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Abstract The steel grade 20MnMOoNi5-5 (according to
German DIN standard or 16MNDS5 according to French
AFNOR standard) is widely applied in (weld) fabrication of
reactor pressure vessel components. Thus, a wide range of
welding technologies (like submerged arc welding (SAW) or
tungsten inert gas (TIG)) is used resulting in different heat
affected zone (HAZ) microstructures. During weld fabrica-
tion, the weld joints may take up hydrogen. Especially, the
HAZ shows an increased susceptibility for a degradation of
the mechanical properties in presence of hydrogen. In addi-
tion, the hydrogen-assisted degradation of mechanical proper-
ties is influenced by three main local factors: hydrogen con-
centration, microstructure, and load condition. Hence, the ba-
se material (BM) and two different simulated non-tempered
as-quenched HAZ microstructures were examined using
hydrogen-free and hydrogen-charged tensile specimens. The
results indicate that the effect of hydrogen on the degradation
is significantly increased in case of the HAZ compared to the
BM. In addition, hydrogen has remarkable effect in terms of
reduction of ductility. It was ascertained that the degradation
of the mechanical properties increases in the order of BM,
bainitic HAZ, and the martensitic HAZ. Scanning electron
microscope (SEM) investigation showed a distinct change of
the fracture topography depended on the microstructure with
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increasing hydrogen concentration in case of the as-quenched
HAZ microstructures.
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1 Introduction

The low alloyed bainitic 20MnMoNi5-5 steel grade is one
of the most important steel grades for welding fabrication
of heavy components in nuclear industry [1-3]. Common
welding techniques like tungsten inert gas (TIG) or
submerged arc welding (SAW) are applied in weld fab-
rication of the nuclear island components like the reactor
pressure vessel (RPV) in pressurized water reactors [4,
5]. In addition, different microstructures occur in the heat
affected zone (HAZ) (for example bainite or martensite)
which are dependent on the chemical composition, peak
temperature, and subsequent cooling condition (and
tempering/annealing effects). For example, Kuo et al.
[6] reported for A533B steel for cooling time from 800
to 500 °C (fg/5) of 10 s a mixture of bainite and mar-
tensite. In case of fg/5s time of 20 s, a mostly bainitic
microstructure occurs. Hence, dependent on the men-
tioned thermal cycle parameters, more or less refined or
coarse grains with bainite, martensite, or mixture micro-
structure appear in the HAZ of welded joints of bainitic
RPV steels [7]. However, in general, weld joints of steels
can show hydrogen uptake during welding fabrication
from numerous sources [8, 9]. For example, in case of
submerged arc welding (SAW), hydrogen can be picked-
up in the weld pool by moisture of the flux [9] or in
general from hydrogen-containing compounds of surface
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contaminants (oil, grease, etchants, etc.) on the steel sur-
face [10]. In fact, hydrogen causes a degradation of the
mechanical properties. This degradation mostly appears
in terms of reduced ductility (elongation, reduction in
area, toughness) [11]. However, this degradation effect
in presence of hydrogen increases with increasing tensile
strength of the steels [12, 13]. This becomes essential for
the HAZ due to the microstructure change if martensite
is formed as result of the thermal cycle [6, 14]. In gen-
eral, the HAZ of Mn-Mo-Ni steel shows increased tensile
strength. Hence, the knowledge of a certain degradation
behavior in presence of hydrogen is extremely important
for evaluation of possible susceptibility of the different
microstructures.

Especially, in case of RPV steels, hydrogen concentra-
tions of 2.5 to 4.0 ppm are sufficient for a remarkable
degradation of the mechanical properties in terms of duc-
tility [15, 16]. Several studies on hydrogen degradation
of mechanical properties were carried out for base mate-
rial (BM) grades without detailed consideration of micro-
structure features in the heat affected zone (HAZ) [11,
15-18]. Even in hydrogen-free condition, the coarse-
grain HAZ is regarded as the most sensitive microstruc-
ture of RPV steels in terms of degradation of mechanical
properties (toughness) [14, 19]. Under consideration of
the detrimental influence of hydrogen on degradation of
mechanical properties, the HAZ needs special focus
which was investigated for the HAZ of Cr-Mo-V low
alloyed pressure vessel steels [20]. Nevertheless, a quan-
titative assessment in terms of hydrogen concentration
(related to a certain degradation level) is less available
for HAZ microstructures of RPV steels. In addition, cer-
tain susceptibility for hydrogen-assisted degradation is
influenced by the local hydrogen concentration and load
condition.

Thus, it is necessary to separate the mentioned effects
for each microstructure (BM vs. HAZ). Thus, two differ-
ent HAZ microstructures were thermally simulated by de-
fined time-temperature cycle from bainitic low alloyed
Mn-Mo-Ni steel with two different cooling conditions: a
non-tempered bainitic microstructure representing
achieved by long cooling time and an as-quenched mar-
tensitic microstructure representing a fast cooling time.
Subsequently, tensile specimens were machined from the
simulated specimens and electrochemically hydrogen-
charged to examine the degradation effect on a certain
hydrogen concentration determined with carrier gas hot
extraction (CGHE). Nevertheless, hydrogen trapping
(i.e., local hydrogen concentration) vs. grain size (in case
of thermal cycling) is a very complex phenomenon [21,
22] which can be also related to a certain tempering tem-
perature [23]. In scope of the mechanical properties, the peak
temperature for simulation of the HAZ microstructures was
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Table 1 Chemical composition of BM

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

0.22 149 0.50 0.64 0.02 0.24 0.18 0.05 0.002 0.004 Balance

kept constant. Hence, a possible grain size effect (for example
pinning effect of stable precipitates on austenite grain growth
like shown in [24]) on the degradation is not examined in
particular.

2 Materials and methods
2.1 Material

The 20MnMoNi5-5 (according to German standard and
16MNDS5 in French standard) is widely applied in nuclear
components fabrication subjected to welding [1-3]. The
BM grade was in the quenched and tempered (Q+T) con-
dition with an average hardness of 210 HVS5. Thus, the
BM is austenitized at 900 °C followed by water-
quenching and tempering at 640 °C with final air-
cooling to ambient temperature. Table 1 shows the chem-
ical composition of the as-received condition of the steel
grade. Table 2 shows the corresponding mechanical prop-
erties at room temperature.

