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Abstract The hydrogen embrittlement (HE) char-
acteristics of Fe—0.33C-1.2Mn—xNb—xMo steels were
investigated experimentally using various samples
with differing microstructural characteristics. HE in
steels was affected by hydrogen trapping sites: &-
carbide-based, Nb-based, and Mo-based precipitates,
which were effective at enhancing HE resistance. In
contrast, the prior austenite (y) grain boundary within
steel could act as hydrogen trapping sites and accel-
erate HE. In addition, hydrogen trapping occurred
around the crack, leading to an acceleration of crack
growth rate. There are various trapping sites in the
steels with negative and positive effects on HE. The
extent of the HE was clarified via tensile strength and
resistance of delayed failure. Furthermore, the HE
characteristics were analyzed using the samples with
different quantity of hydrogen charged with two
different methods. Based upon the above work, high
HE resistance of the steel was proposed as Fe—0.33C—
1.2Mn-0.05Nb-0.5Mo steels after a bake-hardening
process at 170 °C for 20 min.
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1 Introduction

It is thought that one-third of all structural and
component failure are caused by environmental
effects, e.g., corrosion (Woodtli and Kieselbach
2000). Corrosion is a significant issue for the devel-
opment of structures and components that are highly
reliable for long periods. One related issue is affected
by hydrogen: storage tank failure driven by the
compressed hydrogen gas that it contained. This
failure is attributed to rapid growth of large fatigue
cracks and is induced by material embrittlement
driven by hydrogen. It is well known that hydrogen
is the lightest element and easily penetrates into
metallic materials. This causes mechanical property
deterioration and brittle fracture (West and Louthan
1979). To understand the phenomenon of hydrogen
embrittlement (HE) in engineering materials, many
researchers have examined the HE characteristics of
steel materials. A search of the Scopus database
indicated that more than 6400 academic papers were
retrieved using a search for “hydrogen”, “embrittle-
ment”, and “steel”. To solve this issue, hydrogen
trapping sites can be created to prevent HE. Fe—C-Ti
alloys have low HE resistance because they contain
trapped hydrogen (Depover et al. 2015). There are
several hydrogen trapping sites, including carbide
base precipitates, dislocations, and phase boundaries
(Choo and Lee 1982a; Chen et al. 2020). The
activation energies for evolution of trapped hydrogen
were determined experimentally from peak
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temperatures measured at various heating rates. They
were found to be 17.2 kJ mol_l, 26.8 kJ mol_l, and
35.2 kJ mol ! at grain boundaries, dislocations, and
supersaturated vacancies, respectively (Choo and Lee
1982b).

The resistance of delayed fracture of martensitic
bolt steels were investigated by Yamasaki and Taka-
hashi (Yamasaki and Takahashi 1997), where to
determine the hydrogen amount for delayed failure,
the relationship between critical content for delayed
fracture (H.) and environmentally penetrated content
(Hg) in diffusible hydrogen was examined. The
critical value (H.) and the environmental value (Hg)
were determined by accelerated delayed fracture tests
under constant applied load.

Some precipitates can improve HE in steel. Fe;C
precipitates in quenched, tempered, high-strength
steel can reduce HE due to their hydrogen trapping
sites (Okayasu et al. 2020). Zhu et al. have reported
improved HE associated with the trapping capacity of
e-carbide, as revealed using a three-dimensional
atomic probe (Zhu et al. 2015). Furthermore, the
effects of the hydrogen trapping abilities of Cry3Cq
precipitates on the mechanical properties of cast Fe—
C—Cr materials were investigated. It was found that
the presence of carbides decreases HE susceptibility
(Depover and Verbeken 2016). Ultra-high-strength
(1700 MPa) steel suffers from HE in atmospheric
corrosion environments, as hydrogen traps in this steel
enhance hydrogen absorption (Li et al. 2010). More-
over, the resistance of this high-strength, low-alloy
steel to hydrogen-induced cracking (HIC) can be
improved via Nb microalloying (0.055 wt%). Steel
with a few nanometer-size NbC precipitates exhibits a
higher HIC resistance than steel with larger
(100-200 nm) precipitates (Shiqi et al. 2018).

