VII

2.5. Further Characterization of TEKKEN Samples

For the metallographic examinations, five cross sections were prepared from each
welded test seam, distributed over the entire seam length. All metallographic samples
were embedded, ground, polished, and etched with 2% Nital solution (HNO3). After the
preparation of the samples, they were examined for cracks using light optical microscopy
at 200x magnification. Cross sections containing cracks were examined for that, and the
number of cracks and total crack length were determined. In addition, Vickers hardness
tests with a test load of 49.03 N (HV5) were used to characterize the microstructure in weld
metal, HAZ and base metal. For the observation of the segregation behavior of SW and
MW, and especially for characterization of crack flanks, element mappings around cracks
were performed with electron probe micro analysis (EPMA) and wavelength dispersive



Metals 2021, 11, 904 7 of 18

X-ray spectroscopy (WDX) at an increment of 1 µm. The work was performed with a micro
probe JXA-8900 RL (JEOL GmbH, Freising, Germany) with an acceleration voltage of 15 kV
and a probe current of 250 nA. In addition, micro hardness tests with a test load of 0.4903 N
(HV0.05) at a distance of 5 µm in the area around cracks served for further characterization.
For fractographic crack surface analysis the scanning electron microscope (SEM) VEGA3
(TESCAN, Brno—Kohoutovice, Czech Republic) was used.

3. Results and Discussion
3.1. Diffusible Hydrogen Concentration in Arc Weld Metal

Figure 4 shows the diffusible hydrogen concentration HD determined in the arc weld
metal according to ISO 3690 for the used filler materials and arc processes. When using
the solid wire, an average hydrogen concentration of approximately HD = 1 mL/100 g is
present. In case of metal cored wire, the average HD increases up to almost 2 mL/100 g.
Metal and flux cored wires can contain more total hydrogen amount compared to solid
wires in delivery condition [58]. Thus, more hydrogen can be dissociated in the arc during
welding and absorbed by the weld metal. Moreover, the results in Figure 4 show the
tendency of slightly higher HD when using Mod. SA compared to weldments with Conv.
A. This was already observed in investigations on butt joints with V-groove [12,27]. When
using the standard M21 shielding gas the main source for diffusible hydrogen is the filler
material itself. As a result, an increase of the wire feed speed with associated increase
in welding current when using Mod. SA also can lead to higher diffusible hydrogen
concentration. Using the gas mixture with a hydrogen addition of 0.5% results in average
HD of about 6 mL/100 g, cf. Figure 4. As in this case the shielding gas is the main source
for hydrogen, the difference between Conv. A and Mod. SA disappeared. A similar effect
was observed by Wilhelm et al. [15] for different filler metals. Differences in HD between
solid wire and flux cored wire disappeared when a shielding gas with additional hydrogen
was used.
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Figure 4. Diffusible hydrogen concentration HD in the arc weld metal for the different used filler
materials and arc processes determined according to ISO 3690; “+ H” is with shielding gas mixture
containing 0.5% H2.

The diffusible hydrogen introduced into the weld metal can diffuse into highly stressed
and strained areas which are located around the root notch in the TEKKEN test [59,60].
For the determined HD from Figure 4 the HAZ of the base material as well as the weld
metals show a significant degradation of the mechanical properties with related risk to
HAC [37,39,61]. By an adequate choice of welding parameters and heat control during
welding HD can be lowered. However, for a complete release of diffusible hydrogen a DHT
after welding is necessary. TEKKEN samples that have been subjected to DHT at 250 ◦C for
4 h can be assumed to consist no significant hydrogen in weld metal as has already been
demonstrated by the authors in butt joints with V-groove on 20 mm thick plates [27].
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3.2. Microstructure in Weld Metal and HAZ

