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This paper studied the influence of hot rolling and annealing processes on the hydrogen embrittlement
sensitivity of AISI 430 ferritic stainless steel and the changes in hydrogen-induced fracture modes through
electrochemical hydrogen charging experiments. The tensile test results show that the hot-rolled specimen
has the highest hydrogen embrittlement sensitivity, and the highest yield strength and tensile strength. After
the heat treatment, the yield strength of all specimens was significantly increased after hydrogen charging,
which was attributed to the hydrogen-induced dislocation pinning effect. The fracture morphology analysis
revealed that the hot-rolled specimen was dominated by intergranular fracture, accompanied by cleavage
fracture, predominantly by the hydrogen-enhanced decohesion (HEDE) mechanism, while the fracture
modes of annealed specimen were cleavage fracture and quasi-cleavage fracture due to the hydrogen-
enhanced localized plasticity (HELP) and hydrogen-enhanced decohesion (HEDE) mechanisms.

Keywords 430 ferritic stainless steel, fracture mechanism,
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1. Introduction

As a new type of green energy, hydrogen has gradually
replaced traditional coal mine energy (Ref 1). Due to the
increase in the transportation volume and transportation scope
of hydrogen pipelines, the requirements for the mechanical
properties of pipeline materials have been greatly improved.
However, high-strength steel is more susceptible to hydrogen
embrittlement (Ref 2-5). Hydrogen penetration of metal
significantly deteriorates the mechanical properties of the
material, especially the reduction in plasticity, which limits
the application and development of high-strength steels (Ref 6-
8).

Many research works have identified that hydrogen embrit-
tlement (HE) is due to the interaction between hydrogen and the
internal microstructure of the material (Ref 9-11). Two main
models for explaining the changes in the fracture mode of
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hydrogen-induced materials were proposed in the twentieth
century: (1) hydrogen-enhanced localized plasticity (HELP)
(Ref 12), (2) hydrogen-enhanced decohesion (HEDE) (Ref 13).
HELP mechanism is based on the fact that hydrogen reduces
the critical stress intensity of dislocation movement through
hydrogen, which leads to an increase in dislocation mobility
(Ref 15). For the HEDE mechanism, the accumulation of
hydrogen at high triaxial stress positions leads to weakening of
atomic bonds beyond the critical hydrogen concentration (Ref
14). Although the coexistence of different hydrogen embrittle-
ment mechanisms has been observed in metallic materials (Ref
16-18), the interaction between them (which mechanism is the
dominant one) is still a challenging and critical issue (Ref 19,
20).

FSS is widely used in electrical appliances, marine envi-
ronment materials and pipeline transportation due to its good
corrosion resistance, excellent mechanical properties and low
price. As the basic structure of high-strength steel, the HE
mechanism of ferrite is still in the research stage. Therefore, in
the present study, the HE performance of AISI 430 FSS was
investigated by using rolling, annealing and tensile test. By
comparing the mechanical properties and fracture morphology
changes before and after hydrogen charging, the relationship
among the rolling and annealing microstructure of AISI 430
FSS and hydrogen embrittlement sensitivity (HESy) was also
discussed.

2. Experimental

2.1 Materials and Experimental Process

The material used for this study was AISI 430 FSS with the
chemical composition of 0.04% C, 0.29% Si, 0.35% Mn,
0.023% P, 0.003% S, 16.21% Cr, 0.14% Ni and balance Fe
wt.% (represented by melting analysis). JMatPro software was
employed to perform phase zone thermal simulation on the
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original sheet to determine the heat treatment temperature, as
shown in Fig. 1(a). The original 2.86mm annealed sheet was
subjected to the heat treatment procedures described in Fig. 1b.
The original sheet (O) was first subjected to a rolling process at
850°C for 10 minutes, after which the original sheet was
quenched in air (the cooling rate is 5 °C/s-10 °C/s), in which we
got the rolled specimens (HR) with a thickness of 2mm. After
one pass, the corresponding rolling reduction is 30%. The next
step was that the rolled sheet was annealed at 940°C for 10
minutes before final quenching in air to obtain the roll-annealed
specimens (HR/A). The geometry of all specimens used to
conduct the tensile tests is shown in Fig. 2(a), and the
dimensions of specimens used to microstructure analysis are
shown in Fig. 2(b).