In contrast, some precipitates can accelerate brittle
failure, i.e., severe HE. Ultra-low-carbon steel with
copper added has a high resistance to low susceptibil-
ity to HE. There is more space available for hydrogen
in carbon steel when ¢-copper particles are precipi-
tated. The e-copper precipitates that grow are better
hydrogen trapping sites than the copper clusters. This
contributes to suppression of strength reduction (Ko-
mazaki et al. 2002). A related study was further
conducted which found that the grain and phase
boundaries in iron and steel can be hydrogen trapping
sites. The ferrite/pearlite and pearlite/pearlite inter-
faces in pure Fe—C alloys are effective trapping sites,
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while the ferrite/cementite interfaces within the
pearlite colonies have little effect on the hydrogen
occlusivity (Chan and Charles 1986). Enos and Scully
explained that the shear-cracking process in cold-
drawn ultrafine pearlitic steel is assisted by trapped
hydrogen due to reduction of the cohesive strength of
the Fe/Fe;C interface (Enos and Scully 2002).

From the above information, it is clear that various
hydrogen trapping sites can change the extent of HE.
Some precipitates can improve HE. However, the
reason for this is not clear. Moreover, there is no clear
direct evidence that can be used to understand the HE
mechanism. Thus, the aim of the present study is to
examine experimentally the HE characteristics in high
strength steels with various microstructural forma-
tions, e.g., precipitates, phases and internal strain.

2 Experimental procedures
2.1 Materials and specimens

In this study, Fe—0.33C-1.2Mn—xNb—xMo (Fe—xNb-
xMo) steels formed via cold rolling were used. Table 1
shows the chemical compositions of the steels. The
concentrations of niobium (Nb) and molybdenum
(Mo) varied between steels (Nb: 0% or 0.05 mass%
and Mo: 0.15 mass%, 0.3 mass%, or 0.5 mass%).
Figure 1 shows schematic illustrations of the sample
preparation processes. The different processes were
cold-rolling (CR), annealing (AA), quenching (WQ),
and tempering (BH). The cold-rolling sample was
manufactured with a thickness of 1.4 mm using a
2.8 mm hot-rolled sheet. AA was performed using a
CR sample heated to 850 °C for 1 h before air cooling.
The WQ process was performed in cold water after
heating above the Aj line (i.e., 800 °C) for 30 min,
while the BH process was conducted by tempering at
170 °C for 20 min in an oil bath using two different
samples: (i) water quenched [BH(w)] and (ii) hot
stamped [BH(h)]. The hot-stamped samples were
made by the hot pressed to make U-bent specimen.
In the present study, the hot workpiece heated at
850 °C was rapidly cooled via die-clumping using a
hydraulic mechanical servo press at a load of 60 tons,
where the quenched/tempered dies made of commer-
cial SKD11 tool steel were employed. Note that a glass
coating processes were executed to each steel sample
during heating so as to prevent decarburization.
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Table 1 Chemical C Mn Si Nb Mo P S Ti Al B N
composition of the Fe—
xNb—xMo steel (mass%) 1 032 12 01 O 0 0.001  0.002 0.01 0.004 0.002 0.002
2 032 12 01 005 0 0.001  0.002 0.01 0.004 0.002 0.002
3 033 12 01 0 0.15 0.005 0.005 0.02 0.004 0.002 0.002
4 033 12 01 0 0.3 0.005 0.005 0.02 0.004 0.002 0.002
5 033 12 01 0 0.5 0.005 0.005 0.02 0.004 0.002 0.002
6 032 12 01 005 05 0.001  0.002 0.01 0.004 0.002 0.002
Fig. 1 Schematic _
illustration showing the Solution treatmgnt
sample preparation + 1250°C, 60 min
processes for the cold rolling
(CR), water quenching Hot rolling
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2.2 Hydrogen charging

The HE characteristics of the steel samples were
examined after hydrogen charging using two different
methods: an ammonium thiocyanate (NH4SCN) solu-
tion and an electric charging in 3g L'

Time

NH4SCN + 3% NaCl at 10 A m~2. The samples were
ground with emery paper down to 800 grade and
immersed at the room-temperature. Following hydro-
gen charging, the hydrogen content in the sample was
measured by means of thermal desorption analysis
using a gas chromatograph with a linear heating rate of
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3.3 °C min~' to 400 °C. The sample gas was analyzed
with a 5 min interval using argon as a carrier gas. In
the present analysis, the hydrogen content detected
around 100 °C is considered to be the diffusible
hydrogen content (Okayasu and Yang 2019).

