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Abstract 

The delayed cracking behavior of a meta-stable austenitic stainless steel AISI 301 
under bending condition has been investigated at different temperatures, hydrogen 
contents and external holding forces. The results reveal that the investigated material 
with an initial hydrogen content of 1 ppm has good bendability at the temperature 
range between -20 °C and room temperature, which is not susceptible to delayed 
cracking in atmospheric condition. When the material is pre-charged with 50 ppm 
hydrogen, the material still shows good bendability. However, it is susceptible to 
delayed cracking under an external holding force during interrupted bending test. By 
the measurement of martensitic transformation, the simulation of the stress/strain 
distributions in the bending specimens and the characterization of fracture surfaces, 
the effects of hydrogen, stress state and external holding force on delayed cracking 
behavior have been assessed.  
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1 Introduction 

Owing to the combination of excellent corrosion resistance, work hardenability and 
formability, AISI 301 austenitic stainless steel attracts much attention for industrial 
applications. The ultra-high strength of this material attributes to the transformation induced 
plasticity (TRIP) effect, in which the dynamic austenite-to-martensite transformation takes 
place during the metal forming process [1-3]. This phase transformation accomplishes 
through the coordinated shape and volume changes by short-distance atomic movement under 
the driving force of strain and stress. The TRIP effect also extends the uniform elongation by 
postponing the occurrence of necking [4,5]. Consequently, the formability, particularly the 
deep drawability of austenitic stainless steels has been effectively improved [3-5]. However, 
the deformation induced martensitic transformation may raise the material susceptibility to 
delayed cracking (DC) after forming [6-10], since it induces residual stress and affects both 
the solubility and diffusivity of hydrogen. Cracks occur unpredictably in successfully formed 
components after hours, days or even weeks, raising substantial reliability and safety risks.  

Many studies have been carried out to investigate the influence of austenite stability on 
delayed cracking behavior [6-12]. The strain induced martensitic transformation leads to high 
residual stress in meta-stable austenitic stainless steels, which may trigger crack initiation, 
especially in hydrogen-rich environment [6-9]. In addition, the role of internal hydrogen in 
delayed cracking of different metastable austenitic stainless steels has been intensively 
investigated [10, 11, 13-17]. Hydrogen is a type of interstitial element with high solubility in 
face-centered cubic (fcc) lattice structure. It has been reported that hydrogen effectively 
enhances dislocation emission and raises dislocation mobility, which is interpreted as the 
hydrogen enhanced localized plasticity (HELP) mechanism [10, 11]. Nibur et.al observed slip 
planarity in austenitic stainless steel with the presence of hydrogen [11]. They clarified that 
hydrogen stabilized the edge component of dislocations and inhibited the cross slip [11]. 
When the strain induced α' martensite forms at the intersections of ε martensite or dislocation 
pile-ups [12], hydrogen accumulation will be further facilitated as a result of the local high 
hydrostatic stress [13]. Hua et al. observed the enrichment of hydrogen at twin boundaries in 
association with the formed α' martensite in an austenitic stainless steel AISI 304 by scanning 
kelvin probe force microscopy [14]. It is also reported that the formed α' martensite plays an 
important role in accelerating hydrogen diffusion [15-17], which acts as “highway” for 
hydrogen transportation to austenite matrix. The hydrogen diffusivity in martensite is reported 
around 5-6 orders higher than that in austenite [17]. Zhang et. al. applied hydrogen release 
measurement during tensile test and observed that hydrogen releasing was closely related to 
the crack initiation between the martensite and austenite-rich zones, which further propagated 
in α' martensite phase [16]. The macroscopic brittle feature also supports the hydrogen 
enhanced decohesion (HEDE) theory [18, 19], which states that hydrogen reduces the atomic 
bonding energy and lead to cleavage fracture. The strain induced α' martensitic formation 
ahead of notch tip is assumed to be the main reason for the high HE susceptibility in 
metastable austenitic stainless steels [20]. It was found that the subcritical cracking induced 
by hydrogen was typically time-dependent and some researchers described the crack 
propagation with stress-intensity in structural metal components under static loads [21-23]. 
DC behavior has been widely studied by deep drawing tests, however, applications at such 
high stress and strain levels are not often found in practice. Furthermore, the high sensitivity 
to DC in deep drawing condition makes the quantitative investigation of the mentioned 
influencing factors difficult. Even though slow strain rate tests under uniaxial tension load 
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condition are frequently used as quantitative investigation methods; these tests cannot fully 
represent the service condition of steels. Moreover, the stress state was identified significantly 
affecting crack initiation mechanisms, i.e. the fracture strain varied significantly at different 
stress states [24, 25].  

