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Abstract: This study investigated the susceptibility of X80 pipeline steel to hydrogen embrittlement given different hydrogen pre-charging times
and hydrogen charging–releasing–recharging cycles in H2S environment. The fracture strain of the steel samples decreased with increasing hydro-
gen pre-charging time; this steel degradation could almost be recovered after diffusible hydrogen was removed when the hydrogen pre-charging
time was <8 d. However, unrecoverable degeneration occurred when the hydrogen pre-charging time extended to 16–30 d. Moreover, nanovoid
formation meant that the hydrogen damage to the steel under intermittent hydrogen pre-charging–releasing–recharging conditions was more seri-
ous than that under continuous hydrogen pre-charging conditions. This study illustrated that the mechanical degradation of steel is inevitable in an
H2S environment  even  if  diffusible  hydrogen  is  removed  or  visible  hydrogen-induced  cracking  is  neglected.  Furthermore,  the  steel  samples
showed premature fractures and exhibited a hydrogen fatigue effect because the repeated entry and release of diffusible hydrogen promoted the
formation of vacancies that aggregated into nanovoids. Our results provide valuable information on the mechanical degradation of steel in an H2S
environment, regarding the change rules of steel mechanical properties under different hydrogen pre-charging times and hydrogen charging–re-
leasing–recharging cycles.
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1. Introduction

Hydrogen  typically  enters  into  material  during  material
preparation,  processing,  and  servicing.  Large  mechanical
devices  such  as  ammonia  units,  hydrogenation  reaction
towers,  industrial  pipelines,  and oil  equipment  function  in  a
hydrogen environment [1–3]. Hydrogen sulfide (H2S), a dan-
gerous corrosive medium in sour oil or gas fields, can cause
hydrogen-induced  cracking,  sulfide  stress  cracking,  and
stress-  and  hydrogen-induced  cracking.  These  are  generally
considered  to  be  hydrogen  damage  generated  by  corrosion
processes  and  captured  at  hydrogen  trapping  [4–9]. Hydro-
gen embrittlement (HE) occurs when hydrogen dissolves in-
to steel,  and  atomic  hydrogen  near  the  tips  of  cracks  pro-

motes  their  nucleation  and  propagation,  ultimately  resulting
in mechanical degradation or even a steel fracture [10].

The main factors related to HE include hydrogen content
and trapping state,  dislocation development,  vacancy forma-
tion, and material microstructure [11]. Takai et al. [12] found
that HE susceptibility was high when hydrogen-induced lat-
tice  defects  show a  high formation trend and that  vacancies
play a primary role compared to hydrogen in hydrogen dam-
age;  this  finding  agrees  well  with  the  hydrogen-enhanced
strain-induced  vacancy  model.  Neeraj et  al.  [13]  observed
hydrogen-enhanced  plastic  flow  localization  and  shear
softening near  the  final  fracture  surface  of  steel,  and  pro-
posed  an  alternative  scenario  in  which  plasticity-generated
hydrogen-stabilized vacancy  damage  accumulation  and  de- 
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termined  nanovoid  coalescence  was  the  failure  pathway  for
HE. Xie et al. [14] found that vacancies generated by hydro-
gen play an important role in plastic flow localization in alu-
minum, which leads to hydrogen damage. Hattori et al. [15]
observed  the  formation  of  hydrogen-enhanced  strain-in-
duced lattice defects  before the formation of a final  fracture
in  steel.  Wan et  al.  [16]  demonstrated  that  local  activation
caused  a  dislocation  impingement/emission  on  the  grain
boundary and  thus  plays  a  key  role  in  HE  of  metals.  Mo-
motani et  al.  [17]  found  that  the  elongation  of  hydrogen-
charged  low-carbon martensitic  steel  decreased  significantly
with decreasing strain rate.  Pérez Escobar et al.  [18] carried
out  thermal  desorption  spectroscopy  (TDS)  measurements
and revealed  that  the  microstructure  of  steel  was  more  im-
portant  than  its  carbon  content  in  terms  of  hydrogen  blister
formation. Noh et al. [19] proposed that carbon enhances the
planar slip and refines the mechanical  twins,  and found that
an increased carbon content results in the formation of sever-
al  hydrogen  trapping  and  stress  concentration  sites,  thereby
accelerating HE.