2.3 Mechanical testing

To understand the HE characteristics, the mechanical
properties and resistance of delayed fracture were
examined using the samples with hydrogen charged,
where two different specimens were employed, e.g.,
dumbbell shaped specimen and U-bent specimen.
Figure 2 shows the photographs of both test speci-
mens. Tensile test specimens were frozen in liquid
nitrogen to avoid hydrogen leakage from the test
samples before the tensile testing. The tensile tests
were performed using a screw-driven universal testing
machine with a 50 kN capacity. The test specimens

were loaded at 0.01 mm min~' and 1 mm min~! via

4.
o
— | (~4-R2
3~ 25
=
t=1.4

Fig. 2 Photographs and drawings of dumbbell shape and
U-bent specimens for tensile and delayed fracture tests
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Fig. 3 EBSD analyses of Fe-xNb—xMo steels showing thep
inverse pole figure and kernel average misorientation: AA, CR,
WQ, and BH(w) samples

stroke control until the fracture point. The test
specimens were designed to possess a rectangular
dumbbell shape with dimensions of 30 mm x 4
mm X 1.4 mm. The resistance to delayed fracture
was investigated using U-bent specimens under
hydrogen charging. In this case, the delayed fracture
tests were conducted under the two different methods:
static loading of 1700 MPa and 1400 MPa in the
NH4SCN solution and the electric charging, respec-
tively, where the U-bent specimen was tightly jointed
using a bolt. The fracture resistance was evaluated on
the basis of the time to final failure of the specimen. It
should be pointed out that, in this case, the static
loading values (1700 MPa and 1400 MPa) were
selected, as the change of the fracture resistance was
clearly obtained.

2.4 Microstructural analysis

The microstructural characteristics of the steel sam-
ples were analyzed via electron backscatter diffraction
(EBSD) analysis. EBSD analysis was conducted using
abeam current 12 mA, an accelerating voltage 15 kV,
and a step size 1 pm. The sample surfaces were
polished mechanically to mirror status using a cloth
with alumina particles. Furthermore, scanning trans-
mission electron microscopy (STEM) and energy
dispersive X-ray spectroscopy (EDS) analyses were
performed to understand the precipitation character-
istics of the steel in detail. For this, replica samples
were prepared via mechanical thinning followed by
electrolytic polishing with 10% perchloric acid and
90% ethanol.

3 Results
3.1 Mechanical properties

Figure 3 shows EBSD analysis results for Fe—xNb—
xMo steels made using various processes with various
Nb and Mo concentrations. The color levels of the
pixels in the IPF maps vary according to the deviation
from the measured crystal orientation. The KAM maps
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«Fig. 3 continued
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indicate the mean misorientation angle of a given
point against all of its neighbors, which is related to the
extent of internal strain. The CR and AA samples are
formed with ferrite (57%) and pearlite (43%) struc-
tures. Because of the cold-rolling process, the KAM
levels are higher in the CR samples than in the AA
samples. The grains appear strained in the former
samples, as shown in the IPF maps. This results in
higher hardness, i.e., work hardening. The low KAM
level for AA is caused by the annealing process. The
relatively high internal strains in the WQ and
BH(w) samples occur because the martensite structure
exhibits a high concentration of carbon solid solutions
and severe ¢-carbide precipitation. It is also clear that
the grain sizes in the AA, WQ, and BH(w) samples
decrease to almost same size as the amount of Nb and
Mo increases. This leads to high mechanical strength
(Okayasu et al. 2016), i.e., grain boundary strength-
ening. Because of the severe strain in the CR samples,
grain-size differences are not noted. It should be
pointed out that despite the BH process conducted,
similar microstructural characteristics are seen in the
WQ and BH(w).