Bending is frequently used during manufacturing components by cold forming, which 
introduces multi-axial stress conditions. Therefore, the present study focuses on the delayed 
cracking behavior of meta-stable austenitic stainless steel AISI 301 under bending condition. 
The influences of deformation temperature, hydrogen content and external holding force on 
delayed cracking behavior are considered in the current investigation. Finite element 
simulation with Abaqus software is performed to describe the strain and stress distributions in 
the bending specimens. The martensite distributions in the bending specimens are further 
characterized by Ferritscope and electron backscattering diffraction (EBSD), which are 
correlated with the crack propagation features on the bending head without and with diffusive 
hydrogen.  

 

2. Material and experimental procedures 

Industrially processed austenitic stainless steel AISI 301 was investigated in the study. The 
cold rolled sheet with a thickness of 1 mm was supplied in annealed condition with 2B 
surface finish according to EN 10088-2. The chemical composition is listed in Tab. 1. The 
material has an austenitic microstructure with 1% dispersed α' martensite in volume fraction, 
which was quantified by Ferritscope measurement. The average grain size of the austenite 
phase is 24 µm. 

Tab. 1. Chemical composition of the investigated AISI 301 steel. 

 C Si Mn Cr Mo Ni Cu Nb N H (ppm) 

wt.% 0.097 1.09 1.22 16.73 0.67 6.83 0.27 0.005 0.019 1.08 

 

The mechanical properties of steel AISI 301 were measured by quasi-static tensile tests at a 
strain rate of 0.01 s-1 with a universal tensile machine Zwick Z100/TL3S. Specimens with the 
gauge length of 80 mm were manufactured according to EN 10002. Three-point bending tests 
were performed on a universal testing machine Zwick 1445 with a punch radius of 1 mm and 
a punch speed of 1 mm/s. As shown in Fig. 1(a), the specimen has a geometry of 80 mm in 
length and 13 mm in width. The deformed specimen has a bending head with an inner radius 
of 1 mm. The bending tests were performed at 23°C (room temperature), 0°C and -20°C, 
which were realized by liquid nitrogen cooling and combined thermocouple measurement.  

The average martensitic fraction throughout the sheet thickness was measured with a 
Ferritscope (FISCHERSCOPE MMS) with the measuring probe EGAB 1.3FE. As shown in 
Fig. 1(b), the martensite fraction was measured from the center of the bending head till a 
distance of 15 mm away. Since Ferritscope is designed to measure ferrite fraction based on 
magnetic inductive process, the measured magnetic phase fraction is converted to a 
martensitic fraction by multiplying a correction factor of 1.7, as calibrated in previous studies 
[7, 26].  

To investigate hydrogen influence on delayed cracking behavior, the specimens were 
galvanostatically charged for 25 hours in 0.5 M H2SO4 solution with 0.25 g/l As2O3 at a 
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constant current density of 20 mA/cm2 at 50 °C. A platinum plate with the geometry of 80×50 
mm was used as an anode, while the specimen worked as a cathode. After hydrogen charging, 
the specimens were dwelled at room temperature for 24 hours before performing the bending 
tests. The dwelling process desorbed supersaturated hydrogen at the surface and enabled more 
homogeneous distribution of hydrogen in the sub-surface. The hydrogen concentration in the 
cathodic charged specimens was measured after dwelling at room temperature for 24 hours by 
LECO RH-402 hydrogen determinator based on hot extraction method. The molecule 
hydrogen was carried by flowing nitrogen gas and measured by thermal conductivity, which 
offers an accuracy of above ±0.1 ppm.  

