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Original Features

Delayed cracking of several metastable low-nickel austenitic stainless steels was
investigated, in order to clarify the role of the different contributing factors in
the phenomenon. The major part of the research consisted of a large test series
of deep drawing Swift cup tests and thorough characterization of the cups. Residual stresses present in the formed cups were determined by two different approaches. The marked role of strain-induced martensitic transformation on the
residual stress state was demonstrated. Residual stresses were found to be dependent on the chemical composition, which affects both the amount and properties of α’-martensite.
The research concentrated on the effects of internal hydrogen absorbed in stainless steels during the production operations, and no hydrogen charging was applied. Internal hydrogen contained in as-supplied low-nickel austenitic stainless
steels was shown to be sufficient to cause delayed cracking, if high enough
amount of α’-martensite and high residual stresses were present. Lowering the
hydrogen content in austenitic stainless steels by annealing treatments significantly improved their resistance to delayed cracking.
High susceptibility of metastable low-Ni Mn-alloyed austenitic stainless steels
was explained by their higher hydrogen content and higher residual stresses after
forming, in comparison to Fe-Cr-Ni grades. Critical combinations of hydrogen,
strain-induced α’-martensite and residual tensile stresses for delayed cracking
were determined for the test materials.
A constant load tensile testing arrangement was developed and applied for systematic examination of the effect of applied stress, α’-martensite content and
internal hydrogen content on delayed cracking kinetics. The results of a large
test series demonstrated the role of strain-induced α’-martensite as a medium for
hydrogen transport and supported the view that delayed cracking initiation requires accumulation of a critical hydrogen concentration to highly stressed regions.
According to EBSD examination, localized martensitic transformation occurred
ahead of crack tip, and cracks propagated predominantly through α’-martensite,
irrespective of its bulk volume fraction in the material.
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1. Introduction

Novel high-strength stainless steels can provide means to reach substantial
weight savings and increased performance in various applications of moving
equipment and machinery. Metastable austenitic stainless steels, in which austenite is partly transformed to martensite under plastic strain, possess an excellent combination of strength and elongation, as formation of strain-induced α’martensite increases work hardening of the material. Because of their high energy-absorbing capacity, they have become attractive materials to be used e.g.
in automotive crash-relevant structures. Generally, however, high strength
means increased susceptibility to hydrogen embrittlement phenomena, due to
greater number of potential crack initiation sites and increased stress level acting
at these sites (Pérez Escobar et al., 2012). Metastable austenitic stainless steels,
particularly low-Ni grades, may be susceptible to delayed cracking after forming
operations (Schaller et al., 1972; Hoshino, 1980; Sumitomo, 1987; Frehn et al.,
2003). Cracks may appear in successfully formed components after days or even
months from forming, such as deep drawing for example. Deep drawing is a
common sheet metal forming process used in the production of beverage cans,
sinks, cooking pots and different kinds of automotive parts and panels. Delayed
cracking phenomenon is related to several factors, including hydrogen contained
in the material, strain-induced martensitic transformation, residual stresses, edge
quality and chemical composition of the steel. The significance of the various
features, as well as the exact mechanisms and kinetics of the cracking phenomenon still remain unclear.
Delayed cracking is a problem especially in high-strength steels and certain austenitic stainless steels. Failures caused by delayed cracking have been observed,
for example, in bolts and fasteners made of high strength steel, pre-stressed concrete steel bars, reinforcing steel rods and stainless steel clamps after a bending
forming process (Akiyama, 2012; Zinbi et al., 2010).

1.1

Delayed cracking of austenitic stainless steels

Small amounts of hydrogen dissolved in stainless steel can cause embrittlement
and loss of tensile ductility. Even when the quantity of hydrogen in solid solution
is too small to reduce tensile test ductility, hydrogen-induced delayed cracking
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may occur. Delayed cracking, also referred to as internal hydrogen embrittlement, occurs under static stress, applied or residual, below the yield stress of the
material, without hydrogen undergoing any type of chemical reactions (Becker
et al., 2002; Kovalev et al., 2002). It can occur after a small average concentration of hydrogen has been absorbed from the environment, for example during
the manufacturing process. Hydrogen may enter steel from water contained in
the raw materials or in the furnace gases, during pickling in mineral acids or
cathodic electrolytical cleaning, or during bright annealing.
Delayed cracking is considered a subcritical crack growth mechanism that produces time-delayed fractures in formed components even with no externally applied stress. The phenomenon is controlled by hydrogen diffusion to regions of
high tensile stress, and that is why there is a delay time, or incubation time, before cracking occurs. The rate of crack advance is controlled by the supply and
accumulation of hydrogen in that region. Hydrogen embrittlement is enhanced
by slow strain rates, suggesting that time-dependent diffusion is a controlling
factor (Becker et al., 2002).
Delayed cracking in austenitic stainless steels is related to coexistence of solute
hydrogen, strain-induced α’-martensite and residual tensile stresses (Fig. 1). The
embrittling effect of hydrogen is strongly influenced by other variables, such as
strength (or hardness) level of the alloy, microstructure, magnitude of residual
and/or applied stress, presence of a localized triaxial tensile stress, and amount
of prior cold work. Applied strain should also be considered as an important
factor in hydrogen embrittlement fracture of high-strength steels (Takagi et al.,
2012).

Residual stress

Region of delayed
cracking
Hydrogen

α’-martensite

Figure 1. Schematic representation showing a region for delayed cracking (modified from Toji
et al., 2010).
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1.1.1

Effect of austenite stability

In metastable austenitic stainless steels martensitic transformation occurs as a
response to plastic deformation, in which austenite is partially transformed to
thermodynamically more stable α’-martensite. Deformation-induced α’-martensite enhances the work-hardening rate of the material, which is desirable for good
formability, because the onset of necking is delayed and uniform elongation enhanced, allowing greater strains (Talonen, 2007; Post et al., 2008). Consequently, the formation of strain-induced α’-martensite increases the tensile
strength of the stainless steel, and in some cases also the ductility (Lebedev et
al., 2000; da Rocha et al., 2009). This strengthening mechanism, often called the
Transformation-Induced Plasticity (TRIP) -effect, produces an excellent combination of strength and elongation.
Two different martensite phases may exist in austenitic stainless steels: hexagonal close-packed (hcp) ε-martensite and body-centered cubic (bcc) α’-martensite. ε-martensite is often considered to be an intermediate (precursor) phase, that
reaches its highest volume fraction at relatively low strains and eventually transforms to α’-martensite at higher strains, so that at higher strains only α’-martensite is observed (Lo et al., 2009; Das et al., 2009).
Hydrogen embrittlement sensitivity of austenitic stainless steels has generally
been considered to be a function of austenite stability – the larger the straininduced α’-martensite content the higher the risk for fracture (Schaller et al.,
1972; Hoshino, 1980; Singh et al., 1982; Frehn et al., 2003). The existence of
α’-martensite, which is a harder and intrinsically more brittle phase than austenite, can increase markedly the embrittling effect of hydrogen (Hänninen et al.,
1980; Chu et al., 1984). The martensitic structure is more sensitive to the presence of hydrogen than the austenitic structure. When tested in hydrogen gas atmosphere, stable austenitic stainless steels can also suffer from hydrogen embrittlement, so that the existence of α’-martensite is not always a necessary condition for hydrogen-induced slow crack growth to occur (Pan et al., 2003; Michler et al., 2010). But it is generally accepted that, if present, α’-martensite increases the susceptibility to embrittlement because it serves as a fast diffusion
path for hydrogen to potential crack initiation sites.
Hydrogen diffusion limits the kinetics of hydrogen embrittlement, and due to the
large hydrogen diffusivity in the bcc phase, α’-martensite may act as a suitable
medium for entry into and transport of hydrogen within the solid and may also
offer a suitable medium for crack propagation (Perng et al., 1986; Singh et al.,
1982; Kanezaki et al., 2008). The diffusivity of hydrogen in bcc phases, such as
α’-martensite or ferrite, is significantly greater, even up to eight orders of magnitude greater than in fcc phases, such as austenite (San Marchi et al., 2008).
Hydrogen solubility in the martensite is, however, low so that hydrogen tends to
gather in the phase boundary between martensite and austenite making delayed
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cracking easier (Berrahmoune et al., 2006 A). When the interphase surface area
is increased, the number of potential trapping sites for hydrogen accumulation is
increased as well.
Alloying elements of austenitic stainless steels affect the intensity of strain-induced austenite-martensite transformation due to their influence on stacking
fault energy (SFE). Stacking fault energy describes the plastic deformation behaviour of the material, the ability of dislocations in a crystal to glide onto an
intersecting slip plane. It controls the formation of shear bands, and thus the formation of nucleation sites for the α’-martensite. The lower the SFE of the austenitic stainless steel, the smaller is the austenite stability (Ratte, 2007; Karjalainen et al., 2008). SFE of austenitic stainless steels is a function of alloy composition and temperature. In general, the SFE of austenitic stainless steels tends
to increase with increasing alloying. The influence of different alloying elements
on the SFE is quite complicated and significant uncertainty concerning individual elements still exists. Ni, Cu and Al tend to increase SFE of austenitic stainless
steels, and Cr, Mn, Si, C and N to decrease it (Gonzalez et al., 2003; Ratte, 2007;
Milititsky et al., 2008). The SFE decreases with increasing Cr content up to levels of 10-15% Cr. Nickel strongly increases the SFE up to about 12 % Ni content,
while at higher contents the increase is comparatively small (Vitos et al., 2006).
The effect of Ni is dependent on Cr content. Manganese decreases the SFE up to
levels of 10-15% Mn, but at higher levels there is a sharp increase in SFE (Ratte,
2007). Recently it has been shown that the relative effect of an individual solute
element significantly depends on the initial chemical composition of the solvent;
the same alloying element can cause totally opposite changes in the SFE of alloys with different host composition (Vitos et al., 2006). Therefore it is impossible to establish universal composition equations for the stacking fault energy.
Increase in the amount of dissolved hydrogen also decreases the SFE of austenite
and increases the volume fraction of strain-induced α’-martensite produced in
forming operations (Sumitomo, 1987; Ferreira et al., 1996).
Alloying elements not only affect the volume fraction of α’-martensite, but also
its properties. Carbon and nitrogen, in particular, increase the hardness and brittleness of the α’-phase (Sumitomo, 1987; Berveiller et al., 2009). According to
a US-patent (Fujioka et al., 1975), delayed cracking in metastable austenitic
stainless steels can be avoided by limiting the total content of carbon and nitrogen to less than 0.04 wt-%. Phosphorous has also been reported to increase the
brittleness of α’-martensite (Hoshino, 1980) and low nickel content has a similar
effect (Sumitomo, 1987).
Susceptibility of austenitic stainless steel to internal hydrogen embrittlement has
been shown to depend strongly on the nickel content (Zhang et al., 2012). Nickel
plays an important role in deformation processes that affect hydrogen-assisted
fracture (San Marchi et al., 2008). Nickel increases the stability and the stacking
fault energy of austenite, which promotes cross slip and thus reduces planar slip
20

Introduction

participation in fracture to favour a macroscopically more ductile appearance
(Teus et al., 2008). Presumably, sufficiently high Ni content can mitigate the
negative effect of hydrogen; the combined effect of austenite stabilisation and
promotion of cross slip leads to the high hydrogen embrittlement resistance and
macroscopically ductile fracture behaviour of stable austenitic stainless steels
(Michler et al., 2009). However, nickel has been shown to segregate in Cr-Ni
austenitic stainless steels, leading to a heterogeneous microstructure and variation in the distribution of α’-martensite (Michler et al., 2009). Carbon and nitrogen, in particular, co-segregate with nickel (Weber et al., 2010).
According to some published studies, nitrogen may have a negative influence on
hydrogen embrittlement of austenitic stainless steels (Gavriljuk et al., 2005;
Michler et al., 2010; Weber et al., 2011). The effect of nitrogen is related to its
influence on the electronic structure and increase of the concentration of free
electrons. Hydrogen and nitrogen have a similar effect of enhancing the mobility
of dislocations leading to localized plasticity.
1.1.2