3.2 Hydrogen embrittlement properties

Figure 4 shows the representative tensile stress versus
tensile strain curves of CR, AA, WQ and BH(w) before
and after their subjection to hydrogen charging for
48 h. From the S-S curves, different trends of the
tensile properties were obtained. After yielding, the
tensile stress decreases for CR, WQ and BH(w), while
the tensile stress increases as work hardening for AA.
Severe reduction of ductility was obvious for WQ and
some BH(w) samples after the hydrogen charging
although small reduction of the ductility is seen in the
other samples. Figure 5 shows the tensile properties of
the Fe—xNb—xMo steels before and after hydrogen
charging obtained from their tensile stress vs. strain
curves. Different samples exhibit different S—§ curve
trends: (i) the ultimate tensile strength (oyrs)
increases slightly with the Mo content and (ii) higher
oyuts values are observed for WQ and BH(w) overall,
while CR and AA exhibit lower oyrs values. Upon
hydrogen charging, HE appears to occur at a different
level, which is related to their tensile properties. The
fracture strain decreases for the CR, WQ, and
BH(w) samples, but no clear change in the & value
is obvious for AA. In particular, a significant fracture

Fig. 4 Engineering tensile stress versus tensile strain for the
Fe—xNb—xMo steels with and without hydrogen charging (AA,
CR, WQ and BH)

strain reduction occurs for WQ, where the fracture
strain decreases due to failure in the elastic strain
region. The strain reduction rate varies with the Mo
content. HE improvements can be observed for
BH(w), especially when the concentrations of addi-
tional chemical elements, e.g., BH(w)-0.5Mo and
BH(w)-0.05Nb-0.5Mo, increase. Since WQ-Fe-
0.05Nb-0.5Mo has a higher tensile strength than
BH(w)-0.5Mo after hydrogen charging, higher HE
resistance is observed using the Fe—-Nb—Mo alloy.

It is also clarified from Fig. 5d that the high
resistance of HE is obtained for BH(w)-0.05Nb-
0.5Mo under the tensile loading at 0.01 mm minfl,
while the low resistance of HE for the other samples,
loaded at 0.01 mm min~". The significant reduction of
HE in the tensile properties at 0.01 mm min~" is
affected by a large amount of hydrogen penetrated to
PAG (Okayasu and Motojima 2020). Because of no
clear effect of HE for the BH(w)-0.05Nb-0.5Mo
sample, other factors, such as creation of trapping sites
and increment of interfacial strength of PAG, may
have affected. It is considered from the above results
that HE can be controlled by via addition of chemical
elements (especially Nb and Mo) and heating
processing.

The extent of HE is sometimes attributed to various
microstructural characteristics, i.e., differing trapping
sites. The hydrogen traps in CR samples are associated
with high-strain regions or high dislocation densities
arising from the severe plastic deformation during the
CR process, while WQ traps are found at the prior
austenite (y) grain (PAG) boundaries (Okayasu and
Motojima 2020) besides dislocations. Since the BH
process is performed using the WQ sample, HE
improvements may be caused by hydrogen trapping
site creation during thermal annealing at 170 °C for
20 min.

Figure 6a shows the results of the delayed fracture
test for the BH(h) samples in NH4SCN solution. It is
seen that high fracture resistance is obtained for
BH(h)-0.05Nb-0.5Mo, which is similar to the results
of its tensile test. Note that some BH(h)-0.05Nb-
0.5Mo specimens did not fracture even if the loading
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Fig. 5 Ultimate tensile
strength (oyTs) and fracture
strain (&) results for Fe—
xNb—xMo steels [AA, CR,
WQ, and BH(w)] with and
without hydrogen charging
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for more than 168 h. On the other hand, the low
fracture resistance is detected for BH(h)-ONb—OMo
alloys, while slight improvement of delayed fracture is
seen for BH(h)-0.05Nb. The relatively high resistance
of delayed fracture is obtained for BH(h)-0.5Mo. Such
change of the fracture resistance would be affected by
the different trap site of the BH(h) samples.

Figure 6b shows the results of resistance of delayed
fracture for the BH(h) samples under the electric
hydrogen charging. Dissimilar to the result of Fig. 6a,
all samples were fractured in the early loading stage of
around 20 h, including the BH(h)-0.05Nb-0.5Mo
sample. The reason for this is not clear at the moment,
but this could be attributed to the large amount of

hydrogen penetrated to the samples. Namely, the
similar resistance of delayed failure is caused by the
similar hydrogen trapping in the PAG boundaries for
all samples due to electric hydrogen charging.