2.2 Electrochemical Hydrogen Charging and Tensile Tests

Hydrogen was introduced into the FSS material by tradi-
tional electrochemical hydrogen charging experiment. The
cathode of the electrochemical system was the tensile speci-
mens, while metal platinum sheet connected to anode. The
samples for electrochemical hydrogen charging experiment
were lightly grounded with a 2000 grade SiC paper to eliminate
impurities on the surface of specimens caused by the machining
process. This process was performed in 300 ml of sodium
hydroxide solution (1 mol/l), poisoned with thiourea (1 g/l) as
hydrogen recombination inhibitor, at room temperature. A
constant current density of 50 mA/cm? was maintained with an
DC power source (MS-605D), and the hydrogen charging time
was 8 h.

The tensile properties of AISI 430 FSS specimens produced
after different processing treatments were examined before and
after hydrogen charging. Before the tensile tests, the surface of
the sample was pretreated with 2000# SiC paper to obtain a
smooth and flat tensile sample. Tensile tests under strain rate
mode (1 x 10~* s~ ") were performed at air temperature, and an
extensometer with a gauge length of 25mm was installed to
calculate the total elongation capacity of specimens.

Plastic loss is the main manifestation of material HE;
therefore, the hydrogen embrittlement sensitivity (HESy) of the
material can be characterized by calculating the elongation loss
rate before and after the tensile sample is charged with
hydrogen. HES;; can be obtained by Eq 1:
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where J9 and Jy represent the elongation of the tensile
specimens before and after hydrogen charging, respectively.
The larger the hydrogen embrittlement sensitivity value, the
worse the material’s resistance to hydrogen embrittlement, and
the more sensitive the microstructure to hydrogen.

2.3 Observation of Microstructure and Fracture Morphology

Microstructure evaluation and fracture morphology analysis
of the specimens before and after hydrogen charging were
conducted at each stage of the treatment process using a field
emission scanning electron microscopy (FE-SEM, Tescan Mira
3) equipped with an Oxford energy-dispersive spectroscopy
(EDS) and an electron backscattered diffraction (EBSD)
detector. The EBSD scans were performed with a step size of
0.5 um at an accelerating voltage of 20 kV, and the EBSD result
was post-processed with the Channel 5 software in the AZTEC
2.0 software. For EBSD study, specimens were polished with
SiC paper and electrolyzed with perchloric acid alcohol
solution at -30°C for 70s.

3. Result

3.1 Microstructure

The microstructural transformations after thermal treatments
are shown in Fig. 3 (SEM topography and EDS spectra) and
Fig. 4 (EBSD data analysis results). The microstructures of the
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Fig. 1 (a) Thermal simulation phase map and (b) schematic representation of heat treatment process
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Fig. 3 SEM topography and EDS spectra of specimens in different states. (a) Original specimen, (b) hot-rolled specimen, (c) annealed
specimen; (d-f), respectively, correspond to the energy spectrum of the precipitate in the yellow circle in (a-c)

Fig. 4 EBSD data analysis results of specimens in different states. (a) Original specimen, (b) hot-rolled specimen, (c) annealed specimen; (a-c)
IPF images, (d-f) KAM images
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original specimen and the hot-rolled sample are pure ferrite
structure and precipitates dispersed in the matrix as indicated in
Fig. 3a and b. The microstructure morphology displayed two
different microstructures, namely the ferrite matrix and the
martensite phase (indicated by the white box), as shown in
Fig. 3c. The EDS spectra of the precipitates in the matrix in the
three states are shown in Fig. 3d, e and f, while the EDS data
analysis results of precipitates as shown in Table 1, respec-
tively, indicating that the precipitates are (FeCr),;Cs. The
ferrite grains in the uniform equiaxed state and the elongated
ferrite grains produced after hot rolling are observed in Fig. 4a
and b, respectively. The ferrite grains of the hot-rolled sample
are transformed into an equiaxed state after annealing in
Fig. 4c. Compared with the original specimen, in which the
mean grain sizes are between 10 and 30 um, the grain size of
hot-rolled and annealed specimens increased significantly. The
grain size of annealed specimen is 66 pum.