 

Fig. 1. (a) Original and deformed specimen and (b) The positions for the measurement of 
martensitic fraction, starting from the center point of the bending head.  

To characterize the strain and stress states of the critical points on the bending specimens, 
corresponding numerical simulations were performed using the finite element (FE) code 
Abaqus/Explicit. A full model was set up for the bending tests. The model was meshed using 
three-dimensional (3D) eight-node continuum elements with reduced integration (C3D8R). A 
similar mesh strategy was adopted as described in a previous work [27]: the mesh size of the 
critical part is 0.2 mm, while that of the rest can be relatively larger. The punch and support 
rollers were modelled as rigid solids and the Coulomb friction value was assumed to be 0.1 at 
the interface by considering the contact situation between rollers and samples. Two bottom 
rollers were set fixed in all degree freedoms. The bottom roller was lifted up to bend the 
specimens under the applied experimental condition. The stress or strain distributions taken 
from the simulation results were according to the corresponding roller displacements in the 
experiments. Without considering the stress state effect on the flow curve associated with 
phase transformation, the von Mises plasticity is applied in the simulation to show the stress 
and strain distribution. Therefore, we must admit that the simulated results based on the 
phenomenological model lack certain accuracy. However, the simulations give information 
about the strain and stress levels and distribution profiles at different bending stages, which is 
useful for the associate discussions.  

The fracture surfaces on the delayed fractured bending specimens were characterized by Zeiss 
Sigma field-emission scanning electron microscope (SEM) at the operation voltage of 15 kV. 
The microstructure at the bending head was further analyzed using EBSD with a step size of 
100 nm and then the data was processed with the software Atec. 

 

3. Results 
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3.1 Tensile properties at different temperatures  

The stress-strain curves at different temperatures were obtained by tensile tests. Fig. 2 (a) 
shows the engineering stress - strain curves of the steel AISI 301 at different temperatures. It 
is found that the tensile strengths are 1158, 1091 and 923 MPa respectively. The fracture 
strains have reached 0.38, 0.49 and 0.49 respectively at -20 °C, 0 °C and 23 °C. Fig. 2(b) 
presents all flow curves at different tensile temperatures. Obviously, the temperature has a 
strong influence on the mechanical response of the steel. The strain hardening rate increases 
with the decrease of temperature. The work hardening is related to the generation of 
dislocation structures. On the other hand, the steel shows a strong TRIP effect. Since 
transformed martensite has a higher initial flow stress than austenite, substantial dislocations 
are inherited by the transformed martensite and the austenite-martensite interfaces [12, 28]. 
The flow curves were subsequently imported into Abaqus software for simulating the strain 
and stress evolution during the bending process. Consequently, the effects of stress state on 
martensite formation were studied by this approach.  

  
Fig. 2. (a) Engineering stress-engineering strain and (b) True stress-true strain curves of AISI 
301 at the temperature range from -20 °C to 23 °C. 

 

3.2 Bending tests at different temperatures 

The bending tests were performed at temperatures of -20 °C, 0 °C and 23 °C till a complete 
U-bending stage, as shown in Fig. 1 (a). After these tests, no cracks were observed on the 
surface of bending heads of these specimens. The force-displacement curves in Fig. 3 (a) 
indicate that high force is implemented to have same deformation at low temperature. The 
average martensite contents on the bending specimens at the center of bending head measured 
by Ferritscope are shown in Fig. 3 (b). The volume fractions of martensite increase from 39% 
to 51% at the center point of bending head when the temperature of bending decreases from -
20 to 23 °C. With the help of the corresponding simulation, the equivalent plastic strain and 
maximum principal stress contours at different temperatures for the bending specimens could 
be analyzed, as shown in Fig. 4. Both the maximum principal stress and equivalent plastic 
strain at the center point of the outer edge after bending were summarized in Tab. 2. It is 
observed that the strain of the center point of the bending specimens are similar, but the local 
stress and the fraction of martensite are relatively larger with the decrease of temperature. The 
investigated material shows very good bendability at the temperature range from -20 °C to 
23 °C without showing any crack induced by deformation.  
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Fig. 3. (a) Force-displacement curves for bending tests and (b) Distribution of martensite 
fraction from the center point of bending head till 15 mm away in the bending specimens 
deformed at -20 °C, 0 °C and 23 °C. 
 