As welding was performed without preheating low t8/5-cooling times were deter-
mined in the range of 3.5 s and 4.3 s. Figure 5 shows two Vickers hardness distributions
across the base metal, HAZ and weld metal for the two different filler materials in TEKKEN
samples with α = 30◦. The base metal shows a hardness of (338 ± 7) HV5. In the HAZ the
hardness increases to a maximum of 418 HV5 in case of welding with solid wire and 435
HV5 in case of metal cored wire. The weld metals show a hardness of (376 ± 10) HV5 to
(382 ± 10) HV5. In addition to the carbon-related hardening in the CGHAZ, a softening
can also be seen in the inter-critical HAZ (ICHAZ), see Figure 5. The minimum hardness is
290 HV5 and 304 HV5. This softening is well known for micro-alloyed quenched and tem-
pered high-strength structural steels and can be related to tempering and transformation
effects [62].
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Across all welded tests, hardness in CGHAZ is between 392 HV5 and 446 HV5. Ac-
cording to formulas of Dueren [63] the hardness of a fully martensitic microstructure
HVM and for a fully bainitic microstructure HVB of the used S960QL is 433 HV10 and 275
HV10, respectively. It can therefore be concluded that the microstructure in the CGHAZ
consists mainly of martensite with small amounts of bainite. Figure 6a shows an exemplary
overview image of weld metal, CGHAZ and fine-grained HAZ (FGHAZ). The microstruc-
ture of CGHAZ in detail is shown in Figure 6b. In case of weld metal, a fully martensitic
microstructure exists for t8/5-cooling times below 6 s [25].

Investigations with the same type of base and filler materials at diffusible hydrogen
concentrations between 1.3 mL/100 g and 1.7 mL/100 g showed a high susceptibility
to HAC in the CGHAZ using the externally loaded implant test [37,39]. Thus, it can be
stated that on the one hand critical diffusible hydrogen concentrations are present in the
weld metal, regardless of weld seam geometry and filler material. On the other hand,
crack-critical microstructures with high hardness are present in the CGHAZ. However, it
must be noted that the weld metal also contains increased hardness values compared to
the base material. Therefore, a high risk for HAC in both, the weld metal and the HAZ
must be assumed. An influence of DHT on the microstructure and the related hardness
was not found in the present study as has already been described in [27].
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Figure 6. Exemplary microstructure in TEKKEN sample (metal cored wire, α = 30◦): (a) image by
light optical microscopy with region of interest (ROI); (b) ROI in detail with microstructure in the
CGHAZ—B and M are bainite and martensite.

3.3. Welding Residual Stresses

The determined residual stress distributions in transverse direction on the surface of
the samples welded with solid wire are shown in Figure 7a for both seam configurations.
The residual stress distributions are symmetrical for both samples and show compressive
residual stresses in the base material as well as in the HAZ and tensile residual stresses
in the center of the weld metal. The compressive residual stresses in the base material
result from the surface treatment of the samples, as EDM required a prior sand blasting
to remove the scale layer. The high tensile residual stresses in the weld metal are due to
the comparatively high restraint intensity resulting from the specimen geometry and can
also be attributed to inhomogeneous phase transformations [18]. At the seam opening
angle of α = 60◦, the maximum tensile residual stress is 690 MPa. For the narrower weld
groove (α = 30◦), it is 784 MPa and corresponds to about 84% of the nominal Rp0.2 proof
stress of the filler material (930 MPa). The difference of 94 MPa between the two weld
configurations can be attributed to the slightly higher heat input as a result of the increased
arc energy (heat input) and the associated initiation of higher shrinking forces. In addition,
the deeper weld penetration, and the higher depth-to-width ratio of the weld seam in case
of α = 30◦, can lead to inhomogeneous phase transformation, which causes tensile residual
stresses on the weld seam surface [18].
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Figure 7b shows the residual stress distributions on the surface of welded samples
with and without DHT for constant weld configuration. The sample without DHT shows
maximum tensile residual stresses of 789 MPa in the weld metal compared to 784 MPa
with DHT. For high-strength structural steels there are no microstructural changes at these
low temperatures to be expected [64]. In addition, large temperature gradients are avoided
by homogeneous DHT of the entire sample, which means that no additional stresses are
initiated. The stresses in the HAZ or BM adjacent to the weld are higher in case of without
DHT, see Figure 7b. This can be explained by the occurrence of root cracking (without DHT)
in connection with stress redistribution for equilibrium reasons, which will be explained
more in detail in the following.