Figure 4c, d and e shows the Kernel Average Misorientation
(KAM) map of specimens in different states. It can be seen
from the map that KAM value of the original sample was the
lowest, a higher KAM value was observed in both hot-rolled
and annealed specimens, which attribute to deformation and
martensite transformation. Jedrychowski et al. (Ref 21)
expressed the kernel average misorientation (KAM) using
EBSD data as follows:

ZN— ir&j
KAM(point /) :7/#1“]& g)

where N is the sum of adjacent EBSD points that satisfy the
threshold misorientation value (usually 5°), and w(gi, g]) is the
difference between the orientation of the neighboring point g;
and the orientation of point j itself gj, i.e., the misorientation
angle. In general, p°~" can be expressed according to the
formula (Ref 22):

(Eq 2)

2v
GND
_ = Eq 3
" (Eq 3)
Table 1 EDS data analysis results of precipitates
Element content, wt.%
Sample Fe Cr C
1 60.8 31.6 6.80
II 56.4 355 7.40
11 50.2 39.3 8.90

where u is the unit length and b is the magnitude of the
Burgers vector, v is the misorientation angle. The KAM, which
can be directly retrieved from EBSD data, is selected as the
measure for the local misorientations. According to the report
by Liu and Hansen (Ref 23), the stored deformation energy is
proportional to the density of pS~P. Therefore, the KAM is
sensitive to the stored energy. The higher KAM value obtained
from the EBSD data corresponds to a higher geometrically
necessary dislocations (p“™P) (Ref 22).

3.2 Mechanical Properties and Hydrogen Embrittlement
Sensitivity

Figure 5a shows representative stress—strain curves of
specimens before and after hydrogen charging in different
states and standard deviation of mechanical properties in
Fig. 5b. The tensile properties of each specimen before and
after hydrogen charging are presented in Table 2. It is visible
that there are obvious differences in the mechanical properties
of samples in different states before and after hydrogen
charging. The original sample has the best plasticity
(37.08%), while the hot-rolled sample has the highest yield
strength (395 MPa) and ultimate tensile strength (470 MPa).
The hot-rolled specimens after annealing exhibited no out-
standing aspect in the mechanical properties, which attribute to
the abnormal growth of ferrite grains. After hydrogen charging,
a significant reduction in the ductility occurred in all specimens.
However, the HESy of the hot-rolled specimen was signifi-
cantly higher than that of the other two state specimens,
indicating that hydrogen is more sensitive to stress state (Ref
24, 25). It is worth noting that the yield strength of hot-rolled
and annealed samples is significantly increased after hydrogen
charging, which may be attributed to the effect of hydrogen on

Table 2 Mechanical performance data of specimens
before and after hydrogen charging under different
conditions

Material status YS, MPa UTS, MPa 04, Y0 HESq, %
(0] 285 430 37.08 2491
O-H 285 425 27.84

HR 395 470 12.34 67.50
HR-H 440 495 4.01

HR/A 240 435 21.03 56.73
HR/A-H 280 415 9.10
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Fig. 5 (a) Stress—strain curves and (b) standard deviation of mechanical properties of specimens before and after hydrogen charging in different

states
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Fig. 6 Fracture morphology of original specimen. (a) Uncharged, (b) Hydrogen charging and (c) high-magnification image of the white wire

frame in (b)

dislocations pinning (Ref 26-28). The influence of hydrogen on
strength is more complicated and controversial (Ref 29-33).
Hydrogen influence mechanism on the mechanical properties of
the material has not been uniform; however, a large amount of
literature has focused on the interaction between hydrogen and
dislocations (Ref 34-37). Hydrogen trapped at a dislocation
core, in a dilatational stress field, pins an edge dislocation (Ref
38). The hydrogen trapped by a dislocation increases the critical
shear stress for dislocation glide, which is the main aspect that
explains the increase in strength of the material after hydrogen
charging (Ref 26). The plastic deformation of ferritic stainless
steel is affected by many aspects (Ref 39). However, the stress—
strain curve of the sample after hydrogen charging does not have
the characteristic of the yield point, which is attributed to the
complex relationship between hydrogen and dislocations. The
accumulation of hydrogen atoms at the dislocations increases
the yield strength of the material to a certain extent, while
hydrogen atoms can also promote the movement of dislocations.
Katzarov et al. (Ref 27) proved the interaction of hydrogen and
dislocations under different conditions through modeling-hy-
drogen enhanced the dislocation mobility and hydrogen pinning
effect. Hydrogen plays a vital role in increasing dislocation
mobility. When the dislocation gets rid of the pinning effect of
hydrogen atoms, the dislocation acts as an effective hydrogen
trap, and the movement of the dislocation will be accompanied
by the diffusion of hydrogen atoms. However, the exact
mechanism by which hydrogen affects dislocation activity will
still be an active part of the scientific debate (Ref 40).