Figure 6¢ displays the failure characteristics of the
U-bent specimen under delayed fracture test for the
BH(h) samples in NH4SCN solution. As seen, the
crack growth can be observed, in which the rapid crack
growth occurs to final failure immediately after the
crack generation. This crack growth rate can be much
higher than that under the creep crack growth rate. In
the previous work by Tabuchi et al. (1991), they have
examined the creep crack growth in the Cr—-Mo-V
steel at high temperature, where the creep crack
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Fig. 6 a and b The relationship between the applied static stress and time to failure for BH(h) samples: a NH4SCN solution and
b electrochemical charging. ¢ photographs of BH(h) specimens showing failure characteristics in NH4SCN solution

growth in the tertiary creep stage is less than 1 mm
h'.

4 Discussion
4.1 Failure analysis

Figure 7 shows SEM images of fracture surfaces of
Fe—xNb—xMo steels prepared via the WQ and
BH(w) processes after tensile testing. Examination
of these fracture surfaces reveals various failure
characteristics. It is clear from Fig. 7a that dimple-
and slip-based ductile failures with severely necked
samples are the dominant features in WQ and
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BH(w) samples that have not been subjected to
hydrogen charging. Such ductile fracture become
brittle failure modes after hydrogen charging, which
exhibits severe HE driven by intergranular cracking
along the PAG boundary, as shown in Fig. 7b. This
may be influenced by hydrogen trapping at PAG
boundaries and/or hydrogen atoms from interstitial
positions to neighboring atomic vacancies to prior
austenitic boundaries due to dislocation movement. As
shown in Fig. 7b, ductile failure is obvious in all
BH(w) samples even after hydrogen charging. In
particular, severe ductile necking failure is observed in
the BH(w)-0.05Nb—-0.5Mo samples. This is reflected
in their HE improvements via the BH process and
upon addition of alloying Nb and Mo.



The effects of the microstructural characteristics hydrogen embrittlement fracture 269

(a) WQ without H

(b) BH(w) without H
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Fig. 7 SEM images of Fe—xNb—xMo steel fracture surfaces: WQ and BH(w) samples a without and b with hydrogen charging by

NH4SCN solution

Figure 8a, b displays variation in the cumulative
hydrogen content with temperature and the variation
of the amount of hydrogen released for representative
CR, AA, WQ, and BH(w) samples (Fe—0.5Mo and Fe—
0.05Nb-0.5Mo alloys) after 48 h of hydrogen charg-
ing using NH4SCN solution. Extensive hydrogen is
released upon heating to approximately 120 °C. This
may be due to diffusible hydrogen. Interestingly,

diffusible hydrogen in the CR sample exhibits more
than WQ although that for WQ is higher for the
BH(w) and AA ones. It should be pointed out that
severe HE occurred for WQ as described above
although the lower amount of hydrogen is detected
compared to that for CR. This result indicates different
hydrogen trapping system in CR and WQ. In this case,
the trapping sites in CR may have weak effects on HE,
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while trapping sites at the PAG boundaries for WQ
make stronger effects. It is also considered the
different hydrogen trapping site in the AA and BH
samples, due to their different microstructural char-
acteristics: the trapping site could be the boundaries
between cementite and ferrite for AA; while that is
caused mainly by the precipitates for BH.

Figure 8c, d shows variation in the cumulative
hydrogen content with temperature and the variation
of the amount of hydrogen released for representative
BH-Fe—xNb—xMo alloys after hydrogen charging by
NH,4SCN solution and electric charging. Although the
amount of hydrogen is scattered, a large amount of
hydrogen is obtained for all samples after the electric
charging, compared to that after NH,SCN charging. It
is considered from this result that the hydrogen
charging at all trapping sites occur severely by the
electric charging process, resulting in the high HE for
all samples. Moreover, the temperature of extensive
hydrogen released is different depending on the
samples, e.g., 80-120 °C, e.g., Fig. 8d. This could
be attributed to the different trapping sites.

4.2 Microstructural analysis

To explain the different severities of HE in the WQ
and BH(w) samples, their microstructural character-
istics were investigated in detail via STEM analysis.
Figure 9a shows STEM images of the WQ-0.5Mo,
BH(w)-0.5Mo, and BH(w)-0.05Nb-0.5Mo samples.
Conventional lath martensite structures are observed
for the three samples, while some precipitation
particles are observed randomly in the martensite
structures. These include e-carbide-, Mo-, and Nb-
based precipitates. The precipitate size and quantity in
the BH(w)-0.5Mo sample are similar to those in the
BH(w)-0.05Nb-0.5Mo sample, although weak pre-
cipitates are clearly visible in the WQ sample.