In general, hydrogen in material can be divided into two
categories:  diffusible  hydrogen  and  trapped  hydrogen
[20–21]. Diffusible  hydrogen  is  captured  by  reversible  hy-
drogen  traps  (such  as  dislocations,  vacancies,  and  grain
boundaries) and can be  removed.  Trapped hydrogen is  cap-
tured by irreversible hydrogen traps (such as inclusions) and
may be changed to diffusible hydrogen under certain condi-
tions  [22]. Not  all  hydrogen  in  a  material  can  cause  hydro-
gen damage to that material; a number of studies have shown
that  hydrogen damage is  caused by diffusible  hydrogen and
that  trapped  hydrogen  has  no  effect  on  material  plasticity
[23–25]. Moro et al. [26] found that hydrogen-induced deco-
hesion along  ferrite/pearlite  interfaces  and  microcrack  initi-
ations on the external surface of X80 steel at high hydrogen
pressure  indicated  that  adsorbed  and  near-surface  diffusible
hydrogen  were  mainly  responsible  for  HE.  Zhu et  al.  [27]
observed hydrogen-trapping sites directly using three-dimen-
sional  atom probe tomography and found that  the  solubility
of  hydrogen  in  austenite  is  more  than  three  times  that  in
martensite.  Kim et  al.  [28]  performed  a  stepwise  hydrogen
permeation  experiment  and  suggested  that  hydrogen  moves
from the  interstitial  lattice  to  the  irreversible  trap  site  under
certain stress levels.

The  HE  of  pipeline  steel  in  an  H2S environment  is  ex-
tremely dangerous because H2S has a significantly higher ad-
sorption capacity than H2, leading to a higher hydrogen con-
centration (CH) in steel under the former than under the latter.
Therefore,  hydrogen  damage  caused  by  wet  H2S has  attrac-
ted  considerable  research  attention.  Huang et  al.  [29]  found

that  transgranular  propagation  was  the  dominant  mode  of
crack  propagation  in  X80  steel  in  H2S  solution.  Koyama
et  al.  [30]  revealed that  low hydrogen content  has  no effect
on the formation of fractures in, and the mechanical proper-
ties of  Fe–Mn–C  steel;  however,  the  hydrogen  damage  be-
came  serious  when  the  hydrogen  content  reached  a  certain
level.  Chen et  al.  [31]  studied  the  influence  of  H2S interac-
tion on the mechanical properties of X80 steel with preexist-
ing strains, and found that the elongation first decreased, and
then increased,  as  the  number  of  preexisting  strains  in-
creased.

In previous studies, the operating conditions for steel in a
hydrogen-related environment were kept constant and corro-
sion  was  found  to  be  continuous.  However,  environmental
media are constantly changing and in some cases, no corros-
ive  media  came into  contact  with  the  equipment.  Diffusible
hydrogen  would  rapidly  escape  steel  after  disengagement
from the corrosive medium, which caused another scientific
problem: the unclear mechanical properties of steel when hy-
drogen  entry  and  escape  occurs.  Thus,  this  study  examined
the mechanical  properties  of  steel  samples  pre-charged with
hydrogen.  Cyclic  hydrogen  charging–releasing–recharging
tests were also carried out to investigate the effects of the hy-
drogen  trapping  state  on  HE.  Hydrogen  content  in  the
samples was determined using Thermal Desorption Spectro-
metry  (TDS).  The  morphology  of  the  fracture  surfaces  was
observed via scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM).

2. Experimental

2.1. Materials

High-strength X80 pipe steel is widely used in long-dis-
tance transportation of oil and gas because of its satisfactory
strength performance and low cost. However, the disadvant-
age  of  such  high-strength,  low-alloy  steel  is  its  hydrogen
sensitivity  [32].  This  study used a  piece  of  X80 steel  in  the
form of a pipeline with a diameter of 1.2 m and thickness of
17 mm. The steel samples had the following chemical com-
position:  0.055wt%  C,  1.3917wt%  Mn,  0.2002wt%  Si,
0.0019wt%  S,  0.0017wt%  P,  0.0318wt%  Cr,  0.3184wt%
Mo, 0.2636wt% Ni, and 0.0173wt% Al; the balance was Fe.
X80  steel  consists  of  ferrite,  bainite,  and  acicular  ferrite,  as
shown in Fig. 1.

