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Abstract
High-strength structural steels are used in machine, steel, and crane construction with yield strength up to 960 MPa. However,
welding of these steels requires profound knowledge of three factors in terms of avoidance of hydrogen-assisted cracking (HAC):
the interaction of microstructure, local stress/strain, and local hydrogen concentration. In addition to the three main factors, the
used arc process is also important for the performance of the welded joint. In the past, the conventional transitional arc process
(Conv. A) was mainly used for welding of high-strength steel grades. In the past decade, the so-called modified spray arc process
(Mod. SA) has been increasingly used for welding production. This modified process enables reduced seam opening angles with
increased deposition rates compared with the Conv. A. Economic benefits of using this arc type are a reduction of necessary weld
beads and required filler material. In the present study, the susceptibility to HAC in the heat-affected zone (HAZ) of the high-
strength structural steel S960QL was investigated with the externally loaded implant test. For that purpose, both Conv. A and
Mod. SA were used with same heat input at different deposition rates. Both conducted test series showed same embrittlement
index “EI” of 0.21 at diffusible hydrogen concentrations of 1.3 to 1.6 ml/100 g of arc weld metal. The fracture occurred in the
HAZ or in the weld metal (WM). However, the test series with Mod. SA showed a significant extension of the time to failure of
several hours compared with tests carried out with Conv. A.

Keywords High-strength steel . GMAwelding . Diffusible hydrogen . Implant test . Fractography

1 Introduction

To achieve the climate goals and the associated reductions in
CO2 emissions, modern steel constructions require the use of
high-strength structural steels with yield strengths of 690MPa
and more. High-strength structural steel grades have been
used for several decades, particularly in mobile crane con-
struction [1, 2]. The field of application is currently being
extended to wind turbine and bridge construction.
Manufacturers offer numerous base and filler materials for this

purpose. However, the increasing strengths require signifi-
cantly higher demands on the welding processing. In order
to guarantee the mechanical properties of the base materials
also in the welded joint, narrow process limits must be con-
sidered during the welding production [3–6]. Incorrect han-
dling of the high-strength structural steels can lead to damage
during production or operation. Above all, hydrogen-assisted
cracking (HAC) poses a major hazard. These micro-cracks
result from the critical interaction of local crack-critical micro-
structure, locally increased diffusible hydrogen concentration,
and locally increased stress or strain in the weld metal or in the
heat-affected zone (HAZ). Current standards for the welding
processing of high-strength steels [4, 5, 7] contain recommen-
dations to minimize the risk of HAC in welding processing.

In the last 2 to 3 decades, the alloying concepts for high-
strength steel grades have been further developed [8]. Almost
all manufacturers of base and filler materials use micro-
alloying elements (V, Nb, and Ti). These different alloying
concepts result in different welded microstructures and me-
chanical properties [9]. Micro-alloying elements also have a
significant influence on hydrogen diffusion and trapping due
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to precipitations and different resulting grain size, which is
reflected in low diffusion coefficients of hydrogen in steels
[10–13]. Modern high-strength steels and their weld metals
are therefore subjected to increased susceptibility to time-
delayed HAC. Especially, welded microstructures of high-
strength materials with yield strengths ≥ 960 MPa can be very
susceptible to HAC at diffusible hydrogen concentrations of
HD ≥ 1 ml/100 g [14, 15]. It is therefore essential to ensure
hydrogen effusion during welding and thus, reduce HD in the
welded joint to a minimum to avoid HAC.

High-strength steels are conventionally joined by gas metal
arc (GMA) welding in the working area of the transitional arc
(Conv. A) between short arc and spray arc [16]. The develop-
ment of modern inverter technique welding machines with
high-frequency control has led to modified process control
variants in recent years [17, 18]. These welding power sources
are offered by different manufacturers as modified spray arc
processes (Mod. SA). In comparison with the Conv. A, the
Mod. SA allows a larger contact-tube-to-work distance
(CTWD) at very short arc length, high plasma pressure, and
high deposition rates. These characteristics lead to advantages
such as reduction of weld seam opening angles and therefore,
required filler material and welding time (see Fig. 1). In multi-
layer welding of 20-mm-thick butt joints with V-groove of
S960QL, the welding time could be reduced by a factor of
approximately 3 to 4 (depending on heat input and interpass
temperatures) by reducing the weld seam opening angle from
60 to 30° [19].