2.2 Thermal cycle for simulated HAZ microstructure

To obtain homogenous microstructure for HAZ speci-
mens, the BM grade was subjected to specified heat treat-
ment cycles corresponding to different welding processes.
For the evaluation of the hydrogen effects on the mechan-
ical properties, two different heat-affected microstructures
were simulated with different cooling conditions: in-
creased cooling rate for the as-quenched martensitic con-
dition and a low cooling rate for a mostly bainitic (non-
tempered) microstructure. Both microstructures were ex-
amined in the as-quenched condition. Thus, the specimens
were heated to the peak temperature using inductive
heating device and subsequent gas-quenching in inert
gas flow. The inductive heating device uses an alternating
high-frequency (HF) 250-kHz electromagnetic field with
an applied maximum power of 3 kW (HF-output). The
applied heat treatment parameters are illustrated in

Table 2 Mechanical

properties of BM Ry,inMPa R, inMPa Ain%

590 673 22
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Fig. 1 Conducted heat treatment conditions

Fig. 1. The specimens for simulation of the time-
temperature cycle had a length of 80 mm and a diameter
of 6 mm (martensitic HAZ) and 8 mm (bainitic HAZ).
The BM was heated within 20 s to a peak temperature of
1200 °C. This temperature was hold for approximately 5-6 s.
Due to the chosen peak temperature, this range represents a
typical (coarse-grained) heat affected zone (CGHAZ) micro-
structure in RPV steels [6, 14, 25]. For temperature measure-
ment, high-temperature thermocouple (type K) was applied in
the center region of the specimen perpendicular to the inductor
coil. In addition, a color pyrometer was applied for reference
measurement. Previous measurements with additional thermo-
couples distributed in longitudinal specimen axis ensured a
nearly homogenous temperature distribution in the entire
heat-treated specimen volume. In the following, the two ther-
mally simulated microstructures are indicated with “M HAZ”
representing the as-quenched martensitic microstructure and “B
HAZ” representing the non-tempered bainitic HAZ. The hard-
ness of the martensitic HAZ is approximately 448 and
276 HVS for the bainitic HAZ, respectively. The corresponding
fine-grained heat-affected microstructures will be reported in an
additional paper. The microstructure of the BM is shown in
Fig. 2a. Due to thermal cycling, the subsequent fast cooling
with a corresponding cooling time fg/5 of 5 to 6 s leads to a
mostly as-quenched martensitic microstructure (Fig. 2b) with
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Fig. 3 Tensile specimen geometry

increased hardness. This high cooling time was chosen to sim-
ulate a mostly martensitic microstructure as the worst case sce-
nario in terms of hydrogen-affected degradation of hardened
HAZ microstructure. For example, comparable cooling times
were investigated by Kuo et al. [6] (approx. 5 s). In contrast, a
slow cooling condition with a respective #g/5 cooling time of 80
to 85 s leads to mostly bainitic microstructure (Fig. 2c). This
extended cooling time was chosen for the evaluation of the
microstructure influence on the hydrogen-affected degradation
considering a non-tempered as-welded bainitic HAZ micro-
structure. In addition, the occurring microstructures for such
high cooling times were investigated by Yang and Liou [25].
Nevertheless, the effect of hydrogen on such microstructures is
missing, and that is the scope of the present study.

2.3 Tensile testing

The tensile tests were performed to determine the hydrogen
degradation effects on mechanical properties of the mentioned
microstructures. An Instron 8520 test facility was used with a
constant load velocity of 1 mm/min. The yield strength (YS)
and the ultimate tensile strength (UTS) were calculated from the
recorded tensile force. The elongation was measured with a clip
gauge during testing. All data were captured and stored with a
triggered data logging system. After the tensile test, the reduc-
tion in area was determined using optical microscopy with five-
time magnification and a digital image capture system. After
charging, the specimens were stored immediately in liquid ni-
trogen at —196 °C in order to prevent hydrogen effusion until
the tensile test starts. Before testing, each specimen was
defrosted in acetone for ca. 60 s to achieve ambient temperature.
Figure 3 shows the used round tensile specimen geometry.
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After the tensile test, one half of the fractured specimen was
stored in liquid nitrogen again for the later analysis of the
corresponding hydrogen concentration in the specimen. The
other half of the specimen was used for fractography analysis
by scanning electron microscope (SEM).

2.4 Hydrogen charging

The hydrogen charging was performed with cathodic charging
procedure using 0.1 M H,SO, acid solution with addition of
12 mg/l NaAsO, as recombination poison preventing the hy-
drogen from recombination to molecular form. The galvano-
static charging (constant current density during charging) was
used to obtain different hydrogen concentrations by varying
the charging current density. Platinum electrode (Pt 1800 SI
Analytics) was anode, and the specimen was cathode. This
procedure was already presented in [26]. Before charging,
each specimen was cleaned in acetone using an ultrasonic bath
and rinsed in inert nitrogen gas flow. Previous hydrogen-
charging tests were conducted with cylindrical BM and B
and M HAZ calibration specimens (3 mm diameter, 20 mm
length) to ensure full hydrogen saturation of the later tensile
specimens. Thus, the specimens were charged at least for du-
ration of minimum 24 h. Table 3 shows the used charging
current densities for the hydrogen charging.

2.5 Hydrogen detection

The corresponding hydrogen concentration in the specimens
was measured using a Bruker JUWE H-mat 221. This device
uses the carrier gas hot extraction (CGHE) technique with
thermal conductivity device (TCD) to determine the effusing
hydrogen from the specimens. Thus, the specimen is heated
up in a glass plunger in inert gas flow. The effusing hydrogen
changes the thermal conductivity of the inert gas and is re-
corded with the TCD sensor. The ex-ante calibration with
different defined amounts of hydrogen allows exact results.
The CGHE principle and calibration was previously reported
[27]. Previous tests with the calibration specimens of the
hydrogen-charging tests were subjected to different testing
temperatures. It was found that the hydrogen amount in the
specimen was similar between a testing temperature of 100
and 800 °C. This means possible hydrogen-trapping effects in

Table 3  Charging current densities

Grade Level Level 11 Level III
mA/cm? mA/cm? mA/cm?

