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Abstract

In-situ tensile testing of electrochemically hydrogen charged 304L stainless steel at different
crosshead displacement rates results in a largely different elongation at fracture compared to
the corresponding test in air. At slow engineering strain rates (below 1E-2 s1), large ductility
losses are observed and the alloy suffers from clear hydrogen embrittlement (HE). The HE
increases with decreasing strain rate due to the increased time that is given for hydrogen to
diffuse and accumulate. However, at higher engineering strain rates (above 1E-2 s?), the
ductility increases with hydrogen charging. Due to intense martensitic transformations
triggered by a combined temperature and hydrogen effect, the strain hardening of the alloy
improves and necking is postponed. The temperature effect is restricted by reference testing
in solution showing that HE still prevails. The enhanced martensitic transformations with
hydrogen open opportunities for the creation of hydrogen resistant materials where the
balance between HE and enhanced martensitic transformations can be optimized for the
required application. Furthermore, tensile pre-straining results in an increased HE

susceptibility due to the presence of stress concentrations and a’-martensite.
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1. Introduction

Austenitic stainless steels (ASS) are second generation advanced high strength steels. They
combine a high ultimate tensile strength with a large elongation at fracture. Due to the
alloying with chromium and nickel, stainless steels exhibit excellent corrosion resistance as
well. AISI 304 ASS is one of the most frequently used alloys containing approximately 18% of
chromium and 8% of nickel [1]. It is a major food processing material because of its high
corrosion resistance and easy formability [2]. Moreover, AISI 304 ASS is used in construction
and automotive industry. A big advantage is its large energy absorption capacity as needed in
case of a crash [3].

Despite a relatively low yield strength, AISI 304 ASS shows a lot of strain hardening reaching
high ultimate tensile strengths. The high formability while maintaining a high strength is a
result of the transformation induced plasticity (TRIP) effect, i.e. the metastable austenite (y)
transforms to epsilon (€) martensite and/or alpha prime (a’) martensite under the application
of strain [4, 5]. e-martensite nucleates due to the overlap of stacking faults on every second
{111} plane. Strain-induced a’-martensite is stated to nucleate at various possible locations.
These include shear band intersections, isolated shear bands, shear band/grain boundary
intersections and grain boundary triple junctions [6]. Kaoumi et al. [7] used in-situ TEM
observation to study the deformation induced martensite transformation in AISI 304 ASS and
confirmed the possibility of three different transformation routes, i.e. y=>¢, y>&—=>a’ and
y—>a’. Regarding the latter transformation route, these authors found that the interface

migrated upon pulling of the specimen and stopped when the stage was at rest. The



transformation was thus a direct result of the applied strain. At room temperature, the
transformation to a’-martensite dominates for 304L ASS [8].

The applied strain rate during tensile testing has been stated to influence the strain-induced
martensitic transformations. According to Olson and Cohen [9], the martensite content
decreases with decreasing strain rate as less of the previously mentioned nucleation sites are
formed. Buckley et al. [10] indicated that the martensite fraction did not vary significantly for
strain rates ranging from 2x10° to 2x103 s*. The inherent strain rate sensitivity of 304 ASS
was thus found to be limited [11]. However, plastic deformation gives rise to adiabatic heating,
which is much more pronounced at fast strain rates due to the limited time for the heat to
dissipate into the surroundings. As a result, the amount of martensite and therefore also the

strength and ductility, is usually reduced at high strain rates [12].

During production and in many of its applications, 304L ASS comes into contact with hydrogen.
This can lead to hydrogen embrittlement (HE), i.e. a deterioration of the mechanical properties
and structural integrity due to the presence of hydrogen in the microstructure [13].
Established hydrogen embrittlement mechanisms such as hydrogen-enhanced localized
plasticity (HELP) [14], hydrogen-enhanced decohesion (HEDE) [15] and hydrogen-enhanced
strain-induced vacancy formation (HESIV) [16] apply to face centered cubic (FCC) steels as
well, despite the hydrogen diffusivity being relatively low compared to body centered cubic
(BCC) steels.

Brass et al. [17] investigated the influence of the applied strain rate on the hydrogen
embrittlement of cathodically precharged 304L ASS. The authors illustrated clearly that the
susceptibility to hydrogen decreased with increasing strain rate. Buckley et al. [10] also found
an increase in HE with decreasing strain rate for 304L ASS until a maximum was reached and

the HE decreased again with decreasing strain rate. As the authors performed ex-situ tensile
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tests with precharged hydrogen, a lot of hydrogen desorbed from the specimen at the low
strain rates explaining the drop in HE sensitivity. Pan et al. [18] also confirmed the increasing
HE sensitivity with increasing strain rate and determined a logarithmic equation for the strain
rate dependency for 304L austenitic stainless steel: %HE (based on elongation) = -3.6 -
4.3*LN(strain rate).

Metastable austenitic stainless steels were found to be more prone to HE than stable
austenitic stainless steels, although austenite stability was stated not to be a sufficient
criterion for the HE susceptibility of austenitic steels [19]. Briant [20] reported that the most
detrimental effect on the HE susceptibility of AISI 304 ASS was the formation of strain-induced
o’-martensite upon deformation, especially when it was formed along grain boundaries. Han
et al. [21] similarly reported that HE occurred due to strain-induced a’-martensite presence
along grain boundaries in sensitized austenitic stainless steels. For cathodically hydrogen
charged specimens, Wang et al. [22] showed that the HE sensitivity increased largely with
increasing pre-strain level. A direct relation with the a’-martensite fraction was found. 304L
ASS pre-strained at 50 and 80°C exhibited less HE due to the lower a’-martensite fraction after
pre-straining [23]. The HE sensitivity at 80°C of non pre-strained 304L ASS was also lower than
the HE during straining at 25°C due to suppressed formation of a’-martensite [24]. Hydrogen-
induced slow crack growth did even not occur when 304 ASS was tensile tested in gaseous
hydrogen atmosphere above the Mg-temperature, i.e. the temperature above which no strain-
induced martensitic transformations take place [25]. Perng et al. [26] observed a high crack
growth rate in 301 ASS due to the presence of a’-martensite at the crack tip. Martin et al. [27]
observed that machining-induced a’-martensite at the surface of 304 ASS was detrimental for
its HE resistivity. In all of the above cases, the reason for the observed increased HE sensitivity

with increasing a’-martensite fraction is the large difference in hydrogen solubility and



diffusivity compared to the parent austenite phase [28]. Buckley et al. [10] observed, however,
that pre-straining reduced the HE sensitivity and was independent of the amount of strain-
induced a’-martensite. The produced dislocation substructures were thought to be
responsible for the observed decreasing trend with pre-strain level. Zhang et al. [29] stated
that prior strain-induced o’-martensite has little relation with HE while dynamic a’-martensite
formed during a tensile test increased the HE sensitivity since dynamic a’-martensite is
supersaturated with hydrogen upon transformation. Zhou et al. [30] stated that the type of
embrittlement was important. HE increased with increasing pre-strain level for internal
hydrogen, while HE reached a maximum with increasing pre-stain level for external hydrogen.
The latter was explained by the reduction in dislocation main free path limiting the possible
hydrogen transport distance during the tensile test following pre-straining.