Effect of hydrogen

Internal hydrogen can be considered to be the principal cause of delayed cracking. The severity of the phenomenon, indicated by the number of cracks appearing in deep drawn cups, has been found to depend directly on the hydrogen content of the material (Sumitomo, 1987).
Several possible mechanisms have been proposed to explain hydrogen embrittlement of high-strength alloys. The oldest of the HE mechanisms is hydrogenenhanced decohesion (HEDE), which is often considered the basic damage
mechanism for internal-hydrogen-assisted cracking. The model proposes that
high, localized concentrations of hydrogen can weaken the interatomic cohesive
forces between metal atoms at or ahead of crack tips (Gangloff, 2003). The
model provides the basic notion that hydrogen damage occurs in the fracture
process zone when the local crack-tip-opening tensile stress exceeds the maximum local atomic cohesion strength, lowered by the presence of hydrogen (Oriani, 1972). This mechanism, however, has been considered unlikely to be responsible for hydrogen embrittlement in austenitic stainless steels (Gavriljuk et
al., 2003).
According to another proposed mechanism, the hydrogen enhanced localized
plasticity (HELP), dissolved hydrogen in stainless steels enhances dislocation
mobility and slip planarity, which can lead to heterogeneously localized plastic
strain and stress concentrations, presumably sufficient to enable subcritical crack
growth. In the regions of high hydrogen concentration the flow stress is decreased and slip occurs at stresses well below those required for plastic deformation in other parts of the specimen, i.e., slip localization occurs in the vicinity
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of the crack tip (Pan et al., 2003; Martin et al., 2011 A). This leads to highly
localized failure by ductile processes, while the macroscopic deformation remains small, because of reduced macroscopic ductility (Birnbaum et al., 1994;
Sofronis et al., 2001; Robertson, 2001; Lai et el. 2013). The locally enhanced
plasticity at the crack tip has been observed in careful fractographic examinations with high resolution techniques (Nibur et al., 2009). The influence of hydrogen on the behaviour of dislocations has been demonstrated by in situ TEM
deformation experiments (Robertron et al., 2015). Hydrogen affects the stress
field of dislocations, allowing them to move at a lower stress level in certain
directions. Hydrogen has been shown to increase the concentration of free electrons, i.e. to enhance the metallic character of atomic interactions, which assists
the increased plasticity (Gavriljuk et al., 2003). Therefore, the relaxation of
stresses at the crack tip due to dislocation slip, i.e. crack blunting, is expected
earlier than brittle fracture. The local increase in the concentration of free electrons results in enhanced mobility of dislocations, dislocation multiplication and
increased number of dislocations in the pile-ups, promoting the opening of microcracks under lower applied stresses (Gavriljuk et al., 2003). The hydrogen
enhanced localized plasticity model has been considered the most important
mechanism of hydrogen degradation in austenitic stainless steels (Rozenak et al.,
1990; Shivanyuk et al., 2001; Nibur et al., 2006; Lo et al., 2009).
Different proposed mechanisms of hydrogen embrittlement are often interrelated. According to a detailed review (Lynch, 1988), both mechanisms, hydrogen-enhanced decohesion and localized plasticity may be part of the fracture
mechanism. Adsorption of hydrogen weakens the interatomic bonds at the crack
tip, thereby facilitating the nucleation of dislocations so that crack-tip sources
are activated before extensive dislocation activity occurs ahead of the crack.
In addition to the effect of hydrogen, the degree of localized deformation and
macroscopic ductility in austenitic stainless steels is strongly dependent on the
nickel content (San Marchi et al., 2008; Michler et al., 2012). Due to enhanced
heterogeneous planar slip with hydrogen present, the macroscopic fracture appearance is “brittle” and involves either slip band interface cracking or microcrack formation at slip band intersections and grain boundary or α’-γ intersections (Michler et al., 2009; Martin et al., 2011 A). Hydrogen embrittlement
in metastable stainless steels causes typically transgranular fracture along straininduced martensite structure (Zhang et el. 2008; Zhang et el. 2012). Elongated
voids, shallow microvoids and cleavage facets with visible slip traces have been
observed along the fracture surfaces (Michler et al., 2009; Berrahmoune et al.,
2006 A).
Delayed cracking involves hydrogen transport to highly stressed areas (stress
concentrations) in the material microstructure under the influence of a stress gradient. Hydrogen can be transported by diffusion and by mobile dislocations. Internal hydrogen tends to accumulate at the crack tip area and thus enhance crack
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propagation (Fig. 2). The application of a stress causes a redistribution of dissolved hydrogen from the surrounding microstructure to the crack-tip fracture
process zone, which can result in strong gradients in hydrogen concentration and
stress at the crack tip. Hydrogen accumulates in the crack-tip fracture process
zone (FPZ) under the influence of two driving forces. First, the concentration of
hydrogen in interstitial lattice sites is increased proportional to an exponential
dependence on hydrostatic stress that dilates the lattice. Secondly, hydrogen also
accumulates at the crack tip due to trapping associated with the high density of
dislocations present owing to intense localized plastic deformation. This latter
contribution is dominant provided that crack-tip blunting is significant, typical
of lower strength alloys with limited gradient plasticity enhancement of the hydrostatic stress. In high-strength alloys the hydrostatic enhancement of hydrogen
accumulation is emphasized. (Kovalev et al., 2002; Gangloff, 2003).

Figure 2. Schematic illustration of hydrogen diffusion path from surface (a) and near a crack tip
(b). Martensite acts as a pathway for hydrogen diffusion. (Kanezaki et al., 2008)

Generally, absorbed hydrogen is not homogeneously distributed inside the material. Hydrogen may reside either at interstitial lattice sites or it can be trapped
at various microstructural defects. Hydrogen prefers to occupy crystal lattice defects with increased specific free volume, such as vacancies, vacancy clusters,
dislocation cores and grain boundaries. The solid solubility of hydrogen in steel
is very low at ambient temperature, and most hydrogen is in trapped states at
dislocations, grain boundaries, inclusions, voids, interfaces or impurity atoms
(Perng et al., 1989; Nagumo et al., 1999, Nagumo et al., 2003). Hydrogen can
be effectively trapped at defects introduced by deformation. According to a proposed vacancy agglomeration model, increased density of vacancies in the
course of plastic straining and their agglomeration promoted by hydrogen leads
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to promotion of failure (Nagumo, 2001; Nagumo et al., 2003; Hatano et al.,
2014).
High tensile strength and strong hydrogen trapping frequently correlate because
nanoscale features/defects that strengthen an alloy often provide effective sites
for hydrogen segregation (Gangloff, 2003). Additionally, in multi-phase highstrength materials phase transformations cause distortions in the crystal lattice
that are potential hydrogen trapping sites (Pérez Escobar et al., 2012). Reversible, weak hydrogen trapping sites with low activation energy for detrapping, e.g.
grain boundaries, dislocations and coherent carbide interfaces are primarily controlling HE resistance in high-strength steels (Chun et al., 2012). Large, unfavourably located particles may accumulate hydrogen to preferential cracking
sites in the regions which are intrinsically more prone to brittleness. Manganese
sulphides are one of the most effective traps for hydrogen (Kovalev et al., 2002).
On the other hand, hydrogen trapping in strong, irreversible traps, e.g. incoherent
small precipitates that are homogeneously distributed in the matrix, can be utilized to reduce the sensitivity of steel to hydrogen-induced delayed cracking
(Mohrbacher, 2008). Reversible traps can affect the kinetics of hydrogen
transport, and sometimes reduce the susceptibility to delayed cracking by increasing the time necessary to reach a critical local hydrogen concentration.
Hydrogen diffusivity and solubility are key parameters in hydrogen embrittlement and delayed cracking. Parameters of hydrogen transport, e.g. diffusivity
and permeability, in stainless steels at room temperature have been found to be
relatively insensitive to chemical composition (Perng et al., 1986; Perng et al.,
1990; Kumar et al., 1997). It has been reported by several researchers, that increasing Mn alloying in steels increases hydrogen solubility in austenite
(Nagumo, 2001; San Marchi et al., 2007; Lob et al., 2011; Todoshchenko et al.,
2012) and this may explain the higher susceptibility of high-Mn steels to hydrogen embrittlement phenomena. Mn alloying has also been found to increase hydrogen mobility (Ismer et al., 2010). However, there is also evidence of lower
hydrogen diffusivity in high-Mn low-Ni grades like AISI 201 in comparison to
Cr-Ni grades (Yagodzinskyy et al., 2009; Yagodzinskyy et al., 2011).
1.1.3

Effect of residual stress

Residual stresses play an important role in delayed cracking (Yuying et al., 1992;
Hong et al., 2013 B). Residual stress is an internal stress which remains in a body
that is stationary and at equilibrium with its surroundings. Residual stresses arise
from the elastic response of the material to an inhomogeneous distribution of
nonelastic strains. In all metal forming processes, residual stresses are generated
in the material. Residual stresses, which are a consequence of interactions between deformation, temperature and microstructure, are caused by inhomogeneous plastic strain levels at different regions of the product (Wang Z. et al., 2002).
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The difference in the actual strain level in different locations may be caused by
several reasons, including a difference in strength between the co-existent phases
in the material, due to die/mold shape or constraints from the gripping force on
the workpiece, or by temperature gradients (Wang Z. et al., 2002).
Residual stresses are also introduced to metallic materials by phase transformations. Plastic strains are inhomogeneously partitioned between the phases due
to the constraining effect of the stronger phases on the weaker ones. In metastable austenitic stainless steels martensitic transformation occurs as a response to
plastic deformation, in which austenite is partially transformed to thermodynamically more stable α’-martensite. The strain-induced martensitic transformation
causes local strain fields and therefore creates varying internal stresses in both
the austenite and the α’-martensite phase (Withers et al., 2001 B; Berrahmoune
et al., 2006 B). Martensitic transformation is a diffusionless shear process, which
is accompanied by shear strains and a volumetric change. The specific volume
of α’-martensite is about 2% larger than that of austenite (Taran et al., 2004).
This martensite transformation induced volume dilation, in addition to the elastic
mismatch and the plastic misfit between α’-martensite and austenite, are all causing considerable stresses throughout the material (Withers et al., 2001 B). The
α’-martensite phase having higher hardness and yield strength has a higher stress
level than the austenite phase (Talonen, 2007).
Residual stresses consist of macro- and microstress components. Macrostresses,
caused primarily by inhomogeneous plastic deformation at different parts of a
formed component, vary slowly on a scale that is large compared to the material’s microstructure. Microstresses, which vary on the scale of the material’s
microstructure, are caused by imperfections in the crystal lattice and inhomogeneous partitioning of plastic strain between different phases, due to the constraining effect of the stronger phases on the weaker ones, and local differences in
dislocation density. The degree of plastic deformation in the phases is different
due to differences in yield strength: the softer phase begins to yield earlier and
experiences larger plastic strains. In previous residual stress studies of plastically
deformed dual-phase materials it has been found that the residual microstresses
are tensile in the harder phase and compressive in the softer phase (Johansson et
al., 2000; Taran et al., 2004; Berrahmoune et al., 2004; Che et al., 2007). Microstresses in polycrystalline materials are also grain orientation dependent and
residual stresses within each grain of a deformed material can have large variation depending on the orientation of the grains (Wang Y. et al., 2002). In materials that have undergone large deformation, crystallographic texture introduces
an additional stress component caused by stress/strain incompatibility between
grains of different orientations.
Delayed cracking is a time-dependent hydrogen redistribution process driven by
stress (Guo et al., 2011). Stresses promote nucleation of new reversible hydrogen
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traps. Concentration of tensile stress and dissolved hydrogen initiates nucleation
of crack and promotes its propagation.

