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Abstract: This study aims at providing systematically insights to clarify the impact of cathodic polarization on the stress corrosion cracking
(SCC) behavior of 21Cr2NiMo steel. Slow-strain-rate tensile tests demonstrated that 21Cr2NiMo steel is highly sensitive to hydrogen embrit-
tlement at strong cathodic polarization. The lowest SCC susceptibility occurred at −775 mV vs. SCE, whereas the SCC susceptibility was re-
markably higher at potentials below −950 mV vs. SCE. Scanning electron microscopy (SEM) and electron backscattered diffraction (EBSD)
revealed that the cathodic potential decline caused a transition from transgranular to intergranular mode in the fracture path. The intergranular
mode transformed from bainite boundaries separation to prior austenitic grain boundaries separation under stronger cathodic polarization. Fur-
thermore, corrosion pits promoted the nucleation of SCC cracks. In conclusion, with the decrease in the applied potential, the SCC mechanism
transformed from the combination of hydrogen embrittlement and anodic dissolution to typical hydrogen embrittlement.
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1. Introduction

High-strength  low-alloy  (HSLA)  steel  has  been  extens-
ively adopted to construct off-shore platforms because of its
high  strength  and  economic  value  [1–3].  The  1000  MPa-
grade 21Cr2NiMo steel has been widely used for stabilizing
offshore  platforms.  Because  of  the  long-term  usage  of  the
platform,  the  high stress  level  from external  loads,  and im-
pressed  current  fluctuations  flowing  from  the  platform,  the
platform is exposed to stress corrosion cracking (SCC) [4–6].
As the HSLA strength increases, the alloy becomes suscept-
ible  to  SCC  [7–8].  Cases  and  application  profiles  of  SCC
have been reported in the literature [9–12] .

The SCC mechanism of  HSLA under  marine conditions
mainly  consists  of  hydrogen  embrittlement  and  anodic  dis-
solution  [13–15].  Moreover,  cathodic  potentials  have  been
considered a vital variable for SCC [16–19]. Zheng et al. [20]
reported that cathodic potential can cause the SCC of Welten
60 steel. Zielinskia and Domzalicki [21] observed that apply-
ing  cathodic  polarization  makes  HSLA  17HMBVA  steel
partly susceptible to hydrogen embrittlement. Du et al. [22]
found  that  anodic  dissolution  controlled  the  SCC  of  A537
steel at anodic potential and that hydrogen-induced cracking
dominated  at  high  cathodic  potentials.  Ma et  al. [23]  dis-
covered  that  the  susceptibility  of  E690  steel  drastically  in-
creased  when  the  cathodic  polarization  potential  was  less

than −950 mV vs. SCE.
In  this  study,  electrochemical  tests  combined with  slow-

strain-rate testing (SSRT) measurements were conducted on
21Cr2NiMo steel in simulated water to investigate how cath-
odic  potential  influences the SCC behavior.  This  work will
provide  an  experimental  basis  for  the  safe  service  of  the
mooring chain steel. 

2. Experimental 

2.1. Materials

The test  material  in this study was 21Cr2NiMo steel  ac-
quired  from  Zhenjiang  Anchorage  Chain  Factory
(China). The  steel  contains  (in  weight  percent)  0.23%  C,
0.23% Si, 0.59% Mn, 1.91% Cr, 0.91% Ni, 0.44% Mo, and
Fe  balance.  The  yield  strength  and  the  ultimate  tensile
strength of  the steel  were 939 and 1047 MPa,  respectively.
The toughness of the material  included a Charpy energy of
155 J, an area reduction of 58.88%, and a length elongation
of 15.84% at room temperature. As shown in Fig. 1, the steel
matrix was lath bainite. The inverse pole figure map revealed
no distinct texture in the steel (Fig. 2). The grain boundaries
map showed that the bainitic grain boundaries and the prior
austenite boundaries were high-angle boundaries, which is a
distinct characteristic of lath bainite [24]. The average equi-
valent  circle  diameter  of  grains  was  about  2 µm.  The  test 
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solution was prepared according to ASTM D1141–98, with
the following composition (g/L): 24.53 NaCl, 4.09 Na2SO4,

11.11  MgCl2·6H2O,  1.14  CaCl2,  0.042  SrCl2·6H2O,  0.70
KCl, 0.20 NaHCO3, 0.10 KBr, 0.027 H2BO3, and 0.003 NaF.
After the ingredients were dissolved in deionized water, the
pH value was adjusted to 8.2 with 0.1 mol/L NaOH solution. 