Hydrogen itself is also stated to influence the operative deformation mechanisms. In-situ
observations with TEM showed that hydrogen reduced the elastic interactions between
obstacles and perfect or partial dislocations under constant load and therefore enhanced the
dislocation mobility [31]. Most literature agrees that hydrogen increases slip planarity in
austenitic steels since it reduces the stacking fault energy (SFE) and has a pinning effect on
edge dislocations preventing them from cross-slipping [32, 33]. The influence of hydrogen on
the martensitic transformations taking place is, however, more under debate. Several authors
mention a decrease in a’-martensite fraction under the presence of hydrogen during plastic
straining of 304 ASS and austenitic steels in general [34, 35, 36, 37]. Others revealed that
hydrogen did not influence the martensite fraction [10]. In contradiction, an increase in o’-
martensite fraction when hydrogen was present in the microstructure during straining has

also been reported for austenitic stainless steels [38, 39].



Consequently, the interaction between hydrogen and deformation-induced martensite in
304L ASS is still under debate. The role of pre-existing a’-martensite on HE of 304L ASS will be
evaluated in the presence of high hydrogen concentrations after cathodic hydrogen charging
to validate the mentioned literature observations in the present work. Moreover, an in-depth
study of the influence of hydrogen on the strain-induced martensitic transformation will be
performed through electron backscatter diffraction (EBSD), which has rarely been applied in
the mentioned state-of-the-art literature works and can identify both €- and o’-martensite
[40, 41]. Finally, different constant crosshead displacement rates will be applied. This will
allow to evaluate the influence of hydrogen diffusion on HE of 304L ASS and to analyze the
influence of strain rate on martensitic transformation (adiabatic heating effect) in the
presence of hydrogen.
2. Material and methods

An AISI 304L ASS plate was used with a thickness of 0.9 mm. The steel had a reduced carbon
content (denoted by L). The composition of the steel as provided by the manufacturer can be
found in Table 1. Two different material conditions were studied in the present work. The first
condition was the as-received 304L ASS. For the second condition, the as-received steel was
pre-strained to an elongation of 30% in air in a tensile bench at a constant engineering strain
rate of 1E-3 s’. Plates (140x40x0.9 mm3) were used for this purpose. The elongation was
determined based on the crosshead displacement and hence does not represent the true
plastic strain.

Table 1: Chemical composition of AISI 304L ASS

Wt% C Cr Ni Mo Mn Si Other
UNS Cu 0.33, P 0.031,
$32205 0.025 | 18.05 | 8.05 0.32 1.81 1.54 C00.151, N 0.07




Microstructural characterisation was performed with scanning electron microscopy (SEM, FEl
Quanta 450 FEG) equipped with electron backscatter diffraction (EBSD). The SEM was
operated with an accelerating voltage of 20 kV and a spot size of 5 nm. For EBSD, a tilt angle
of 70° and a step size of 0.1 um on a hexagonal grid were used. X-ray diffraction (XRD) was
used to determine the martensite phase fractions. The XRD device was operated with a Mo
source at a voltage of 40 kV and a current of 40 mA. The angle 28 was scanned from 25° to
40° with a step size of 0.006° and 5 s holding time per step.

Hydrogen was introduced by electrochemical hydrogen charging at room temperature. A
constant current density of 0.8 mA/cm? was applied, which showed to be a reliable value in
previous research on duplex stainless steel since it did not provoke hydrogen-induced damage
[42]. The specimens were first machined from the plate material and then acted as cathode
where hydrogen evolution took place, while platinum foils at both sides of the specimens
acted as the anode. The used electrolyte consisted of a 0.5M H,SOa solution containing 1 g/I
thiourea added as a poison for the hydrogen recombination reaction. Charging was performed
for seven days. As hydrogen diffusion is very slow in austenite [28], only a small region at the
surface was charged with hydrogen within the applied charging time. However, an increased
surface hydrogen concentration is sufficient to cause hydrogen-assisted cracking (HAC) and
Enomoto et al. [43] stated that hydrogen absorption under cathodic charging and from a
gaseous environment are comparable.

The hydrogen content present in the steel after the charging procedure was measured with
melt extraction (Galileo G8 operated with an impulse furnace and a thermal conductivity
detector). The specimens had dimensions of 8x6x0.7 mm3. The surface was polished before
the start of the charging procedure. Thermal desorption spectroscopy (TDS) was performed

as well. The specimen geometry was circular with a diameter of 20 mm and a thickness of 0.3



mm. The thickness was reduced with respect to the melt and tensile specimens to enlarge the
fraction of material that was charged with hydrogen given that the inhomogeneous hydrogen
concentration profile determines the appearance of the desorption spectrum for low-
hydrogen diffusivity materials [44]. As such, the peak that represents diffusion through the
uncharged bulk of the specimen is less extended over a broad temperature range and thus
more clearly distinguishable from the background signal. For TDS, an infrared furnace was
used for gradual heating and a quadrupole mass spectrometer was used for simultaneous
hydrogen detection.

Evaluation of the mechanical properties with or without hydrogen was done by performing
tensile tests at different constant crosshead displacement rates. The tensile specimens had a
gauge length of 10 mm. All specimens had equal thicknesses of 0.7 + 0.01 mm after sample
preparation resulting in a rectangular cross-section of 4x0.7 mm?2. The length direction was
oriented along the rolling direction of the steel plate. Both material conditions were tested at
crosshead displacement rates of 19.8, 0.6 and 0.0198 mm/min which, when taking into
account the initial specimen dimensions corresponds to engineering strain rates of 3.3E-2,
1E-3 and 3.3E-5 s}, respectively. The tests without hydrogen were performed in air. For the
hydrogen condition, specimens were pre-charged for seven days and subsequently tested in-
situ, i.e. with continuous hydrogen charging during the test. Specimen handling in between
pre-charging and the tensile test in the environmental cell took about five minutes. The
amount of hydrogen that was lost during this time can be considered negligible compared to
what was added by the seven days pre-charging procedure. The specimens were polished to
a finish of 1 um before precharging and additionally polished with OP-U after the tensile test
for microstructural analysis. The tensile tests were performed until fracture or until a pre-

defined intermediate elongation.



SEM was used to study fracture surfaces and hydrogen-assisted cracking on the side surface,
which is why plane thin sample were preferred over round bars. Martensitic transformations
were characterized by EBSD. TSL-OIM Data analysis V7.3 software was used to analyze the
measurements. Points with a confidence index (Cl) below 0.1 were excluded from the
measurement, which was defined based on the Cl study by Field [45]. Based on the created

partitions, the martensite fractions were subsequently calculated.