(a) 

    
(b) 

    
(c) 

    
Fig. 4. The contour of equivalent plastic strain (left) and principal stress (right) in the bending 
specimens at the stage when the U-bending is completed at (a) -20 °C, (b) 0 °C and (c) 23 °C. 
 
Tab. 2: Parameters at the center point of the bending head at different temperatures. 
Bending 
temperature, °C 

Equivalent 
plastic strain  
(simulation) 

Max. principal 
stress σ1, MPa 
(simulation) 

Max. α', 
vol.% 
(measured) 

Crack initiation 
status 

-20 0.35 1720 51 no cracks 
0 0.34 1628 47 no cracks 
23 0.34 1370 39 no cracks 
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3.3 Fracture evolution in hydrogen pre-charged bending specimens holding for different 
periods 

The hydrogen effect on the bendability was investigated by using samples with 
electrochemical pre-charged hydrogen. The hydrogen concentrations of the material have 
reached 50±3 ppm after hydrogen charging for 25 hours with subsequent 24 hours dwelling at 
room temperature, as measured by hot extraction method. Bending tests on specimens with 50 
ppm pre-charged hydrogen were interrupted and held at a bending force of 1.6 kN for 
different periods. Fig. 5 shows the SEM images at the outer surfaces of these specimens. 
Under such conditions, the transformed martensitic volume fractions reached 50.8%, 50.6% 
and 51.6% for 1, 5 and 16 hours respectively, which were measured by Ferritscope. The crack 
nuclei may exist due to the local stress instabilities caused by surface embrittlement. After 1 
hour holding at 1.6 kN, no micro-cracks can be seen. After 5 hours holding at 1.6 kN, micro-
cracks propagated along the width direction of specimens. The number and size of the micro-
cracks increased with the increased holding time. When they reached the critical size, the steel 
lost its stiffness and the holding force dropped conspicuously. Subsequently, the micro-cracks 
linked together and grew into larger cracks in parallel to the punch head, as seen in Fig. 5(c).  

 

  
 

 
Fig. 5. The outer surfaces of the bending specimens with 50 ppm hydrogen holding at the 
bending force of 1.6 kN for (a)1 h, (b)5 h and (c)16 h.  

 

3.4 Fracture evolution in hydrogen pre-charged bending specimens holding at different forces 

In order to investigate the effect of holding force on delayed cracking behavior, the bending 
tests were interrupted at bending forces between 0.5 kN and 1.6 kN and held continuously for 
24 hours to trace the crack initiation status. Fig. 6 (a) reveals the evolution of holding force 
when the specimens with 1 and 50 ppm hydrogen were interrupted and held at the holding 
force of 1.6 kN for 24 hours. It can be seen that the holding force was almost constant for the 
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specimen with 1 ppm hydrogen. But for the specimen pre-charged with 50 ppm hydrogen, the 
force dropped drastically after holding for about 2.7 h, which can be deemed as the 
occurrence of delayed fracture. The time till the force reduction is regarded as the incubation 
time, which is corresponding to time for the growth of crack nuclei to macroscopic cracks that 
cause material failure. The incubation time accounts for 2.7 hours for the specimen with 50 
ppm hydrogen held at the bending force of 1.6 kN. Fig. 6 (b) shows the correlation between 
the applied holding force (��) and the incubation time till the initiation of DC (��), which 
follows a negative exponential correlation as fitted by the dashed line and described in 
Equation (1). 

�� = 46.9	��.�×��                            Equation (1) 

As seen in Fig. 6 (b), the experimental data are close to the fitting curve, validating the 
effectiveness of equation (1). Tab. 3. lists the simulated strain, stress and measured martensite 
volume fraction at the central point of the bending heads for specimens at different holding 
forces. Based on the numerical simulations, the holding force can also be replaced by the 
applied equivalent plastic strain Ɛ�, equation (2). It also indicates the negative exponential 
dependence of incubation time to delayed cracking on the equivalent plastic strain.  