1.2

Low-nickel austenitic stainless steels

High and volatile price of nickel has during the recent years made producers and
end-users of stainless steels to seek low-nickel alternatives for conventional
nickel containing stainless steel grades. Substantial cost savings can be achieved
by reducing nickel alloying in stainless steels. Nickel accounts for a significant
percentage of the raw material cost and the energy used in the production of
austenitic stainless steels (Norgate et al., 2004; Johnson et al., 2008). The global
market share of low-nickel Cr-Mn stainless steels has been constantly growing,
being currently about 15-20 %, according to ISSF Annual Review 2013.
The most commonly used substitutes for nickel, for achieving austenitic microstructure, are manganese, carbon and nitrogen. Although Mn is considered an
austenite stabilizer, the addition of Mn alone is not sufficient to stabilize the austenite phase at room temperature, especially in the presence of Cr which is a
strong ferrite stabilizer (Milititsky et al., 2008). Therefore, the chromium content
in low-Ni austenitic stainless steels has to be reduced, which has a negative effect
on corrosion resistance (Cutler et al., 2008). Nevertheless, Mn addition effectively increases the solubility of nitrogen in the liquid steel, increasing the fraction of austenite formed during solidification. Nitrogen is a strong austenite stabilizer and solid solution strengthener, and also has a positive effect on the pitting corrosion resistance (Simmons, 1996). Copper is also added in some lownickel grades to stabilize austenite and to improve their formability (Sibanda et
al., 1994; Gonzalez et al., 2003).
Cr-Mn-N alloyed austenitic stainless steels provide a cost-effective alternative
for the conventional austenitic grades. Their mechanical properties are similar,
yield strength even higher, in comparison to the 300-series grades. Some lownickel grades have poorer corrosion resistance and/or formability. Metastable
low-nickel austenitic stainless steels may be susceptible to delayed cracking after
forming operations (Schaller et al., 1972; Hoshino, 1980; Sumitomo, 1987;
Frehn et al., 2003). This has been one of the most important factors limiting
increasing use of low-nickel austenitic stainless steels.
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2. Aims of the Study

This study was part of a research project that focused on the development of new
high-strength carbon steels and stainless steels. There is growing demand for
these steels for developing lightweight structures in many application areas, for
instance, in the transport industry. Metastable austenitic stainless steels possess
an excellent combination of strength and elongation, and a good energy absorption capacity, which is important in a situation of collision. Generally, however,
high strength means increased susceptibility to hydrogen embrittlement phenomena, and exploitation of novel high-strength stainless steels presumes detailed
examination of the relationships between chemical composition, microstructure,
deformation mechanisms and hydrogen-induced delayed cracking.
The objective of this research was to clarify the reasons for high susceptibility
of metastable low-Ni austenitic stainless steels to delayed cracking and to examine the role of the different factors, namely hydrogen, austenite stability and residual stresses, in the phenomenon. The research included comprehensive Swift
cup forming tests and constant load tensile tests enabling a systematic study of
the different influencing factors. The research concentrated on the effects of internal hydrogen present in stainless steels as an inevitable impurity after production operations (typically < 5 wppm), and no hydrogen charging was applied.
Several different austenitic stainless steels, both low-Ni high-Mn grades and
conventional Cr-Ni grades, were studied in this work. The aim was to determine
the limiting conditions for delayed cracking, i.e. combinations of hydrogen content, stress level and α’-martensite volume fraction, for the test materials. This
knowledge can be utilized in the design of demanding forming applications, to
avoid the risk of delayed fracture. Increased understanding of the delayed cracking phenomenon in metastable low-nickel austenitic stainless steels enables the
development of novel cost-efficient, high-strength stainless steels and the wider
usage of current austenitic stainless steels.
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3. Experimental Procedures

3.1

Test materials

In this research, seven industrially processed austenitic stainless steels with different chemical compositions and thus different austenite stability were investigated. The chemical compositions of the steels are presented in Table 1. Nickel
content of the steels varied over a wide range, from 1.1 to 8.2 wt-%. Manganese
content varied from 1.22 to 9.0 wt-%. Manganese is an austenite stabilizer used
for replacing nickel. Nitrogen is a strong austenite stabilizer and solid solution
strengthener. Copper is also used for stabilizing austenite and for improving
formability. The surface finish in all the test materials was 2B: cold rolled, annealed, pickled and skin passed.
Table 1. Chemical compositions of the test materials in weight percents.
Grade
C
Cr
Ni
Mn Si
Cu
Mo
N
P
301
0.093 16.7 6.4 1.22 1.12 0.25 0.67 0.074 0.024
301LN
0.030 17.4 6.6 1.23 0.50 0.17 0.19 0.168 0.028
304
0.049 18.2 8.2 1.49 0.43 0.43 0.13 0.047 0.032
201(a)
0.045 17.6 4.5 6.97 0.35 0.25 0.09 0.198 0.041
201(b)
0.047 17.0 3.7 7.16 0.29 0.21 0.11 0.217 0.034
201Cu
0.047 17.3 4.7 5.7 0.29 2.39 0.21 0.107 0.028
204Cu
0.079 15.2 1.1 9.00 0.40 1.68 0.03 0.115 0.032

S
0.001
0.001
0.002
0.003
0.002
0.002
0.004

Fe
bal
bal
bal
bal
bal
bal
bal

Mechanical properties of the test materials, provided by the producer, are presented in Table 2. The ultimate tensile strength is highest in 301, 201(b) and
204Cu. Grade 201(b) has the highest yield strength, which is probably due to its
high nitrogen content and small grain size.

Table 2. Mechanical properties and grain size of the test materials.
Grade
Thickness
Rp0.2
Rm (MPa)
Ag (%)
(mm)
(MPa)
301
1.3
370
823
49.5
301LN
1.5
374
764
48.2
304
1.0
313
651
50.8
201(a)
0.7
423
773
42.1
201(b)
0.8
488
835
41.4
201Cu
1.0
330
632
44.7
204Cu
1.0
367
821
51

A80 (%)
54
52
56
49
47
54
54

Grain size
(μm)
13.1
15.2
10.9
9.5
6.5
14.3
16.4
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3.2

Swift cup testing

Swift cup test is a common test for simulating drawing conditions that exist in
press-forming operations. It is used to evaluate the formability of sheet metals
by deep drawing a series of blanks of increasing diameter. It is also used for
evaluating the susceptibility of certain materials to delayed cracking. In Swift
cup test, a flat circular blank cut from the material to be tested, is clamped into
a blank holder under a certain pressure and the central part of the sheet is forced
with a cylindrical punch through a die to form a cup (Fig. 3). Deep drawing of
circular cups can be viewed as two processes; stretching a sheet over a circular
punch and drawing an annulus inwards (Marciniak et al., 2002). Cylindrical cup
wall transmits the force between these two regions. The maximum blank size
that can be successfully drawn is used to calculate the limiting drawing ratio
(LDR), which is defined as the maximum blank diameter divided by the punch
diameter.

Figure 3. Standard tooling for flat-bottomed Swift cup test (Miles, 2006).

When studying the susceptibility of materials to delayed cracking, appearance
of cracks in the cups after the drawing process is visually examined (Fig. 4). The
largest cup without any cracks, or more precisely with no cracks in any of several
parallel cups of the same drawing ratio, after sufficiently long observation time
defines the limiting drawing ratio for delayed cracking (LDR-DC).
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Figure 4. Deep drawn cups of stainless steel 301 at drawing ratios 1.8, 1.9, 2.0 and 2.12.

During a deep drawing operation, the metal sheet is subjected to different types
of stresses. In the flange there are radial tensile stresses due to the blank being
pulled into the die cavity and a compressive stress normal to the sheet which is
due to the blank-holder pressure (Hussaini et al., 2014). The radial tensile
stresses lead to compressive hoop stresses in the flange, because of the reduction
in the circumferential direction. Cup wall is primarily experiencing a longitudinal tensile stress, as the punch transmits the drawing force through the walls of
the cup and through the flange as it is drawn into the die cavity. The tensile stress
in the cup wall is dependent on the blank holding force and the friction between
the metal sheet and the blank holder. Additionally, there is a tensile hoop stress
caused by the cup being held tightly over the punch (Colgan et el., 2003).
High levels of residual stresses may exist in Swift cups after the deep drawing
operation. With finite element modelling (FEM) simulations it has been shown
that residual stresses introduced to the deep drawn cup are mainly caused by the
unbending of the material when it leaves the draw die profile (Danckert, 1995;
Fereshteh-Saniee et al., 2003).
Swift cup tests were carried out at Outokumpu Research Centre with Erichsen
142/40 equipment. Laser cut circular steel blanks of varying diameter were deep
drawn into cups with a flat-bottomed cylindrical punch with 50 mm diameter.
Produced drawing ratios of the cups ranged from 1.4 to 2.12. Novacel lubricant
film and blank holder force of 25 kN were used. The tests were performed at
room temperature.

3.3

Martensite content measurement

Volume fraction of ferromagnetic phase in the walls of the deep drawn cups and
in the pre-strained tensile specimens was measured using a Ferritescope (Fischer
MP3C). The measurement is based on magnetic induction: a low frequency alternating current in the probe coil induces an eddy current in the studied metal.
A magnetic field opposite to the field induced by the probe is built up in the
metal and the relative magnetic permeability is measured. Ferritescope
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measurement can be performed in situ during mechanical testing to monitor the
martensite content evolution.
The measured values of the ferromagnetic phase content were converted to α’martensite contents by multiplying with a correction factor of 1.7 defined by
Talonen et al. in a comprehensive study comparing the results of Satmagan
measurement, magnetic balance, X-ray diffraction, density measurement and
quantitative optical metallography (Talonen et al., 2004). This correction factor
has been verified by other researchers by comparing the Ferritescope readings to
magnetic saturation measurements (Beese et al., 2011). Effect of sheet thickness
and specimen curvature on the results was compensated by means of correction
curves provided by the device manufacturer.
Ferritescope measurement is affected by the stress state of the material. The Villari effect, also known as inverse magnetostriction, characterizes the change of
magnetic permeability of a material under the influence of change in dimensions
caused by mechanical stress (Tumanski, 2011). The Villari effect is explained
by mechanically induced rotation of the domains of uniform polarization within
a ferromagnetic material. Thus, magnetic permeability is a function of not only
martensite volume fraction but also of elastic and plastic deformation. The effect
of tensile residual stress on the magnetic properties of the stainless steels and,
thus, on the measured ferromagnetic phase contents was taken into account by
correction factors experimentally defined for each material. This was done by
pre-straining tensile test specimens to different strain levels, measuring their ferromagnetic phase contents after unloading and then performing in situ Ferritescope measurements during stepwise tensile reloading of the specimens. During the test, the applied force was rised 1 kN at a time with a constant strain rate
of 3x10-4 1/s, and held constant for 50 s after each increment, during which time
five Ferritescope measurements were taken in the middle part of the test specimen. From the collected data, i.e. the average Ferritescope reading vs. applied
tensile stress, the correction factors were defined by dividing each average reading with the reading at zero load (initial state).

3.4

Hydrogen content analysis

The hydrogen contents of the studied stainless steels in as-supplied condition
and after different annealing treatments were first measured by inert gas fusion
method with Leco TCH 600 NOH melt extraction analyser. In this method the
steel sample is heated up to melting point and the amount of desorbed gases is
analysed by infra-red detection. By this method the total (bulk) hydrogen content
in the material is determined.
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The hydrogen contents of the studied materials were also analysed with hot extraction using a Leybold-Heraeus H2A 2002 hydrogen analyser. In this analysis
method the sample is heated up to 1100°C and the amount of evolving gases is
analysed by a thermal conductivity detector.
Additionally, thermal desorption spectroscopy (TDS) was applied, using an apparatus designed and assembled at Laboratory of Engineering Materials at Aalto
University School of Engineering. The TDS apparatus measures hydrogen desorption during heating in the temperature range 25-900°C, with background
vacuum level down to 10-8 mbar. A constant heating rate of 6 K/min was used.
Prior to the hydrogen content analysis, the specimens were cut mechanically,
and the surfaces were grinded up to 1200 grit finish. Before the measurements
the specimens were cleaned in ethanol and dried with air flow. Due to varying
equipment specifications, the specimen size varied from less than 1 g in weight
in TDS and inert gas fusion to about 5 g in hot extraction analysis.

3.5

Residual stress measurements

3.5.1

X-ray diffraction

By using X-ray diffraction, interplanar lattice spacings can be measured in fine
grained crystalline materials. Spacing between atomic planes in a metal is
changed under stress, either applied or residual. Stress induces an interatomic
strain, which is measured from the crystal lattice, and the residual stress producing the strain is calculated assuming a linear elastic distortion of the crystal lattice. Although residual stresses result from non-uniform plastic deformation, all
residual macrostresses remaining after deformation are elastic. Changes in interplanar spacing are measured as a shift in the diffraction pattern. The width of the
diffraction peaks is an indication of the amount of plastic strain in the material
(Noyan et al., 1987).
The principle of X-ray diffraction measurement of residual stress is illustrated in
Fig. 5. Lattice spacing is determined for multiple Ψ tilts, a straight line is fitted
in d-sin2Ψ plot by least squares regression, and stress is calculated from the slope
of the best fit line using Eq (1).

𝜎 =

(

)

(1)

Because the spacings of lattice planes are extremely small they are affected by
both micro and macro stresses, and the X-ray method measures the sum of these
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stresses (Noyan et al., 1987). Diffraction is inherently selective and biased towards a particular set of grains, and this can be exploited for multiphase materials to provide information about the stressing of individual phases separately
(Withers et al., 2001 A). The stress determined using X-ray diffraction is an average stress in the irradiated area, typically from a surface layer less than 10 μm
deep.

Figure 5. (a) Schematic presentation of X-ray diffraction measurement of residual stress. The
incident beam diffracts X-rays of wavelength λ from planes that satisfy Bragg’s law in crystals
with these planes parallel to the surface of the sample. After the specimen is tilted (b), the
diffraction peak occurs at higher 2θ angles. The stress is measured in a direction which is the
intersection of the circle of tilt and the specimen surface (Noyan et al., 1987).