3. Results and discussion

3.1 Material characterisation

A representative EBSD measurement of the as-received microstructure is shown in Figure 1
(a) and (b). The observed plane was the transverse direction (TD) —rolling direction (RD) plane.
The as-received 304L ASS was fully austenitic apart from some residual delta ferrite (< 1%).
The grains were equiaxed with an average grain size of 3.33 £ 1.77 um. Several annealing twins
were present. Figure 1 (c) and (d) show a representative EBSD measurement of the pre-
strained 304L ASS. The tensile straining direction was parallel to the rolling direction.
Deformation-induced a’-martensite was clearly formed, while no e-martensite was detected.
Deformation of 304L ASS at room temperature predominantly results in the direct y=>ao’
transformation in addition to dislocation-related processes [8]. The a’-martensite islands were
evenly dispersed through the material. Based on the area fraction, an average martensite

fraction of 5.6 % was determined with EBSD.
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Figure 1: EBSD characterisation (ND IPF map and phase map) of as-received AISI 304L ASS
in (a) and (b) and pre-strained AlSI 304L ASS in (c) and (d)

XRD measurements were additionally performed to verify the martensite volume fraction in
the pre-strained material. Figure 2 shows the XRD results for the as-received and pre-strained
304L ASS. The measurements showed the appearance of small peaks that could be linked to a
BCC phase in the pre-strained material which were completely absent in the as-received 304L
ASS. Moreover, a slight peak shift of the FCC peaks towards lower angles was observed for the
pre-strained 304L ASS. The latter can be explained by the residual stresses that appeared in

the austenite matrix after pre-straining due to the volume expansion of a’-martensite
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compared to austenite (1.5% to 3.5% according to calculations in [46]).The formula of Cullity
was used to determine the phase fraction of martensite in the pre-strained AISI 304L ASS. A

martensite fraction of 4.8 vol% was found, which is in close agreement with the value found

by EBSD.
12007 FCC 220 As-received
""""" Pre-strained
1000 -
. 800
=) FCC 311
S,
> 600+
‘0
c
]
£ 400 -
200 4 BCC 200 j BCC 211
0 T T T T T “f ““T”/ \“l"&khml ‘I T T AI’/lAI{\ Jl
25 26 27 2829 30 31 32 33 34 35 36 37 38 39 40
)
S,
2
‘0
c
a
E

\ il . . !
25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
201[°]
Figure 2: XRD measurements on as-received and pre-strained 304L ASS

3.2 Hydrogen/microstructure interaction

The effect of the hydrogen charging procedure on the microstructure was checked since many
authors mentioned phase transformations taking place during electrochemical hydrogen
charging [47, 48, 49]. In the present work, many slip bands were observed on the surface of
seven days hydrogen charged as-received 304L ASS, as can be seen in Figure 3. The slip bands
occurred in straight, parallel lines and are a result of plastic deformation due to the
combination of hydrogen (lowers the shear modulus [50] and poses stress on the lattice) and

internal stress [42]. In most cases, more than one of the {111}<110> slip systems was activated
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since lines were observed in different directions within one grain. No martensitic
transformations were observed as checked with EBSD for a larger scanned area (see Figure 3
(b)). The pre-existing martensite fraction in the pre-strained 304L ASS was also not changed
after seven days of electrochemical hydrogen charging. More in depth hydrogen
characterisation techniques were subsequently used to compare the interaction with

hydrogen for the as-received and pre-strained 304L ASS.

TD

RD

Figure 3: Surface appearance after seven days of electrochemical hydrogen charging for as-
received 304L ASS (a) SE image showing slip bands and (b) phase map

Melt extraction was used to determine the total hydrogen concentration present in both
materials after seven days charging at room temperature. The melt extraction tests resulted
in 50.0 + 2.2 wppm and 54.7 + 0.5 wppm hydrogen for the as-received and pre-strained 304L
ASS, respectively. The slightly higher hydrogen concentration in the pre-strained material was
most likely a result of enhanced hydrogen diffusion due to the presence of about 6% o'-
martensite. The difference is, however, not significant. Upon saturation, the pre-strained
material is expected to have a lower hydrogen concentration due to the lower solubility of a’-
martensite compared to austenite [51, 52]. Moreover, pre-straining results in residual
compressive stresses. This might reduce the hydrogen solubility as well and adds to the total

reduction of the hydrogen content at saturation after pre-straining.
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TDS was used to evaluate the average hydrogen diffusion as diffusion is the rate-determining
step for the desorption of hydrogen in FCC steels [44]. Deformation-induced features such as
dislocations and vacancies are stated not to influence the hydrogen diffusivity of austenite
since they are characterized by a low trapping activation energy compared to the diffusion
activation energy of austenite [52, 53, 23, 43]. Figure 4 shows a plot of the tests performed at
a heating rate of 600 K/h and 900 K/h for both material conditions. All spectra overall
consisted of two peaks, one main peak and a high temperature shoulder. The first peak can
be understood as hydrogen that diffused out of the specimen towards the nearest surface
while the second peak can be understood as hydrogen that left the specimen via diffusion
through the uncharged sample center and then to the sample surface driven by the lower
chemical potential at these locations [54]. The peak splitting is thus a direct result of the
inhomogeneous hydrogen concentration, as we demonstrated in our previous work [44].
Comparison of the spectra of both materials at the same heating rate, indicated a small shift
in peak position of the two peaks. The first peak maximum shifted to a higher temperature
while the second peak maximum shifted to a lower temperature. Both shifts are an indication
that hydrogen diffused further into the specimen during charging in the case of pre-strained
304L ASS. For the first peak, a higher peak maximum represents a larger diffusion distance.
For the second peak, hydrogen that diffused deeper into the material reduced the diffusion
distance to the opposite surface. Diffusion was thus slightly faster in the pre-strained material.
Mine et al. [55] similarly performed TDS measurements on severely plastically deformed 304
ASS and stated that hydrogen desorption was controlled by diffusion. Their spectra contained
one peak and the peak temperature shifted to lower values with increasing pre-strain. Given
that the materials were saturated with hydrogen by gaseous charging, hydrogen diffusion was

thus indeed enhanced by the presence of the martensite phase.
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Figure 4: Thermal desorption spectroscopy data of as-received and pre-strained 304L ASS
charged for 7 days at room temperature

In previous work by the authors, a model was constructed to reproduce TDS spectra based on
Fick’s laws for diffusion [44]. This model was used to simulate the tests that were performed
in the present work as well. Both the charging and discharging processes were simulated with
the appropriate boundary conditions as given in section 3.1 in [44]. The initial concentration
before charging was assumed to be zero. The output of the charging simulation was used as
initial condition for the discharging simulation. The boundary condition for charging was C; at
the edges while a zero boundary condition was applied for discharging. Charging occurred at
a constant temperature while discharging was modelled with a constantly increasing
temperature via the heating rate. The model was, however, unable to fit the mean peak and
the shoulder at the same time. Intuitively, the most suitable way to obtain the effective
hydrogen diffusivity of a material is by fitting the high temperature shoulder since the second
peak results from diffusion through the bulk while the first peak might be prone to surface
effects. A first indication of the presence of surface effects is the small increase in hydrogen
flux just after the start of the measurement for some conditions (most pronounced for as-
received 304L ASS at 900 K/h in Figure 4). A skin effect after electrochemical hydrogen