It is also clear from the STEM-EDX mapping in
Fig. 9b that Ti—-Mo-Nb-based precipitates are
detected in the BH(w)-0.05Nb—-0.5Mo samples. These
precipitates could be related to (Ti, Nb)C and (Ti, Nb,
Mo)C (Jang et al. 2013). The HE improvements noted
in the BH(w) samples upon addition of Nb, Mo, and C
indicate that e-carbide and/or Nb- and Mo-based
precipitates could act as hydrogen trapping sites and
generate high HE resistance. Moreover, the reduction
of internal strain after the BH(w) process may reduce
the HE, as mentioned in Fig. 3. As in Fig. 8b, the
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Fig. 8 Variation in the cumulative hydrogen content with»
temperature for a Fe—0.5Mo and b Fe-0.05Nb-0.5Mo steels
[AA, CR, WQ, and BH(w)] after hydrogen charging with
NH4SCN solution; and BH(w)-Fe—xNb—xMo steels after
hydrogen charging with ¢ NH4SCN solution and d electrochem-
ical charging

quantity of hydrogen varies between samples. In this
case, the maximum quantity of diffusivity hydrogen
for the BH(w)-0.05Nb-0.5Mo samples is as low as
approximately 0.01 ppm, which could be caused by
the hydrogen trapping mainly in the precipitates
mentioned above.

Based upon the material properties as mentioned
above, the HE characteristics of the WQ and BH
samples are understood using models. Figure 10
shows schematic diagrams of the HE models for the
WQ-0Nb-OMo and BH-0.05Nb-0.5Mo samples. Sev-
ere HE occurred in the WQ sample due to hydrogen
trapping at the boundaries of the PAGs; moreover, a
large amount of hydrogen migrated to around the
crack makes increment of the HE. On the other hand,
an improvement of HE was affected by the trapping
sites of Nb-, Mo-based precipitates and e-carbide.
Furthermore, increasing the cohesive strength of the
PAG boundaries may have also led to the high
resistance of the delayed failure although there is no
direct evidence.

5 Conclusions

The effects of the microstructural characteristics of
Fe—0.33C-1.2Mn-xNb-xMo steels on HE properties
were examined using various samples with different
microstructural characteristics, including different
phase structures and precipitates. The results can be
summarized as follows:

(1) Nb and Mo could generate Nb- and Mo-based
precipitates during the water quenching (WQ)
and tempering processes (BH). In addition, e-
carbide precipitates were observed in the WQ
and BH samples. These precipitates could be
hydrogen trapping sites and reduced the severity
of HE. The BH process improved HE, as both
severe precipitation and internal strain were
reduced. The improvement of HE was verified
by the tensile test and delay fracture test.
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Fig. 9 a STEM images of

the WQ-0.5Mo, BH(w)-
0.5Mo, and BH(w)-0.05Nb—
0.5Mo steels showing &-
carbide, Nb- and Mo-based
precipitates. b STEM
images and EDX maps of
precipitates in BH(w)-
0.05Nb-0.5Mo steel
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No clear HE was seen among AA samples, in
which the hydrogen could be trapped between
the cementite and ferrite phases. HE was also
low among CR samples despite their high
hydrogen contents. Hydrogen could be trapped
at dislocations and internal lattice strain in CR
samples, which makes weaker HE effects than
the PAG boundaries in WQ.

The crack growth occurred rapidly to final
failure immediately after the crack generation.
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Such crack growth rate was much higher than
the creep crack growth in the Cr-Mo-V steel at
high temperature, less than 1 mm h™'.

Hydrogen content in the BH-Fe—0.05Nb—0.5Mo
alloys after the electric hydrogen chargingin3 g
L' NH,SCN + 3% NaCl at 10 A m™> was
more than 3 times higher than that charged by
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«Fig. 10 HE models for the WQ-ONb—OMo and BH-0.05Nb-
0.5Mo samples in consideration of the influences of precipitates
and PAG as hydrogen trapping sites

NH,4SCN solution. The high hydrogen content
made an acceleration of the delayed failure.
Such severe HE was similarly observed for all
sample after the electric charging.
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