�� = 34.8	���.�×Ɛ�    Equation (2) 

 

 
 

Fig. 6. (a) The evolution of holding force within 24 hours holding time and (b) the 
dependence of incubation time till crack initiation on the applied holding forces in 50 ppm 
hydrogen pre-charged specimens bended at -20°C.  

 

Tab. 3. The strain, stress and martensite volume fraction at the central point of the bending 
heads in bending specimens at different holding forces. 

H 
content  

Holding 
force FH  
 

Holding 
time 
 

Equiv. 
plastic 
strain Ԑv  

Max. 
principal 
stress σ1 

Hydrostatic 
stress σh 

Max. 
α' 
 

Crack 
behaviors  

ppm kN hour - MPa MPa vol.% hour 
50 0.5 24 0.097 652 316 39 tF=20.1±0.8 h 
50 0.8 24 0.19 1342 647 48 tF=10.2 h 
50 1.6 24 0.35 1720 850 54 tF=2.5±0.2 h 
1 1.6 24 0.35 1720 850 51 No cracks 
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Fig. 7 reveals morphologies of the outer surfaces of specimens after holding at different forces 
for 24 hours. As observed in Fig. 7(a), there is no crack for the specimen which contains only 
1 ppm hydrogen. But for other specimens shown in Fig. 7(b) and (c), there are large amounts 
of cracks. The density and the depth of these cracks increased as the holding forces were 
raised. All the cracks revealed cleavage fracture with rugged surfaces, as seen in Fig. 7(d), 
which is associated with the transformed martensite.  

  

   
  

Fig. 7. SEM images of the outer surfaces at the bending head after holding at different forces 
for 24 hours: (a) the bending specimen with 1 ppm hydrogen and holding at 1.6 kN; (b) the 
bending specimen with 50 ppm hydrogen and holding at 0.8 kN; (c) the bending specimen 
with 50 ppm hydrogen and holding at 1.6 kN; (d) is the magnified image of the marked square 
region in (c). 

 

3.5 EBSD analysis 

To investigate the influence of stress state on martensitic transformation, an inner region and 
an outer region along the central line of the bending head were examined with EBSD. The 
specimen was bended at the temperature of -20 °C. According to the simulation in Fig. 4 (c), 
the most inside node (in the inner region) along the central line sustains to compressive stress 
of 342 MPa and equivalent strain of 0.32. The most outside node (in the outer region) along 
the central line sustains to tensile stress of 1720 MPa and equivalent strain of 0.35. Fig. 8 
shows the phase distribution maps and rolling direction (RD)-Inverse pole figure maps from 
the inner region and outer region, which are in the size of 60×90 µm2. Three phases were 
observed in both areas: austenite (fcc), α' martensite (bcc) and ε martensite (hcp). The outer 
region endured much more severe martensitic transformation compared to the inner region, 
which proves the pronounced effect of stress state on phase transformation as described in 
[29].  

d 
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Fig. 8. Phase distribution maps and RD-Inverse pole figure maps at the inner and outer 
regions along the central line of the bending head.  

On the other hand, to investigate the delayed cracking behavior in hydrogen pre-charged 
bending specimens, the outer region with the size of 50×50 µm2 was examined with EBSD, as 
shown in Fig. 9. It was found that the crack initiated in the martensite since there was almost 
no retained austenite phase at the outer region. The crack nucleated along the prior ausenite 
grain boundaries, as indicated by the Inverse pole figure map. It further propagated trans-
granularly through the lath of transformed α' martensite, which was in consistence with the 
observed zig-zag surfaces of the cracks on the surface of bending head, as shown in Fig. 7(d).  
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Fig. 9. Phase distribution map and RD-Inverse pole figure map at outer region along the 
central line of the bending head in 50 ppm hydrogen pre-charged specimen. The white dashed 
line indicates the crack. 