charging was already reported in literature referring to a supersaturated hydrogen
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concentration in the first few atomic layers of a material [56]. Moreover, since slip lines were
clearly observed at the surface (cf. Figure 3), the effective hydrogen diffusivity might be
altered compared to the bulk value. The latter is considered less of an issue for hydrogen that
diffused first towards the uncharged bulk since this diffusion step will be the controlling factor
in the desorption speed. The resulting least square fits for both heating rates based only on
the experimental data above 200°C are presented in Figure 5. The obtained fitting parameters
are given in Table 2. Cs represents the hydrogen saturation level, Do the pre-exponential factor
of the effective hydrogen diffusivity and Q the activation energy of the effective diffusivity. At
room temperature, both materials show a diffusivity in the range of 1-2x107® m?/s. Xiukui et
al. [57] summarized various hydrogen permeation data of austenitic stainless steels into one
expression for the temperature dependent hydrogen diffusion coefficient: Do = 5.76x107 m?/s,
Q =53.62 kJ/mol. The value at room temperature (295K — 1.86x107® m?/s) is similar to what
was found in the present work. The slightly different temperature dependency might be
related to the higher temperature range in which the authors determined their equation, i.e.
200-430°C. In the work of Perng and Altstetter [58], the Do and Q value were also shown to
depend on the temperature range for 301 ASS. A lower temperature range resulted in higher
Do and Q values. The hydrogen saturation level Cs is in agreement with previous work by the
authors on a 50/50 austenite/ferrite duplex stainless steel which had a saturation level of
about 700 wppm using the same electrolyte and charging conditions [44]. Omura et al. [59]
also reported similar surface hydrogen concentration values for various stainless steels after
electrochemical hydrogen charging using comparable conditions. The clear resemblance with
literature data based on the fit of the high temperature shoulder indicates that the first peak
was indeed influenced by a surface effect, i.e. hydrogen leaves the specimen more readily

than what can be expected from its bulk hydrogen diffusivity.
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Figure 5: Diffusion fit based on Fick's laws to the experimental TDS data, the fitting
procedure focused on the data above 200°C, (a) as-received 304L and (b) pre-strained 304L

Table 2: Fitting parameters of the diffusion fit to the experimental TDS data

—r———

900

C; [wppm] Do [m?/s] Q [kJ/mol]
As-received 304L 1510 2.76E-6 58.23
Pre-strained 304L 1303 2.75E-6 57.94

Figure 6 shows the calculated hydrogen concentration profile after the performed pre-

charging procedure at room temperature (295K) for as-received and pre-strained 304L ASS. It

is clear that only a small region (approximately 35 um) near the surface showed an enlarged

hydrogen concentration after pre-charging. It should be noted that the difference in diffusivity

between both material conditions is rather small as only a small percentage of martensite was

formed and the martensite islands were not interconnected.
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Figure 6: Hydrogen concentration profile for as-received and pre-strained 304L ASS with
parameters obtained from diffusion fit to TDS data

3.3 Influence of hydrogen on the mechanical properties

Constant crosshead displacement rate tensile tests were performed to evaluate the influence
of hydrogen on the mechanical properties of both materials at three different rates. The
results of the tests are presented in Figure 7 (a) for as-received 304L ASS and in Figure 7 (b)
for pre-strained 304L ASS. Both the reference tests performed in air and the in-situ hydrogen
tests are reported. For every condition, the experiments were repeated three times to confirm
the reproducibility of the tests, however, only one of the performed tests is shown. Table 3
illustrates the reproducibility of the results by showing the range of elongations at fracture at
every test condition. It should be noted that the engineering strain was calculated based on
the crosshead displacement. Since the strain was not measured directly due to the limitations
of an environmental cell, the mentioned engineering strain rates are hence not exact but were

calculated based on the constant displacement rates and the initial gauge dimensions.
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Figure 7: Engineering stress as a function of engineering strain for as-received (a) and pre-
strained (b) 304L ASS

Table 3: Range of measured elongations for the different test conditions illustrating the
reproducibility of the results

Engineering strain rate As-received Pre-strained
[s] Air Hydrogen Air Hydrogen
3.3E-2 65.2-68.0 74.0-75.5 25.5-27.1 26.0-27.4
1E-3 91.0-92.6 65.5-65.7 36.1-37.4 21.7-21.9
3.3E-5 85.6-88.6 36.4-40.6 34.8-35.0 13.4-15.5

The tests performed in air differed depending on the applied engineering strain rate. The
faster the displacement rate, the higher the yield strength and the smaller the elongation at
fracture were. Both the as-received and the pre-strained 304L ASS showed this behavior. The
engineering stress-strain curves at an engineering strain rate of 1E-3 and 3.3E-5 s were
comparable for both material conditions with respect to elongation and strength at fracture.
Similar strain rates were used for as-received 304L in the work of Lichtenfeld et al. [60]. The
authors also reported a similar tensile behavior for strain rates in the order of 1E-3 s to
1E-5 s, while a reduced ultimate elongation was observed for a strain rate of 1.25E-2 s,
Talyan et al. [11] similarly reported this difference for a strain rate of 1E-2 and 1E-3 s. The
shape of their engineering stress-strain curves are also comparable to the present work. The
ultimate elongation at fracture was lower (70% for 1E-3 s compared to 90% in the present

work) which is a direct result of the different strain measurement. The authors calculated the
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strain based on extensometer results while the strain was calculated from the crosshead
displacement in the present work. Das et al. [61] performed tensile tests on 304LN ASS and
clearly indicated a constant ductility for strain rates of 1E-4 and 1E-3 st and a continuous drop
in ductility for higher strain rates. The authors also reported a continuous increase of the yield
strength with increasing strain rate. Li et al. [62] performed tensile tests at different strain
rates in air on 304 ASS as well. The authors also mentioned that the yield stress continuously
increased with increasing strain rate. At the initial stages of deformation, martensite
formation is low [62]. Dislocation slip controls the initial increase in flow stress which is
enhanced at higher strain rates and thus results in a higher yield strength. At higher strain
levels, martensite formation plays a dominant role in the increase in flow stress and ductility
[8]. Due to adiabatic heating, less martensite is formed at high strain rates. As a result of the
restiction of martensitic transformations, a lower ductility is reached [63, 6, 60, 11, 62].
Pre-straining of 304L ASS resulted in an increase in yield strength, a decrease in elongation at
fracture and a decrease in work-hardening [64]. All deformation features, e.g. dislocations and
martensite, that were formed during pre-straining limited the ability to accommodate
additional plastic deformation during tensile testing.