Residual stresses in the deep-drawn cups were measured with X-ray diffraction
using the sin2Ψ (multi-angle) method, in which the shift of a diffraction peak
position (2θ angle) is recorded as a function of the specimen tilt angle Ψ. Number
of inclination angles in the measurement was 10 (±45°). Measurements were
made with an X-ray diffractometer XStress3000. The measurements were done
separately for each phase, employing Cr-Kα -radiation for the α’-martensite
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phase and Mn-Kα -radiation for the austenite phase. The collimator used was 3
mm in diameter. The peak middle positions at each Ψ tilt were determined by
the peak fit (Pearson VII) method. Residual stress profiles were measured along
the cup walls, from the outer surface of the cups. Measurements were done at
three different sides of each cup, both in tangential and axial directions. Tangential stresses were, however, considered the most significant ones in this case, as
the delayed cracks propagate vertically down the cup walls.
3.5.2

Ring slitting (deflection method)

Macroscopic hoop residual stresses, i.e. through-thickness mean residual
stresses, in the deep-drawn cups were also determined by a ring slitting method
based on residual stress relaxation. Cups were sectioned with electrical discharge
machining (EDM) into 3-4 mm wide rings, which were then slitted in the rolling
direction of the original blank. After slitting, ring opening and change in the
outer diameter of the rings were measured (Fig. 6).

Figure 6. Determination of circumferential residual stresses in thin-walled tube by deflection
method (Walton, 2002).

The residual stresses were then calculated using the following equations
(Garstka et al., 2006; Walton, 2002):
𝜎 = 𝐸∙𝑡∙

−

(2)

𝜎 = 𝐸∙𝑡∙

−

(3)

In the equations, E is the modulus of elasticity, t is the material thickness, D0 is
the diameter before slitting, d is the measured ring opening and s is the thickness
of the EDM wire and D1 is the diameter after slitting. Value of the modulus of
elasticity used in the calculations was 200 GPa.
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Residual stresses that had existed in the cups prior to cracking were also estimated in the cracked areas of the cups, by calculating the radius of curvature and
final diameter D1 from the sectioned pieces (Fig. 7 and eq. 4)

Figure 7. Definition of parameters used in Eq. 4 to calculate the radius of curvature R.
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Constant load tensile testing

Constant load tensile testing was used for studying systematically the effect of
α’-martensite, stress and hydrogen content on delayed cracking kinetics. A large
test matrix was implemented with hundreds of specimens having different α’martensite and hydrogen contents, tested at various stress levels. The size and
geometry of the test specimens is presented in Fig. 8.

Figure 8. The size and geometry of the test specimens prior to pre-straining. The measures are
in millimetres.
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Tensile test specimens were first pre-strained to certain strain levels. In order to
produce a multi-axial stress state in the flat constant load test specimens, notched
specimens were used. The notches were produced in the pre-strained specimens
using electric discharge machining. Specimen geometry was chosen according
to standard ASTM E 292–09, “Standard test methods for conducting time-forrupture notch tension tests of materials”. The specimens had 60° double-edge
notches with a root radius 0.3 mm, resulting in a stress concentration factor k t =
4.5.
The applied stress ratio for each constant load tensile test was defined as the
applied stress divided by the ultimate tensile strength, or the notched tensile
strength, of a notched tensile test specimen (the maximum load in a tensile test
divided by the original cross-sectional area between the opposing notches). As
the constant load tensile tests were performed on specimens with varying α’martensite content and, thus, varying yield and ultimate tensile strength, the
notched tensile strength of the studied material was first measured as a function
of its α’-martensite content. The results are presented in Fig. 9 for steel 204Cu.
Because of plastic constraint at the notch, i.e. a triaxial stress field acting to plastically constrain the material from deforming, yield strength and ultimate rupture
strength of a notched specimen can be higher than those of a smooth specimen
of the same material. This phenomenon, occurring in ductile materials, is referred to as notch strengthening. It means that a notched tensile specimen can
withstand higher nominal stresses than a smooth specimen.

Figure 9. Notched tensile strength of 204Cu steel as a function of α’-martensite content.

In all constant load tensile tests, the machining of the notches was done shortly,
within one hour, after pre-straining of the specimen, and the constant load test
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was started shortly after preparation of the notches. From each constant load test,
the time to fracture was recorded. The maximum duration of the tests was set to
400 hours.

3.7

Scanning electron microscopy

Fracture surfaces of delayed cracks in the deep drawn Swift cups and in the constant load tensile test specimens were examined with FEG-SEM Zeiss Ultra 55
field emission gun scanning electron microscope (FEG-SEM) and some of them
with a Zeiss Merlin Compact VP field emission gun scanning electron
microscope. Electron backscattering diffraction (EBSD) measurements to
identify the microstructure and phases in the cracked areas were done with a
Nordlys II digital EBSD detector and with a Bruker e-FlashHR high resolution
EBSD camera. HKL Technologies Channel 5 software and Bruker‘s QUANTAX CrystAlign EBSD analysis system were used for data acquisition and analysis. Specimen preparation for EBSD measurements was done by first grinding
the specimen surface with SiC water grinding papers up to 2400 grit with Struers
LaboPol-21 equipment, then polishing the surface with 3 μm, 1 μm and ¼ μm
diamond pastes, and finally polishing with Buehler VibraMet2 vibratory polisher
in a colloidal silica polishing suspension for 5 h.

3.8

Nanoindentation

Mechanical properties of austenite and strain-induced α’-martensite phases in
the formed test materials were determined by nanoindentation. Specimens for
the measurements were cut from deep drawn cups with drawing ratio 2.0 for 301,
301LN and 204Cu and with drawing ratio 2.12 for the more stable grades 304
and 201(b), at about 5-10 mm from the upper edge of the cups. Specimen
preparation for nanoindentation meaurements was done by first grinding the
specimen surface with SiC water grinding papers up to 2400 grit with Struers
LaboPol-21 equipment, then polishing the surface with 3 μm, 1 μm and ¼ μm
diamond pastes, and finally polishing with Buehler VibraMet2 vibratory polisher
in a colloidal silica polishing suspension for 5 h.
Nanoindentation experiments were performed using a CSM instrumented indentation tester. A three-sided pyramidal Berkovich diamond indenter tip with nominal angle of 65.3° was employed. Analyses for the calculation of hardness were
conducted by the method used by Oliver and Pharr (Oliver et al., 1992). The
applied maximum force was 1.5 mN, which produced an average indentation
depth of 100 nm. A constant loading rate of 10 mN/min was used. Holding time
at the maximum load was 15 s and unloading rate was 10 mN/min.
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Based on visual examination of the indented area under optical microscope, the
representative indentations of each phase were selected. Indentations located
close to grain or phase boundaries were ignored, as well as unsuccessful indentations with anomalies in the shape of the load-displacement curve or located too
close to neighboring indentations. Electron backscattering diffraction (EBSD)
was utilized for identifying the phases present in the indented areas and for
studying the dependence of indentation hardness and modulus on grain orientation.
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4.1

Stability of austenite

Austenite stability in each test material was studied by making interrupted tensile
tests to various strain levels and measuring α’-martensite content after the tests
using Ferritescope. The tensile tests were performed at room temperature with
strain rate 3*10-4 1/s. Results of the measurements are shown in Fig. 10, together
with fitted sigmoidal curves based on the Olson-Cohen model. Three of the test
materials, namely 301, 301LN and 204Cu were the most unstable ones. 201Cu
was stable with almost neglible α’-martensite content even at high strains. In
201(a) the volume fraction of α’-martensite was very low except at the highest
examined strain level.

Figure 10. Volume fraction of strain-induced α’-martensite in the test materials as a function of
true strain.

The effect of tensile residual stress on the magnetic properties (the Villari effect)
of the test materials and, thus, on the measured ferromagnetic phase contents
was taken into account by correction factors experimentally defined for each
material. In Fig. 11 the measured Ferritescope readings as a function of applied
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stress are shown (a), as well as the defined correction factors as a function of
stress (b).

a)

b)
Figure 11. a) Ferritescope readings and b) correction factors as a function of applied tensile
stress for 201(b), 301, 301LN and 204Cu.

Some results of measured α’-martensite contents in deep drawn Swift cups are
presented in Publications I, II, IV and VI. In all test materials the maximum α’martensite content in the Swift cups was higher than in tensile straining, because
of triaxial stress state and higher plastic strains in the Swift cups.

4.2

Hydrogen content

The hydrogen contents of the studied stainless steels in as-supplied condition,
measured by melt extraction, hot extraction and thermal desorption spectroscopy
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(TDS) are shown in Table 3 and Fig. 12. Shown contents are mean values of 3
to 6 analyzed specimens (more repetitions were done for the materials showing
high variation in analysis results). The measured values were different depending on the analysis method, but the trend was similar with all used methods: the
Mn-alloyed grades had clearly higher hydrogen contents than 304, 301 and
301LN. Hydrogen content was the highest in 204Cu and 201(b). Standard deviation of the results was also highest for 201(b) and 204Cu.

Table 3. Hydrogen contents of the studied stainless steels in wppm.
Grade
Hydrogen, melt
extraction
Hydrogen, hot
extraction
Hydrogen,
TDS

a)

304
2.7 ±
0.14
1.2 ±
0.20
-

301
2.5 ±
0.35
1.6 ±
0.18
1.8 ±
0.25

301LN
2.2 ±
0.12
1.2 ±
0.17
1.3 ±
0.16

201(a)
3.7 ±
0.57
1.6 ±
0.18
-

201(b)
5.3 ±
2.25
2.3 ±
0.31
2.2 ±
0.53

201Cu
3.3 ±
0.25
2.1 ±
0.05
-

204Cu
5.2 ±
1.55
2.6 ±
0.38
2.9 ±
0.61

b)

Figure 12. a) Hydrogen contents of the test materials analyzed with (a) melt extraction and (b)
hot extraction.

The content of hydrogen in the studied stainless steels was effectively reduced
by heat treatments at 300-400°C. Results of hydrogen content as a function of
annealing time at 400°C, as well as discussion about the effect of hydrogen on
delayed cracking are presented in Publication II.
Annealing of the studied stainless steels before forming reduced the volume fraction of strain-induced α’-martensite transformed during the forming process, i.e.
reduction of hydrogen content slightly increased the stability of austenite. True
stress - true strain tensile curves for stainless steels 301 and 204Cu in as-supplied
and annealed (400°C/24 h) conditions are presented in Fig. 13. The ultimate tensile strength and the maximum volume fraction of α’-martensite were higher in
the as-supplied state.
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a)

b)

Figure 13. Tensile true stress - true strain behaviour of stainless steels 301 (a) and 204Cu (b) in
as-supplied and annealed conditions.

4.3

Swift cup testing

Several series of Swift cups, with 320 cups altogether, were deep drawn at Outokumpu Research Centre during this research project. The limiting drawing ratios for delayed cracking (LDR-DC) in the Swift tests for each tested material
are shown in Table 4. The criterion for the LDR-DC was no cracks observed in
any of the cups at that drawing ratio during 1500 hours after the forming process.
Generally no cracks initiated in the cups after about 1000 hours from forming.
Stainless steels 304 and 201Cu did not suffer from delayed cracking even at the
highest applied drawing ratio 2.12. The grade 204Cu was the most prone to delayed cracking: it had the lowest LDR-DC and the highest amount of cracks at
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each drawing ratio. The grade 201(b) was more prone to delayed cracking than
the grades 201(a), 301 and 301LN.
Table 4. Limiting drawing ratios for delayed cracking defined by Swift cup tests.
Material

304

301LN

301

201(a)

201(b)

201Cu

204Cu

LDR-DC

-

2.1

1.8

1.9

1.7

-

1.4

Number of cracks in all the Swift cups drawn from as-supplied materials with
different drawing ratios, together with mean values and standard deviation, are
presented in Table 5. Test materials 304 and 201Cu are not included in the table,
as they did not suffer from delayed cracking. Number of cracks in the cups reflects the severity of delayed cracking. The higher is the number of cracks in the
cups, the lower is the residual stress level required to initiate cracks, because
each crack in part relaxes tangential residual stresses in the cups.