3.4. Crack Formation in TEKKEN Samples

Regardless of the weld seam geometry (arc process) and filler metal used or hydrogen
concentration are present, all welded TEKKEN samples without DHT show cracks starting
from the HAZ at the area around the root notch and propagating through the weld metal
to the weld seam surface, see Figure 8a,b. This crack profile is typical for TEKKEN samples
made of high-strength structural steels [4,42,65]. These cracks could be completely avoided
by DHT at 250 ◦C for 4 h, see Figure 8c,d. As there is no influence by DHT on the
microstructure and residual stresses as already shown, it can be assumed that HAC can be
avoided by complete hydrogen effusion in the first place. In one sample (α = 30◦, welded
with solid wire), the crack does not extend completely to the weld surface, reaching only
about 70% of the weld height. Accordingly, the welding stresses in transverse direction in
the sample are not completely relieved, causing still considerably high residual stresses
at the weld seam surface, cf. Figure 7b. It is suggested that due to the cracking a stress
redistribution results in an increase of the tensile residual stresses in the HAZ or BM
adjacent to the weld, not occurring in the crack-free sample with DHT.
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Figure 8. Exemplary micrographs of the cross sections from the TEKKEN samples: (a) α = 30◦, welded with metal cored
wire; (b) α = 60◦, welded with metal cored wire; (c) α = 30◦, welded with solid wire with subsequent DHT; (d) α = 60◦,
welded with solid wire with subsequent DHT; (e) micro-cracks in weld metal.
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In addition, in the weld metal micro- and macro-cracks occur, cf. Figure 8e. The
location and orientation of the crack formation is parallel to the solidification direction
of the weld metal around segregations. The length of the detected cracks varies between
62 µm and 2 mm. Figure 9 shows the total crack length and count, both accumulated over
the five analyzed cross sections, for all used filler materials and weld seam opening angles.
On the one hand, both an increased total crack length and a higher number of cracks are
noticeable when using the solid wire compared to the metal cored wire. On the other hand,
TEKKEN samples show a significantly increased crack occurrence under reduced weld
seam opening angle. Furthermore, DHT does not lead to any prevention of these cracks.
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Weld metal cracking in the presence of hydrogen is often related to chevron cracking
in literature [66,67]. However, chevron cracks are located at approximately 45◦ angle to the
axis of the welding direction. In the present study cracks are located along the direction of
solidification of weld metal. As beyond that, complete hydrogen effusion by DHT does
not lead to any avoidance of micro- and macro-cracks, it is reasonable to assume that
cracks are related to hot cracking. Investigations by Heinze et al. [68] on the same type of
materials show the same type of cracks in the weld metal. It was concluded that micro-crack
formation is related to solidification cracking. However, an influence of hydrogen on crack
formation could not be completely excluded. Furthermore, Tasak et al. [69] postulates that
hot cracks can act as initiation sites for time-delayed HAC. Hydrogen diffuses into the
areas around the micro-cracks and crack propagation occurs under high stresses or strains
during cooling of the weld joint.

In particular, the fact that cracking is significantly more pronounced under reduced
weld seam opening angle is evident in Figure 9. Thus, a design influence seems to be
relevant for crack initiation. Phaoniam et al. [70] showed, that the depth-to-width ratio
(d/w) of weld metal in laser welding can have a significant influence on the susceptibility
to solidification cracking. From the work, it can be observed that the local strain increases
as with d/w, and thus solidification cracking is promoted. In case of the TEKKEN samples,
d/w for α = 30◦ and α = 60◦ is 1.4 and 1, respectively. Therefore, it can be assumed that
local strains are higher for α = 30◦ which leads to higher cracking appearance. Further-
more, highest strains are located in the middle of the weld bead according to [70] which
corresponds to the location of cracks found in the TEKKEN samples.