Hydrogen had a large influence on the mechanical properties as illustrated by the dotted lines
in Figure 7 (a) and (b). Based on the average elongation at fracture for the air and in-situ
hydrogen tests, an average embrittlement index (El) was calculated. The deviation (dev) on
this value was calculated from the difference between the largest and smallest possible

embrittlement index.

av. elongation air — av. elongation H

Elav. =

av. elongation air

EImax - EImin

D =
ev 2
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As the elongation was calculated based on the crosshead displacement, the El inherently
contains an error and the values do not represent a true quantitative loss in ductility. This
procedure is, however, frequently used for in-situ tested austenitic steels [18, 65]. Figure 8
shows the El as a function of the engineering strain rate for the as-received and pre-strained

304L ASS.
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Figure 8: Embrittlement index as a function of engineering strain rate for as-received and
pre-strained 304L ASS with air reference

The El was strongly dependent on the applied strain rate for both materials. The slower the
strain rate, the more sensitive both materials were to hydrogen. This is in agreement with
previous observations in literature for 304 ASS [10, 17]. The values were comparable to what
could be expected from the equation proposed by Pan et al. [18] at the lowest two strain rates.
However, the authors performed different charging conditions compared to the present work
such as precharging for 48h at 50 mA/cm? and testing in air or in-situ hydrogen charging
without precharging. A one on one comparison of the results is thus not possible. An
explanation for the observed strain rate dependency can be found in the time that is given for
hydrogen to diffuse through the microstructure and accumulate at stress concentrations.
When fast strain rates are applied, the diffusion distance is very small and the ability of

hydrogen to accumulate at a crack tip or stress concentration and as such embrittle the
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material is very limited. At slow strain rates, however, hydrogen diffusion is more substantial
and leads to hydrogen accumulation at crack tips and subsequently hydrogen-assisted crack
propagation. Hydrogen diffusion and the hydrogen concentration that can be reached as a
result of diffusion at crack tips are thus determining parameters in the hydrogen
embrittlement sensitivity of 304L ASS. The role of strain rate and hence hydrogen diffusion on
the HE degree has been demonstrated for other materials as well and is accepted [66, 67].
The strain rate effect might be lower if the specimens were saturated with hydrogen
throughout the entire thickness since concentration gradients have been eliminated then.
Diffusion driven by stress gradients can, however, still occur when the material was initially
saturated resulting in differences between the strain rates due to the time given for diffusion
as well. The effect of strain rate was clearly illustrated for saturated specimens by Buckley et
al. [10].

The pre-strained material had a higher El for all tested strain rates which is consistent with
most literature observations [27, 22, 29]. One reason might be a higher effective hydrogen
diffusivity due to the formation of a’-martensite. As measured through TDS (cf. Figure 6), the
difference in initial hydrogen diffusivity can, however, be regarded as insignificant in the
present work. As stated in the introduction, Zhang et al. [29] also pointed out that the prior
induced ao’-martensite fraction has little relation with HE, especially when the fraction is low.
Secondly, the pre-existing a’-martensite fraction located at the surface might provide
hydrogen to the surrounding austenite matrix at a higher speed leading to crack initiation.
Finite element studies have shown that it is definitely possible that the reason for HE in
metastable ASS is related to the drastically increased hydrogen concentration in austenite that
is located in the close neighborhood of martensite islands [68]. Other deformation-induced

features (e.g. dislocations) that were formed during pre-straining might additionally have led
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to a higher embrittlement of the pre-strained steel as the stress concentrations associated
with e.g. dislocation pile-ups attract and accumulate hydrogen. With decreasing strain rate,
the El of the as-received and pre-strained 304L ASS approached each other. The test time
became less of a limiting factor when the strain rate was very low and the formation of large
stress concentrations followed by hydrogen diffusion and accumulation was not limited
anymore.

One remarkable observation deserves more attention. At a strain rate of 3.3E-2 s, the El was
negative for the as-received material, i.e. a higher elongation at fracture was observed in the
hydrogen charged condition compared to the air test. As mentioned previously, at fast strain
rates, adiabatic heating reduced the elongation at fracture due to restricted martensitic
transformation. The surface temperature of the as-received 304L ASS reference test in air at
a strain rate of 3.3E-2 st was measured with a K-type thermocouple point welded to the gauge
section. A temperature increase of 20°C was measured at the surface of the specimen during
a short time interval as can be seen in Figure 9 (a). The temperature increase might be higher
in the bulk. In the work of Talyan et al. [11], the temperature increased with about 20°C as
well for a strain rate of 1E-2 s’1. Moreover, alternative reference tensile tests were performed
where the adiabatic heating effect was counteracted by a surrounding solution rather than air
(in-situ cell with demineralized water) as well. The results for the as-received 304L ASS
performed at 3.3E-2 st and 1E-3 s are given in Figure 9 (b). At an engineering strain rate of
3.3E-2 s, the macroscopic tensile curve reached both a higher UTS and a higher elongation
at fracture. Similar results for the reference test in air and in solution were, however, obtained
at a strain rate of 1E-3 s™'. The adiabatic heating effect is thus only important for the fastest
strain rate in the present work. Other authors reported similar threshold values (order of

1E-2 s1) for the occurrence of an adiabatic heating effect as a function of strain rate for 304
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ASS [60]. Talyan et al. [11] measured the temperature at a strain rate of 1E-3 s* and observed
a more or less constant temperature through time. Only at very high strains, the temperature
increased quickly with about 10°C. The authors also illustrated the large increase in
engineering strain that could be obtained by executing the tensile test in stirred water at room
temperature at a strain rate of 1E-1 s*. The embrittlement index was corrected with reference
tests performed in solution for both materials and is given in Figure 10. It is clear that when
the appropriate reference test is used, all conditions led to hydrogen reducing the elongation

at fracture.
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Figure 9: (a) Temperature profile during the air reference test on as-received 304L ASS at
3.3E-2 sl and (b) Engineering stress-strain curves including reference tests in solution for
as-received 304L ASS tested at 3.3E-2 and 1E-3 s!
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Figure 10: Embrittlement index as a function of strain rate for as-received and pre-strained
304L ASS: solution reference instead of air reference (Figure 8)

3.4 Influence of hydrogen on fracture and deformation

The fractured specimens were subsequently investigated with SEM. The fracture surface of
the air tested specimens showed ductile dimples. No clear differences in dimple size and shape
were observed for the different strain rates and for whether the 304L ASS was pre-strained or
not. Figure 11 (a) shows an example of dimples that were observed on the fracture surface
(ND = normal direction) of as-received 304L ASS tested at 1E-3 s*. The specimens tested with
hydrogen showed similar dimples in the center of the fracture surface. The edges were,
however, clearly embrittled by hydrogen. For 304 ASS, the type of brittle fracture is stated to
depend on the amount of hydrogen in [69]. The fracture surface changes from quasi-cleavage
to intergranular fracture. In the present work, quasi-cleavage fracture was observed which is
consistent with the used current densities in [69]. An example is shown in Figure 11 (b) for
pre-strained 304L ASS tested at a strain rate of 1E-3 s1. The presence of an embrittled zone
near the surface can be interpreted as the location where hydrogen was present in sufficient

amounts to alter the fracture behavior. Since the hydrogen concentration was most likely not
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enlarged significantly in the center of the specimen during the tensile tests due to diffusion,

the fracture surface remained unaffected there.”

TD

Lo

Figure 11: SE images of fracture surface (a) as-received 304L ASS, air, 1E-3 s},
(b) pre-strained 304L ASS, H, 1E-3 s!