Table 5. Number of cracks in Swift cups drawn from as-supplied materials.
Material
Drawing
Final number of cracks in parallel cups Mean
ratio
(after 60 days from drawing)
value
1.4
0
0
0
204Cu
1.5
2
0
0
0.67
1.6
3
3
6
4.0
1.7
10
13
15
12.67
1.8
15
14
15
14.67
2.0
16
16
15
16
15.75
1.8
0
0
0
201(a)
1.9
0
0
0
2.0
0
4
1
1.67
2.1
0
1
0.5
1.6
0
0
0
201(b)
1.7
0
0
0
0
1.8
2
0
2
1
0
1.0
1.9
2
0
3
1
1.5
2.0
11
12
5
12
7
9.4
2.12
18
12
8
12.67
1.6
0
0
301
1.8
0
0
0
0
1.9
2
0
6
0
2.0
2.0
4
3
7
0
3
3.4
2.1
8
6
7.0
2.12
9
2
1
13
5
6.0
2.0
0
0
0
301LN
2.1
0
0
0
2.12
3
0
0
1.0
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Standard
deviation
0
1.15
1.73
2.52
0.58
0.5
0
0
2.08
0.71
0
0
1.0
1.29
3.21
5.03
0
0
2.83
2.51
1.41
5.0
0
0
1.73
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Annealing the stainless steels at 400°C prior to deep drawing had a distinct effect
on the severity of delayed cracking. The limiting drawing ratios for delayed
cracking for the three most susceptible grades 204Cu, 201(b) and 301 both in assupplied state and annealed states are shown in Table 6. After annealing for 3 to
72 h at 400°C, the limiting drawing ratios for delayed cracking were improved
for each grade. Hydrogen present in the materials after annealing is predominantly nondiffusible, located at strong trapping sites. The LDR-DC as a function
of total hydrogen content is presented in Fig. 14. In 301 delayed cracking was
completely eliminated after 72 h annealing and it did not show any cracking at
the highest DR 2.12. Most of the 301 cups at DR 2.12, drawn from 24 h annealed
material, did not show any cracks either, but the criterion for LDR-DC was that
there were no cracks in any of the parallel cups. In 204Cu and 201(b) delayed
cracking was detected also in 72 h annealed material.
Table 6. Limiting drawing ratios for delayed cracking as a function of annealing time at 400°C.
Material

204Cu

201(b)

301

LDR-DC (as-supplied)

1.4

1.7

1.8

LDR-DC (400°C/1 h)

1.6

1.8

LDR-DC (400°C/3 h)

1.6

1.9

1.9

LDR-DC (400°C/24 h)

1.6

2.0

2.1

LDR-DC (400°C/72 h)

1.7

2.0

-

Figure 14. Limiting drawing ratio for delayed cracking as a function of hydrogen content in steels
204Cu, 201(b) and 301.

Consistent with the tensile test results presented in section 4.2, reduction of hydrogen content of the stainless steels by annealing prior to forming increased the
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stability of austenite also during deep drawing. The difference between the maximum α’-martensite content in Swift cups drawn from as-supplied and annealed
materials was about 5-7 % at highest.
Number of cracks in all the Swift cups drawn from annealed materials with different drawing ratios are presented in Table 7.

Table 7. Number of cracks in Swift cups drawn from annealed materials.
Material
Annealing
Drawing Final number of cracks in parallel
ratio
cups
400°C/1 h
1.6
0
0
204Cu
1.7
3
3
1.8
2
3
5
2.0
6
2
2
3
400°C/3 h
1.6
0
0
1.8
4
1
2
1
2.0
12
3
2
1
3
400°C/24 h
1.7
0
3
0
1.8
2
0
0
2
1
2.0
7
5
2
2
400°C/72 h
1.7
0
0
1.8
1
0
2.0
4
1
1
400°C/1 h
1.9
0
1
201(b)
2.0
2
0
1
2.12
7
7
400°C/3 h
1.9
0
0
0
2.0
2
0
2
2.12
5
0
400°C/24 h
2.0
0
0
0
2.12
2
1
0
400°C/72 h
2.0
2
0
0
2.12
2
0
400°C/3 h
1.8
0
301
2.0
3
0
0
2.12
3
0
0
0
400°C/24 h
2.0
0
0
2.1
0
0
2.12
0
5
0
0
400°C/72 h
2.0
0
2.12
0
0
0

Mean
value
0
3.0
3.33
3.25
0
2.0
4.2
1.0
1.0
4.0
0
0.5
2.0
0.5
1.0
7.0
0
1.33
2.5
0
1.0
0.67
1.0
0
1.0
0.75
0
0
1.25
0
0

Std
dev
0
0
1.53
1.89
0
1.41
4.44
1.73
1.0
2.45
0
0.71
1.73
0.71
1.0
0
0
1.15
3.54
0
1.0
1.15
1.41
0
1.73
1.5
0
0
2.5
0
0

The initiation time for the first crack to appear in the Swift cups, as a function of
drawing ratio is presented in Fig. 15(a-c) for 204Cu, 201(b) and 301 in as-supplied and in annealed conditions. The lower is the drawing ratio, the lower is the
volume fraction of α’-martensite and the lower are the residual stresses in the
cups. Both of these factors, as well as the hydrogen content being dependent on
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annealing parameters, affect the crack initiation time. The crack initiation times
are much shorter in 204Cu, especially in as-supplied condition, in comparison to
201(b) and 301.

a)

b)

c)

Figure 15. Fracture initiation times in the Swift cups of (a) 204Cu, (b) 201(b) and (c) 301 steels.
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Length of the growing cracks in the Swift cups was monitored after the deep
drawing tests. Results about the propagation and final length of the cracks in the
Swift cups of each test material are presented in Publication II. It was noticed,
that in the cups drawn from annealed materials, the final length of the cracks was
shorter. As the α’-martensite content decreased down the cup wall, shorter crack
length in the annealed materials means that the cracks stopped at a higher α’martensite level and, thus, the resistance of the test materials to crack growth
was improved by reduction of the hydrogen content.
From the slope of the graphs of crack length as a function of time, the crack
growth rates were determined. In Publication I, growth rates of first appearing
cracks in the cups of 204Cu, 201(b) and 301 at drawing ratio 2.0 are presented.
The growth rate as a function of time since the crack initiation was highest in
204Cu and lowest in 301.
In Fig. 16(a) the growth rate of first cracks in the cups of 201(b) at different
drawing ratios are presented. The growth rate is fastest right after initiation and
it slows down as the cracks proceed. The initial crack growth rate is the higher
the higher the drawing ratio. In Fig. 16(b) the growth rates of first cracks in the
cups of 204Cu with drawing ratio 2.0 in as-supplied state and after different annealing times at 400°C are presented. In Fig. 6(c) the growth rates of first cracks
in the cups of 201(b) with drawing ratio 2.12 in as-supplied state and after different annealing times at 400°C are presented. The growth rates are the lower
the longer the annealing time and, thus, the lower the hydrogen content of the
material.
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a)

b)

c)
Figure 16. Growth rate of first cracks initiating in Swift cups of 201(b) at different drawing ratios
(a), in cups of 204Cu with drawing ratio 2.0 in as-supplied state and after different annealing
times at 400°C (b) and in cups of 201(b) with drawing ratio 2.12 in as-supplied state and after
different annealing times at 400°C (c).
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4.4

Residual stress measurements

4.4.1

X-ray diffraction

All the residual stresses measured with X-ray diffraction from the outer surfaces
of the Swift cups were tensile. Stress maximum was located at about 50-60 % of
cup wall height. The magnitude of the tangential residual stresses in each studied
material depended on the drawing ratio, increasing with the amount of deformation. In the studied metastable austenitic stainless steels, the magnitude of the
internal residual stresses in the α’-martensite phase was markedly higher than
that in the austenite phase.
Some results of the residual stress measurements of the Swift cups are presented
in Publication I, Publication IV and Publication VI. Tangential residual stress
measured from the austenite phase of DR 2.12 Swift cup drawn from the most
stable test material, 201Cu, is presented in Fig. 17(a). Tangential residual
stresses measured separately from the austenite and martensite phases of the
LDR-DC (highest drawing ratio without delayed cracking) Swift cups of 201(a),
304, 301LN, 301 and 201(b) are presented in Fig. 17(b-f), together with the α’martensite content in the cup walls. The α’-martensite content rises up the cup
wall and reaches a maximum value near the cup edge, where the strain is at maximum. Therefore, the evolution of residual stress along the cup wall does not
correspond to the evolution of α’-martensite content, which is in agreement with
previous results (Berrahmoune et al., 2006 A).
In the stable stainless steel 201Cu the overall residual stress state was considerably lower than in the other test materials. It is also noteworthy that residual
stresses in austenite and α’-martensite phases were relatively low in the Swift
cup of 304 at drawing ratio 2.12. Grade 304 did not suffer from delayed cracking,
although it is metastable and α’-martensite content reached almost 50 % near the
cup edge at DR 2.12. Tangential residual stress in the α’-martensite phase was
much higher in 301, 201(a) and 201(b). It was about the same magnitude also in
the LDR-DR cup of 301LN (Fig. 17d), but in that material the limiting drawing
ratio is higher. The difference between the maximum value of residual stresses
in austenite and α’-martensite phases was about 150 to 270 MPa in 304, 301 and
301LN and about 250 to 400 MPa in 201(a) and 201(b). Estimated error in the
XRD residual stress measurements was on the order of ± 30 to 60 MPa.

50

Results

a)

b)

c)
Figure 17 (to be continued). Tangential residual stresses in LDR-DC Swift cups of a) 201Cu, b)
201(a), c) 304, d) 301LN, e) 301 and f) 201(b) stainless steels measured with X-ray diffraction,
as a function of cup wall height starting from cup bottom.
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d)

e)

f)
Figure 17. Tangential residual stresses in LDR-DC Swift cups of a) 201Cu, b) 201(a), c) 304, d)
301LN, e) 301 and f) 201(b) stainless steels measured with X-ray diffraction, as a function of
cup wall height starting from cup bottom.

Tangential residual stresses measured from the martensite phase of 301LN Swift
cups with different drawing ratios are presented in Fig. 18. As the degree of de-
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formation and the content of α’-martensite increase with the drawing ratio, residual stresses also increase. Tangential residual stresses measured from the α’martensite phase of LDR-DC Swift cups (the highest cups without cracking) of
301LN, 301, 201(b) and 204Cu, and the maximum α’-martensite contents in the
cups, are compared in Fig. 19. The limiting residual stress of α’-martensite not
causing cracking is similar in 301LN, 301 and 201(b). 204Cu suffers from delayed cracking at much lower drawing ratio and lower stress level.

Figure 18. Tangential residual stresses measured from the α’-martensite phase of 301LN Swift
cups with X-ray diffraction.

Figure 19. Tangential residual stresses measured from the α’-martensite phase of LDR-DC
Swift cups with X-ray diffraction.

Plastic deformation causes broadening of the X-ray diffraction peaks, and the
width of the diffraction peaks is an indication of the amount of plastic strain in
the material (Noyan et al., 1987). Peak broadening is caused by lattice distortions
due to the presence of crystal defects, such as dislocations, and can be utilized
in the estimation of dislocation densities. The full width at half maximum intensity (FWHM) of the measured X-ray diffraction peaks is presented in Fig. 20(ac) as a function of the height of cup wall for 201Cu (DR 2.12), 304 (DR 2.12)
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and 301LN (DR 2.1). The profiles of FWHM along the cup walls demonstrate
the distribution of plastic strain and the associated dislocation density in the cups.
FWHM of the diffraction peaks measured from the austenite phase increases
continuously as a function of cup wall height. Instead, FWHM values measured
from the α’-martensite phase show a more shallow gradient, and reach a maximum at about 60% of cup height.

a)

b)

c)
Figure 20. Full width of diffraction peak at half maximum intensity (FWHM) as a function of cup
height in (a) 201Cu DR 2.12, (b) 304 DR 2.12 and (c) 301LN DR 2.1.
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Effect of annealing (400°C/24 h) on the residual stresses of deep drawn cups (of
stainless steel 301 as an example) is demonstrated in Fig. 21(a-b). The α’-martensite phase stress is slightly lower in the annealed state, but the maximum of
austenite phase stress is almost similar in both states.

a)

b)
Figure 21. Effect of annealing (400°C/24 h) on the residual stresses in the α’-martensite phase
(a) and austenite phase (b) of 301 steel Swift cup with drawing ratio 1.8.

Due to annealing of the stainless steels before deep drawing, hydrogen content
was reduced and the limiting drawing ratios for delayed cracking were increased.
In the annealed state it was therefore possible to compare the level of residual
stresses in stainless steel 204Cu with the stress levels in 201(b) and 301 at constant drawing ratio. In Fig. 22, tangential residual stresses measured from the α’martensite phase of 204Cu, 201(b) and 301 Swift cups at DR 1.8, drawn from
annealed material (400°C/24 h), are presented. Maximum residual stress is the
highest in 204Cu.
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Figure 22. Tangential residual stresses measured from the α’-martensite phase of 204Cu,
201(b) and 301 Swift cups at DR 1.8, drawn from annealed material (400°C/24 h).