Investigations on butt joints with V-groove [19–21]
showed that in weldments with Mod. SA and reduced weld
seam opening angle, higher HD can be present in the weld
metal compared with weldments carried out with Conv. A
with wider groove. At higher deposition rates and the associ-
ated higher welding currents with Mod. SA, more hydrogen
can be dissociated in the arc and absorbed by the weld metal
[20, 22]. Regardless of the arc process and seam configura-
tion, the mean hydrogen concentrations in the weld metal
wereHD ≥ 1 ml/100 g for single-pass welds [20]. With a prop-
er choice of heat input and interpass temperatures, HD could
be reduced during multi-layer welding [19, 21]. However, the

deeper weld penetration profile when using Mod. SA with
higher deposition rate resulted in longer diffusion paths for
hydrogen. Therefore, the required high cooling rates (low
t8/5-cooling times) can prevent enough hydrogen effusion dur-
ing welding. For complete hydrogen effusion out of the weld
metal and reduction of related HAC, a dehydrogenation heat
treatment (DHT) directly from the welding heat with sufficient
temperature and dwell time is recommended [19, 23, 24].
Also, the standard [4] refers to DHT after welding processing
independent of the used arc process or seam configuration.
Further procedures to reduce HAC are depending on the used
materials and the restraint intensity of the welded component
[5, 7].

To investigate HAC of high-strength steels, many test
methods exist [25, 26]. These tests can be classified as self-
restraint and externally loaded tests. In self-restraint tests, the
required stresses result from residual stresses and restraint of
shrinkage due to the geometry of the specimens. These tests
are used, for example, to determine required preheat temper-
atures or heat inputs for avoiding HAC [27] or to determine
the time of crack initiation [28, 29] in weld metal and HAZ. In
externally loaded tests, mechanical stresses are applied by a
loading device. The most common externally loaded test is the
implant test [30]. This test is mainly used to study the HAC
susceptibility of the HAZ. Examinations regarding HAC in
the weld metal can only be carried out with enormous effort
as specimens have to be manufactured of the weld metal. In
many investigations, delayed cracking [31, 32] as well as the
influence of HD [33] and different types of base and filler
materials [34, 35] on HAC susceptibility were analyzed.
Recent research dealt with the influence of chemical compo-
sition or manufacturing process of base materials on HAC in
the HAZ [15, 36, 37]. However, investigations about the in-
fluence of the weld penetration profile on the HAC suscepti-
bility of a high-strength steel due to different welding process
characteristics do not exist so far.

For that purpose, the aim of the present study is to deter-
mine the HAC susceptibility in the HAZ of micro-alloyed
high-strength steel S960QL with a similar micro-alloyed filler
material. Comparative studies are carried out using the Conv.

Fig. 1 Comparison of layer build-
up in 20-mm-thick multi-layer
welds on steel S960QL: (a) Conv.
A at 60°-V-groove (8 weld beads)
and (b) Mod. SA at 30°-V-groove
(3 weld beads) [19].
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A and the Mod. SA. The focus is on the deeper weld penetra-
tion profile when using the Mod. SA with increased deposi-
tion rate. In addition, heat input is kept constant. Implant tests
are accompanied by ISO 3690 [38] weldments to determine
the diffusible hydrogen concentration HD in arc weld metal.
Further analysis by light optical microscopy, hardness testing,
and scanning electron microscopy is used to discuss micro-
structure and fracture behavior. Based on the results, the de-
termination of the maximum stress for avoiding HAC “critical
implant stress” σcrit is used to calculate the embrittlement in-
dex EI. It must be mentioned that the results from these im-
plant tests cannot be transferred to real welded components of
high-strength steels regarding HAC in welding processing.
This requires the consideration of all three main factors
influencing HAC.

2 Materials and methods

2.1 Materials

For the experimental investigations, the high-strength struc-
tural steel S960QL according to EN 10025-6 [39] with a sheet
thickness of 20 mm was used. This steel can be highly sus-
ceptible to HAC [14, 15]. The filler material used was the
solid wire G 89 6 M Mn4Ni2CrMo according to ISO
16834-A [40] with a wire diameter of 1.2 mm. The chemical
composition and mechanical properties of the test materials
are listed in Table 1 and Table 2.