2.2. SSRT tests

Slow-strain rate tensile measurements were conducted at a
speed  of  1.0  ×  10−6 s−1 using  the  traditional  three-electrode
system.  The  size  of  the  flat-plate  tensile  specimen  is  dis-
played in Fig. 3. The tensile sample was polished by success-
ive silicon carbide papers from 400# to 2000# with the last
polishing  scratches  parallel  to  the  length  direction.  Then,  it
was  ultrasonically  cleaned  by  deionized  water.  Afterward,
silicone gel was used to seal the specimen, with 25 mm ex-
posed length as the working area.
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Fig. 2.    (a) Inverse pole figure; (b) the corresponding grain boundary map; (c) the corresponding misorientation angle distribution;
(d) the corresponding equivalent circle diameter distribution. Green and blue lines represent high-angle grain boundaries with toler-
ance angles of <45° and >45°, respectively, and red lines represent low-angle boundaries with a tolerance angle of <15°.
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Fig. 3.    Dimensions of specimen for SSRT.
 

Prior to each measurement, a 1000 N force was applied to
the specimen for 24 h to avoid the gap and stabilize the stress
state  between  the  SSRT  machine  and  the  specimen.  After
fracture occurred, corrosion deposits were removed in a de-

scaling  solution  with  500  mL  deionized  water,  500  mL
38wt% hydrochloric acid, and 3.5 g hexamethylenetetramine.
Fracture  morphologies  were  observed  and  measured  via
scanning  electron  microscopy  (SEM)  and  electron  backs-
cattered diffraction (EBSD). Then, the loss in area reduction
(IΨ) and the loss in elongation (Iδ) were measured relative to
the data in air. The formulas are as follows:
IΨ = (Ψ0−Ψs)/Ψ0×100% (1)

Iδ = (δ0−δs)/δ0×100% (2)
where Ψs and Ψ0 are the area reductions of the SSRT samples
in simulated seawater and air, respectively, and δs and δ0 are
the elongations of SSRT samples in simulated seawater and
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Fig. 1.    Microstructure of 21Cr2NiMo steel: (a) metallograph-
ic image; (b) scanning electron microscopy image. The blue ar-
row represents  prior  austenitic  grain  boundaries  (PAGB),  the
pink  arrows  represent  bainitic  lath  boundaries  (LB),  and  the
black  arrows  represent  spherical  carbides  scattered  along  the
grain boundaries.
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air, respectively. 

2.3. Electrochemical measurements

The  electrochemical  working  station  (Versa  STAT  3F)
used in this study operated with a traditional three-electrode
system. A platinum sheet (20 mm × 20 mm), a saturated ca-
lomel  electrode  (SCE),  and  the  test  steel  were  the  counter
electrode,  reference  electrode,  and  working  electrode,  re-
spectively.  The working area was 1 cm2,  which was sealed
with epoxy resin. Before electrochemical tests, the open-cir-
cuit potential (OCP) was tested for 1600 s to ensure stability.
The  scanning  rates  of  potentiodynamic  polarization  tests
were 0.3 and 30 mV/s from −1200 to −200 mV vs. SCE. The
above scanning speeds were chosen because they can repres-
ent  the  electrochemical  states  at  different  positions  on  the
crack. A previous study has also proved its availability [23].
Each measurement was conducted at least three times. 