3.3 Fractography

Fracture morphology and corresponding characteristic areas
of the original specimen before and after hydrogen charging are

1732—Volume 31(3) March 2022

displayed in Fig. 6. Many fine isometric dimples were observed
at the fracture of the uncharged sample, as illustrated in Fig. 6a.
After the introduction of hydrogen, the edge of the fracture
surface of the original specimen exhibited brittle fracture
features with an even and flat fracture surface in Fig. 6b.
Moreover, in high-magnification image of the white wire frame
in (b), it can be seen that the fracture mode of the original
specimen changed from isometric-ductile micro-void coales-
cence (I-MVC) mode to Quasi-cleavage fracture (QC) mode
after hydrogen charging. This is consistent with the observation
of the fracture morphology of 17%Cer stainless steel by Tavares
et al. (Ref 41). The center of the fracture remains ductility,
which was characterized by coalesced micro-voids.

As demonstrated in Fig. 7, fracture morphology and
corresponding characteristic areas of the hot-rolled specimen
before and after hydrogen charging are displayed. Compared
with the I-MVC fracture mode of the original specimen, the
difference is that the fracture mode of the hot-rolled specimen is
mainly tear-ductile micro-void coalescence (T-MVC) fracture,
as illustrated in Fig. 7a. The dimensions and depth of dimples
are different from the original specimen, which is attributed to
the original sheet that is processed by the rolling process, and a
large amount of stress is retained in the specimen, when the hot-
rolled specimen is subjected to external force, the strain state of
the crack tip in all directions during the crack propagation
process is different. Figure 7b shows the typical fracture modes
and region interfaces in ruptured hot-rolled specimen in the
presence of hydrogen. Large and deep cracks primarily
appeared in the grain boundaries, indicating that the fracture
mode is mainly intergranular fracture (IG) in the presence of
hydrogen. Figure 7c provides the corresponding high-magni-
fication micrographs of the white wire frame in Fig. 7b. The
fracture surface extends along the triple junction grain bound-
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Fig. 7 Fracture morphology of hot-rolled specimen. (a) Uncharged,
frame in (b)

aries, and the initial cracks in the cleavage zone nucleate at the
grain boundaries and expand into the grains, indicating that
cleavage fracture (C) exists simultaneously.

The macroscopic fractographies and corresponding charac-
teristic areas of annealed specimens before and after hydrogen
charging are displayed in Fig. 8. Comparing with the fracture
surface of the uncharged specimen showing a representative
necking phenomenon (Fig. 8a), the hydrogen-charged specimen
exhibited brittle fracture features with an even and flat fracture
surface without remarkable necking (Fig. 8b). In the high-
magnification images of the microscopic fracture morphology
in the white wire frame of Fig. 8a and b, respectively, it can be
seen that uncharged specimen was dominated by I-MVC
fractures, accompanied by T-MVC mode, the sample after
hydrogen charging was dominated by C fracture, accompanied
by QC mode at the cleavage torn edge (Fig. 8c), indicating that
the annealing process effectively improved the internal stress
state of the hot-rolled specimen. Due to the high strength of
martensite and high sensitivity to hydrogen embrittlement, the
initial cracks in the C zone originated from the grain
boundaries.

4, Discussion

Typical brittle fracture characteristics are the main manifes-
tations of HEDE mechanism-induced fracture, such as cleavage
(C) fracture and intergranular (IG) fracture (Figs. 7b and 8d)
(Ref 42). However, quasi-cleavage fracture (Fig. 8e), as a
transition between ductile fracture and brittle fracture, is also a
common feature of hydrogen-induced fracture and its fracture
mode is not along a certain fracture surface. The propagation
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(b) Hydrogen charging and (c) high-magnification image of the white wire

