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In super duplex stainless steels (SDSSs), both austenite and ferrite are susceptible to hydrogen embrittlement,
however there is a lack of understanding into the effect of hydrogen in each phase. In this study, in neutron
diffraction was applied on hydrogen-charged (H-charged) samples to investigate the hydrogen embrittlement be-
haviour in super duplex stainless steels. The result reveals that austenite maintains good plasticity during tensile
testing, whilst a loss of it is realised in ferrite. Fractography analysis reveals the diffusion of hydrogen induced a

brittle-to-ductile transition from the sample surface towards the centre; hydrogen embrittlement vanishes as the
specimen’s centre is approached, while it is demonstrated to disappear first in austenite but not in ferrite. This
transition can be predicted by applying a physics-based hydrogen embrittlement model which incorporates the ef-
fects of hydrogen concentration, hydrogen diffusivity, residual stress, loading state and temperature. The present
work demonstrates the dissimilar susceptibility of austenite and ferrite to hydrogen embrittlement, providing a

tool to describe it.

1. Introduction

Super duplex stainless steels (SDSSs) possess a balanced microstruc-
ture of ferrite (§) and austenite (y) [1-5]. Such mix provides good cor-
rosion resistance and merit mechanical properties [2-7], making SDSSs
widely used in industry, e.g. in onshore refineries and offshore pipelines.
However, the mechanical properties of SDSSs can be degraded by hydro-
gen. It has been widely reported that upon reaching a critical concen-
tration of solute hydrogen, the materials’ plasticity loss can be realised
and can result in premature failure [8-17]. Such phenomenon is termed
hydrogen embrittlement (HE).

Several established mechanisms have been proposed to account
for HE, such as hydride-induced embrittlement [18,19], hydrogen en-
hanced decohesion (HEDE) [20-25] and hydrogen enhanced local plas-
ticity (HELP) [26-31]. Hydride-induced embrittlement is only observed
in special circumstances [18,19], and is not thought to be a general
mechanism of HE in steels. The mechanism of HEDE proposes that hy-
drogen can lead to a weakening of the lattice coherent bonding, thus
facilitating crack initiation and propagation. The HELP mechanism was
proposed based on the direct observation of dislocation pile-ups within
a hydrogen atmosphere using an environmental transmission electron
microscopy (TEM) [26,27], and a high density of slips lines at the vicin-
ity of the fractured region [29]. These observations show local plasticity
can be enhanced with solute hydrogen. A key principle behind HELP is
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the dislocation-dislocation shielding mechanism; this arises as hydrogen
enters the stress field near an edge dislocation, lowering the magnitude
of the field, and leading to a decrease in dislocation-dislocation interac-
tion strength [31]. Micromechanical modelling has indicated hydrogen
trapping near dislocations in steel leads to a decrease in such dislocation
interaction.

HE becomes more complicated in dual-phase materials. With recent
advances in characterisation techniques, more hydrogen-metal interac-
tions in dual-phase materials have been reported. By applying in-situ
tensile test in a SEM, Koyama et al. [32] reported that hydrogen can
facilitate an unhomogenized plasticity evolution in dual phase steels.
Ornek et al. [33] investigated the load partitioning in super duplex
stainless steels using digital imaging correlation. In hydrogen-free sam-
ple, the result shows that ferrite grains carry a higher load than austen-
ite grains; whilst in hydrogen pre-charged sample, the austenite grains
carry higher load compared with ferrite grains. Nevertheless, there is a
limit that these results were characterised from the surface where the
bulk information cannot be probed. Neutron has a high penetration and
the neutron diffraction has been increasingly used to investigate the mi-
crostructure in bulk materials in recent decades [34-36]. Thus, this tech-
nique was used in this study to study the microstructural evolution in
bulk SDSSs.

In SDSSs, ferrite has a high hydrogen diffusivity and a low hydrogen
solubility; conversely, austenite possess low hydrogen diffusivity and
high hydrogen solubility [37,38]. Therefore, in SDSSs, ferrite is likely
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Fig. 1. Schematic representation of the neutron diffraction experiment setup.

act as a path to transport hydrogen whilst austenite is a sink, trapping
it. In terms of hydrogen assisted cracking in SDSSs, it has been shown
that hydrogen assisted cracks mostly arise from ferrite and get trapped
in austenite, which suggests that ferrite has lower resistance to hydro-
gen embrittlement than austenite [33,39]. However, it is a challenge to
quantitatively model the hydrogen embrittlement in the duplex stainless
steels, as the nucleation and propagation of hydrogen assisted cracking
occurs in ferrite and austenite. Song and Curtin [40] proposed a pro-
totype which can model the hydrogen embrittlement in iron. Based on
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that, in this study, a hydrogen embrittlement model is proposed for hy-
drogen embrittlement in SDSSs which incorporates the effects of hydro-
gen concentration, hydrogen diffusivity, residual stress, loading state
and temperature.