BM 0.6 10 20

M HAZ 0.6 1.5 10

B HAZ 0.6 1.5 10
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this temperature range can be neglected, and the used temper-
ature for hydrogen collection was fixed at 800 °C.

For practical reasons, the hydrogen concentration data in
this study is given in ml/100 g Fe. This unit describes the
dissolute hydrogen amount in milliliter referred to 100 g spec-
imen weight of the examined steel grade. This unit is the
common value for describing hydrogen concentration in weld
joints [28]. For comparison, 1 ml/100 g Fe corresponds to 0.91
or 1 ppm to 1.1 ml/100 g Fe. In average, the maximum time
from transfer from liquid nitrogen, defrosting, mounting, and
testing of the specimens was less than 4 min in hydrogen-
charged condition. Hence, the determined hydrogen concen-
tration represents the remaining hydrogen in the specimen
after the tensile test. Accompanying tests with hydrogen-
charged cylindrical specimens showed a maximum hydrogen
loss of approximately 10 %. This was also shown in [26].
Thus, the remaining hydrogen is the specimen after tensile test
is labeled “diffusible” in accordance to the ISO 3690 [28]. It
has to be mentioned that this experimentally determined hy-
drogen concentration cannot be compared directly to measure-
ments for weld metal described in the ISO standard. The rea-
son is the different time between the storage in liquid nitrogen
and hydrogen determination.

3 Results
3.1 Mechanical properties
3.1.1 Ultimate tensile strength and yield strength

Figure 4 shows the obtained data for the ultimate tensile
strength R,, (UTS) and the yield strength R, (YS) in MPa
for the BM grade (Fig. 4a), the B HAZ (Fig. 4b), and the M
HAZ (Fig. 4c). As shown in Fig. 4a, the BM showed no
remarkable degradation of tensile properties up to a hydrogen
concentration of 3 ml/100 g Fe. A similar behavior was deter-
mined for the B HAZ (Fig. 4b) but an increased YS and UTS
in hydrogen-free condition. This is due to the higher hardness
as consequence of the thermal cycle. In hydrogen-charged
condition, no distinct degradation effect is observed. The
non-tempered bainitic HAZ microstructure shows sufficient
mechanical tensile properties to the maximum determined hy-
drogen concentration of 4 ml/100 g Fe. Compared to the BM
(and the B HAZ), the as-quenched M HAZ microstructure
(Fig. 4c) showed the highest YS and UTS in the hydrogen-
free condition. This is due to the fast cooling condition leading
to a martensitic microstructure accompanied by increased
hardness of approx. 440 HV. In the hydrogen-charged condi-
tion, the M HAZ showed significant degradation of the mate-
rial properties. For example, the as-quenched M HAZ showed
a decrease of UTS from the initial 1300 MPa to the range of
600 to 800 MPa at 3 ml/100 g Fe. At this hydrogen
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concentration, the, UTS has the same value like the YS.
Hence, the ductility is nearly decreased to zero.

3.1.2 Ductility

Elongation to fracture In general, the ductility of the differ-
ent microstructures show an increased degradation behavior
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Fig. 4 R, and R, of BM (a), B HAZ (b), and M HAZ (c)

compared to the UTS and YS. Figure 5 shows the determined
data for the elongation to fracture of the BM (Fig. Sa), the non-
tempered B HAZ (Fig. 5b), and the as-quenched M HAZ
(Fig. 5c¢). As shown in Fig. 5a, the BM shows excellent
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Fig. 6 BM: (/)—Uncharged,
(I)—1.1 ml/100 g Fe, and (/I))—
3.0 ml/100 g Fe

»BAM

»< BAIVI

Fig. 7 B HAZ: (/)—Uncharged,
(IIy—1.6 ml/100 g Fe, and (/I))—
3.0 ml/100 g Fe

1mm

—>

ductility. In hydrogen-charged condition, the elongation to
fracture remains above 15 % at hydrogen concentration of
3 ml/100 g Fe compared to 20 % in uncharged condition.

In comparison to the (Q+T) BM, the non-tempered B
HAZ (Fig. 5b) shows distinct change of the ductility at hydro-
gen concentration of approx. 2 ml/100 g Fe. In this case, the
elongation to fracture decreases from 12 to below 4 %.
Compared to the B HAZ, the as-quenched M HAZ (Fig. 5¢)
microstructure shows the strongest degradation in terms of
decreased ductility in the hydrogen-charged condition. This
expressed by a significant decrease of the elongation to frac-
ture from 15 % in the uncharged condition to 5 % in the
hydrogen-charged condition at of 1 ml/100 g Fe. At hydrogen
concentration of 2 ml/100 g Fe, the elongation to fracture
is nearly zero.

Reduction in area The reduction in area can be applied as
evaluation parameter of the degradation effect in the
hydrogen-charged condition. Figures 6, 7, and 8 show an
overview of the fracture area of the BM (Fig. 6), the B HAZ
(Fig. 7), and the M HAZ (Fig. 8). Different hydrogen concen-
trations are marked with I, 1I, and III corresponding to the
charging conditions (I-III):

Fig. 8 M HAZ: (/)—Uncharged,

(IH—0.9 ml/100 g Fe, and (/11—
1.8 ml/100 g Fe

@ Springer

»  Condition —Uncharged,

* Condition [I-—Moderate hydrogen charging (0.9 to
1.6 ml/100 g Fe), and

* Condition III—High hydrogen charging (1.8 to 3.0 ml/
100 g Fe).