3. Results 

3.1. SSRT test

Fig.  4 depicts  the  stress–strain  curves  obtained  from the
SSRT  tests.  The  plastic  zones  differed,  whereas  the  elastic
zones  coincided  with  one  another.  In  general,  the  strength
changed  only  slightly  with  the  cathodic  potential  (Fig.  5);
however,  it  grew  dramatically  when  the  cathodic  potential
was below −900 mV vs. SCE, and the yield strength at −1200
mV vs. SCE was even higher than that in air. This was be-
cause  the  slipping  of  dislocations  was  restrained  by  per-
meated  hydrogen  atoms,  which  generate  from  the  electro-
chemical reaction during the corrosion process [25–27].
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Fig. 4.    Stress–strain curves obtained from the SSRT tests un-
der successive potentials in simulated seawater.
 

Moreover, both the elongation and strength under the oth-
er conditions were lower than those in air. The SCC sensitiv-
ity calculated based on the length elongation and area reduc-
tion of test specimens is illustrated as Fig. 6. The loss propor-
tion  of  elongation  reduction  was  about  10%,  from −700  to
−900 mV vs. SCE, and then it increased to about 30%. The
loss proportion of area reduction was below 10% at OCP, in-
dicating that 21Cr2NiMo presented no significant SCC sus-
ceptibility  at  OCP.  The  loss  proportion  reached  the  lowest

value at  −775 mV vs.  SCE, increased slowly from −775 to
−900 mV vs. SCE and then rapidly after −950 mV vs. SCE,
and  was  highest  (~50%)  at  −1200  mV  vs.  SCE.  Thus,  the
SCC behavior  of  the  21Cr2NiMo steel  rapidly  deteriorated
when the hydrogen evolution reaction was enhanced [28–31].
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Fig. 6.    SCC susceptibility of 21Cr2NiMo obtained at a strain
rate of 1.0 × 10−6 s−1 in simulated seawater at different cathodic
potentials.
  

3.2. Fracture morphologies

Fig. 7 displays the typical fracture and the profile morpho-
logies of the specimens under different conditions. The mac-
romorphology  exhibited  an  apparent  necking  above  −900
mV vs. SCE and an invisible neckdown below −950 mV vs.
SCE. The micromorphology in air featured dimples and torn
edges. The dimples varied in size because they were nucle-
ated with carbides of different sizes. Mixed zones were ob-
served  beyond  −900  mV  vs.  SCE,  combined  with  dimples
and flat zones decorated with boundaries separation and sec-
ondary  cracks.  When  the  cathodic  potential  shifted  negat-
ively  from −900 to  −1200 mV vs.  SCE,  the  micromorpho-
logy showed distinct intergranular fracture, with microcracks
along the prior austenitic grain boundaries (Fig. 6) [32–33],
indicating a high susceptibility to SCC.

The high-magnification image in Fig. 8 confirms the sep-
aration of lath bainite boundaries and short secondary cracks
along bainite laths at −850 mV vs. SCE. However, only prior
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Fig.  5.      Yield  strength  and  tensile  strength  of  21Cr2NiMo at
different potentials in simulated seawater.

M.H. Liu et al., Effect of cathodic potential on stress corrosion cracking behavior of 21Cr2NiMo steel in ... 265



austenitic grain boundaries separation was observed at −1200
mV vs. SCE, and long secondary cracks distributed at the tri-
geminal grain boundary of prior austenite. The change in the
separation mode is later discussed.

Fig. 9 displays the typical side morphologies under differ-
ent conditions. The density of secondary cracks could qualit-
atively reflect  the SCC susceptibility of steels.  The second-
ary  cracks  density  was  strongly  correlated  with  the  applied
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Fig. 7.    SEM morphologies of fracture surface in air and at various potentials: (a1, a2) in air; (b1, b2) OCP; (c1, c2) −700 mV vs. SCE;
(d1, d2) −775 mV vs. SCE; (e1, e2) −850 mV vs. SCE; (f1, f2) −900 mV vs. SCE; (g1, g2) −950 mV vs. SCE; (h1, h2) −1000 mV vs. SCE;
(i1, i2) −1200 mV vs. SCE. Deep blue arrows represent dimple; wathet blue arrows represent lath bainitic boundaries; yellow arrows
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potential.  The side  face  of  the  specimen in  air  and at  −775
mV  vs.  SCE  had  few  side  cracks,  whereas  the  secondary
crack  density  increased  at  potentials  below  −850  mV  vs.
SCE.  Therefore,  the  SCC  susceptibility  increased  at  strong

polarization. Moreover, a long crack resulting from the inter-
connections of small cracks was observed beyond −1000 mV
vs. SCE, whereas only short and sharp cracks appeared when
the cathodic potential was below −1000 mV vs. SCE.