2.2. Process

A  flowchart  of  the  hydrogen  charging  and  tensile  tests
was shown by Fig.  2.  The samples were annealed at  200°C
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for  2  h  to  release  diffusible  hydrogen.  Hydrogen  was  pre-
charged into the steel samples by immersion in saturated H2S
NACE-A solution (5.0wt% NaCl + 0.5wt% CH3COOH) for
2, 4, 8, 16, and 30 d (which are denoted “hydrogen pre-char-
ging times”). Prior to the introduction of H2S, the vessel con-
taining  the  NACE-A  solution  and  the  samples  was  purged
with N2 for 1 h. an H2S pressure of 0.1 MPa and the temper-
ature of 25°C were maintained throughout the tests.

The hydrogen  atom  is  present  as  both  diffusible  hydro-
gen (Peak 1 H) and trapped hydrogen (Peak 2 H) in the steel
samples. Peak  1  H  and  Peak  2  H  were  achieved  by  the  re-
versible and irreversible hydrogen traps, respectively. Diffus-
ible hydrogen could always escape from the material at  less
than 200°C whereas trapped hydrogen needed the increased
temperature to escape from the material.  Thus,  only trapped
hydrogen existed in the sample after heat treatment at 200°C.
This trapped hydrogen was used to study the effect of hydro-
gen  trap  states  on  the  mechanical  properties  of  X80  steel.
Notably,  the  corrosion product  film did not  peel  during any
of the charging–releasing–recharging hydrogen tests. The hy-
drogen  charging–annealing–recharging  process  was  defined
as the primary circulation test.

2.3. Tensile tests

The  tensile  tests  had  to  be  carried  out  quickly  to  avoid

hydrogen diffusion while in progress.  The tensile  tests  were
conducted  at  a  strain  rate  of  0.01  s−1 on  a  universal  tensile
testing  machine  with  the  temperature  maintained  at  25°C.
The tensile  sample  diagram is  shown in Fig.  3.  The sample
length after  breakage,  and  the  length  and  width  of  the  frac-
ture surface, were measured using a Vernier caliper to calcu-
late the elongation of the sample.

2.4. Hydrogen concentration measurements

The hydrogen content in the sample was determined via
TDS at a test speed of 100°C/h. This method has been used
before  in  studies  of  the  HE  sensitivity  of  high-strength  and
ultrahigh-strength  steels  and  other  alloys  [33],  and  has  an
analytical accuracy of up to 1.0 × 10−6vol%; it can also sim-
ultaneously  test  the  transient  variations  in  hydrogen  given
changes in temperature.
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Fig. 1.    Microstructure images of X80 steel by different analyses: (a) SEM; (b) bright-field TEM.
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Fig. 2.    Flow diagram of the charging and tensile tests used in this study. Peak 1 H and Peak 2 H represent the diffusible hydrogen
and trapped hydrogen, respectively.
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Fig. 3.    Diagram of the sample for tensile tests.
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2.5. Characterizations of fracture morphology

The  morphology  of  the  fracture  surfaces  was  observed
via SEM (FEI QUANTA 200F). However, many micromor-
phologies such  as  dislocations  and  vacancies  cannot  be  ob-
served  by  SEM.  Therefore,  a  comprehensive  TEM  analysis
was required to explain the intrinsic failure mechanism. TEM
samples were  prepared  via  electrolytic  double-spraying  us-
ing 5wt% perchloric acid–ethanol solution.

3. Results and discussion

3.1. Effect  of  hydrogen charging time on the  mechanical
properties of X80 steel

Fig.  4 illustrates the fracture behavior of  X80 steel  after
hydrogen charging for 2, 4, 8, 16, and 30 d. As shown in the
Fig.  4(a), the  uncharged  sample  shows  a  distinct  yield  plat-
eau while  the pre-charged hydrogen samples do not  show a
yield  stage  at  all.  As  the  hydrogen charging time increased,
the tensile and yield strength of steel increased slightly com-
pared  to  those  of  the  blank  sample,  in  accordance  with  the