Depending on the applied strain rate, the size of the embrittled zone was different. The
determined sizes are given in Table 4. The size of the brittle zone clearly increased with
decreasing strain rate. The hydrogen precharging time was, however, equal for all tests, i.e.
the distance hydrogen diffused before the start of the tensile test was equal for all as-received
specimens on the one hand and for all pre-strained specimens on the other hand (both
approximately 35 um, cf. Figure 6). However, decreasing the strain rate results in more time
for hydrogen to diffuse during the in-situ tensile test and as a result a larger hydrogen
embrittled zone. Moreover, as the test is ongoing, more a’-martensite is formed which
continuously increases the average hydrogen diffusion coefficient of the material during the
course of the experiment. As such, hydrogen can reach deeper into the specimen than
expected from the average diffusion coefficient of the materials before the start of the tensile
test within the given test durations (see Table 4, approximate test duration). The brittle zones
of the pre-strained material were slightly larger than the ones of the as-received 304L ASS.
The difference was, however, small which is in agreement with the analysis of the TDS data in

Figure 6.
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Table 4: Size of the brittle quasi-cleavage zone on hydrogen-tested specimens depending
on the strain rate for as received and 30% pre-strained 304L ASS; the approximate tensile
test duration with in-situ hydrogen charging was added as well

Strain Thickness quasi-cleavage zone [um] Approximate test duration (min)
rate [s] As-received Pre-strained As-received Pre-strained
3.3E-2 23-26 24-28 0.4 0.13
1E-3 42-49 40-50 11 3.5
3.3E-5 120-130 128-134 200 75

A further in depth analysis of the variable hydrogen diffusion coefficient as a function of
increasing strain was performed to be able to substantiate the observed brittle zones. Olson
and Cohen [70] developed a model that describes the evolution of the a’-martensite fraction

fo as a function of the equivalent plastic strain €:

for = 1 — exp{— B[1 — exp(—ag)]"}

For deformation of 304L ASS at room temperature, the parameters n, B and a were fitted by
the authors as 4.5, 3.55 and 0.5, respectively. The fitting ability of this type of equation is fairly
good, however, the saturation volume fraction is e.g. not considered. Different modifications
were done to the model [71], however, a discussion on the most appropriate model lies out
of the scope of this work. The dependency of the hydrogen diffusion coefficient on the a’-
martensite fraction in 304L was investigated by several authors as well. In general, the natural
logarithm of the diffusion coefficient was found to scale with the natural logarithm of
fo/(1-fy) [58]. Wang et al. [22] proposed the following expression for the effective hydrogen

diffusion coefficient D in 304L ASS valid for fo > 0.02:

f
In(D) = 0.8111n (1 < )— 31.653

_(X’

Combining both equations, yields the effective hydrogen diffusivity as a function of plastic

strain € for 304L ASS. Figure 12 shows the evolution based on the provided literature data. A
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value of about 1E-14 m?/s was found for an o’-martensite fraction of 36% which agrees with
literature data on duplex stainless steels with 50% ferrite and an effective diffusion coefficient
of 2.2E-14 m?/s to 6.4E-14 m?/s [72, 73, 74, 75]. The diffusion depth during the tensile test
was subsequently evaluated using both equations. The evolution of the amount of plastic
strain was related to the test time through the deformation rate and initial gauge length.
Figure 13 shows the result of this analysis. The difference in diffusion depth between the
deformation rates clearly reflects the differences that were observed in the size of the brittle
zone in Table 4. The used model was found to underestimate the actual size of the brittle zone,
especially for the slow deformation rates if one additionally takes into account that a critical
hydrogen concentration is needed before the fracture appearance is altered. This difference
can be related to the use of the simplified models for both the variation of the fraction of a’-
martensite with strain and the hydrogen diffusivity with the o’-martensite fraction, the
inaccurate determination of the plastic strain which was thus also not correctly implemented
in the model to evaluate the a’-martensite fraction, the presence of stress during the tensile
test which influences the hydrogen diffusivity (stress-driven diffusion), the absorption and
accumulation of hydrogen directly at the crack tip from the surrounding atmosphere
increasing crack growth and the enhanced hydrogen diffusion via dislocation motion during
plastic deformation of austenitic steels [76]. Despite the lower test times for the pre-strained
304L ASS, the brittle zone was almost identical in size (cf. Table 4). The effective hydrogen
diffusivity most likely evolved faster with plastic strain compared to the as-received 304L ASS
which makes sense as the initial a’-martensite fraction as well as many other a’-martensite

embryos formed by pre-straining could lead to faster transformation kinetics [77].
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Figure 12: Evolution of the effective hydrogen diffusion coefficient with increasing plastic
strain due to an increase of the a’-martensite fraction
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Figure 13: Simplified model to estimate the hydrogen diffusion depth during the tensile
tests at different deformation rates for as-received 304L ASS

The normal surface of the fractured specimens showed a lot of deformation when tested in
air, as can be seen in the SE image of Figure 14 (a). The hydrogen charged specimens showed
deformation as well, however, to a lesser extent. Moreover, they additionally showed many
secondary cracks on the normal surface oriented perpendicular to the loading direction.
Examples can be found in Figure 14 (b), (c) and (d) for different test conditions (the loading
direction was parallel to the rolling direction). Hydrogen-assisted crack (HAC) formation is
generally observed when metals are strained under the presence of hydrogen. In austenitic

steels, HACs are initiated at extreme slip localizations where the difficulty to cross-slip induces
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large stress concentrations [78]. Secondly, HACs initiate at the interface of dynamic o’-
martensite islands. Hydrogen diffuses out of the supersaturated transformed a’-martensite to
the interface with the austenite matrix where it causes crack initiation [79]. As-received 304L
ASS tested at engineering strain rates equal to or higher than 1E-3 s showed large cracks over
the entire section, cf. Figure 14 (b). The other specimens, i.e. as-received 304L ASS tested at
3.3E-5 st and all pre-strained specimens, showed small cracks over the entire section that
were not visible at the magnification of Figure 14 (c) and (d). Large, developed cracks were
only observed near the fracture surface, i.e. in the zones where the highest strains were
reached. The tests that showed the least developed HACs over the entire section reached the
lowest elongation at fracture and thus the lowest uniform strains. Only the region that was
subjected to necking (and thus high strains) showed large cracks. It should be noted that crack
initiation occurred early in the experiment for every material condition and engineering strain
rate tested as a result of the high precharged hydrogen concentration over the entire gauge
section. Recently, it was reported that subcritical cracking could impact the validity of the used
ductility metric (El) [80]. Materials that showed a superior performance with hydrogen based
on this metric showed similar crack initiation times compared to more HE susceptible
materials. The interpretation of slow strain rate tensile tests is thus not always unambiguous.
For more reliable comparison of the ductility metrics, additional studies are required with an

adapted tensile test methodology, i.e. where fracture immediately follows crack initiation.

29



|
|
'{
!|.

Figure 14: SE images of normal surface of fractured 304L ASS (a) as-received, air, 3.3E-2 s,
(b) as-received, H, 3.3E-2 s (c) as-received, H, 3.3E-5 s and (d) pre-strained, H, 1E-3 s!