Furthermore, crack nucleation from corrosion pits was ob-
served (Fig.  10).  At  −850 mV vs.  SCE,  a  microcrack initi-
ated at the bottom of corrosion pits, and distinct anodic dis-
solution could also be observed. This implies that anodic dis-
solution could exist at typical sites such as the bottom of cor-
rosion pits and crack tips at weak cathodic polarization. Liu
et al. [34–35] has also proved that anodic dissolution could
occur at weak cathodic polarization. In the current study, at
−1000 mV vs. SCE, a microcrack initiated from the bottom
of corrosion pits and was arrested due to plastic deformation.
No  further  anodic  dissolution  was  observed.  Thus,  anodic
dissolution  was  fully  inhibited  at  strong  cathodic  polariza-
tion.

Electron backscattered diffraction was conducted to study
the propagation mode of cracks, and the results are shown in

Fig. 11. At OCP, the crack tip was blunt and the grains near
the crack were clearly deformed. The band contrast map re-
vealed that the crack propagated transgranularly. When −700
mV vs. SCE polarization was applied, the crack tip became
sharper.  This  may  be  because  the  anodic  dissolution  in  the
crack tip was partially inhibited. The crack propagated both
intergranularly  and  transgranularly,  and  the  grain  deforma-
tion ahead of the crack tip reduced. At −1200 mV vs. SCE,
the crack propagated along the high-angle grain boundaries,
and  no  significant  grain  deformation  was  observed.  The
crack  tip  was  sharp  and  furcated,  indicating  a  small  resist-
ance to crack propagation. The cause of the change in crack-
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ing mode may be the hydrogen content exceeding a critical
level  [19,36].  Grain  boundaries  have  high  hydrogen  trap
binding energy, and hydrogen atoms can easily accumulate at
the boundaries. At strong cathodic polarization, the accumu-
lated  hydrogen  concentration  is  beyond  the  critical  limit;
therefore,  the  boundaries  become  the  preferential  fracture
paths. 

3.3. Electrochemical property

Fig. 12(a) shows that the OCP of the test steel was −695
mV vs. SCE. Thus, the use of an applied potential of less than
−695 mV vs. SCE in the SSRT was of practical significance.
Fig. 12(b) displays the polarization curves of test steels at dif-
ferent  sweeping  rates:  0.3  and  30  mV/s.  The  polarization
curve remarkably changed with the increase in the sweeping
rate.  When  the  sweeping  rate  was  0.3  mV/s,  the  cathodic
branch exhibited a limiting current density, which was con-
trolled by the oxygen diffusion process. With the increase in
the sweeping rate to 30 mV/s, the corrosion potential shifted
negatively. The current density at 30 mV/s was significantly
higher than that at 0.3 mV/s when the applied potential was
between  −695  and  −919  mV  vs.  SCE,  while  the  cathodic
branches were almost overlapped when the applied potential
was below −919 mV vs. SCE.
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4. Discussion

According  to  Parkins  [37]  and  Liu et  al. [38],  the  fast-
scan-rate  potentiodynamic  curve  can  indicate  the  electro-
chemical behavior of fresh metal, as it is too fast for rust to
cover the metal under this scanning rate, and the slow-scan-
rate curve can indicate the electrochemical behavior of steel
covered with  corrosion deposits.  Moreover,  the  crack tip  is
always fresh, whereas the crack wall is always covered with
corrosion products; hence, the fast-scan-rate potentiodynam-
ic  curve  can  predict  the  behavior  of  the  crack  tips,  and  the
slow scanning-rate curve can indicate the crack wall behavi-
or. Fig. 12 shows that the 21Cr2NiMo steel underwent anod-
ic dissolution in simulated seawater, as the anodic branches at
both  0.3  and  30  mV/s  were  activation-controlled.  Under

strong polarization, hydrogen evolution reaction will domin-
ate the cathodic reaction. Hydrogen atoms permeated into the
matrix can affect the cracking process [39]. Thus, the SCC of
21Cr2NiMo  steel  is  affected  by  both  hydrogen  embrittle-
ment and anodic dissolution. Therefore, the reduction in the
loss of area shrinkage at −775 mV vs. SCE was due to the in-
hibition of iron dissolution, while the increase in the loss of
area shrinkage under strong cathodic polarization was due to
hydrogen evolution reaction (Fig. 6).