theory that hardening occurs under a low-pressure hydrogen
environment [34]. The blank sample was elongated by 19%,
while that of the steel decreased significantly with increasing
hydrogen  charging  time.  This  implies  that  the  hydrogen
damage to steel increases as hydrogen pre-charging time in-
creases.  Furthermore,  the  elongation  of  the  steel  decreased
sharply for prolonged hydrogen pre-charging during the first
4 d, i.e., from 19% (uncharged) to 14.21% (after charging for
4  d).  However,  the  change  in  elongation  was  small,  being
from 4 to 30 d; it decreased from 14.21% (charged for 4 d) to
12.83% (charged for  30 d).  This  outcome indicated that  the
range  of  plastic  reduction  decreased  over  that  period.  The
main reasons for this phenomenon were the fact that hydro-
gen  is  not  infinitely  soluble  in  steel;  there  is  a  certain
threshold value, at or near which the entry of hydrogen slows
or  the  hydrogen  content  is  balanced  and  escapes  [35–36].
Kittel et  al.  [37] found  that  hydrogen-induced  cracking  un-
der an H2S environment will  reach a stable state,  depending
mainly on pH and H2S partial pressure. This finding is simil-
ar to our conclusion.
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Fig.  4(b) shows  the  SEM  fractographs  of  the  samples
after  the  tensile  tests.  The  fracture  of  the  uncharged  sample
was elliptical  and demonstrated distinct  necking.  The shear-
ing  lip  was  large  and  the  fracture  was  fibrous  at  its  center.
These conditions indicated that the uncharged sample under-
went  ductile  fracturing;  the  fibrous  area  was  composed
mainly  of  many  large  and  deeply  equiaxed  dimples.  The
SEM fractographs of the samples after hydrogen charging for
2–30 d show that  the tensile  fracture was relatively flat  and
that the shear lip was very small.  As the hydrogen charging
time increased, the fracture gradually changed from ductile to
a combination  of  ductile  and  quasi-cleavage  types.  In  addi-

tion,  the  dimples  became  small  and  shallow.  The  quasi-
cleavage fracture  became  more  pronounced  with  the  in-
crease  in  hydrogen charging time,  as  indicated by the  black
arrow.

3.2. Recovery of mechanical properties of X80 steel after
hydrogen discharge

Fig. 5 compares the mechanical properties of uncharged,
hydrogen  pre-charged,  and  hydrogen-released  steel  by  heat
treatment  (HT)  at  200°C. Figs.  5(a)–5(d) illustrate  the
changes in the stress–strain curves. The black, blue, and red
lines  represent  the  hydrogen-uncharged,  hydrogen  pre-
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Fig. 5.    Mechanical properties of X80 steel after releasing the charged hydrogen: (a–d) comparison of the mechanical properties be-
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steel after hydrogen release.
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charged, and hydrogen-released samples, respectively. In the
samples  pre-charged  for  4  and  8  d  (Figs.  5(a)–5(b)),  the
elongation after hydrogen release almost reverted to the level
of the uncharged sample. In addition, the tensile strength and
yield  strength  exhibited  no  distinct  changes,  indicating  that
the damage caused by hydrogen is reversible and can be re-
covered  by  releasing  hydrogen.  Meanwhile,  only  annealing
promoted the escape of the diffused hydrogen but had no ef-
fect  on trapped hydrogen. Hence, the trapped hydrogen was
retained in the steel after annealing, indicating that it had no
effect on the mechanical properties of the steel. However, in
the  samples  pre-charged  with  hydrogen  for  16  and  30  d
(Figs. 5(c)–(d)), the elongation of samples after hydrogen re-
lease could not revert to the level of uncharged sample. This
indicates that irreversible damage had occurred after immer-
sion in the H2S solution, despite the release of the diffusible
hydrogen.  Irreversible  damage  in  the  form  of  micro-cracks
and hydrogen bubbles was caused by hydrogen when the hy-
drogen concentration in the steel was higher than the critical
hydrogen concentration. Once defects were formed, the plas-
ticity of the steel could not recover, resulting in early rupture;
moreover, hydrogen blister rupture would generate many mi-
cro-cracks [38]. Remarkably,  hydrogen cracking and hydro-
gen  bubbling  were  not  observed  in  our  study,  as  supported
by the  following  reason  for  the  failure  to  recover.  Compar-
ing the blue curves in Figs. 5(c) and 5(d), the irreversible hy-
drogen  damage  of  the  samples  after  hydrogen  pre-charging
for 30 d was more serious than that after hydrogen pre-char-
ging for  16  d.  This  indicated  that  the  performance  degrada-
tion  of  the  steel  under  H2S  solution  was  inevitable,  even  if
diffusible hydrogen had been released.