EBSD was subsequently used to study the deformed microstructure. Figure 15 shows an EBSD
measurement on the normal plane of as-received 304L ASS tested in air at 3.3E-2 s and
stopped at an intermediate elongation of 30%. The figure clearly indicates that the
microstructure was deformed. Several islands of a’-martensite were formed. Deformation at
room temperature predominantly initiated the direct y=>a’ transformation in 304 ASS [8].
Figure 16 shows an EBSD measurement on the normal plane of as-received 304L ASS that was
tested with hydrogen at a strain rate of 3.3E-2 s'. The test was also interrupted at an
elongation of 30%. The black zones are HACs which were extracted from the measurement
based on their low image quality. Comparison of Figure 15 and Figure 16 indicates that the
deformation process changed significantly under the influence of hydrogen. Increased planar
deformation [32] is clearly observable from the image quality map (central image of Figure 16)
as many grains showed a lot of straight parallel lines. Since dislocation slip along the {111}

planes is heavily promoted, the nucleation and growth of a’-martensite will also be more
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planar as the dislocation pile-ups and slip band intersections serving as a’-martensite embryos
are formed within these planes and grow by addition of more dislocations to the pile-up or
intersecting slip bands [81]. Increased planarity in the a’-martensite fraction was also clearly
observed in Figure 16. Moreover, an additional martensitic transformation route was initiated,
i.e. y=>e—=>0a’. This transformation route is typically observed upon transformation of 304L ASS
at cryogenic temperatures and is a result of a reduced stacking fault energy (SFE) [82]. This is
consistent with previous studies indicating that hydrogen reduced the SFE of FCC steels [83,
84]. As e-martensite is essentially formed by overlap of intrinsic stacking faults (formed
between two partial dislocations) on every second {111} plane, the nucleation and growth of

e-martensite also has a planar appearance [81].
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Figure 15: EBSD measurement on ND surface of as-received 304L ASS tested in air at a
strain rate of 3.3E-2 s stopped at an intermediate elongation of 30%
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Figure 16: EBSD measurement on ND surface of as-received 304L ASS tested in-situ at a
strain rate of 3.3E-2 s’ stopped at an intermediate elongation of 30%, cracks in black

The EBSD measurements indicated that the tests performed with hydrogen showed enhanced
martensitic transformations (cf. Figure 15 and Figure 16). A more quantitative study was
performed to have an idea on the extent of the martensitic transformations. For this purpose,
the martensite fractions were measured by EBSD on the ND plane of specimens tensile tested
and stopped at an intermediate elongation of 30%. The reference tests were performed in air
for this study. The evolution of the formed martensite fraction as a function of increasing
elongation was additionally studied by comparing the 30% elongation data to data of
specimens stopped at an intermediate elongation of 60%. Moreover, the center of the TD
plane was investigated for the specimens tested at a strain rate of 3.3E-2 s as well since
hydrogen is expected not to be present there and therefore should not have influenced the
martensitic transformations. As the crystallographic orientation with respect to the loading
direction should be favorable to have martensitic transformation in individual grains, more
than 100 grains were measured within a statistically relevant, constant scan area. The

martensite area fractions are reported in Table 5.
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Table 5: Martensite area fraction (%) measured with EBSD in different planes (ND and TD
plane) at an intermediate elongation of 30% and 60%

Air Hydrogen
o’-mart [%] e-mart [%] o’-mart [%] e-mart [%]

ND (3.3E-2s1) 6.4 0.0 16.2 3.2

Interrupted ND (1E-3s%) 5.6 0.0 22.3 4.6

ND (3.3E-5s7?) 6.5 0.0 20.5 2.5
at 30% TD (center)

(3.3E-2 57) 6.9 0.0 8.2 0.0

ND (3.3E-2s1) 17.9 0.0 324 4.5

Interrupted | ND (1E-3 s1) 23.9 0.0 48.3 3.7
at 60% | TD (center)

(3.3E-2 ) 20.8 0.0 25.6 0.0

The martensite fractions measured in air are in reasonable agreement with literature data.
Similar fractions were reported in the work of Olson and Cohen [70]. Talyan et al. [11] reported
o’-martensite fractions slightly lower than 10% for an intermediate strain of 30%. Taking into
account the different strain measurements, this is in agreement with the present work as well.
From the tensile tests, it was concluded that the air test at 3.3E-2 s was prone to an adiabatic
heating effect, cf. Figure 9 (a). The martensite fraction on the ND plane at an elongation of
60% for a strain rate of 1E-3 s was clearly higher than for the strain rate of 3.3E-2 s.. The
difference was not yet visible at an elongation of 30% in the present work which is most likely
due to the martensitic transformations being more active at higher strains and the higher
temperature at higher strains. Table 5 indicates a slightly higher martensite fraction in the
center of the hydrogen charged specimen (due to limited diffusion, no influence of hydrogen
is expected there) compared to the center of the reference test specimen in air at an
intermediate elongation of 60% for an engineering strain rate of 3.3E-2 s'.. Talyan et al. [11]
also observed a higher martensite fraction when testing was performed in stirred water
compared to air. The bulk and surface martensite fractions in air are similar which is in

agreement with literature works as well [60].
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The martensitic transformation was enhanced at the surface of the hydrogen charged
specimens compared to the air reference test (see Table 5, ND) for every tested strain rate
and intermediate elongation. The o’-martensite fraction clearly increased in the presence of
hydrogen. Moreover, an additional fraction of e-martensite was detected, as already indicated
qualitatively in Figure 16. The e-martensite fraction on the ND surface of 30% versus 60%
elongation with hydrogen remained more or less constant. This might indicate that e-
martensite acted as an intermediate phase for the transformation to a’-martensite. The ¢-
martensite fractions were calculated by a 0.2 Cl threshold because visual inspection confirmed
that not all erroneous points were excluded by the 0.1 Cl threshold. The hydrogen-enhanced
martensitic transformation can be explained within the defactant concept as proposed by
Kirchheim [85, 86] stating that adding solute atoms reduces defect formation energies as such
increasing defect formation rates. In the present material, these defects include stacking
faults, dislocations and interfaces between austenite and martensite. It should also be noted
that the slip bands and other defects formed during the charging procedure could have served
as nucleation sites for the martensitic transformation. The enhanced martensitic
transformation is clearly more restricted for the fast strain rate (3.3E-2 s!) compared to the
other two tested strain rates which show similar martensite fractions. This is believed to be
due to the limited test time. Hydrogen needs to be able to interact with dislocations to alter
the martensite fractions which is more restricted at high deformation rates.

For the tests at a strain rate of 3.3E-2 s, the enhanced martensitic transformation at the
surface compared to the reference test in air might also be a result of the restricted adiabatic
effect in solution. However, the enhancement of the transformation at all strain rates clearly
indicates that hydrogen also contributed since no pronounced adiabatic effect was present

for the tests at 1E-3 and 3.3E-5 s'. Moreover, the present authors demonstrated that
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hydrogen-induced martensitic transformations occurred in the austenite fraction of ex-situ
tested duplex stainless steel, i.e. no solution effect was present in these tests [87]. Finally, the
presence of e-martensite is a direct consequence of the high hydrogen concentration, since,
although the adiabatic effect was restricted, the temperature was not actively decreased into
a regime where e-martensite is favored (cf. air tests). The enhanced e- and a’-martensitic
transformation at lower temperatures is a direct result of the reduced stacking fault energy
and austenite stability with decreasing temperature, respectively [25, 88].