To  more  comprehensively  study  the  SCC  behavior  and
mechanism  of  21Cr2NiMo  steel,  the  applied  potentials  in
Fig.  5 are  tagged  in Fig.  12,  and  the  applied  potential  is
shown to match different regions in the fast and slow sweep-
ing curves. When the 21Cr2NiMo steel was under potentials
of −700, −775, −850, and −900 mV vs.  SCE, it  was polar-
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ized in the anodic state at fast scanning rates and in the cath-
odic state at slow scanning rates. This means that iron dissol-
ution at the crack tips and hydrogen evolution reaction with-
in  the  crack  wall  possibly  existed  simultaneously;  thus,  a
combination of hydrogen embrittlement and anodic dissolu-
tion  constituted  the  SCC  mechanism.  When  the  specimen
was polarized at −950, −1000, and −1200 mV vs. SCE, the
steel was polarized in the cathodic state for both the fast- and
slow-scan  curves,  indicating  that  hydrogen  evolution  reac-
tion was dominant at both the crack tip and the crack side re-
gions.

Under different applied potentials, the physical and chem-
ical  properties  of  the  crack  tip  and crack  wall  differed  dra-
matically. Considering the SSRT results, it can be concluded
that  at  slightly  cathodic  polarization,  such  as  −775  mV vs.
SCE,  the  crack  tip  was  under  anodic  dissolution,  and  the
crack  wall  was  polarized  in  the  cathodic  state.  Hydrogen
evolution can occur at the crack tip owing to the blocking ef-
fect.  Thus,  hydrogen  atoms  can  permeate  and  interact  with
defects in the steel to promote SCC [34]. The fracture exhib-
ited some brittle regions. Because the critical hydrogen con-
centration of bainitic grain boundaries was lower than that of
the  prior  austenitic  grain  boundaries  and  the  hydrogen  trap
sites of lath boundaries were higher than those of prior aus-
tenitic  grain  boundaries,  lath  bainite  boundaries  separated
preferentially [40].  The bainitic grain boundaries separation
is  shown  in Fig.  8.  When  the  steel  was  polarized  below
−1000 mV vs. SCE, hydrogen evolution reaction dominated
both the crack tip and the crack wall. A larger quantity of hy-
drogen atoms was generated at the crack regions. The frac-
ture shows intergranular morphologies, and the SCC mech-
anism was completely controlled by hydrogen embrittlement.
Moreover, because the hydrogen concentration exceeded the
critical concentration of prior austenitic grain boundaries and
the cohesive strength of prior austenitic grain boundaries was
lower than that of bainitic lath boundaries, the prior austenit-
ic grain boundaries separated preferentially [41]. 

5. Conclusions

(1)  In  this  study,  21Cr2NiMo  steel  presented  high  SCC
susceptibility at high cathodic potentials.  The SCC suscept-
ibility was lowest at a potential of −775 mV vs. SCE and was
remarkably higher at cathodic potentials below −950 mV vs.
SCE.

(2) When the cathodic potential was below −950 mV vs.
SCE,  the  SCC mechanism was  typical  hydrogen  embrittle-
ment. When the cathodic potential was between −700 mV vs.
SCE and −900 mV vs. SCE, the SCC mechanism was a com-
bination of hydrogen embrittlement and anodic dissolution.

(3)  The  cathodic  potential  decline  induced  a  transition
from transgranular to intergranular mode in the fracture path.
The intergranular mode transformed from bainite boundaries
separation  to  prior  austenitic  grain  boundaries  separation.
Corrosion pits promoted the nucleation of SCC cracks. 
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