Fig.  5(e) shows the  fracture  morphologies  of  the  hydro-
gen-released  samples  after  the  tensile  tests;  the  necking  at
fracture is clearly observed. This outcome was very different
from that presented in Fig. 4(b). In addition, the necking sec-
tion gradually weakened with increasing hydrogen pre-char-
ging time, and the shrinkage of the section decreased gradu-
ally. These observations also proved that the irreversible hy-
drogen damage of  steel  becomes severe with increasing hy-
drogen  pre-charging  time.  For  the  sample  pre-charged  with
hydrogen  for  4  d,  the  plastic  fracture  characteristics  were
most pronounced after annealing. In addition, many dimples
could be seen, indicating that the steel plastic had recovered
after  hydrogen  escaped.  However,  for  the  samples  pre-
charged with hydrogen for 8–30 d, apart from dimples, sev-
eral tear  edges  and  step  patterns  could  be  seen  on  the  frac-
ture surface. This indicated that the steel was damaged by hydro-
gen,  although the  plasticity  was  restored to  a  certain  extent.

3.3. Mechanical properties  of  X80  steel  undergoing   hy-
drogen charging and releasing circulation tests

The  results  in  the  previous  section  showed  that  steel
elongation  decreased  with  increasing  pre-charging  time;
however,  this  decrease  was  not  continuous  because  the
amount  of  diffusible  hydrogen  in  the  material  had  a  certain
threshold.  In  addition,  the  mechanical  properties  of  steel
could  be  restored  by releasing the  diffusible  hydrogen for  a
pre-charging duration of less than 8 d. This would imply that
the tensile properties of the steel could be restored by timely
removal  of  the  diffusible  hydrogen  from  the  material.  This
result needs to be elucidated.

The tensile test results shown in Fig. 6 indicate an elong-
ation of 19% for the uncharged sample. Fig. 6(a) shows that
the elongation of steel reduced to 14.2% after hydrogen pre-
charging  for  4  d,  recovered  to  19.7%  after  annealing,  and
then  sharply  decreased  to  11.1%  after  hydrogen  recharging
for  4  d.  This  elongation  was  lower  than  that  of  the  sample
immersed for 30 d. Meanwhile, the tensile strength distinctly
decreased  to  627  MPa. Fig.  6(b) illustrates  that  the  steel
elongation  decreased  to  16.2%  after  hydrogen  pre-charging
for 2 d and to 13.8% after 2 cycles of hydrogen charging/dis-
charging. Meanwhile, the tensile strength decreased slightly.
Fig. 6(c) shows that the steel elongation decreased to 16.2%
after hydrogen pre-charging for 2 d and to 13.9% after three
cycles of hydrogen charging/discharging; the tensile strength
decreased  slightly.  In  contrast  to  the  blue  line  in Figs.  6(b)
and 6(c), the elongations of the samples subjected to two and
three  cycles  of  hydrogen  charging/discharging  were  almost
the  same  despite  the  total  hydrogen  charging  time  being
shorter  for  the former than the latter,  as  shown in Fig.  6(c).
This  indicated  that  a  threshold  exists  for  steel,  which  is
formed by hydrogen at  a  hydrogen charging  time of  two d.
Furthermore, greater hydrogen damage was not caused when
the  hydrogen  in  the  steel  was  close  to  or  reached  the
threshold.  In Figs.  6(a)–6(c), the  elongation  of  steel  repres-
ented by the blue line was much lower than that represented
by  the  red  line,  despite  the  last  time  duration  of  hydrogen
charging being the same. The results indicated that steel was
fatigued with hydrogen. However, this phenomenon needs to
be clearly confirmed.

Figs. 6(d)–6(f) show the SEM images of the fracture sur-
faces related to the blue line in Figs. 6(a)–6(c). The fracture
mode of all samples was cleavage fracture, with no dimples.
In  addition,  many  secondary  cracks  were  observed  on  the
cross-section, as well  as on some tearing edges. These find-
ings indicated  the  occurrence  of  almost  no  plastic  deforma-
tion, but completely brittle fracture.
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3.4. Hydrogen  content  and  nano  characteristics  of  steel
under different hydrogen pre-charging conditions