2. Experimental methods
2.1. Materials

Specimen materials were taken from a UNS S32760 pipeline.
The measured chemical composition of which (in weight percent) is
0.032%C, 0.54%Si, 0.72%Mn, 0.019%P, 0.009%S, 25.1%Cr, 3.56%Mo,
7.0%Ni, 0.01%Al, 0.01%As, 0.080%Co, 0.820%Cu, 0.040%Nb,
0.005%$Sn, 0.007%Ti, 0.050%V, 0.680%W, 0.270%N with Fe balance.
Solution heat treatment was performed at 1200° C for 1 h followed by
water quenching. This heat treatment was applied to remove residual
stresses and homogenise the microstructure. Tensile samples with
a gauge volume of 35x5x1.2 mm® were prepared. Surfaces were
ground with emery sand paper up to 1200 grit. A cathodic charging cell
was used for hydrogen charging: samples were connected to cathodic
lead and immersed into a 3.5wt% NaCl solution at 50° C whilst a
platinum wire was used as an anode. A 10 day hydrogen charging
was applied with a 10mA/cm? current density before tensile tests.
In order to eliminate potential ferrite cracking prior to mechanical
tests, the specimens were examined by optical microscopy to confirm
the absence of defects induced by H-charging. The surface of electron
backscatter diffraction (EBSD) samples was ground down to 0.04 pum,
followed by electropolishing using 10wt.% HCIO, alcohol solution
at 45V potential for 5 s. During electropolishing, the sample was
connected to the anode whilst a platinum wire was connected to the
cathode.
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Fig. 2. Neutron diffraction patterns of H-free and H-charged samples at strain rate of 1.0 x 10~ s™!: (a) and (b) were obtained from H-free sample along longitudinal
and transverse directions, respectively; (c) and (d) were obtained from H-charged sample along longitudinal and transverse directions, respectively; both austenite
(y) and ferrite (6) peaks were identified at stress levels of 0, 600, 793 and 952 MPa.
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Fig. 3. In-situ neutron diffraction results showing evolution of dislocation density in austenite and ferrite; both H-free and H-charged samples were tested at strain

rate of 1.0 x 10~ s~!.

2.2. Tensile tests and characterisations

Tensile tests were performed at room temperature for both H-free
and H-charged samples. The H-charged samples immediately underwent
uniaxial tensile tests after charging. The tensile tests were performed
on an Instron stress rig with a maxium loading capability of 100 kN.
Three different strain rates are applied namely 1.0 x 1072, 1.0 x 10~3 and
1.0 x 107* s~1. Scanning electron microscopy (SEM) was performed on
a Tescan Mira 3 at 30kV coupled with an energy-dispersive X-ray spec-
troscopy (EDS) detector and an Oxford Instruments EBSD detector. The
sample was mounted using a 70° pre-tilt stage in the SEM for EBSD scan-
ning. A scanning scheme of 2 x 2 camera binning and 100 nm step size
was chosen to capture EBSD patterns.

2.3. In-situ neutron diffraction upon tensile testing

2.3.1. Experimental setup

Time-of-flight neutron diffraction experiments were performed
on the ENGIN-X neutron diffractometer, ISIS, UK. Fig. 1 shows the
schematic diagram of the neutron diffraction setup. The sample was
mounted onto an INSTRON stress rig with the sample longitudinal
direction oriented horizontally at 45° relative to the incident beam.
A 4x4x2 mm?® instrumental gauge volume was used (2mm in the
direction normal to the sample) and the diffracted neutrons were

collected with detectors fixed at 260 = +90° to the incident beam. This
allows the lattice spacing and the dislocation density data parallel to
the sample longitudinal direction to be derived from the data measured
by the North detector bank while the South detector bank measured
data for the sample transverse direction. An extensometer was mounted
onto the sample at the centre of the gauge length section to measure the
sample macroscopic strain during tensile testing. Stress control was pro-
grammed during elastic deformation, which neutrons are collected at
150, 300, 450 and 600 MPa. Afterwards, strain control was programmed
with a strain increment of 0.7% (0.25mm elongation) for hydrogen-
charged samples and 1.4% (0.5mm elongation) for hydrogen-free
samples. A neutron collection time of 8 min was set at each interval.