4.4.2

Ring slitting

Circumferential hoop residual stresses in deep-drawn cups were also measured
by a ring slitting method based on residual stress relaxation. An advantage of
this approach in comparison to X-ray diffraction is that residual stresses that had
existed in the cups prior to cracking can also be determined from the cracked
areas of the cups. In Fig. 23 rings cut from a Swift cup, both in noncracked and
cracked areas, are shown.

Figure 23. Rings cut from a Swift cup.

Some results on the hoop residual stress measurements are presented in Publication I. Macroscopic hoop residual stress measured by the ring slitting method
was between the XRD phase stresses of austenite and α’-martensite, closer to the
latter. Macroscopic hoop residual stresses measured from Swift cups with different drawing ratios are presented in Fig. 24(a-d) for stainless steels 204Cu,
201(b), 301 and 301LN. The stress of the smallest cup with cracking is presented
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with bright red colour in each figure. Stainless steel 204Cu showed delayed
cracking at much lower stress level than the other materials. Cups of 204Cu at
drawing ratio 1.8 or higher broke into small pieces (~ 5 mm) during ring cutting,
and it was not possible to measure the radius of curvature from such short sections.

a)

b)

c)
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d)
Figure 24. Hoop residual stresses measured with ring slitting method from Swift cups of (a)
204Cu, (b) 201(b), (c) 301 and (d) 301LN stainless steels with different drawing ratios.

Effect of austenite stability on the circumferential hoop residual stresses in the
material is demonstrated in Fig. 25, showing the hoop stress near the upper edge
of the cups of 201Cu, 201(a) and 201(b) at two drawing ratios as a function of
the α’-martensite content at the same location. Material 201Cu with 4.7 wt-%
nickel is the most stable. Residual stresses in the cups of 201(a) (4.5 wt-% Ni)
and 201(b) (3.7 wt-% Ni) are higher than those in 201Cu, because of the martensitic transformation.

Figure 25. Hoop residual stress as a function of martensite content in 201 steels.

Macroscopic hoop residual stresses measured from the LDR-DC Swift cups of
301LN, 301, 201(b) and 204Cu are presented in Publication I. The results are
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consistent with the XRD residual stress results presented in Fig. 19, i.e. according to both methods the highest level of residual stress not causing cracking is
almost similar in 301, 301LN and 201(b).
Effect of annealing (400°C/24 h) on the hoop residual stresses of deep drawn
cups of 301 and 201(b) with DR 1.8 is demonstrated in Fig. 26(a-b). Hoop stress
is lower in the cups drawn from annealed materials with lower hydrogen content.

a)

b)
Figure 26. Effect of annealing on the hoop residual stresses in the Swift cups of (a) 301 and (b)
201(b) at drawing ratio 1.8.

By plotting the residual stress data along the cup walls, measured both from
cracked and uncracked areas, together with α’-martensite volume fractions at the
corresponding cup height locations, the critical combinations of residual stress
and α’-martensite content for delayed cracking were specified for each stainless
steel grade. These graphs for 301, 201(b) and 204Cu are presented in Publication
II.
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4.4.3

Residual stress relaxation and the Villari effect

Cracking of the cups relaxes residual stresses in the cups, which affects the Ferritescope readings. Ferritescope reading and the calculated α’-martensite content
is higher when measured from cracked cups than from cups without cracks. If
the α’-martensite contents measured from uncracked cups are multiplied with
the Villari effect correction factors defined from tensile tests (section 4.1), the
resulting corrected α’-martensite contents are almost equal to the values measured from cracked cups (Fig. 27). This verifies the applicability of the used correction factors.

Figure 27. Effect of residual stress relaxation in the cups compared to the experimentally defined Villari effect correction.

4.5 Scanning electron microscopy
4.5.1

Fractography

Some fractography of the Swift cups is presented in Publication I, Publication
IV and Publication VI. Fracture appearance in all the test materials was
predominantly quasi-cleavage type, with varying areas of transgranular cleavage
along the martensitic stucture and ductile fracture. Quasi-cleavage does not
represent a separate fracture mode, but is a localized feature on hydrogeninduced fracture surfaces that exhibits characteristics of both cleavage and
plastic deformation. Flat facets are a typical feature, but they are often finer than
in traditional cleavage fracture. Quasi-cleavage fracture surfaces are frequently
decorated with ridges that can be correlated with highly localized deformation
bands (Martin et al., 2011 B).
Typical fractography of 204Cu, 201(b) and 301 is presented in Figure 28 and at
higher magnification in Figure 29 (301LN included). Examples of dimpled areas
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are marked with white arrows and quasi-cleavage facets with black arrows. The
observations are consistent with previous results of other researchers
(Berrahmoune et al., 2006 B; Zhang et el., 2008; Guo et al., 2011; Michler et al.,
2012). Middle regions of the fracture surfaces were more ductile, and closer to
the edges there were larger areas with cleavage facets. An example of a facet
with fine tear ridges is presented in Figure 30 a. In the ductile regions the dimples
were generally very small and shallow (Figure 29 c-d and Figure 30 b). Narrow
shear lips with slant fracture appearance, in 45° angle to the thickness, were
found at the edges of the fracture surfaces. The width of the shear lips can be
thought of being an indication of the plasticity of the material associated with
the extending crack. The average width of the shear lips, measured from the
fracture surfaces, was largest in 301 and smallest in 204Cu (Publication VI). This
indicates the lowest toughness and resistance to crack propagation in 204Cu.

a)

b)

c)
d)
Figure 28. Typical fracture surfaces in 204Cu (a-b), (c) 201(b), and (d) 301.
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a)

b)

c)
d)
Figure 29. Typical fracture surfaces in (a) 204Cu, (b) 201(b), (c) 301 and (d) 301LN.

a)
b)
Figure 30. (a) Fracture facet in 204Cu and (b) small, shallow dimples in 201(b).

The overall fracture appearance was most brittle type in 204Cu and 201(b).
Largest fraction of dimpled fracture surface was found in 301LN, which is
presumably explained by the higher nickel content and low carbon content. Differences between as-supplied and annealed conditions for the same grade were
small, but on average, fracture in annealed state seemed to be slightly more ductile than in as-supplied state. The main fracture mode was quasi-cleavage in both
conditions, as-supplied and annealed. Heat treatment at 300-400°C does not
change the fracture mechanism, but it reduces the hydrogen content and affects
the cracking kinetics.
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In constant load tensile test specimens (Publication III) fractures initiated at the
notch root and a flat triangular area associated with high triaxiality was visible
on the fracture surface. In this region of hydrogen-induced cracking the fracture
mechanism was predominantly transgranular quasi-cleavage. The triangular region was followed by slant shear fracture with dimpled fracture surface. Fracture
appearance was very similar in the annealed specimens in comparison to as-supplied specimens. Variation in the hydrogen content (in the studied range), although having a big effect on the crack initiation time, did not seem to affect the
mechanism of fracture.
Possible effect of bulk α’-martensite content on the fracture mechanism in constant load tensile testing was also examined. The macroscopic appearance of the
fracture surface in the shear fracture region was more flat in the specimens with
higher α’-martensite content. In specimens with lower α’-martensite there was
noticeable necking and features indicating higher ductility, but the fracture surface in the triangular crack initiation region was similar transgranular quasicleavage type.

4.5.2

EBSD measurements

EBSD analyses were performed in the cracked areas of the Swift cups and the
constant load tensile test specimens. Results of EBSD analyses are presented in
Publication III, IV and VI. Because of the high degree of deformation in the cup
walls, the percentage of non-indexed points in the analysis was rather high. In
Fig. 31(a-b), EBSD phase maps of the cracked area in a Swift cup of 301 steel
at drawing ratio 2.0 are presented. Austenite phase is coloured with red and α’martensite with blue colour. The average bulk α’-martensite content in the examined area was about 60 %. In Fig. 32 an EBSD phase map around a crack in
a Swift cup of 204Cu steel at drawing ratio 1.8 is presented. The average bulk
α’-martensite content in the examined area was about 54 %. In Fig. 33(a-b)
EBSD phase maps along the crack path and in the crack tip area in a Swift cup
of 201(a) steel at drawing ratio 2.0 are presented. The average bulk α’-martensite
content in the examined area was about 33 %.
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a)
b)
Figure 31. EBSD phase maps along the crack path (a) and in the vicinity of the crack wake (b) in
a Swift cup of 301 steel at drawing ratio 2.0.

a)
b)
Figure 32. EBSD phase map along the crack path (a) and around the crack tip (b) in a Swift cup
of 204Cu steel at drawing ratio 1.8.

a)
b)
Figure 33. EBSD phase map along the crack path (a) and in the crack tip area (b) in a Swift cup
of 201(a) at drawing ratio 2.0.

According to EBSD investigation, the microstructure in the close vicinity of the
cracks and ahead of the crack tips consisted predominantly of α’-martensite in
each material, irrespective of the bulk α’-martensite volume fraction. This indicates that localized transformation of austenite to α’-martensite occurs ahead of
the crack as a response to intense plastic strain, and the crack propagates along
α’-martensite phase. Similar observations have been reported in hydrogen embrittlement studies of stainless steels (Narita et al., 1980; Lai et al., 2013) and
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also in investigations on the effect of hydrogen on fatigue crack growth in austenitic stainless steels (Kanezaki et al., 2008; Chen et al., 2014).

4.6

Nanoindentation

Mechanical properties of austenite and strain-induced α’-martensite in 304, 301,
301LN, 201(b) and 204Cu steels were determined by nanoindentation. Results
of nanoindentation experiments for some of the materials are presented in Publication IV. An optical micrograph of a nanoindentation matrix measured on
steel 304 is shown in Fig. 34(a). Martensite phase is shown as dark grey areas
and the light grey areas represent austenite. An EBSD phase map over the same
specimen area is presented in Fig. 34(b). Martensite phase is marked with blue
colour and austenite with red. An inverse pole figure map, indicating the grain
orientations, measured in the normal direction to the specimen surface is presented in Fig. 34(c).

a)

b)

c)
Figure 34. (a) An optical micrograph of a nanoindentation matrix measured on stainless steel
304, (b) an EBSD phase map over the same specimen area and (c) an inverse pole figure map.

Typical load-displacement curves for austenite and α’-martensite phases in 304
and 301 steels are illustrated in Fig. 35(a-b). At the applied maximum force of
1.5 mN, the maximum indentation depth varied between approximately 88 and
100 nm in martensite and between 102-116 nm in austenite. The indentation
hardness of the studied material is calculated as the maximum load divided by
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the projected contact area of the indent. Indentation modulus presents the elastic
modulus of the material that is calculated from the slope of the unloading curve.

a)

b)
Figure 35. Typical load-displacement graphs measured from austenite and α’-martensite in (a)
304 and (b) 301.

The results of nanoindentation measurements, i.e. the average values of the successful and representative indentations on both phases, for each test material are
presented in Table 8. The indentation hardness of the α’-martensite phase is
highest in grades 301, 201(b) and 204Cu and lowest in grade 304. Hardness of
martensite in steels is generally controlled by the interstitial elements carbon and
nitrogen. In the test materials, carbon content is highest in 301, which also has
the highest hardness of both the phases. Nitrogen alloying in steels results in
interstitial solid solution strengthening and grain refinement, both of which increase hardness. Nitrogen is a more effective solid-solution strengthener than
carbon and also enhances grain size (Hall-Petch) strengthening. Nitrogen content
is highest in grade 201(b), which has high indentation hardness in both phases,
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the highest yield strength and smallest grain size among the test materials. Nitrogen content is lowest in grade 304, which has the lowest hardness values and
the lowest yield strength. Nitrogen content also contributes to the hardness of α’martensite in 301LN, which has the lowest carbon content.