Fig.  7(a) shows  the  hydrogen  content  of  samples  under
different  hydrogen  charging  processes.  Under  the  heating
rate  of  100°C/h,  the  diffusible  hydrogen  of  the  uncharged
sample  was  approximately  3.22×10−10vol%.  The  diffusible
hydrogen  contents  of  the  samples  with  hydrogen  pre-char-
ging  for  4  d  and  8  d  were  1.37×10−4vol%  and
1.63×10−4vol%, respectively. The diffusible hydrogen in steel
increased by approximately 0.26×10−4vol% when the immer-
sion time extended from 4 d to 8 d. The diffusible hydrogen
of  the  hydrogen-recharged  sample  at  4  d  after  hydrogen
charging  4  d,  followed  by  annealing,  was  1.81×10−4vol%,
and increased by 0.44×10−6vol% compared with that of steel
after  4  d  of  immersion.  In  contrast  to  the  hydrogen  above
200°C, the trapped hydrogen in steel increased by approxim-
ately  0.25×10−4vol%  when  the  immersion  time  extended
from 4 d to 8 d. The trapped hydrogen in steel, hydrogen-re-
charged at 4 d following hydrogen charging for 4 d followed
by  annealing,  was  0.11×10−4vol%,  and  increased  by
0.03×10−4vol% compared  with  that  of  steel  after  4  d  of  im-
mersion. The total hydrogen content in the sample immersed
for  4  d  was  least,  but  increased  with  prolonged  immersion
time.  The  total  hydrogen  content  in  the  sample  under  the  1
cycle  hydrogen  charging  and  releasing  process  hydrogen
charging and releasing was similar to that in the sample im-

mersed for 8 d.
The advantage of TDS analysis is that the type of hydro-

gen trap  can  be  determined  from the  temperature  of  hydro-
gen escape [39]. Fig. 7(b) shows the diffusion rate of hydro-
gen with increasing temperature. All four curves have a small
peak at approximately 395°C. The blue curve represents the
blank sample  without  change  in  hydrogen  content.  It  indic-
ates that this part of the hydrogen was the original hydrogen
content  in  steel,  which  existed  as  trapped  hydrogen,  and
mainly arose due to the diffusion of hydrogen atoms into the
metal during steel pickling [40]. The samples immersed for 4
d exhibited two peaks at approximately 96 and 395°C, which
could be  identified  as  the  escape  positions  of  diffusible  hy-
drogen and trapped hydrogen, respectively. The peaks at ap-
proximately  96°C  could  be  attributed  to  hydrogen  escape
from grain boundaries and dislocations. The peaks at approx-
imately  395°C could  be  attributed  to  hydrogen  escape  from
inclusions. The samples immersed for 8 d exhibited peaks at
102, 205, 278, 298, and 395°C. Peaks at 102 and 395°C were
also exhibited by the sample immersed for 4 d. The peaks at
205, 278,  and  298°C  may  correspond  to  the  hydrogen  es-
cape from vacancies, indicating that hydrogen migrated from
the dislocation and grain boundary to vacancies with increas-
ing immersion  time.  This  finding  is  consistent  with  the  hy-
drogen-induced vacancy theory [41–42]. The steel subjected
to  hydrogen  recharging  at 4  d  after  hydrogen  charging  for
that period, followed by annealing, was similar to the sample
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immersed  for  4  d.  Two  peaks  were  observed  at  111  and
395°C,  which could  be  regarded as  the  trapped locations  of
diffusible  hydrogen  and  trapped  hydrogen,  respectively.
Compared with the samples hydrogen pre-charged for 4 and
8 d,  the diffusible hydrogen peak shifted to the right  by ap-
proximately  10°.  This  phenomenon  may  have  been  due  to
the increased number of hydrogen trapping sites, in addition
to  grain  boundary  and  dislocation  sites,  such  as  nanovoids.
The  above  results  showed  that  hydrogen  diffuses  from  the
low-binding energy level to the high-binding-energy level in
steel with increasing immersion time for hydrogen pre-char-
ging.  In  addition,  several  hydrogen  trapping  sites  emerged
with  increasing  time  for  hydrogen  pre-charging.  Hydrogen
recharging also seriously affected the amount of diffused hy-

drogen  in  steel.  Some  diffuse  hydrogen  trapping  sites  were
formed and caused a peak shift of diffusible hydrogen by 10°
to  the  right  side.  The  diffusible  hydrogen  content  increased
on  recharge  after  hydrogen  discharge,  which  was  the  main
reason for the decrease in elongation.