2.2 Implant test

The HAC susceptibility in the HAZ of the S960QL when
using Conv. A and Mod. SA was tested by the implant test
according to ISO 17642-3 [41]. This cold cracking test is
subjected to an external stress, in which the external load
can be set in a defined manner. Figure 2 shows the geometry
of the specimens and the test configuration. To carry out the
implant tests, implant specimens with a test diameter of 6 mm
and a circumferential spiral notch according to the standard
were machined from the 20-mm-thick plate (see Fig. 2a). The
implant specimen was inserted into one of three holes of an

unalloyed structural steel plate (200 mm× 300 mm× 20 mm)
so that the face is flush with the surface of the plate (see Fig.
2b and Fig. 2c).

Before welding, the surfaces were cleaned with acetone. To
ensure a crack-critical microstructure with high hardness in
the HAZ, all welds were carried out without preheating.
Bead-on-plate welds were conducted using the welding pro-
cesses and parameters from Table 3, which were adapted to
the investigations in [19, 20]. The higher wire feed speed
(deposition rate) when using the Mod. SA required a higher
welding speed to keep the heat input constant compared with
Conv. A (see Table 3). The used shielding gas was ISO
14175-M21-ArC-18 with a gas flow of 18 l/min. During
welding, type-K-thermocouples (diameter 0.8 mm) were
plunged into the molten pool to record the temperatures vs.
time T(t) during cooling. Based on these temperature curves,
the cooling times were determined afterwards. The t8/5-
cooling time (time difference between 800 and 500 °C) was
used to discuss the microstructure in weld metal and HAZ.
The t3/1-cooling time (time difference between 300 and
100 °C) was used to describe the stability of the arc process
and the heat transfer in the sample. Immediately after welding,
the implant specimens were preloaded with approximately
50 MPa to avoid internal looseness in the loading device.
During cooling to temperatures between 150 and 100 °C,
the samples were then subjected to a defined static tensile load
within 20 to 60 s according to the standard [41]. The time to
failure (TTF) of the implant specimen was registered as a
function of the applied stress. The maximum load duration
was 48 h to take account of time-delayed HAC. The standard
[41] recommends a minimum of 16 h. Figure 3 shows an
example of the recording of the force/stress and temperature
over time. The aim of the implant tests was to enable a qual-
itative estimation (fracture or no fracture) and the quantitative
determination of the maximum stress that can be achieved to
avoid cracking in the HAZ.

It is important to note that the geometry of the implant
specimen of the ISO 17642-3 [41] is different from that de-
scribed in the AWSB4.0 standard [42]. In accordancewith the
AWS standard, the critical stress value for complete fracture,
which is the “lower critical stress” LCS, of the specimen is
used for evaluation of the HAC susceptibility in the HAZ [33,

Table 1 Chemical composition of test materials (Fe—balance)

Element in % C Si Mn Mo Cr Cu Ni V Ti Nb CET* CEIIW**

Base material (a) S960QL, h = 20 mm 0.17 0.32 0.95 0.33 0.58 0.020 0.92 0.056 0.002 0.017 0.35 0.58

Filler material (b) G 89 6 M Mn4Ni2CrMo 0.10 0.81 1.77 0.57 0.38 0.013 2.22 0.003 0.047 0.003 0.41 0.73

(a) Measured by optical emission spectroscopy, (b) according to manufacturer’s certificate

*CET according to EN 1011-2/C.3

**CEIIW according to EN 1011-2/C.2
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34, 36, 37]. In the present study, the incipient crack is used as
criterion to determine the critical stress level according to [41].
For this reason, “critical implant stress” σcrit for avoiding
cracks in the HAZ is defined in addition to LCS. As already
shown in previous investigation [15], σcrit was used to calcu-
late the embrittlement index EI.