As Tasak et al. [69] already stated, those micro-cracks can act as initiation sites for HAC.
Figure 10 shows the energy (dimensionless) from acoustic emission signals during cooling
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of the TEKKEN samples for two different weld seam opening angles. In both cases, the
diffusible hydrogen concentrations are comparable because the main source for hydrogen
was the shielding gas. In the case of the wider seam opening angle of α = 60◦, crack-typical
signals were registered up to a duration of 5 min after welding was finished, see Figure 10a.
In contrast, with a reduced seam opening angle of α = 30◦, cracking phenomena occurred
up to 168 min after the end of welding, with the predominant signals being completed
after 90 min, see Figure 10b. Thus, it can be concluded that the micro- and macro-cracks
in the weld metal grow during the cooling process of the weld. Since significantly more
crack sites are formed under reduced weld seam opening angle due to increased strain,
the crack formation is also more pronounced during cooling. A detailed discussion of the
micro-cracks in the weld metal and the influence of the filler metals on crack formation is
discussed in the following section.
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3.5. Characterization of Cracks
3.5.1. Cracks Starting from the Root Notch

The topography of the surfaces of the cracked TEKKEN samples was carried out by
SEM, see Figure 11. For low diffusible hydrogen concentration of HD = 1.2 mL/100 g,
the crack surface located at the root notch shows a quasi-cleavage (QCl) topography, see
Figure 11a. With increasing HD up to 1.9 mL/100 g and 5.7 mL/100 g, see Figure 11b,c,
crack surfaces changes into mainly cleavage (Cl)-like topography.
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QCl topography on crack surface is common for low carbon steels in the presence of
diffusible hydrogen [71]. With increasing HD, topography changes into more Cl-like facets
with less deformation. According to Beachem [72], the fracture topography depends on the
interaction of diffusible hydrogen and stress intensity. For low stress intensity, HAC is to
be expected intergranular. As it can be seen in Figure 11, all cracks appeared transgranular.
Cracks started in the HAZ located at the root notch, cf. Figure 8a,b. At this area significantly
increased stresses and strains are present which lead to high stress intensity [59]. Therefore,
cracks start to form transgranular. It could be also observed that all crack surfaces show the
appearance of secondary cracks which are typical for hydrogen influence in high-strength
structural steels. These cracks starting from the root notch could be clearly assigned to
HAC, as SEM examinations showed. By means of DHT, a complete avoidance is likely, see
Figure 8c,d.

3.5.2. Cracks in Weld Metal

In the following, the causes of crack formation in the weld metal are attempted to
be determined based on chemical influences. Figure 12 shows overview images of micro-
cracks for α = 30◦ when using solid wire as well as metal cored wire. Also included are
associated element mappings by EPMA and colored illustrations of the micro hardness
around the cracks. EPMA mappings show areas around cracks with enriched manganese
(Mn), nickel (Ni) and sulfur (S) concentrations in case of solid wire. For the metal cored
wire interdendritic segregations of Mn and Ni are present in direction of solidification.
Enrichments of chromium (Cr) have also been discovered. However, segregations of Cr are
not as pronounced as for Mn and Ni.

Solidification cracking is known for low carbon (C) and low S filler metal wire [73].
The amount of filler material relative to the base material decreases at high welding speed
which is the case for Mod. SA at α = 30◦. In addition, C content in the weld metal increases
due to higher C content of the base material. It follows that in the solid–liquid region, the
amount of austenite increases as well as the S content in the liquid phase. The formation
of a Fe-MnS-FeS eutectic then leads to a decreased solidification temperature. Higher
local strains increase solidification cracking. With lower welding speed solidification
cracking decreases which is the case for Conv. A at α = 60◦. As the S content in the solid
wire (0.013 wt.%) is significantly increased compared to S content in metal cored wire
(0.005 wt.%) the solid wire shows higher cracking susceptibility. Heinze et al. [68] also
found increased S content on the crack surfaces and indicated an increased cracking with
increased welding speed. If excessive hydrogen concentration exists in the weld metal
which is the case for the used shielding gas with hydrogen addition another cracking is
described by Tasak et al. [69]. Manganese oxides may lead to gaps between grains during
solidification. Excessive hydrogen amounts then create a hydrogen gas layer in between
the grains leading to hot cracking.