 

4. Discussion 

4.1 Temperature effect on the martensitic transformation  

Based on the analysis of martensite fraction on the bending specimens in Fig. 3(b) and Tab. 2, 
it was found that the austenite to martensite transformation was accelerated at low 
temperature due to the high chemical driving force that overcomes the transformation energy 
barrier [12]. The maximum α' martensite content was raised from 39% to 51% in the 
investigated material by varying the bending temperature from room temperature to -20 °C. It 
is reported that the ε martensite forms along with stacking faults [12], while α' martensite 
prefers nucleating at intersections of shear bands, which consist of bundles of faults, twins 
and ε martensite [12, 29, 30]. As revealed by the EBSD analysis in Fig. 8, the transformed 
martensite is mainly the α' martensite. The simulation results in Fig. 4 reveal that the 
equivalent strain at the center of the bending head approaches 0.35. The tensile stress varies 
from 1370 -1720 MPa, which is due to the temperature effect on the martensitic 
transformation. The austenite stability of stainless steel is normally empirically evaluated by 
the temperature Md30 at which 50% martensite is formed at a true strain of 0.3. According to 
reference [31], the empirical equation to calculate Md30 is described in Equation (3): 

Md30 = 551 − 462 × �% +%"# − 9.2 × �%$%# − 8.1 × �%&'# − 13.7 × �% )# −
29 × �%"% +% *# − 18.5 × �%&+# − 68 × �%",# − 1.42 × �- − 8#   

Equation (3) 

where G is grain size number according to ASTM standard. With the chemical composition 
listed in Tab. 1, the Md30 is calculated to be 38.6 °C, which indicates extensive α' martensite 
formation at room temperature.  
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4.2 Stress state effect on martensitic transformation and delayed cracking behavior 

The FEM simulation in Fig. 4 reveals the inhomogeneity of strain and stress distribution 
along the thickness direction in the region near the bending head. The EBSD results of both 
inner edge and outer edge at the bending head further indicate the inhomogeneous martensitic 
transformation throughout the sample thickness, which is directly correlated to the local stress 
state. After statistical study of the phase distribution in Fig. 8, the area at the inner edge is 
composed of 42.1% austenite, 55.8% α' martensite and 0.9% ε martensite, while the area at 
the outer edge is composed of 4.1% austenite, 94.5% α' martensite and 0.3% ε martensite. 
Obviously, there is much more austenite transformed to martensite at the outer edge than that 
at inner edge. This can be attributed to the different stress states at the outer and inner edge. 
By extracting parameters from simulation, the stress triaxiality and Lode angle at the outer 
edge are 0.39 and 1 respectively, which are between the uniaxial and plane-strain tensile 
stress state. In comparison, they are -0.49 and -0.37 respectively at the inner edge, which are 
in the compressive stress state. As reported in previous literatures [32, 33], more martensite 
will be developed under tension than that under compression. In this research, the EBSD 
measurements revealed that the fraction of transformed martensite increased with the raised 
stress triaxiality and Lode angle parameter.  

The EBSD results of 50 ppm pre-charged bending specimen, as shown in Fig. 9, revealed that 
the crack originated from the martensite at the outer edge. This is because martensite can 
serve as a fast diffusion path for hydrogen to induce potential crack initiation [16,17,34]. It 
also indicated the transformed martensite had higher sensitivity to hydrogen embrittlement 
compared to austenite [20]. As a result, the outer edge revealed high delayed cracking 
susceptibility at hydrogen pre-charged condition due to the strain induced martensitic 
transformation and high tensile stress. In comparison, no cracks at the inner edge were 
observed owing to the compressive stress state.  

 

4.3 Hydrogen effect on martensitic transformation and delayed cracking behavior 

In the investigated material, hydrogen does not reveal strong effect on martensitic 
transformation. The martensite fraction measured by Ferritscope at the center point of the 
bending head is 51% and 54% for the uncharged and the 50ppm hydrogen pre-charged 
conditions after bending at -20 °C respectively, as listed in Tab.3. The stress and strain state 
are almost the same since they were bended at the same forming parameters.  