2.3 Hydrogen measurement in arc weld metal

The implant tests were accompanied by welding experiments
to determine the diffusible hydrogen concentration in the arc
weld metal. For that purpose, test welds were produced ac-
cording to ISO 3690 standard [38] with both welding process-
es (Conv. A and Mod. SA) using the welding parameters
listed in Table 3. For the test welds, the ISO 3690 sample type
“B” was used with dimensions 15 mm× 30 mm× 10 mm of
test specimen. The specimens were clamped in a water-cooled
welding fixture (see Fig. 4). Subsequently after welding, the
samples were removed from the fixture and quenched in ice

water and stored in liquid nitrogen according to the standard
[38]. After the specimens were completely frozen, they were
removed from liquid nitrogen and the starting and runoff weld
tabs were struck off with a hammer and the test specimens
were frozen again. For hydrogen analysis, the test specimens
were first removed from the liquid nitrogen and heated up for
60 s in ethanol to room temperature. Subsequently, the spec-
imens were heated up to 400 °C in an infrared furnace. The
desorbing hydrogen was collected and analyzed by carrier gas
hot extraction (CGHE). In contrast to the methods suggested
in ISO 3690 [38], a mass spectrometer (MS) was used to
detect the diffusible hydrogen due to its higher resolution
and, hence, more reliable results in terms of low hydrogen
concentrations. More details about carrier gas hot extraction
and MS principle can be found in [20, 43, 44]. Since the
amount of hydrogen is related to the volume of the arc weld
metal, its mass is required. The mass corresponds to the dif-
ference weight of the specimen before and after welding.With
the integrated ion current of MS vs. time, a previous

Fig. 2 Schematic illustration of
implant test: (a) geometry of the
implant specimen, (b) geometry
of specimen plate, and (c) test
configuration [15]

Table 2 Mechanical properties of test materials

Property Yield strength
Rp0.2 in MPa

Tensile strength
Rm in MPa

Elongation A5 in % Impact toughness Av in J

Base material (a)

S960QL, h = 20 mm 1065 1116 10 54 (− 40 °C)

Filler material (b)

G 89 6 M Mn4Ni2CrMo 938 980 15 62 (− 60 °C)

(a) Mechanical testing, (b) according to manufacturer’s certificate
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determined calibration factor, and the mass, the diffusible hy-
drogen concentration HD was calculated in μg/g, which cor-
responds to 1.11 ml/100 g of arc weld metal.

2.4 Further methods for characterization

Cuboids with a size of 30mm× 30mm× sheet thickness were
cut out of all welded specimens for further investigations (see
Fig. 2b). In the case of non-ruptured specimens, three longi-
tudinal sections in weld bead direction (each 1.5 mm apart)
according to the standard [41] were machined via electric
discharge machining (EDM) (see Fig. 5). They had been used
for the metallographic examination for incipient cracks at
magnification factor of × 400 and × 600. To determine the
fracture position of the implant specimens, macro-sections
were taken transversely to the welding direction (see Fig. 5).
Furthermore, ISO 3690 specimens were used to study the
weld penetration profile of both arc processes. All metallo-
graphic specimens were embedded, ground, polished and
etched with 2% Nital (HNO3), and examined under light op-
tical microscopy. The investigations were accompanied by
hardness tests in weld metal, HAZ, and base material using
a load of 9.807 N (HV 1) and 98.07 N (HV 10). The analysis
of the fracture surfaces of the ruptured implant specimens was
carried out with the scanning electron microscope (SEM)
VEGA3 TESCAN with an accelerated voltage of 20 kV.

3 Results and discussion

3.1 Cooling times and hydrogen concentration in arc
weld metal

Figure 6 summarizes the cooling times of the implant tests and
the diffusible hydrogen concentrations HD determined in the
arc weld metal. As already shown in the results of joint welds
with V-groove [19–21], the use of the Mod. SA results in
slightly shorter t8/5-cooling times than when using the Conv.
A. Consequently, the t3/1-cooling times differ. However, the
low scattering of the cooling times indicates stable arc pro-
cesses. When welding with Mod. SA with higher deposition
rate, 1.6 ml/100 g of diffusible hydrogen is present in the arc
weld metal. This value is approx. 23% higher than the hydro-
gen concentration of 1.3 ml/100 g of arc weld metal when
using Conv. A.