Fig.  8 shows the  TEM images  of  the  steel  fracture  area
after tensile  tests.  For  the  blank tensile  samples  without  hy-
drogen  pre-charging,  the  grain  boundary  was  clear,  and  the
grains exhibited  distinct  elongation.  Nevertheless,  no  dislo-
cation was  observed  in  the  grains,  and  only  a  few  disloca-
tions  were  found at  the  grain  boundaries,  as  shown in Figs.
8(a)−8(c) show the steel microstructure after 4 and 8 d of hy-
drogen pre-charging; the grain was markedly elongated. Sev-
eral  clutter  dislocations  twisted  into  a  bundle  were  mainly
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concentrated  in  the  vicinity  of  the  grain  boundaries.  The
main  reason  for  this  behavior  was  that  plastic  deformation
produced a large number of dislocations, and the occurrence
of  hydrogen-reduced  dislocation  nucleation  could  promote
dislocation [43]. At the same time, hydrogen could be easily
captured in combination with dislocation because dislocation
corresponds  to  reversible  hydrogen  trapping.  The  existence
of  hydrogen  reduced  the  migration  performance,  thereby
causing dislocation accumulation and reducing the steel plas-
ticity.

Fig.  8(d) shows  the  steel  hydrogen-recharged  for  4  d
after hydrogen charging (4 d) followed by annealing. Dislo-
cations,  which  were  more  than  those  in  the  blank  sample,
were  clearly  observed.  Nevertheless,  the  dislocation  density
was significantly lower than that of the sample hydrogen pre-
charged  for  4  d.  However,  some  nanovoids  were  visible  in
the white ellipse, with size <100 nm. The decrease in the dis-
location density and increase in nanovoids indicated that the
theory of interaction between hydrogen and dislocation is no
longer  applicable  for  this  situation.  However,  the  theory  of
interaction between  hydrogen  and  a  vacancy  might  be  ap-
plicable [44], and is explained as follows: the material at the
crack tip deformed and showed dislocation plasticity; a local
plastic  zone  also  formed  at  the  regions  with  increased  local
hydrogen  content  produced  by  hydrogen  accumulation;  the
aided local  deformation  zone  had  a  high  plasticity,  generat-
ing excess vacancies [45–46]. Hydrogen combined with va-
cancies to form a hydrogen vacancy bond [45]. Therefore, a
large number  of  vacancies  gathered  due  to  hydrogen  accu-
mulation. This  phenomenon caused  the  nanovoids  to  nucle-
ate and grow, resulting in the ultimate material fracture.

4. Conclusions

(1)  With  the  extension  of  hydrogen  pre-charging  time,
hydrogen damage  becomes  increasingly  severe  but  eventu-
ally  reaches  a  stable  state.  A  hybrid  tensile  fracture  forms
with  the  extension  of  hydrogen  pre-charging  time,  i.e.,  it
gradually transforms  from  ductile  fracture  into  ductile  frac-
ture  and  quasi-cleavage  fracture,  and  finally  transforms  into
complete quasi-cleavage  fracture.  The  degree  of  deteriora-
tion  of  the  mechanical  properties  of  the  samples  decreased
after continuous hydrogen pre-charging for 8 d.

(2) After annealing at 200°C, steel degradation almost re-
covers  due  to  the  removal  of  diffusible  hydrogen  when  the
hydrogen pre-charging  time  is  less  than  8  d.  When  the  hy-
drogen  pre-charging  time  is  more  than  8  d,  the  mechanical
properties of steel cannot be restored despite the released dif-
fusible hydrogen. This result indicated that irreversible dam-

age occurred;  nevertheless,  hydrogen  bubbling  and  hydro-
gen-induced cracking were not detected in all samples.

(3) For the samples under continuous hydrogen pre-char-
ging, the main reason for fracture was the combination of hy-
drogen  with  dislocations,  and  a  pinning  dislocation  effect.
Subsequently, the  dislocation  slip  was  blocked,  thereby  fi-
nally reducing the material plasticity. For the samples under
intermittent  hydrogen  pre-charging,  dislocation  plasticity
produced  vacancies  and  aggregated  into  nanovoids,  leading
to  nanovoid  nucleation  and  growth,  and  finally  causing  the
fracture of materials.
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