The quite different DC behaviors shown in Fig. 7 (a) and (c) indicated the important role of 
hydrogen in DC. In other words, even though a large amount of martensite has been induced, 
DC will not occur in the investigated material without introducing sufficient hydrogen. The 
rugged fracture morphology near surface region in Fig. 7 (d) indicated the decohesion at the 
martensitic lath interfaces, which has zigzag trans-granular feature. This facture feature has 
been observed also in other meta-stable austenitic stainless steels [14-17, 35,36]. Koyama et 
al. explained that it may be due to the supersaturated hydrogen causing decohesion along the 
typical cleavage planes, e.g. {100}α   plane of α' martensite [15]. The current study also 
observed that the crack propagated closely along the {100}α plane and grain boundaries, as 
shown in Fig. 9. Therefore, it is possible that hydrogen reduced the cohesive energy of the 
grain boundary as well as the cleavage planes. The brittle nature of transformed α' martensite 
with supersaturated hydrogen drove the decohesion of cleavage planes. On the other hand, 
hydrogen was identified as enhancing local plastic deformations by the observations of 
promoted martensitic transformation near crack tips [17,20,35,36] in meta-stable austenitic 
stainless steel. In the investigated steel, the raised amounts of transformed martensite were 
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also measured in hydrogen charged condition by Ferritscope as well as by EBSD, which may 
also attribute to the hydrogen enhanced localized plasticity. The transformed martensite 
coupled with the applied external holding force led to hydrogen enrichment at the crack tips 
and continuous crack propagation [13,35-37].  
 

4.4 Influences of external holding forces on delayed cracking behavior 

The fitting curves of Equation (1) and (2) indicate that delayed cracks propagate earlier at 
larger holding force. According to the references [21,22], there is a threshold stress intensity 
for the onset of subcritical cracking, which has a negative correlation with hydrogen 
concentration. Since hydrogen concentration increases negative exponentially with rising 
hydrostatic stress, the threshold stress intensity also drops with the hydrogen concentration 
[19, 23]. As seen in Tab. 3, the hydrostatic stress increases with the external holding force. 
Therefore, the threshold stress intensity of the specimen with large external holding force is 
smaller. In addition, since stress intensity of the specimen has a positive correlation with the 
maximum principal stress, bending specimen with large external holding force will reach 
threshold stress intensity for the onset of subcritical cracking earlier. Therefore, the incubation 
time to delayed cracking is shorter for the bending specimens with larger external holding 
force.  

The incubation process of delayed cracking can be described by the following stages. In the 
first stage, the 50 ppm hydrogen pre-charged bending specimens have been held at a certain 
holding force, crack nuclei may exist due to the local stress instabilities caused by surface 
embrittlement. Before reaching the critical stress, the stress intensity of the bending specimen 
is not large enough for subcritical cracking. Therefore, the micro-cracks do not grow. With a 
time effect, the pre-charged hydrogen will diffuse to the region with high hydrostatic stress 
[13]. Hydrogen accumulation plays a strong role in reducing the threshold stress intensity [21-
23]. After threshold stress intensity of the specimen declines sufficiently, the micro-cracks 
grow. During the crack propagation, the stress intensity is increasing since the crack length 
grows gradually. Then it becomes easier to reach the local stress instability. Finally, the 
micro-cracks link with each other and grow into macro-cracks. The holding forces dropped 
when the mechanical instability was fulfilled. When the external holding force is large, the 
stress intensity of the specimen is large. Shorter time for hydrogen accumulation is need. 
Therefore, the incubation time declined with the raising external holding force, as described in 
Fig. 6 (b).   

 

5. Conclusions 

The delayed cracking behavior of AISI 301 stainless steel has been investigated with a hybrid 
approach combining experiment and simulation. The following conclusions can be 
summarized. 

1) The temperature, strain level and stress state affect the martensitic transformation. 
With the increasing strain, stress triaxiality and Lode angle as well as with the 
decreasing temperature, martensitic transformation is promoted after bending, 
which introduces more hydrogen quick-diffusion paths and crack initiation sites 
for delayed cracking.  

2) Hydrogen content in the steel is critical for the occurrence of delayed cracking. 
With low hydrogen content of 1 ppm in the specimens, delayed cracking will not 
happen at the outer surface with as high as 94.5% α' martensite. With 50 ppm pre-
charged hydrogen, the delayed cracking occurs in hours, following negative 
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exponential correlations with the applied holding force and maximum equivalent 
strain. 

3) Delayed cracking initiates at the outer surface, since the outer surface is in the 
tension stress state where martensitic transformation is promoted, and hydrogen 
diffusion is facilitated. 
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