As moisture in the shielding gas is strictly limited [45], it is
to be assumed that the main source for diffusible hydrogen is
the filler material. The used solid wire contains 2.2 ml/100 g
of total hydrogen concentration in delivery condition [20].
During welding, this concentration can be introduced into
the weld metal, whereby the wire feed speed has the largest
effect [20]. The higher wire feed speed in case of Mod. SA
results in an increase in welding current of about 50 A (cf.
Table 3). Due to this, more hydrogen can be dissociated in the
arc and absorbed by the weld metal [20, 46, 47]. In addition,
an increased amount of hydrogen is available with increased

Fig. 5 Samples and extraction positions for further metallographic
characterizationFig. 3 Exemplary recording of stress and temperature vs. time

Fig. 4 Welding fixture for ISO 3690 welding with clamped sample in
accordance with [44]

Table 3 Welding parameters for the implant tests

Welding process Conv. A Mod. SA

Wire feed speed vD in m/min 8.7 11

Arc voltage U in V 26.5 ± 0.1 29 ± 0.1

Welding current I in A 275 ± 15 328 ± 10

Welding speed vS in cm/min 27 35

CTWD in mm 17 18

Heat input E in kJ/mm 1.6 1.6
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wire feed speed. Investigations using a metal-cored wire
showed the same tendency [48]. If more hydrogen is added
to the shielding gas,HD can reach 6ml/100 g [49]. In this case,
the difference between the two arc processes disappears, since
the shielding gas is then the main source of hydrogen.
Furthermore, HD of 1.6 ml/100 g can also be present in case
of Conv. A if a different solid wire is used [15]. Nevertheless,
for the present test materials, the determined hydrogen con-
centrations between 1.3 and 1.6 ml/100 g are critical regarding
HAC [14, 15].

3.2 Results of implant tests with two arc processes

Figure 7 shows the results of the implant tests as a plot of the
implant stress over the TTF for both Conv. A (Fig. 7a) and
Mod. SA (Fig. 7b). For both test series, with reduced implant
stress, the TTF increases significantly. When the Conv. A is
used, samples fail until 555 MPa applied stress. In case of
Mod. SA, the samples fail until a stress of approx. 504 MPa.
The difference of 51 MPa of the so-called lower critical stress
(LCS) is discussed later in Section 3.3. Implant tests on the
same base material using a metal-cored wire showed the same
behavior [48]. Implant samples loaded below LCS initially
showed no failure after 48 h (see Fig. 7).

With the ratio of LCS to the nominal yield strength of the
base material, the normalized critical stress ratio (NCSR) can
be calculated [15, 31]. The NCSR in case of Conv. A and
Mod. SA is 0.58 and 0.53, respectively. These results show
similar behavior to investigations in [15, 36, 37] with mate-
rials of 690 to 1100 MPa yield strength. But in [36, 37], dif-
fusible hydrogen concentrations 4 to 5 times higher than in the
present study (6.5 ml/100 g of arc weldmetal) existed. Thus, it
is reasonable to assume a very high susceptibility to HAC for
the present high-strength steel, regardless of the used welding
arc process.

3.3 Weld microstructure and cracks in implant
specimens

Figure 8 shows cross-sections of the fracture position of
welded implant specimens for both Conv. A (Fig. 8a) and
Mod. SA (Fig. 8b). In both parts, the geometry of the original
implant specimens is indicated before the loading was applied.
It can be seen that the fracture occurs at the notch root of the
implant specimen in the HAZ through the weld metal in both
cases. This fracture location was observed for all failed
specimens.

The hardness distribution of weld metal, HAZ, and base
material of samples welded with Conv. A andMod. SA with a
longitudinal section and the corresponding hardness indenta-
tions are illustrated in Fig. 9. Due to the slight undermatching,
the weld metal shows lower hardness from 275 to 300 HV 1 in
both cases than the base material, which has hardness from
350 to 375 HV 1. Due to the high carbon content of 0.17% of
the base material, the coarse-grained HAZ (CGHAZ) shows a
pronounced hardening. When using the Mod. SA, the maxi-
mum hardness in CGHAZ is 453 HV 1 and for Conv. A, it is
439 HV 1. The hardness measurement in HV 10 shows qual-
itatively similar hardness distributions. For Mod. SA, the
maximum hardness is 423 HV 10 and for Conv. A, it is
411 HV 10. The small differences between the maximum
hardness values in both cases can be explained on the one
hand by the scattering of the two welding tests and the mea-
surement inaccuracy in the hardness test (8% for HV 1 and 4%

Fig. 7 Implant test curves of
S960QL: (a) welded with Conv.
A and (b) welded with Mod. SA

Fig. 6 Diffusible hydrogen concentration HD in arc weld metal and
average determined cooling times of the implant tests
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for HV 10) according to ISO 6507-2. On the other hand, the
higher hardness values in case of the Mod. SA may be due to
the slightly faster cooling. Especially at the interface from the
HAZ to the weld metal, welding with Mod. SA results in a
higher hardness than with Conv. A. This behavior was also
reported in [48] when using a metal-cored wire. This differ-
ence in hardness can explain the lower LCS when using Mod.
SA.