From Figs. 6, 7, and 8, it is clearly seen that there is a general
tendency for increasing degradation of the mechanical proper-
ties with increasing hydrogen concentration. All examined mi-
crostructures show an increasing diameter of the remaining
fracture surface (corresponding to a decreased calculated reduc-
tion in area) in case of the hydrogen-free condition (I) compared
to the hydrogen-charged conditions II and III. By taking into
account the different scales of Fig. 6 (0.5 mm) and Fig. 7 and 8
(each corresponds to 1.0 mm), it is seen that the degradation
effect is increased for the HAZ microstructures compared to the
BM. In case of the M HAZ, a low hydrogen concentration of
0.9 ml/100 g Fe leads to an increase of the corresponding frac-
ture surface diameter from 1.8 to nearly 3.0 mm.

Hence, hydrogen has a distinct effect on the ductility
expressed by a decreased elongation to fracture and the reduc-
tion in area. The corresponding calculated values for the
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Fig. 9 Reduction in area of BM (a), B HAZ (b), and M HAZ (c)

reduction in area are shown in Fig. 9 for the BM in part (a), the
B HAZ in part (b), and the M HAZ in part (c).

The BM shows no significant change of the reduction in
area with increased hydrogen concentrations (Fig. 9a). This
indicates a very good ductility also in case of hydrogen-
charged conditions II and III. For example, the reduction in
area decreased from 75-78 % in the uncharged condition (I) to
60-65 % at the highest determined hydrogen concentration of
approximately 3 ml/100 g Fe (condition III).

Compared to the tempered BM, the non-tempered B HAZ
(Fig. 9b) shows a distinct decrease a hydrogen concentration
of approximately 1 ml/100 g Fe. At this hydrogen-charged
condition, a distinct decrease of the reduction in area is
regarded of approximately 30 % when comparing condition
I to condition II. This equals to a relative decrease of 80 %
compared to the uncharged condition I. In case of severe hy-
drogen charging (condition III), the reduction in area de-
creases to 20 %. Hence, it is suggested that 2 ml/100 g Fe
can be used as assessment parameter for maximum tolerated
hydrogen level in highly stressed B HAZ regions of weld
joints due to the strong decrease of the ductility.

The as-quenched M HAZ also shows a distinct loss of re-
duction in area in hydrogen-charged condition (Fig. 9¢). In
contrast to the BHAZ, the M HAZ shows a distinct degradation
already at hydrogen concentration of 1 ml/100 g Fe (as indicat-
ed for condition IT). Compared to the uncharged condition I, the
reduction in area decreases from 60 to 12 % which corresponds
to relative decrease of 80 %. In case of a concentration of 4 ml/

Hydrogen concentration in ml/100g Fe

Hydrogen concentration in ml/100g Fe

100 g Fe (condition III), the reduction in area is below 10 %.
This corresponds to a relative loss of 90 %. The distinct degra-
dation of the mechanical properties of the M HAZ is assumed
to be related to the achieved high hardness (>400 HV) due to
the as-quenched heat treatment condition. This leads to a re-
duced ductility already in the uncharged condition.

3.1.3 Overview of hydrogen effect on the degradation
of the mechanical properties

The following Tables 4 and 5 give a brief overview about the
obtained results. Table 4 summarizes the obtained results for
the UTS and YS depending on hydrogen concentration and
microstructure expressed by the BM grade and the heat-
treated HAZ microstructures.

From Table 5, it is seen that only for the M HAZ a distinct
degradation of the UTS and YS appears (marked with bold
characters). In case of the degradation of the ductility, hydro-
gen has a remarkable influence as shown in Table 5.

Table 5 summarizes the distinct influence of the hydrogen on
the degradation of the mechanical properties in terms of ductility
expressed by a decrease of elongation to fracture (45) and reduc-
tion in area (Z). In other words, the ductility is the most influ-
enced mechanical property in presence of hydrogen. This must
be considered in case of evaluation of the susceptibility of those
steel grades to a certain hydrogen-related degradation of the
mechanical properties. The previous present data support the
well-known approach that a hydrogen effect on the degradation

Table 4 Hydrogen effect on the UTS and YS of BM, B HAZ, and M HAZ with corresponding hydrogen concentration

Property Condition BM B HAZ M HAZ
N/mm? ml/100 g Fe N/mm? ml/100 g Fe N/mm? ml/100 g Fe

R, (UTS) I (H-free) 614 0.0 800 0.0 1349 0.0

II (H-charged) 638 1.5 790 1.5 1320 1.0

III (H-charged) 641 3.0 765 3.0 729 2.0
R,02(YS) I (H-free) 480 0.0 630 0.0 1001 0.0

II (H-charged) 530 1.5 650 1.5 1000 1.0

IIT (H-charged) 540 3.0 635 3.0 730 3.0
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Table 5 Hydrogen effect on the ductility with the corresponding hydrogen concentration

Property Condition BM B HAZ M HAZ
% ml/100 g Fe % ml/100 g Fe % ml/100 g Fe

As I (H-free) 22 0.0 18 0.0 15 0.0

1T (H-charged) 20 1.5 10 1.5 6 1.0

111 (H-charged) 12 3.0 2 3.0 2 2.0
VA I (H-free) 76 0.0 68 0.0 60 0.0

1T (H-charged) 68 1.5 28 1.5 12 1.0

III (H-charged) 62 3.0 17 3.0 <5 2.0

of the mechanical properties is based on the interaction of hy-
drogen, microstructure, and load (strain) condition. Hence, the
thermal simulation of HAZ microstructures offers the option to
rank their susceptibility for hydrogen-assisted degradation of the
mechanical properties. By correlating the obtained results for the
UTS (R,), YS (Ry02), the elongation to fracture (4s), and the
reduction in area (Z), it can be ascertained that the as-quenched
M HAZ microstructure shows the highest susceptibility for the
degradation followed in decreasing order by the non-tempered B
HAZ and the tempered BM.