2.3.2. Dislocation density measurement

The evolution of dislocation density can be measured by obtaining
the variation of full width at half maximum (FWHM) [41-43]. In
this study, FWHM of each peak was determined from the single-peak
fitting method using the OpenGENIE programme with a least squares
refinement fit of a pseudo-Voigt function convolved with a leading and
trailing exponential function (accounting for the inherent asymmetric
diffraction line profiles of the neutron diffraction data). Liang et al.
[34] employed neutron diffraction to measure the dislocation density
in super duplex stainless steels. In their work, a standard diffraction
pattern was obtained in a hydrogen free sample, which was used as a
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Table 1
Summary of the mechanical properties in H-free and H-charged samples.

Test H-condition Strain rate  Elongation Yield strength UTS
No. s (%) (0.2%, MPa) (MPa)
1 H-free 1.0x 1072 25.1+1.1 600 988
2 1.0x 1073 24.4+0.9 597 961
3 1L.Ox 107 25.5+1.2 602 988
4 H-charged 1.0x 1072 16.6+0.8 646 972
5 1.0x 1073 16.3+0.9 633 1001
6 1.0x 1074 3.6+0.6 630 793

reference pattern. This method is appropriate to measure dislocation
densities if a reference diffraction pattern can be obtained from a low
dislocation density reference specimen. The following equation was
used to derive the dislocation density:

15E (Ad )2 "

T2eR1+o)\d
where E and G are the elastic modulus and the shear modulus, re-
spectively. Typical values of E/G =2.5 and poisson ratio v = 0.3 are
used for both austenite and ferrite. b is the magnitude of the Burgers
vector, which is estimated to be 0.248 nm for ferrite and 0.254 nm for
austenite, respectively [34]. The standard peak width reference was
obtained from the hydrogen free sample and an intrinsic 1.0 x 10’2 m~2
dislocation density was assumed for the standard peak width [34,41].
In this study, we adopt this calculation scheme to measure the evolution
of dislocation density during tensile testing.

3. Results
3.1. Evolution of dislocation density during uniaxial tensile test

In-situ neutron diffraction was applied to examine the evolution of
dislocation density in both H-charged and H-free samples during ten-
sile tests. Fig. 2 shows neutron diffraction patterns during tensile test-
ing at strain rate of 1.0 x 10~* s='. {110}, {200} and {211} planes are
identified for ferrite while {111}, {200}, {220} and {311} planes are
identified for austenite. During loading, increasing of the lattice planar
spacing was observed on the longitudinal direction whilst decreasing of
the lattice planar spacing was observed on the transverse direction. This
is due to a tensile stress is applied on the longitudinal direction whilst
a compressive stress is realised on the transverse direction.

Fig. 3 shows the evolution of dislocation density in both austen-
ite and ferrite upon loading. In the macroscopic elastic region (under
600 MPa), H-charged samples possess higher dislocation density com-
pared with H-free samples in both austenite and ferrite. In austenite, on
the longitudinal direction, a dislocation density higher than one order
of magnitude was measured in the H-charged sample, whilst the evolu-
tion in dislocation multiplication appears not to change in the transverse
direction. Delayed dislocation multiplication is observed in ferrite in H-
charged samples in both directions. Further discussion is presented in
Section 4.3.

3.2. Mechanical properties

Both H-free and H-charged samples underwent tensile tests at strain
rates of 1.0x 1072, 1.0x 10~ and 1.0 x 10~* s~!. Fig. 4(a) shows the
stress-strain curves and Fig. 4(b) shows each applied strain rate against
elongation. Table 1 lists the values of elongation, yield strength and ul-
timate tensile strength (UTS). The result depicts a higher yield strength
obtained in H-charged samples. However, the degradation of elongation
is realised in H-charged samples, which indicates a loss of ductility due
to hydrogen.

In H-free samples, the tensile test result shows that the variation
of strain rates in the range between 1.0 x 1072 and 1.0 x 10~* s~! has
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Fig. 4. Tensile results of samples at different strain rate: (a) true stress-strain
curves, hf and hc represent H-free and H-charged, respectively; (b) elongation
at different strain rate.

Table 2
SEM-EDS measurement of Cr and Ni (wt.%) elements in facet and dimple
features.

Elements Facet Dimple
Cr (wt.%) 29.5+0.2 27.3+0.2
Ni (wt.%) 5.7+0.2 6.5+0.2

negligible effect on the elongation, yield strength and UTS. However,
in H-rich samples, decreases of elongation and reduction of area are re-
alised with the decrease of strain rate. A lowest elongation of 3.6 + 0.6%
was achieved in sample tested at a strain rate of 1.0 x 10~ s~!, which
shows a same trend as reported in reference [44].