The weld metal consists of a mixture of bainitic and mar-
tensitic phase at the determined t8/5-cooling times of 7 to 8 s
[50]. The distinction between martensite and bainite in the
CGHAZ of the used material is very difficult. Therefore, the

microstructure was additionally characterized by calculating
the maximum hardness HVM for a purely martensitic micro-
structure according to Dueren [51]. For the used S960QL,
HVM is 441 HV 10 in the CGHAZ. As the maximum mea-
sured hardness is 411 HV 10 and 423 HV 10 in case of Conv.
A and Mod. SA, respectively, there are small amounts of
bainite in the CGHAZ (see Fig. 10). The shown microstruc-
ture is similar to that of the CGHAZ of a S960QL with a
comparable chemical composition in previous investigation
[15].

In numerical investigations on implant tests [52] in case of
S690QL and S1100QL, the highest local stresses and strains
occur in the area at the notch root of the implant specimen.
Also, in the case of notched tensile specimens with a martens-
itic microstructure, the influence of hydrogen becomes less
important at very high applied stresses [53]. With lower ap-
plied stresses, the diffusible hydrogen that is introduced into
the weld metal diffuses into these highly strained regions [52].
Thus, there is a critical combination of the three influencing
factors onHAC in the CGHAZ at the notch root of the implant
specimen: a highly HAC-susceptible microstructure with high
hardness, highly mechanically strained area, and locally in-
creased hydrogen concentration. As a result, micro-cracks
arise at this point, which grow into the weld metal at

Fig. 9 Vickers hardness measurements along the axis of the implant
sample taken on a macro-section transversely to the welding direction
for Conv. A and Mod. SA

Fig. 8 Cross-sections to the
welding direction to determine
the fracture position of the
implant specimens: (a) Conv. A
and (b) Mod. SA

Fig. 10 Microstructure in the CGHAZ at t8/5 = 7 s
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mechanical stresses above 400MPa (Fig. 11a) and arrest at the
fusion line at lower stresses of less than 400 MPa (Fig. 11b).
The maximum stress without cracking σcrit is 280 MPa for
both types of arc processes.

Using ISO 18265 standard [54], the corresponding ultimate
tensile strength can be calculated from the maximum hardness
values in the CGHAZ. In the case of Conv. A, the hardness of
411 HV 10 corresponds to a tensile strength of 1323 MPa and
in the case of Mod. SA, the hardness of 423 HV 10 corre-
sponds to a tensile strength of 1360 MPa. The ratio of the
critical implant stress σcrit to the tensile strength of CGHAZ

is used to calculate the embrittlement index EI. The EI was
0.21 for both cases as the calculated tensile strength was near-
ly identical. So far, the results indicated that the tested material
S960QL has the same HAC susceptibility in the CGHAZ for
both types of arc processes. As mentioned in Section 2.1, in
most investigations, the implant geometry of AWS standard
[42] is used. Here, the LCS is used instead of σcrit to calculate
the EI. Yue [37] showed for a comparable 690 MPa grade
steel a similar EI of 0.24 at significantly increased hydrogen
concentration of 10.5 ml/100 g of arc weld metal. This con-
trasts with our study, as the examined S960QL already shows

Fig. 11 Incipient cracks in
implant samples in CGHAZ and
weld metal after 48 h of loading:
(a) σ = 437 MPa and (b) σ =
392 MPa

Fig. 12 Fracture topography of implant sample welded with Conv. A—σ = 605MPa: (a) fracture overview, (b) region I—QC, (c) region II—QC and C,
and (d) region III—QC; white arrows indicate secondary cracks
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an EI of 0.21 at hydrogen concentrations of 1.3 to 1.6 ml/
100 g of arc weld metal, which is approximately 6 to 8 times
lower. In addition to the NCSR, this is a further indicator of
the high HAC-susceptibility in the HAZ of welded S960QL.