3.2 Fractography
3.2.1 Predominantly fracture topography

The resulting loss of ductility (and in case of M HAZ loss of
strength too) for all microstructures can be explained by the
different fracture topographies. A general tendency was ob-
served regarding the change in fracture mode from ductile to a
mixture of ductile/brittle or mostly brittle depending on the
hydrogen concentration and microstructure. From Figs. 10,
11, and 12, the different fracture surfaces are indicated for
the BM (Fig. 10), the B HAZ (Fig. 11), and the M HAZ
(Fig. 12). In each figure, part (a) indicates the uncharged con-
dition, part (b) indicates moderate charging, and (c) a severe
hydrogen-charging condition. All figures show the center re-
gion of the fracture surface.

The SEM examinations showed five different fracture to-
pographies depending on the microstructure and the hydrogen
concentration. Table 6 shows a brief survey of the occurring
fracture topographies and their special characteristics.

Using the abbreviations given in Table 6, the predominant-
ly fracture topography is summarized for all microstructures in
Table 7.

As shown in Table 7, the predominantly fracture topogra-
phy changes with increasing hydrogen concentration com-
pared to the uncharged condition. In general, the fracture to-
pography changes from ductile mode (micro void coales-
cence) to brittle fracture characterized by QCF around inclu-
sions, CF or IG in case of M HAZ. This indicates that welding
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Fig. 10 BM: uncharged (a), 1.1 ml/100 g Fe (b), and 3.0 ml/100 g Fe (c)
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Toum [V S
NN o i
Fig. 11 B HAZ: uncharged (a), 1.6 ml/100 g Fe (b), and 3.0 ml/
100 g Fe (c)

thermal cycle (due to the changed cooling time) has great
impact on fracture topography occurring in presence of hydro-
gen. By correlating the determined hydrogen concentrations
and the fracture topographies, the ranking of the susceptibility
for the degradation is in increasing order BM, B HAZ, and M
HAZ. Additionally, this can be correlated to the obtained hard-
ness of 210HV (BM), 276HV (B HAZ), and 448HV (M
HAZ). In other words, the occurring hardness can be sug-
gested as an indicator for the susceptibility of a specific mi-
crostructure to the degradation of its mechanical properties in
case of non heat-treated HAZ.

Fig. 12 M HAZ: uncharged (a), 0.9 ml/100 g Fe (b), and 1.8 ml/
100 g Fe (c)

3.2.2 Quasi-cleavage fracture topography in base material
in presence of hydrogen

From Table 7, it can be derived that in uncharged condition
for the BM (Fig. 10a), the predominantly fracture topogra-
phy is ductile characterized by deep dimples (“DD”). It is
worth to see that hydrogen concentration of 3.0 ml/100 g
Fe changes the fracture topography to a mixture of DD
accompanied by QCF (Fig. 10c). This behavior is in agree-
ment with the obtained mechanical properties. The BM
grade shows similar fracture topography (or mix) for the
surface near region and center region. This indicates a
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Table 6 Characteristics of the

Characteristics

occurring fracture topographies Fracture Abbreviation
topography
Ductile DD or DS

Quasi cleavage QC
Quasi-cleavage QCF

facets
Cleavage fracture ~ CF

Intergranular 1G
cracking

Micro void coalescence or ductile fracture (“DD” for deeper dimples or
“DS” for shallower dimples with increased dimple diameter)

Quasi-cleavage facets, characterized by non-smooth fracture surface

Quasi-cleavage facets around inclusions, surrounded by DD or DS
fracture surface, phenomenon is also known as “fish-eye”-forming.

Transgranular cleavage fracture with smooth fracture surface,
perpendicular to the load direction.

Fracture along grain boundaries with smooth fracture surface, in some
cases accompanied by secondary cracking (“SC”)

mostly homogenous hydrogen distribution of hydrogen
suggesting sufficient hydrogen-charging time.

In the hydrogen-charged condition, the BM shows a special
fracture topography called “fish-eye.” The different pictures
in Fig. 13 show some typical indications. Thus, Fig. 13a
shows the SEM overview figure of the fractured specimen;
part (b) shows the magnified central region, and (c) shows the
detailed area with the obtained fracture surfaces indicated with
QCF and DD/DS.

As shown in Fig. 13c, the typical indications for “fish-
eyes” can be identified as an embrittled area with quasi-
cleavage fracture (QCF) around inclusions. Additionally, the
embrittled area is surrounded by DD fracture. In Fig. 13a—c,
the boundary between the DD and the QCF area is indicated
with a dashed orange line. It can be determined that several
fish-eyes occur (Fig. 13a), and the diameter of the embrittled
area is approx. 300 um (Fig. 13b).

In Fig. 14a, magnified region of a second specimen with an
inclusion is shown (indicated with the yellow arrow) which
had an average diameter of 10 um. The corresponding hydro-
gen concentration in this specimen was determined with
2.4 ml/100 g Fe. The chemical composition of the inclusions
was investigated with energy dispersive X-ray spectroscopy
(EDX). A typical representative composition is shown in
Fig. 14b. The EDX analysis showed that an Al-enriched
chemical compound. They are assumed as initiation point
for the “embrittled” QCF area.

Table 7 Predominantly fracture topography for the BM, M HAZ, and
B HAZ microstructure

Microstructure/position
in specimen

Hydrogen level (in ml/100 g Fe)

Uncharged Level L, 1I: Level I1I:
moderate (1-2) high (>2)

BM Center DD DD DD/DS (+QCF)
BHAZ  Center DD (DS) DD/DS QC/CF
MHAZ  Center ~ DD/DS DS (+DD) IG (+SC)
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3.2.3 Fracture topography of the HAZ microstructures

In case of the uncharged condition, the fracture mode is ductile
for both the HAZ microstructures. The non-tempered bainitic

magnified central region with QCF facets (b), and detail of magnified
region (c)
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Fig. 14 Fish-eye in BM charged with 1.3 ml/100 g Fe: overview (a) and
EDX spectra (b)

HAZ is shown in Fig. 11a and the as-quenched martensitic
HAZ in Fig. 12a. The major part of the fracture surface of the
B HAZ is characterized by fracture with “DD” topography
accompanied by small areas of shallow dimples “DS.” Only
the as-quenched M HAZ shows a distinct mixture of deep
shallow dimples (DD/DS) indicating a reduced ductility of
the material in hydrogen-free condition. Compared to the
BM, both the HAZ microstructures showed small areas of
shallow dimples indicating a slight reduced ductility. This
behavior is in agreement with the obtained mechanical prop-
erties (for example the decrease of the reduction in area BM:
76 % vs. both HAZ with 60 to 68 %) and could be related to
the higher hardness of the HAZ microstructures accompanied
by a missing sufficient heat treatment of the weld joint.