Table 8. Measured indentation hardness and modulus of α’-martensite and austenite phases.
304
301LN
301
201(b)
204Cu
HIT α’ (GPa) 7.04 ± 0.59
7.46 ± 0.42
8.27 ± 0.54
8.11 ± 0.77
7.86 ± 0.73
HIT γ (GPa)
5.56 ± 0.44
5.64 ± 0.34
5.80 ± 0.66
5.73 ± 0.78
5.56 ± 0.51
EIT α’ (GPa) 224.6 ± 17.3 230.6 ± 17.8 235.7 ± 14.4 220.6 ± 19.3 231.1 ± 16.8
EIT γ (GPa)
218.7 ± 18.2 224.5 ± 19.1 223.6 ± 18.8 213.1 ± 29.5 214.6 ± 17.4

The indentation hardness of the austenite phase is almost similar in 304, 301LN
and 204Cu and higher in 301 and 201(b). The indentation hardness of the fully
austenitic base material in as-supplied state was between 4.85-5.30 GPa for all
the test materials. The measured indentation modulus values for α’-martensite
and austenite phases are quite similar in all the test materials. In each stainless
steel grade the indentation modulus of austenite is lower than that of α’-martensite. Indentation modulus values of metallic materials are often higher than tensile-test elastic modulus values. This difference can be attributed to indentation
pile-up (meaning the formation of a “crater” around the contact impression, affecting the determination of the contact area), indent size effect and elastic recovery (Sargent et al., 1981). The displacement recovery during unloading may
not be entirely elastic, but can also include a plasticity effect due to internal
stresses in the material (Shuman et al., 2007).
The variation in the measured indentation hardness and modulus data is presented in Table 8 as standard deviation. Variation is highest in material 201(b).
Histograms representing the distribution of measured data for 301 and 204Cu,
as an example, are shown in Fig. 36 (a-b). The indentation hardness values below
6900 MPa for 301 and below 6600 MPa for 204Cu represent data measured from
the austenite phase and hardness values above 7900 MPa for 301 and above 7300
MPa for 204Cu represent data from the α’-martensite phase.
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a)

b)
Figure 36. Distribution of the measured indentation hardness values in 301 (a) and 204Cu (b).

Dependence of indentation hardness and modulus on grain orientation causes
variation in the measured phase properties. The orientation dependence of measured indentation properties was studied by performing EBSD analysis of the indented areas in 304 and 201(b). According to the analysis, in both materials the
highest values of indentation hardness and modulus of α’-martensite corresponded to the [111] direction and the lowest values to the [001] direction. This
is in agreement with previous results (Hausild et al., 2014; Stinville et al., 2011).

4.6 Constant load tensile testing
Results of the constant load tensile tests are presented in Publication III. Effect
of applied stress level and α’-martensite content on time to fracture for stainless
steel 204Cu is shown in Fig. 37. It is seen that at high (0.975) applied stress ratio,
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i.e. the ratio of applied stress to the notched tensile strength, α’-martensite content has very little effect on time to fracture. When the applied stress level is
lower the effect of α’-martensite content increases. The lower the stress level and
the α’-martensite content, the longer the time to fracture. Data points marked
with arrows indicate that no cracking occurred during that time. Fracture was not
observed in any of the test specimens after 200 hours. The results demonstrate
the role of strain-induced α’-martensite as a medium for hydrogen transport. At
the highest applied stress levels cracking occurred even at or below 30% α’martensite, but the limiting content of α’-martensite, below which no cracking
was detected, increased as the stress level was lowered.

Figure 37. Time to fracture as a function of α’-martensite content of 204Cu steel at several
applied stress ratios.

Effect of hydrogen content on time to fracture was also studied by constant load
tests. The results of these tests are presented in Fig. 38(a-d). The hydrogen content in these graphs is according to the hot extraction analysis. Time to fracture
depends on the hydrogen content in a power law manner. The lower is the hydrogen content the longer is the time necessary for accumulating a sufficient
amount of hydrogen at a crack initiation site. Even at the highest applied stress
ratio (0.975) hydrogen content had a marked effect on time to fracture, although
α’-martensite content did not. Reduction of the hydrogen content is apparently
an efficient way to suppress the kinetics of delayed cracking.
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a)

b)

c)
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d)
Figure 38. Time to fracture as a function of hydrogen content of 204Cu steel at several applied
stress ratios.

Delayed cracking susceptibility of stainless steel 204Cu, according to the results
of the constant load tensile tests, as a combination of stress level and α’martensite content leading to delayed fracture for the as supplied state and annealed (400°C/3 h) state is presented in Publication III. Lowering the hydrogen
content by annealing significantly reduces the susceptibility to delayed cracking,
as the critical range for cracking is moved to much higher stress levels and also
to higher α’-martensite content. According to these results, delayed cracking
does not occur in 204Cu steel at stress ratio 0.84 or lower after annealing at
400°C for 3 hours.
EBSD results measured in the fractured areas of constant load test specimens are
presented in Publication III. Similarly to the EBSD results of fractures in the
Swift cups, the microstructure in the close vicinity of the fracture surfaces consisted predominantly of α’-martensite.
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Metastable austenitic stainless steels, in which austenite is partly transformed to
martensite under plastic strain, possess an excellent combination of strength and
elongation, as formation of strain-induced α’-martensite increases work hardening of the material. Generally, however, high strength means increased susceptibility to hydrogen embrittlement, and α’-martensite phase is more sensitive to
the effect of hydrogen than austenite. In this study, the presence of α’-martensite
was shown to be a necessary prerequisite for delayed cracking to occur in asproduced low-nickel austenitic stainless steels with typical internal hydrogen
concentrations (< 5.5 wppm). No delayed cracking was observed in the stable
low-nickel stainless steel 201Cu. The studied metastable low-Ni grades showed
more severe cracking at lower degree of deformation and lower volume fraction
of α’-martensite than that of the metastable 300-series grades. The limiting drawing ratio for delayed cracking in Swift cup testing decreased with the nickel content of the stainless steels. In the studied metastable low-Ni grades 204Cu,
201(b) and 201(a) delayed cracking occurred when α’-martensite content exceeded about 30 vol% and the severity of cracking increased strongly with the
degree of deformation. Stainless steel 204Cu with very low (1%) nickel content
was the weakest material with respect to delayed cracking and its resistance to
crack propagation was very low, particularly above 45 vol% α’-martensite. For
the 300-series metastable austenitic stainless steels the limiting α’-martensite
content for delayed cracking was much higher, 55-60 vol% for 301 and 70 vol%
for 301LN. Stainless steel 304 with the highest Ni content did not suffer of delayed cracking even at the highest studied drawing ratio (2.12) in Swift cup testing, although the maximum α’-martensite content in the cups was almost 50 %.
Volume fraction of α’-martensite in the studied materials was measured with
magnetic induction method (Ferritescope). In another study within the same research project, α’-martensite phase fractions of the same test materials in unstressed state after pre-straining to certain levels was determined by three methods: Ferritescope, EBSD analysis and quatitative optical metallography (image
analysis), and a good correlation between all the methods was found (Oikari,
2010). Ferritescope measurement was therefore considered to be a reliable
method. In the determination of α’-martensite content of the Swift cups, the Vil-
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lari effect, i.e. the dependency of magnetic permeability and thus the Ferritescope reading on prevailing stress, was taken into account by experimentally
defined correction factors for each material. These correction factors, determined with tensile tests, were also confirmed by the measurements of α’-martensite content from uncracked and cracked Swift cups. Residual stress state in
the cups had a marked effect on the measured Ferritescope readings. If the Villari
effect was not taken into account, it would lead to large (up to 35 %) underestimation of the true α’-martensite content in the Swift cups.
The analysis depth of Ferritescope is on the order of a few millimetres, so that it
gave an average through-thickness value of the ferromagnetic phase content in
the walls of the studied Swift cups. According to simulation of deep drawing
process of metastable austenitic stainless steel (Gallée et al., 2010), there exists
a gradient in the volume fraction of α’-martensite between the outer and inner
surfaces of the cup. The volume fraction of α’-martensite is higher in the outer
surface, and the through-thickness gradient is higher at the middle sections of
the cup, in comparison to section close to the upper edge of the cup.
High residual stresses existed in the deep-drawn Swift cups. With FEM simulations it has been shown that residual stresses introduced to a deep drawn cup are
mainly caused by the unbending of the material when it leaves the draw die profile (Danckert, 1995; Fereshteh-Saniee et al., 2003). Tensile residual stress in the
studied Swift cups reached a maximum value at about 50-60% of cup height,
which is in agreement with previous results (Berrahmoune et al., 2006 A).
Strain-induced martensitic transformation substantially increased the magnitude
of residual stresses in deep-drawn cups. Macroscopic hoop residual stresses were
several hundred MPa lower in the Swift cups of stable stainless steel 201Cu in
comparison to the cups of metastable austenitic stainless steels 201(a) and 201(b)
at a constant drawing ratio. According to the two residual stress measurement
methods used, the magnitude of residual stresses was highest in 204Cu, 201(b)
and 301, in comparison to the other test materials at a constant drawing ratio.
High residual stresses, particularly in the α’-martensite phase, are evidently one
explanatory factor for the high susceptibility of these metastable low-Ni stainless
steels to delayed cracking. Although the limiting drawing ratios for delayed
cracking were different in each material, the limiting level of tangential residual
stress not causing delayed cracking was similar in 201(b), 301 and 301LN steels,
according to both the X-ray diffraction and ring slitting methods. In contrast,
grade 204Cu suffered from delayed cracking already at considerably lower residual stress levels.
In each studied material, the macroscopic hoop residual stress measured by the
ring slitting method was between the XRD phase stresses of austenite and α’73
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martensite at the same height of the cup. The results obtained with the two methods are in good agreement with each other. A major difference between the two
applied methods is that with XRD the stress is measured from the outer surface
layer and in ring slitting the result is an average stress through the cup wall thickness. The ring opening characterizes springback caused by non-uniform residual
stresses through the thickness of the material that create a bending moment. According to former experimental measurements and FEM simulation about the
through thickness variation of the residual stresses, tensile residual stress is the
highest at the outer surface of the cups, where the XRD measurements were performed (Gnaeupel-Herold et al., 2004; Hong et al., 2013 A). Residual stresses at
the inner surface of the cup are compressive. According to the results measured
with both methods, tangential residual stresses reach a maximum at about middle
height of the Swift cups. This indicates that the difference between the tensile
residual stresses at the outer surface and the compressive stresses at the inner
surface is highest at the middle part of the cup.
Near the upper edge of the cups, tangential residual stress values measured with
X-ray diffraction were relatively low in comparison to the macroscopic tangential stress values measured by the slitting method. Close to the edge the linearity
of the d-sin2Ψ plots in XRD results was not as good as in other parts of the cups,
which may have caused inaccuracy in the calculated stress values near the edge.
In anisotropic materials having a strong deformation texture and high density of
lattice defects, the measured diffraction peaks show relatively low intensity and
broadening, which makes exact peak positioning difficult affecting the precision
of the residual stress calculation (Kapoor et al., 2002; Luo et al., 2010).
Strain-induced α’-martensite has an important role in the delayed cracking mechanism, as it provides a fast diffusion path for hydrogen. α’-martensite with high
hardness, dislocation density and internal stresses is inherently more susceptible
to embrittling effect of hydrogen than austenite. Alloying elements of the stainless steels influence the sensitivity to delayed cracking through their effect on
the austenite stability and the mechanical properties of the material. According
to nanoindentation measurements the indentation hardness of α’-martensite was
highest in 301 and 201(b). Stainless steel 301 had the highest carbon content
among the test materials and 201(b) the highest nitrogen content. Hardness of
the phases, particularly of α’-martensite, correlated with the level of residual
stresses in the materials and their susceptibility to delayed cracking. Stainless
steel 304, which was not susceptible to delayed cracking, had the lowest indentation hardness and relatively low residual stresses.
Austenite stability against strain-induced martensitic transformation has been
shown to be a necessary but not a sufficient criterion for hydrogen embrittlement