mechanism of hydrogen-induced cracks of specimens under
different heat treatment states is summarized in Fig. 9. In
electrochemical hydrogen charging process, due to the large
deformation storage energy of the hot-rolled specimen (espe-
cially at the grain boundaries), hydrogen atoms were more
easily stored, when the accumulation of hydrogen at a local
location reaches the critical hydrogen concentration, the
weakening between the grain boundaries and crystallographic
planes leads to the formation of cracks and unstable growth. In
addition, the nucleation of internal cracks in the material may
also be attributed to the influence of hydrogen atom recombi-
nation. Hydrogen atoms induce superabundant vacancies, and
the vacancies aggregate into hydrogen vacancy clusters (mi-
crocavities) (Ref 43). The recombination of hydrogen atoms in
the microcavities leads to an increase in internal pressure.
When the stress reaches cohesive strength, the crack nucleates
and expands, which is all dominated by the HEDE mechanism.
Turk et al. (Ref 10) revealed in the quantitative analysis of the
hydrogen capture ability of the microstructure of multiphase
steel that grain boundaries of the heavily deformed ferrite are
more effective trapping sites than dislocations. This is consis-
tent with the IG fracture observed in the hot-rolled specimen in
Fig. 7b. The massive accumulation of hydrogen atoms at the
grain boundaries of deformed ferrite leads to the formation of
cracks, and the cracks extend along the grain boundaries (Ref
44) (Fig. 9c). After the hot-rolled specimen was processed by
the annealing process, due to the release of the deformation and
stored energy, the grain morphology changed to an equiaxed
state. After hydrogen charging, the obvious change in the
fracture morphology of the annealed specimen was attributed to
the interaction of hydrogen and microstructure, including grain
morphology, grain size and the formation of trace martensite
phase at ferrite grain boundaries. Malitckii et al. (Ref 33)
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Fig. 8 Macroscopic fracture morphology of samples processed by hot rolling + annealing followed by (a) uncharged specimen and (b)
Hydrogen charging specimen; (c) and (d) are high-magnification images of the microscopic fracture morphology in the white wire frame in (a)
and (b), respectively; (e) is high-magnification image of the green wire frame in (d)

through researched hydrogen effects on mechanical properties
of 18%Cr ferritic stainless steel and confirmed that the
sensitivity to hydrogen embrittlement increases with the
increase in the mean grain size. As a high-strength phase,
martensite has a high dislocation density and a strong
sensitivity to hydrogen embrittlement. Hydrogen promotes the
movement of dislocations in the martensite phase leading to the
formation of quasi-cleavage zones (Fig. 9d). The formation of
cracks in the martensite phase is mainly due to the local
excessively high hydrogen content leading to the weakening of
the atomic binding energy between the lath martensite lamellae.
The hydrogen-induced quasi-cleavage zone is located between
brittle fracture and ductile fracture, which is the result of
hydrogen effectively promoting local dislocation migration. In
addition, the initial cracks in the cleavage zone were generated
at the grain boundary, as the crack propagated the ‘river
pattern” is formed. The internal cracks of the ferrite grains
propagate along the specific interface ({001} crystal plane),
which is attributed to the higher diffusible hydrogen content
inside the ferrite. The tear ridges observed in the quasi-cleavage

1734—Volume 31(3) March 2022

zone are the same as those reported by Martin et al. (Ref 45)
and Nagao et al. (Ref 46). Fracture surfaces exhibit evidence
for some small-scale ductile processes, which may be the result
of hydrogen promoted dislocation movement, due to the HELP
mechanism.

5. Conclusion

In this paper, the microstructure and fracture morphology of
AISI 430 FSS subjected to various thermal conditions and
corresponding the changes of fracture modes after hydrogen
charging were investigated. The main conclusions obtained are
as follows:

(1) The tensile test results show that in the presence of
hydrogen, the specimens under different heat treatment
conditions show obvious plastic loss. The HESy of the
HR specimen was the highest, and the HESy of the HR
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Fig. 9 Schematic diagram of propagation mechanisms of hydrogen-induced cracks under different heat treatment states. (c) and (d) correspond

to the microscopic cracks of (a) and (b), respectively

specimen was reduced after the annealing process,
which attributed to annealing improved the microstruc-
ture stress of the HR specimen and the local hydrogen
pressure in the material was reduced.

(2) Hydrogen is sensitive to the microstructure characteris-
tics of AISI 430 ferritic stainless steel, and the change
of hydrogen on mechanical properties is attributed to the
pinning effect of hydrogen on dislocations.

(3) In the study of hydrogen changing the fracture morphol-
ogy, it was found that: the change of hydrogen embrit-
tlement fracture mode of HR specimen is dominated by
the HEDE mechanism, while the hydrogen embrittle-
ment fracture of HR/A specimen is caused by the syner-
gistic effect of HEDE and HELP mechanisms.
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