At the moderate hydrogen concentration, the ductile frac-
ture mode shows a mixture of DD and DS for the both HAZ
microstructures characterized by micro void coalescence. But
compared to the uncharged condition, especially, the as-
quenched martensitic HAZ showed distinct appearance of
DS in presence of hydrogen (see Fig. 12b—indicated by shal-
low dimples with larger diameter). This indicates the strong
influence of hydrogen on the degradation effect under me-
chanical load. In addition, the bainitic HAZ (Fig. 11b) showed
a “decrease” of the typical deep dimples at hydrogen concen-
tration of 1.6 ml/100 g Fe, too. However, the bainitic HAZ
showed minor strong influence on the fracture mode

compared to that in the hydrogen-free condition. This indi-
cates that a sufficient heat treatment (tempering) is necessary,
in order to decrease the susceptibility for hydrogen-related
degradation of the mechanical properties. Hence, a micro-
structure having a high hardness is assumed to be more sus-
ceptible for a degradation of the mechanical properties.

At the high hydrogen concentration, the fracture topogra-
phy of the non-tempered bainitic HAZ (Fig. 12c) changed to
distinct cleavage cracking (accompanied by local areas of
shallow dimples—“DS”). Additionally, the as-quenched mar-
tensitic HAZ (Fig. 12¢) microstructure shows a distinct inter-
granular cracking (“IG”) accompanied by secondary cracking
(“SC”). This fracture topography indicates that the (as-
quenched) martensitic HAZ shows the highest degradation
of the mechanical properties in presence of hydrogen.
Hence, it is assumed that this microstructure has the lowest
resistance to HAC due to the remarkable degradation of the
mechanical properties. Additionally, the obtained fracture sur-
face data support that the hydrogen-charging parameters are
sufficient due to observed changes in the fracture topographies
compared to those in the uncharged condition.

4 Discussion
4.1 Mechanical properties

The conducted tensile test using hydrogen-free and hydrogen-
charged tensile specimens revealed a general tendency for the
influence of hydrogen on the mechanical properties in corre-
lation to the (simulated) microstructures. In general, it was
ascertained, that hydrogen affects the mechanical properties
more in terms of ductility than in tensile strength.
Additionally, the initial microstructure (tempered vs. as-
quenched) has great impact on the extent of degradation in
presence of hydrogen. It has to be mentioned that experimen-
tal results could be more or less affected by the applied strain
rate. Rehrl et al. [29] reported a remarkable effect of the strain
rate on the degradation of mechanical properties in the pres-
ence of hydrogen for different high strength steels. They con-
clude that the hydrogen diffusivity has distinct influence on
cracking susceptibility. Hence, in case of a high strain rate
(20*s™ "), the hydrogen diffusion is too low into highly
strained regions in the bulk material, i.e., to the crack tip.
This means “critical” hydrogen concentrations for remarkable
degradation cannot be reached. If the strain rate is very low
(10E-04*s "), the hydrogen has sufficient time for diffusion to
the highly strained region. The applied strain rate in our study
is approximately 8.3E-04*s™' is in the same range. Hence,
possible hydrogen diffusion effects due to the applied strain
rate are neglected. Additionally, the strain rate dependency
supports the so-called HELP mechanism (hydrogen-
enhanced localized plasticity and mechanism) suggested by
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Birnbaum and Sofronis [30] assuming that hydrogen accumu-
lates in highly strained regions hindering the dislocation mo-
tion and the material partly plasticizes.

4.1.1 Base material

The results presented from our study are in good agreement to
reported literature data. Takaku and Kayano [15, 16] investi-
gated the influence of hydrogen on the tensile properties for a
RPV steel grade. They showed that a hydrogen concentration
of 2 ppm (approx. 2.2 ml/100 g Fe) has no remarkable effect
of hydrogen on the tensile strength but the elongation to frac-
ture decreased from 25 to 20 % which fits well to our results.
Uhlemann et al. [17] reported a minor importance of hydrogen
on the UTS and YS but a major influence in terms of de-
creased ductility. In their study, the reduction in area decreased
from 75 to 55 % in case of a hydrogen concentration of
1.4 ppm (approximately 1.2 ml/100 g Fe) for an SA 508 CL
3 but in case of in-situ charging. Wu et al. [11] reported that
hydrogen caused a softening of the UTS and a certain loss in
ductility. Wu and Kim [18] showed that hydrogen has minor
influence on the ultimate tensile strength (R,,). In their study,
the presence of hydrogen causes a slight increase of the yield
strength (R,0) and a decrease of elongation to fracture and
reduction in area. In our study, we confirmed the general ten-
dency that hydrogen has minor effect on the degradation of the
tensile properties compared to the ductility.

4.1.2 Heat affected zone

In our study, we ascertained that the HAZ microstructures
show distinct higher tensile properties compared to the tem-
pered BM in the hydrogen-free condition. In case of the non-
tempered or as-quenched HAZ, the microstructure shows dis-
tinct coarse microstructure with higher hardness compared to
the BM indicating a changed precipitate and carbide structure.
Hence, different mechanical properties occur compared to the
BM. This was also obtained by Kim and Yoon [14]. They
examined notched HAZ specimens of multi-pass weld speci-
mens and found higher UTS for the heat-treated (simulated
HAZ) microstructures. Additionally, Mark et al. [31] reported
higher UTS for the HAZ microstructure of single and three
pass weld joints of SAS08CI3 grade. They assume that the
increase of the mechanical properties is due to the martensite/
bainite mixture in the HAZ microstructure compared to the
unaffected BM. This is in accordance with our study.