3.4 Fracture behavior

The fracture behavior when welding with Conv. A and Mod.
SA has been investigated by SEM (see Fig. 12 and Fig. 13). In
that connection, the fracture surface could be separated into
three regions of interest where significant differences in the

fracture topography occurred. They are denoted in the follow-
ing: region I (area of crack initiation), region II (transition
zone), and region III (bulk fracture surface). The fracture to-
pography of the ruptured implant specimens with Conv. A
was quasi-cleavage (QC) in region I (see Fig. 12b). Region
II showed also a QC-like fracture topography with small un-
deformed cleavage (C) fracture surfaces (see Fig. 12c). In the
bulk material, the fracture topography was ductile with micro-
void coalescence (MVC) and QC in region III (see Fig. 12d).
Regions I and II also showed secondary cracks, which are
typical for the influence of hydrogen in high-strength

Fig. 13 Fracture topography of implant sample weldedwithMod. SA—σ = 591MPa: (a) fracture overview, (b) region I—QC and IG, (c) region II—QC
and IG, and (d) region III—MVC; white arrows indicate secondary cracks

Fig. 14 (a) Regression functions
of the implant stress vs. TTF
(from Fig. 7) without measure-
ment points; (b) corresponding
TTF difference vs. applied im-
plant stress
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structural steels [55]. The distinction between QC and C frac-
ture surfaces is based on the fact that areas without any defor-
mation are present. This is also shown in welded microstruc-
tures of a low-alloyed heat-resistant steel [53].

When using Mod. SA, the fracture topography changed to
primarily QC fracture with shares of intergranular (IG) frac-
ture and secondary crack appearance in regions I and II (see
Fig. 13b and Fig. 13c). The topography in region III showed
MVC (see Fig. 13d). The higher hydrogen concentration in
case of Mod. SA (Fig. 6) causes more IG fracture surfaces.
Added to this are the slightly lower cooling times and the
higher hardness in the CGHAZ, according to which the mi-
crostructure tends more towards IG cracking behavior.

The occurrence of the mainly IG, QC, and MVC fracture
topography on the implant specimen surface can be explained
by Beachem’s model [55]. The author investigated a wedge-
loaded specimen in hydrogen environment. Therefore, the
fracture behavior depends on the combination of hydrogen
concentration and stress intensity factor at the crack tip.
Gedeon [56] substantiated Beachem’s work on implant tests
and extended the model. When the implant specimen is me-
chanically loaded after welding, the hydrogen concentration
in the highly stressed region is not high enough to initiate
cracking. During an incubation period, hydrogen diffuses into
this highly stressed and strained region and reaches the critical
concentration at some time. In the CGHAZ, a crack is then
initiated and appears as intergranular topography for a short

distance.When the crack propagates, the stress intensity factor
increases and the hydrogen concentration at crack tip de-
creases. A QC fracture topography is then promoted. With
further crack growth, the stress intensity factor increases fur-
ther with decreasing level of hydrogen concentration, which
leads to MVC fracture mode until ultimate failure takes place.

If comparing Fig. 12 and Fig. 13, intergranular areas are
obvious when using Mod. SA. In this case, there is a higher
hydrogen concentration at the crack tip which has the effect of
decreasing the stress intensity factor. This leads to IG fracture
topography [55, 56]. However, the hydrogen concentration is
too low for IG fracture topography when using the Conv. A.

3.5 Influence of weld penetration depth

The results show the comparative behavior between Conv. A
andMod. SA (whereas Mod. SA is characterized by increased
deposition rate). The increased deposition rate leads to the
advantages already mentioned above, such as shorter welding
times and lower production costs [17, 18]. But a difference of
about 50 MPa for LCS between both welding processes and
more pronounced IG fracture topography in case of Mod. SA
were observed. However, a closer look at the results in Fig. 7
revealed a clear difference regarding the TTF. Figure 14a il-
lustrates the two regression functions of the test series welded
with Conv. A and Mod. SA. The deviating TTF for a constant
applied stress can be clearly seen. With these two graphs, the

Fig. 15 Cross-sections of bead-
on-plate welds and corresponding
weld penetration depth and aver-
age area of weld metal: (a) Conv.
A with vD = 8.7 m/min and (b)
Mod. SA with vD = 11 m/min

Table 4 Implant test results

Welding
process

CGHAZ max
hardness in HV
10

CGHAZ tensile
strengtha in MPa

Lower critical
stress (LCS) in
MPa

Critical implant
stress σcrit in MPa

Normalized critical
stress ratio (NCSR)b

Embrittlement
index (EI)c

Time to failure
at LCS in min

Conv. A 411 1323 555 280 0.58 0.21 571

Mod. SA 423 1360 504 280 0.53 0.21 1199

a Calculated from maximum hardness in CGHAZ according to ISO 18265
b LCS normalized to nominal base material yield strength (960 MPa)
c Critical implant stress normalized to calculated CGHAZ tensile strength
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difference for a constant applied stress was calculated. The
calculated difference of both TTF functions for a constant
implant stress value is plotted in Fig. 14b.