74

Discussion

(Michler et al., 2010). It has been recently indicated, that strain hardening increases the susceptibility of austenitic stainless steels to hydrogen embrittlement
mainly by creating a microstructure with a “critical” number of dislocations
(Michler et al., 2015). According to tensile tests performed in hydrogen gas atmosphere, the effect of strain-induced α’-martensite on the relative reduction of
area seemed to be smaller compared to the effect of dislocation substructure.
The interaction of hydrogen with dislocations in the course of deformation has
been suggested to be mainly responsible for the macroscopic embrittlement of
austenitic steels (Weber et al., 2011). Hydrogen trapped and transported by dislocations increases the generation rate and velocity of dislocations, reduces the
repulsion between dislocations and enhances the localization of deformation, so
the dislocation configuration is likely to play an important role in hydrogen embrittlement processes (Michler et al., 2015).
From the measured X-ray diffraction data, useful information can be attained by
observing the width of the diffraction peaks. Full width at half maximum
(FWHM) is an indication of plastic strain and dislocation density in the material.
FWHM of the diffraction peaks measured from the austenite phase increased
continuously as a function of cup wall height. Instead, FWHM values measured
from the α’-martensite phase were higher, showed a more shallow gradient, and
reached a maximum at about 60% of cup height. According to a former X-ray
diffraction examination and dislocation density analysis of metastable austenitic
stainless steels under tensile straining (Talonen, 2007), the dislocation density of
austenite phase increases with increasing plastic strain and volume fraction of
α’-martensite, whereas the dislocation density of the α’-martensite phase remains relatively constant. The dislocation density is significantly higher in the
α’-martensite phase than in the austenite phase, and plastic deformation occurs
mainly in the austenite phase.
The hydrogen content in the studied stainless steels in as-supplied state varied
from 1.2 to 5.3 wppm. The measured values of hydrogen content were different
depending on the analysis method, melt extraction in which the sample was
heated up to melting point giving the largest values. The difference in the measured values between the methods may also be a matter of equipment calibration.
The variation in the results was considerably higher for the melt extraction
method than for the other two methods. This may be explained by the smaller
specimen size in melt extraction analysis. The order between the grades was,
however, similar with all used methods: the low-nickel Mn-alloyed grades had
considerably higher hydrogen contents than 301, 301LN and 304. It has been
reported previously, that increasing Mn alloying in steels increases hydrogen
solubility in austenite (San Marchi et al., 2007; Ismer et al., 2010; Lob et al.,
2011; Todoschenko et al., 2012) and this may explain their higher susceptibility
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to hydrogen embrittlement phenomena. Indication of this was also found in the
TDS measuremens, as reported in Publication V. Hydrogen content was the
highest in 204Cu and 201(b) steels and standard deviation of the results was also
highest in these two grades. This probably indicates that hydrogen distribution
is more inhomogeneous in these grades. In metallographical examination of the
test materials it was noticed that especially in grade 201(b) there were separate
areas highly concentrated of oxide, nitride and sulfide inclusions (Publication V;
Pulkkinen, 2011). Inclusions may act as hydrogen traps.
It was evident that a few wppm of residual hydrogen present in stainless steels
in as-supplied state was sufficient to cause delayed cracking. Generally this
trapped “nondiffusible” hydrogen has been ignored as being a cause for hydrogen embrittlement phenomena, and a majority of former studies have concentrated on the effects of diffusible hydrogen introduced into the material by hydrogen charging. In the case of fatigue loading, the typical 2-3 wppm of nondiffusible hydrogen present in austenitic stainless steels has been shown to increase
fatigue crack growth rates, when the loading frequency is small enough to allow
sufficient time for the residual hydrogen to concentrate toward the crack tip (Murakami et al., 2008). Reducing the level of nondiffusible hydrogen present in
austenitic stainless steels by special heat treatments (in 300-450°C) has been
shown to decrease fatigue crack growth rates in fatigue tests and to eliminate
delayed cracking in deep drawn cups (Sumitomo, 1987; Murakami et al., 2008).
In the studied case, as a result of forming, strain-induced martensitic transformation causes redistribution of hydrogen in the material and the presence of α’martensite enhances hydrogen diffusivity. Therefore, after forming the internal
hydrogen is not entirely nondiffusible.
Annealing of the stainless steels in 300-400°C for 3-24 hours reduced their hydrogen content by 1-3 wppm and markedly lowered the risk of delayed fracture.
Volume fraction of strain-induced α’-martensite produced during forming
slightly decreased with hydrogen content. Hydrogen has been reported to affect
the SFE and stability of austenite (Ferreira et al., 1996; Michler at al., 2009).
Residual stresses were also lower in cups drawn from annealed materials. Even
small reductions in internal hydrogen content lowered the susceptibility for delayed fracture by increasing the limiting levels of residual stress and α’martensite sustained without fracture (Fig. 39). Resistance to crack propagation
was also improved by low hydrogen content. With lower hydrogen content, limiting α’-martensite content was less dependent on stress. The reduction of the
hydrogen content of metastable stainless steels seems to be an effective way of
decreasing their susceptibility to delayed cracking.
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CRACKING

Figure 39. Limiting combinations of residual stress and α’-martensite for delayed cracking in
204Cu Swift cups in as-supplied and annealed conditions. In the left side of the curves there
was no delayed cracking observed.

Strain-induced α’-martensite has an important role in delayed cracking kinetics,
as it provides a diffusion path for hydrogen and affects the crack initiation time
and crack growth rate. Cracking initiation times in the Swift cups, especially in
as-supplied condition, were the shortest in stainless steel 204Cu. This may be
explained by the high volume fraction of α’-martensite combined with high hydrogen content and residual stresses in the cups of 204Cu, all of which facilitate
the accumulation of a critical hydrogen content at a local stress concentration
site. At a constant drawing ratio, the growth rate of cracks was highest in 204Cu
in comparison to 201(b) and 301.
According to fractography, the fracture mechanism was essentially similar,
mainly transgranular quasi-cleavage, in all the test materials and with all studied
α’-martensite volume fractions and hydrogen contents. According to EBSD
analyses, microstructure along the crack wakes and ahead of the crack tip was
predominantly α’-martensite and cracks mainly propagated through α’martensite phase. This observation proves the important role of α’-martensite in
delayed cracking of metastable austenitic stainless steels. Localized transformation of austenite to α’-martensite occurs ahead of the crack as a response to
intense plastic strain and the presence of hydrogen causes embrittlement of the
martensitic structure. Hydrogen accumulates at the crack tip area under the influence of hydrostatic stress that dilates the lattice. Additionally, the intense plastic straining at the crack tip area results in martensitic transformation and high
dislocation density, which enhances hydrogen entry and trapping in the region
(Lufrano et al., 1998). Increase in the amount of dissolved hydrogen decreases
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the stacking fault energy of austenite and in turn increases the volume fraction
of strain-induced α’-martensite (Sumitomo et al., 1987; Ferreira et al., 1996). It
has been suggested that the embrittlement of unstable stainless steels may be
autocatalytic – martensite enhances hydrogen entry and cracking, which in turn
aids martensite formation (Eliezer et al., 1979).
Crack initiation and propagation requires accumulation of a critical concentration of hydrogen at local sites. Hydrogen diffuses to highly stressed areas under
the influence of hydrostatic stresses and trapping phenomena. When a critical
hydrogen concentration is reached locally, fracture occurs at the weakest element
of the microstructure. Crack propagation is due to multiple reoccurrence of this
process, consisting of a sequence of incubation periods, followed by a restricted
advance of the crack (Kovalev et al., 2002). Thus, the requirement of hydrogen
accumulation by diffusion leads to stepwise crack growth.
High density of small, shallow dimples and facet-like features in the fracture
surfaces are an indication of localized deformation, according to the HELP
mechanism (Tiwari et al., 2000; San Marchi et al., 2008; Hatano et al., 2014).
Low nickel content promotes the localization of deformation in austenitic stainless steels, which increases the susceptibility to hydrogen-assisted fracture.
Cracking along α’-martensite may also be a hydrogen induced decohesion related mechanism, and in internal hydrogen embrittlement the two mechanisms,
HELP and HEDE, act in cooperative manner (Koyama et al., 2014). The different mechanisms are often interrelated. Hydrogen assisted fracture of a martensitic steel has recently been concluded to follow “a hydrogen-enhanced and plasticity mediated decohesion mechanism” (Nagao et al., 2012)
Determining the deformation processes that had preceded fracture, as well as the
origin of the features on the fracture surface cannot be made simply based on the
morphological features. Furthermore, some of the fracture surface features may
not be related to the hydrogen embrittlement mechanism, but arise during the
stages of final separation. Observations beneath hydrogen embrittlement fracture
surfaces, by using focused-ion beam machining and transmission electron microscopy, have revealed intense slip bands and significant plasticity in close vicinity of the fracture surfaces (Nagao et al., 2012).
Swift cup tests provide a simple way to compare the performance of different
materials. However, exactly the same stress state is not usually reproducible in
repeated cup tests. Thus, a constant load tensile testing arrangement was set up
for making systematic experiments about the role of stress level, α’-martensite
content and hydrogen content on delayed cracking susceptibility and kinetics.
Time to fracture in stainless steel 204Cu, studied by constant load tensile tests,
depended on applied stress level, α’-martensite content and hydrogen content,
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being the longer the lower those are. At high applied stress levels, α’-martensite
content had very little effect on time to fracture, but hydrogen content had a
marked effect. Hydrogen content seemed to have the strongest effect on cracking
initiation time at all tested stress levels. This supports the view that delayed
cracking requires accumulation of a critical hydrogen concentration to sites of
high triaxial stress (Wang et al., 2006; Kim et al.,2009; Akiyama et al., 2011).
At lower stress levels α’-martensite content had a clear effect on the cracking
initiation time, as the martensite phase offers the path for fast hydrogen diffusion. Limiting α’-martensite content of 204Cu steel for delayed cracking was
quite similar, about 30-35 %, with both approaches, Swift cup testing and constant load tensile tests. This limiting value is consistent with the theoretical percolation threshold of α’-martensite, 0.312, in a three-dimensional cubic lattice
(Talonen, 2007; Stauffer et al., 1994). Above the percolation threshold α’-martensite forms percolating clusters and provides a continuous diffusion path for
hydrogen.
Constant load tests were only performed for the steel 204Cu. Delayed fracture
did not take place in constant load tensile testing trials for 201(b) or 301 in the
set time limit of 400 hours even at high stress levels. This was because the maximum α’-martensite volume fraction attainable in uniaxial pre-straining of the
test specimens was lower than the limiting value for delayed cracking in 201(b)
and 301.
Internal hydrogen seems to be the primary cause of delayed cracking in the studied metastable austenitic stainless steels, and cracking is preceded by hydrogen
accumulation by diffusion. Strain-induced α’-martensite also has an important
role, as it provides a diffusion path for hydrogen, and markedly increases the
residual stress state of a formed material. The presence of hydrogen causes embrittlement of the martensitic structure. Cracking susceptibility is not directly a
function the volume fraction of α’-martensite, but depends additionally on the
mechanical properties of the phases. Delayed cracking in low-nickel austenitic
stainless steels could be avoided by designing the alloy to be stable against martensitic transformation, but that would mean considerably lower strength levels.
Alternatively, the susceptibility of metastable austenitic stainless steels to delayed cracking can be substantially decreased by reducing the internal hydrogen
content.
In possible further studies, it would be very interesting to combine the presented
experimental results with modelling of hydrogen diffusion and delayed cracking
behavior in these materials. More detailed examination on the effect of specific
alloying elements on hydrogen solubility, diffusibility and delayed cracking susceptibility is suggested as well. Deeper analysis of hydrogen trapping sites in
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each test material could be done using thermal desorption spectroscopy. Analysis of the binding energies and microstructural nature of the TDS peaks was not
in the scope of this study.
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6. Conclusions

Based on the results of this research, the following conclusions can be drawn:
- Internal hydrogen contained in as-supplied low-nickel austenitic stainless steels
is sufficient to cause delayed cracking, if high enough amount of α’-martensite
and high residual stresses are present.
- The presence of strain-induced α’-martensite is a necessary prerequisite for
delayed cracking. Delayed cracking did not occur in stable austenitic stainless
steel 201Cu, and not below 30% α’-martensite content in metastable grades
201(a), 201(b) and 204Cu. At lower volume fractions the α’-martensite phase
apparently does not form a continuous network to allow fast hydrogen diffusion
to potential cracking sites.
- Strain-induced martensitic transformation substantially increases the magnitude of residual stresses in a formed material. Residual stress is higher in α’martensite than in austenite. High residual stresses increase the susceptibility to
delayed cracking.
- Chemical composition of stainless steels influences their susceptibility to delayed cracking through its effects on austenite stability and mechanical properties of the phases. Hardness of the phases, α’-martensite in particular, correlates
with residual stress level and delayed cracking susceptibility.
- Crack initiation time and crack growth rate in Swift cups depend on α’-martensite volume fraction and hydrogen content, as they both affect the rate of accumulation of hydrogen in the crack tip region.
- Time to fracture in the constant load tensile tests depends on applied stress
level, α’-martensite content and hydrogen content. At high applied stress levels,
α’-martensite content has only a minor effect on time to fracture, but hydrogen
content has a marked effect. Delayed cracking requires accumulation of hydrogen at highly stressed areas.
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- Cracking mainly propagates through α’-martensite phase, because local martensitic transformation occurs ahead of the crack tip. Volume fraction of α’-martensite in the surrounding material affects cracking kinetics.
- In the studied low-Ni high-Mn austenitic stainless steels the internal hydrogen
content in as-supplied state was considerably higher than in the studied Fe-CrNi grades. High hydrogen content, combined with high hardness of α’-martensite and high level of residual stresses after forming, explain the increased susceptibility of the metastable low-Ni grades to delayed cracking.
- Lowering the internal hydrogen content of the stainless steels by heat treatment
at 300-400°C can effectively reduce the risk of delayed cracking. At lower hydrogen content a higher stress is required to initiate cracking.
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