The achieved mechanical data of the HAZ microstructures
in presence of hydrogen are difficult to compare to literature
due to lag of available data. But, steel grades with comparable
strength and (martensitic) microstructure could be applied for
the consideration of the hydrogen effect on the mechanical
properties of the HAZ. For example, Oudriss et al. [32] report-
ed a remarkable hydrogen effect on material properties

@ Springer

degradation for an AISI 5135 (equals DIN-37Cr4 or
AFNOR 38C4). This steel grade has tensile strength of ap-
proximately 1350-1400 MPa in the uncharged condition. In
presence of dissolute hydrogen, they reported a loss of the
ductility of 50 % at a hydrogen concentration of 1.1 to
2.2 ml/100 g Fe. At a hydrogen concentration of 1.5 ml/
100 g Fe, an additional decrease of 80 MPa occurred for the
tensile strength. These values are in close agreement to the
examined as-quenched M HAZ microstructure. Similar results
were reported by Yue et al. [33]. A lower hardness decreased
the susceptibility for hydrogen-assisted cracking in the HAZ.
They concluded that a certain amount of lower bainite im-
proves resistance against HAC compared to a fully martensitic
microstructure. Hence, a higher hardness suggests an in-
creased degradation effect on the mechanical properties in
presence of hydrogen. This is in accordance with our results.
In addition, a part of the authors of the present study examined
the hydrogen effect on T24 Cr-Mo-V steel weld microstruc-
tures [26]. Although the T24 is a low alloyed Cr-Mo-V steel, it
was confirmed that the HAZ is the most susceptible micro-
structure in terms of hydrogen-affected degradation compared
to BM and weld metal. In addition, Blach et al. [20] claim the
martensitic HAZ as the most susceptible microstructure for
hydrogen-affected degradation. This demonstrates that the
HAZ of low alloyed pressure vessel steels, generally indepen-
dent from the alloy concept, must be considered in case of
possible hydrogen uptake. Nevertheless, a possible tempering
can improve the mechanical properties of a HAZ. Hence, this
effect on the degradation susceptibility in presence of hydro-
gen should be investigated further.

4.1.3 Evaluation of degradation effect by envelope curves

The UTS R,, and the YS R, are mostly unaffected by hy-
drogen despite of martensitic HAZ. In contrast, the elongation
to fracture and the reduction in area are strongly affected in by
hydrogen. To this, calculation of evaluation parameters like
the embrittlement index is useful for comparison of different
steels and microstructures, as proposed by Depover et al. [12].
This index is defined as so-called embrittlement index EI in
accordance to the Eq. 1.
o= R~ RA (1)
RAM

Embrittlement index

RA,, is the reduction in area in % for uncharged condition
and RA. in is the reduction in area in % for the hydrogen-
charged condition. This procedure allows a qualitative ranking
of the different microstructures but unfortunately without
mathematical regression method. Hence, another method is
applied for the evaluation of the degradation effect of hydro-
gen on the mechanical properties. Thus, the surface area of the
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original crosses section A, and the cross section after fracture
Ay (adapted reduction in area) is measured by optical micros-
copy with 5-time magnification. In this special case, it is pos-
sible to calculate the so-called true elongation 1 (Eq. 2).

o = In (j—,) 2)

True elongation [34, 35]

In case of plotting the true elongation versus the hydrogen
concentration, a logarithmic value of zero would mean that
there is nearly zero ductility left. Then, the hydrogen-related
degradation of the material properties (especially the ductility)
can be expressed by mathematic approximation of the data plot
using exponential functions as envelope curves. This procedure
allows mathematical assessing and ranking of the different weld
microstructures and their special susceptibility to hydrogen-
related degradation. Additionally, the envelope curves represent
the hydrogen and the local mechanical load condition as
influencing factors. The formulas for the fitted envelope curves
for the BM and the both HAZ microstructures are shown in
Table 8. Here, LC indicates the lower envelope curve, UC
represents the upper envelope curve, and HD means the corre-
sponding measured hydrogen concentration in ml/100 g Fe.

For example, Fig. 15 shows the lower envelope curves for the
BM and the obtained B HAZ and MHAZ. The envelope curves
are useful for the quantitative transient description of hydrogen
effect on the material properties degradation considering the
major influence on the ductility. Thus, the hydrogen dependant
true elongation describes very well the distinct degradation of
the HAZ microstructure compared to the minor influenced BM.

By correlating the envelope curve with numerically calcu-
lated values, it is possible to assess certain HAC susceptibility
for different weld microstructures [26, 36]. Thus, these regres-
sion functions can be implemented in numerical models for
HAC based on a certain degradation of the mechanical prop-
erties in presence of hydrogen. The principal application of
these functions is presented elsewhere [37, 38]. Considering
this procedure, the calculation of thermo-mechanical weld
stresses and strains can be compared to the envelope curves
as cracking criterion for HAC. It is recommended that the LC
is used for the numerical calculations due to an assessment as
the worst case failure avoiding underestimation of hydrogen

Table 8 Envelope curves for different microstructures
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Fig. 15 Lower envelope curves calculated from experimental data

effects on the numerical simulation. Nevertheless, the enve-
lope curves represent a global criterion derived from the ten-
sile tests. They deliver a very good ranking which microstruc-
ture should be assessed as most susceptible microstructure for
degradation (which can be accompanied by cracking) in pres-
ence of quantified hydrogen concentrations. Hence, a local
approach for crack initiation needs further investigation.