While the specimens failed simultaneously at 1000 MPa,
the time difference increases exponentially to almost 6 h at a
stress of 550 MPa. The samples welded with Mod. SA there-
fore fail with a time delay. This time difference can be related
to the different weld penetration profiles of both arc variants.
In the cross-sections in Fig. 15, the deeper weld penetration is
visible in the case of the sample welded withMod. SA. Due to
the higher deposition rate at a very short arc length, the deeper
penetration causes longer diffusion paths for the hydrogen
into the crack-critical areas under the assumption that the hy-
drogen is distributed homogeneously in the weld metal after
welding [19, 57]. A critical hydrogen concentration is there-
fore achieved only at a later stage at deeper penetration.
Studies using a metal-cored wire with higher level of hydro-
gen concentration showed for the same welding parameters
and base material that implant specimens fail within 200 min
until applied stresses of 600 MPa, regardless of the used
welding process [48]. At lower stresses, also a shift of TTF
to longer times existed in the case of Mod. SA. Although this
time difference was not so significant, there was a strongHAC
susceptibility due to HD ≥ 2.8 ml/100 g of arc weld metal,
regardless of the used arc or the weld penetration profile.

Table 4 summarizes the implant test results. The Mod. SA
welded test series shows a higher hardness in the CGHAZ,
which is due to the slightly shorter cooling times or measure-
ment inaccuracy in hardness testing. Accordingly, there is a
slightly higher tensile strength in this area. The critical implant
stress, however, is 280 MPa for both cases. The EI in both test
series corresponds to about 0.21. The TTF at LCS shows a
significant difference between the conducted test series. The
specimen welded by Mod. SA has a TTF (1199 min)—twice
as long as the specimen welded by Conv. A (571 min).

4 Conclusions

In the present study, the HAC susceptibility in the HAZ of the
micro-alloyed high-strength structural steel S960QL with a
similar micro-alloyed welding filler material was analyzed
using the externally loaded implant test. The use of two dif-
ferent arc variants (Conv. A and Mod. SA) with the same heat
input and different deposition rate allowed investigations of
the influence of the weld penetration depth on the HAC be-
havior. Under the used welding parameters, the following
conclusions can be drawn:

& As has already been shown in [19–21], the use of Mod.
SA with an increased deposition rate can lead to higher
hydrogen concentrations than in welds welded by
Conv. A. However, the hydrogen concentrations

present in both cases are critical for the used materials
[14, 15].

& All incipient cracks in the implant specimens occurred in
the notch root of the spiral notch in the CGHAZ under
maximum stress and high local hydrogen concentration.
The crack propagation took place from the initial crack
into the weld metal.

& Regardless of the arc process, a critical implant stress of
280 MPa for crack-free operation was determined. This
corresponds to about 30% of the nominal yield strength of
the base material.

& The “embrittlement index” EI describes the ratio of critical
implant stress to the tensile strength of CGHAZ. The EI in
both cases is 0.21. This clearly shows the high suscepti-
bility of the used material to HAC at hydrogen concentra-
tions HD ≥ 1 ml/100 g.

& The deeper penetration profile when using the Mod. SA
with increased wire feed speed can cause longer diffusion
paths for the hydrogen into the crack-critical areas. In
addition, a changed direction of solidification of weldmet-
al is possible with deeper penetration which can influence
the hydrogen diffusion in terms of preferred direction and
therefore time [58]. Consequently, TTF of the implant
specimens increases significantly. In addition, the higher
hydrogen concentrations can cause intergranular areas on
the fracture surfaces.

For a general assessment of the risk against HAC of a real
welded component made of high-strength structural steels, all
three influencing factors must be considered. By adjusting the
welding parameters, for example, the diffusible hydrogen con-
centration in arc weld metal can be lowered [20] and welding
loads can be reduced using Mod. SA at smaller weld seam
opening angles [59].
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