The used metal cored wire is known to have interdendritic segregations with elevated
concentrations of Mn and Ni [74,75]. In addition, elevated C contents were identified by
the authors [75]. This suggests that the C-enriched zones are layers of retained austenite
according to [76]. However, electron backscatter diffraction (EBSD) and X-ray diffraction
analysis, in the present study, to localize retained austenite around cracks, did not provided
robust data and therefore no reliable results. Thus, it is to be assumed that a reduced
hardness is present at these islands of retained austenite and that cracks are formed due
to increased local strains. Since lower strains are present at α = 60◦ compared to α = 30◦,
no cracks were detected when the metal cored wire was used at wider groove. No direct
correlation exhibited between hardness and crack incidence, see Figure 12.

Aucott et al. [77] describe a three-stage model for solidification cracking with nu-
cleation of intergranular hot cracks. Afterwards, cracks are connected via intergranular
fracture with increased strain and propagate through interdendritic hot tearing. This model
can explain the topography of crack surfaces shown in Figure 13. No clear structure of hot



Metals 2021, 11, 904 14 of 18

cracks is evident, but slight melting on individual grains. Similar crack phenomena were
also found by Heinze et al. [68].
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4. Conclusions

The present work dealt with hydrogen-assisted cracking of the high-strength steel
S960QL with similar micro-alloyed filler metals in the self-restraint TEKKEN test. The use
of two arc process variants with approximately the same heat input and different deposition
rates, as well as the choice of two filler metals and shielding gases, made it possible to
investigate the influence of the weld geometry and diffusible hydrogen concentration on the
HAC behavior. The analysis of the diffusible hydrogen concentration, the local transverse
residual stresses near the surface and the metallographic investigation of the cracks that
occurred were essential for this. Furthermore, the effectiveness of a dehydrogenation
heat treatment to prevent HAC under high restraint of shrinkage was investigated. The
following conclusions can be drawn:

1. The level of diffusible hydrogen concentration depends on the choice of filler metal.
Slightly elevated hydrogen levels may be present when using the metal cored wire;

2. The use of the Mod. SA with increased deposition rate can lead to slightly higher
hydrogen concentrations on average compared to the use of the Conv. A. This has
already been demonstrated on butt joints with V-groove [12,27] and occurs mainly at
higher wire feed speed and increased welding currents;

3. In all TEKKEN samples, crack-critical microstructures with high hardness are present
in both, the weld metal and HAZ at the selected welding parameters;

4. The geometry of the TEKKEN samples imposes high stress conditions on the weld.
Transverse tensile residual stress maxima were determined in the weld center, which
were up to about 84% of the nominal Rp0.2 proof stress of the filler metal. When
welding components under increased restraint intensity, a high risk of HAC can
therefore be assumed for the selected materials;

5. Regardless of weld configuration and diffusible hydrogen concentration, all TEKKEN
samples showed HAC, starting from the root notch in the HAZ. This HAC could be
completely avoided by a dehydrogenation heat treatment immediately after welding;

6. The weld metal exhibits a considerable occurrence of micro- and macro-cracks, which
can be attributed to both, design and chemical influences by the filler metals. When
the solid wire was used under reduced weld seam opening angle, a high susceptibility
to cracking was identified;

7. Chemical analyses and investigations by SEM indicate solidification cracking;
8. Further investigations are necessary for a detailed characterization of the origin of

the cracks in the weld metal. Furthermore, it must also be clarified to what extend
these cracks serve as an initiation site for HAC during cooling. It can be assumed that
hydrogen diffuses to the crack tips and thus promotes time-delayed crack formation.
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