4.2 SEM investigation
4.2.1 Mechanism of QCF in base material

The embrittled areas (fish-eyes) are characterized by quasi-
cleavage fracture (QCF) around Al-rich inclusions and
surrounded by ductile fracture surface. According to Lynch
[39] and Martin et al. [40], quasi-cleavage fracture is de-
scribed by non-cleavage planes with fine lines called river
markings. The inclusions are assumed as areas of tensile stress
concentration fields under mechanical load condition. This
means that the lattice is dilated. Hence, these areas are pre-
ferred regions for hydrogen diffusion and subsequent accumu-
lation. This is in accordance to the HELP mechanism of
Birnbaum and Sofronis [30]. Tsuchida et al. [41] reported that
the diameter of embrittled region increases with increasing
hydrogen concentration in terms of low-carbon steel. Liu
et al. [42] reported for Ni-bearing CrMoV steel embrittled

Microstructure Lower envelope curve Upper envelope curve
BM —( HD —( HD —(HD
e = 0531 % ¢ (%) 1 084 e = 0820 * ¢ (%) 4+ 0030 * ¢ (%) 1 0.65
B HAZ
e = 0980 * ¢ %) 4+ 008 e = 1130 * <) 4 o010
M HAZ

e = 0815 * ¢G%) 4+ 0.02

e = 0840 * ¢ 6% L+ 0.00
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areas around inclusions. They conclude that the determined
inclusions (no chemical composition given) act as initiation
points for the embrittled regions. Hence, Al-rich inclusions
should be considered as possible crack initiation points in
the presence of hydrogen. It has to be mentioned that this
special fracture topography was only obtained in the BM.
Nevertheless, the tempered condition of the BM in our study
indicates that the fish-eye forming has minor effect on deter-
mined mechanical properties compared to the as-quenched
HAZ microstructures.

4.2.2 Hydrogen dependent fracture topography in the HAZ

The as-quenched bainitic HAZ shows a mixture of cleavage
and ductile fracture above a hydrogen concentration of 2.0 ml/
100 g Fe. This indicates that the lower hardness of a material is
beneficial for decreasing the HAC susceptibility, i.e., the deg-
radation of the mechanical properties. As mentioned, inter-
granular fracture appeared in presence of hydrogen (1.8 ml/
100 g Fe) in the M HAZ. Similar results were obtained by
Nagao et al. [43] in lath martensitic steel with an UTS of ap-
proximately 1400 MPa. Based on the investigations of Ueji et al.
[44], Nagao et al. concluded that hydrogen accumulates at spe-
cial lattice defects like prior austenite grain boundaries or mar-
tensite lath boundaries. The reason is suggested as the hindered
dislocation movement and the local dislocation pile up due to
increased hydrogen transport by the dislocations. This leads to
the formation of intergranular and quasi-cleavage fracture sur-
faces along the prior austenite grain boundaries. Additionally,
they conclude that HAC process depends on the local stress and
local hydrogen concentration based on the lattice defects.

In our study, the mentioned fish-eyes in the BM do not ap-
pear in the HAZ. It is assumed that a partly dissolution of the Al-
rich inclusions occurs due to thermal cycling up to 1200 °C.
Nevertheless, the inclusions do not influence the superior me-
chanical properties of the tempered BM compared to the non-
tempered HAZ microstructures. Hence, these inclusions are as-
sumed to play a minor role in the degradation behavior.

5 Conclusions

Hydrogen has a remarkable influence on the mechanical prop-
erties which is mainly noticeable by a loss of ductility. In case
of' welded components, different microstructures like the HAZ
appear beside the BM. Especially, in case of welding fabrica-
tion of nuclear components, a possible hydrogen degradation
effect should be considered for all microstructures.
Investigating the mechanical properties, tensile tests were con-
ducted using hydrogen-free and hydrogen-charged specimens.
For the evaluation of the weld microstructures, the BM grade
and simulated (non-tempered) bainitic and martensitic HAZ
were examined. Additionally, selected specimens were
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analyzed by SEM. The conclusions from the experiments
can be summarized as following:

*  The non-tempered B and as-quenched HAZ microstructures
show an increased UTS and YS in uncharged condition
compared to the tempered microstructure of the BM. This
is accompanied by decreased ductility (expressed in terms
of the reduction in area and elongation to fracture).
Additionally, the martensitic HAZ showed a significant in-
crease of the hardness which is responsible for the strong
increase of the UTS and YS. In general, the UTS and YS are
mostly unaffected in case of the bainitic HAZ and BM con-
dition for the hydrogen-charged specimens. Only in case of
martensitic HAZ, a loss of UTS and YS was obtained.

»  Hydrogen has a remarkable effect on the ductility (expressed
in terms of reduction in area and elongation to fracture) for
all the examined microstructures. But, especially, in case of
the non-tempered HAZ microstructures, a distinct degrada-
tion effect is observed. The degradation in presence of hy-
drogen is in decreasing order: as-quenched M HAZ, non-
tempered B HAZ, and tempered BM. Hence, the
(martensitic as-quenched) HAZ is assumed to be the most
critical microstructure with higher hardness compared to the
BM. Hence, the HAZ is assumed to be the region where
hydrogen-assisted cracking preferably occurs. Thus, it is
necessary to control the weld heat input carefully to avoid
fully martensite microstructure in case of fast cooling (i.e.,
TIG repair welding in thick-walled components) and the
execution of an appropriate heat treatment after welding.

* The SEM investigations showed a ductile fracture mode
for all the examined microstructures in the uncharged con-
dition. While in the hydrogen-charged condition, the frac-
ture topography (ductile dimples) changes to (quasi)-cleav-
age fracture in case of bainitic HAZ and intergranular frac-
ture topography for the martensitic HAZ. This is in accor-
dance with the obtained mechanical data. Additionally,
fish-eyes appear in the BM in presence of hydrogen. The
Al-rich inclusions are assumed to act as initiation point for
the cleavage facets due to stress accumulation around the
inclusions under mechanical load. Additionally, in accor-
dance with the literature, the increased stresses are assumed
to favor hydrogen transport to highly stressed areas due to
the expanded lattice. Nevertheless, this requires further
investigations.

» The presented concept of calculating the true elongation is
an appropriate concept for the evaluation of the hydrogen-
assisted materials degradation. This concept considers the
strong influence of the hydrogen on the ductility com-
pared to the tensile strength. Additionally, it can be applied
for the quantitative ranking between different (weld) mi-
crostructures. Thus, it helps identifying possible critical
microstructures which are susceptible for the degradation
of mechanical properties and HAC.
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