Enhanced martensitic transformations should, simultaneously with the increase in elongation,
be accompanied with an increase in strength level, as clearly observed when comparing the
reference tests at 3.3E-2 s in air and in solution. However, the effective strength increase
with hydrogen was rather limited. The formation of HACs on the normal surface might have
an influence on the UTS. Especially at the faster strain rates (above 1E-3 s!), large HACs over
the entire section reduced the cross-sectional area of the specimen. This reduced cross-
section decreases the engineering stress level that could be obtained. The engineering stress
of the hydrogen charged steel was e.g. higher at low strains but dropped to a similar level as
the reference test in air at high strains for as-received 304L tested at 3.3E-2 s'. Wang et al.
[65] discussed the influence of extensive HAC formation on the true stress for an austenitic
twinning-induced plasticity steel. The authors proposed to use the force divided by the ductile
fracture area instead of using the total area, however, this still results in a discrepancy with
reality. A suitable way to treat cases with extensive crack formation is not yet well established.
The volume expansion associated with the martensitic transformation was stated to postpone
the nucleation of voids or microcracks and to hinder the propagation of cracks [89]. Xiong et
al. [90] showed through finite element modelling that in the absence of hydrogen, the volume

expansion positively influenced the crack tip propagation since the compressive stresses
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introduced at the crack tip retard plastic strain. With hydrogen, however, since the volume
expansion aggravated the size of the stress field at crack tips, crack propagation will probably
increase when the o’-martensitic transformation occurs. The intermediate transformation to
e-martensite, however, was found to result in a more compatible strain evolution preventing
the nucleation and growth of hydrogen-assisted cracks [91]. Teus et al. [92] also concluded
that the e-martensite transformation retards localized deformation which increased the
cracking resistance. Koyama et al. [93] stated that the e-martensite/austenite interface could
arrest microcrack propagation although it also served as a preferential crack initiation site.
The beneficial effect of hydrogen-enhanced martensitic transformations might thus be dual:
(i) it increases work hardening which postpones necking and (ii) it hinders crack propagation
because of the introduction of e-martensite.

A competition thus exists between HE and hydrogen-enhanced strain-induced martensitic
transformations in 304L ASS resulting in the observed final elongation and strength level at
fracture. A schematic representation of the balance is shown in Figure 17. The negative
contributions prevailed in the present work for every tested condition. The dominating HE
mechanism (HEDE, HESIV, HELP) might differ for the tested engineering strain rates. Due to
the limited time for diffusion, the ability of hydrogen to assist crack propagation is more
limited at high strain rates. It should be noted that the HEDE mechanism does not necessarily
need large-scale hydrogen diffusion leading to accumulation of hydrogen at crack tips since
the hydrogen concentration in the present work was high from the start and might already
have exceeded the critical value for decohesion at low stresses. The abundant presence of
HACs on the surface of as-received 304L ASS tested at 3.3E-2 s proves this statement (cf.
Figure 14). Most likely, the HEDE mechanism dominates at high strain rates and hydrogen

concentrations, while the plasticity-mediated mechanisms (HELP, HESIV) increase in
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importance at lower strain rates. The size of the enhanced strain-induced martensitic
transformation effect depends on the hydrogen concentration whereby a higher hydrogen
concentration increases the amount of martensite. Possibilities remain for optimizing the
balance between HE and enhanced martensitic transformations in austenitic stainless steels.
A steel in which hydrogen enhances martensitic transformations but shows low HE and crack
initiation sensitivity, as such sustaining the plastic stress until the plastic instability condition
is satisfied, could lead to improved strength/ductility combinations. As the transformations
that occurred in the near surface region in the present work are not expected to influence the
macroscopic stress/strain behavior largely, moderate hydrogen concentrations should be able
to favor martensitic transformations through the entire cross-section in order to have a
macroscopic effect. As long as the main martensite fraction upon transformation consists of
o’-martensite with a high hydrogen diffusivity, achieving drastic improvement in HE resistance
will probably be challenging. Due to the microcrack arrestability, the large strain compatibility
with the matrix and the low hydrogen diffusivity of e-martensite [94], the y—>&-martensite
transformation route should be preferred. The hexagonal close packed (HCP) structure has,
however, a lower stress accommodation capacity which means that the ductility of the formed
e-martensite phase is key in maximizing the positive effect [95]. The possible outcome could
be similar to the observation by several authors that the presence of hydrogen increased the
elongation at fracture in FCC materials by promoting deformation twinning [96, 97, 98]. Both
electrochemical and gaseous hydrogen charging were applied in these studies. Deformation
twinning is an alternative deformation mechanism and can be treated similarly as e-
martensite with respect to the dislocation processes governing the nucleation and growth.
Ogawa et al. [98] state that they were the first to establish prevailing beneficial hydrogen

effects in a commercially-available stable austenitic steel. The authors also concluded that the
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hydrogen concentration was very important for the final elongation at fracture; more
hydrogen (up to 133 wppm) leading to a higher twin fraction and consequently a higher

elongation in their work.

O O

Easier martensite Hydrogen
formation (enhanced embrittlement
TRIP effect) (HEDE, HELP, HESIV)
positive contributions negative contributions

VAN

Figure 17: Schematic representation of the balance between the positive and negative
contributions of hydrogen on the mechanical properties

4. Conclusion
The HE sensitivity of as-received and 30% pre-strained AISI 304L ASS was evaluated by tensile
testing at different constant crosshead displacement rates. The following conclusions were
drawn:

e The lower the engineering strain rate, the more the alloy was embrittled as hydrogen
was given more time to diffuse and accumulate. As a consequence of the increased
diffusion, the size of the embrittled zone on the fracture surface increased with
decreasing strain rate as well. Pre-straining increased the HE sensitivity at every strain
rate due to the presence of stress concentrations and possibly a faster increase of the
o’-martensite fraction with strain.

e Hydrogen-assisted cracking was observed on the normal surface. The cracks increased
in size depending on the amount of strain that could be reached at fracture.

e At an engineering strain rate of 3.3E-2 s}, an increase in elongation at fracture was

observed for as-received 304L ASS tested in-situ with hydrogen compared to the
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reference air test. Compared to the reference test in solution, embrittlement was
observed. This was a result of the restriction of the adiabatic heating effect in solution.
e Enhanced martensitic transformations were observed at the surface in the presence
of hydrogen. Apart from an increased a’-martensite fraction, e-martensite was
additionally formed. A reduction in stacking fault energy and austenite stability were
held responsible.
e HE of unstable austenitic stainless steels should be evaluated at comparable
conditions, i.e. both in air or both in solution, for fast strain rates (>1E-3 s%).
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