3.3. Fractography and characterisation of microcracks

Fig. 5 shows the fractography of H-charged sample at strain rate of
1.0 x 10~*. A transition of fracture from ductile to brittle is observed.
Fig. 6 shows typical high magnification images obtained within the re-
gion that has mixture of facet (brittle feature) and dimple (ductile fea-
ture). A further EDS chemical composition analysis was performed in
facet and dimple regions, as shown in Table 2. A higher chromium and
lower nickel content is obtained in the facet region, which suggests a
high fraction of ferrite in such area.
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Fig. 5. SEM fractography of H-charged sample at 1.0 x 10~ strain rate; (a) low-magnification image showing the fracture surface; (b) mid-magnification image
showing regions of brittle, mixture of brittle & ductile and ductile along the thickness direction; (c) high-magnification image showing transition from brittle to

mixed brittle/ductile regions.

Microcracks are observed on the surface side near the fracture. Fig. 7
shows EBSD characterisation of several microcracks on the side surface
of the H-charged sample at a strain rate 1.0 x 10~* s~!. These intragran-
ular cracks propagate mostly through ferrite and become arrested in
austenite, which suggests that ferrite is more prone to HE compared
with austenite.

4. Discussion
4.1. H-assisted crack propagation in ferrite and austenite

The fractography results in Section 3.3 demonstrates the presence
of H-assisted cleavage fracture in ferrite rather than in austenite. This
phenomenon is associated with the difference in crack propagation rate
in ferrite compared to austenite. Song et al. [40,45] proposed a criterion
to describe the hydrogen embrittlement at the microscale. In hydrogen-
rich steels, the rate of crack growth can be estimated by:

5

1+0v)K i _1

a:i%&(’ﬂ) N o)
ﬂ'kBT 3‘/2” do

where D is the diffusion coefficient of hydrogen in the lattice; w is the
partial volume of hydrogen interstitials in Fe; kg is the Boltzmann con-
stant; T is the temperature; c, is the hydrogen concentration on an Fe
atom basis; a, is the lattice constant; A\l is the length of the grow-
ing crack; K; is the stress intensity field which can be expressed by
K; = 0/2xl where [ is the effective flaw size.

According to Eq. (2), the growth rate of hydrogen assisted microc-
racks can be estimated for super duplex stainless steels (SDSSs). Here, a
comparison of the crack growth rate in ferrite (§) and austenite (y) can
be obtained from

5
a5 Ds w; (Co,a/ao,a > 4
@, D, @, \cy,/ag,

3

The diffusivity and solubility of hydrogen in ferrite and austenite behave
dramatically different. Literature reported that the diffusion coefficient
of hydrogen in ferrite is in the order of 10~1°-10~!! m?2/s whilst it ranges
from 107! to 8 x 10~'® m2/s for austenite [37,46]. The partial volume
o of hydrogen in ferrite and austenite are 3.818 [40] and 2.07 A3 [47],
respectively.

The values of ¢y; and ¢y, are reported to be 0.033ppm and
32.51 ppm, respectively [48]. Thus, the ratio of Zg—f is ~ 1073, The lat-

tice constant for ferrite and austenite are 2.86 and 3.57 A, respec-
tively. Therefore, the ratio of :—'5 is estimated to be in the range of
Y

102-103, which suggests the crack growth rate in ferrite to be much
faster than in austenite. Thus, fracture in ferrite is prone to cleavage in
SDSSs.

As shown in Fig. 7, the H-assisted cracks propagate through ferrite
grains whilst their tips are arrested in austenite. The length of these mi-
crocracks is about 10 to 20 um. Using Eq. (2), crack propagation rate and
crack length can be calculated for ferrite and austenite. The following
parameters are used for modelling: [;=10 um, D; = 5 x 10! m?/s and
D, =5x10' m?/s. Fig. 8 shows the H-assisted crack growth rate and
crack length with the evolution of strain for both ferrite and austen-
ite. The crack growth rate in ferrite is more than a order of magnitude
higher than in austenite. After the materials failure at 3.6% elongation,
the H-assisted crack length in ferrite can be developed to 20 um, which
is approximately equal to the ferrite grain size. Therefore, it can be pro-
posed that the H-assisted failure could be triggered when cracks propa-
gate across ferrite grains.

4.2. Hydrogen embrittlement in ferrite and austenite

4.2.1. Hydrogen profile in the sample
As shown in Fig. 5, a fracture trasition from brittle to ductile can be
observed; this is due to the hydrogen gradient from the sample surface
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Fig. 6. SEM fractography of H-charged sample
showing typical regions (a-e) with mixed brittle

Band contrast Phase map

(b)

w5 um [l Ferrite [  Austenite

Fig. 7. EBSD characterisation of intragranular microcracks in ferrite on the side
surface of H-charged sample; arrows in (a-c) indicate the position of crack tips;
uniaxial tensioning was applied vertically at strain rate of 1.0 x 107* s~1.

towards the centre. If a semi-infinite plate is assumed, the gradient of
hydrogen concentration across the thickness can be modelled solving
Fick’s second law

c=c+(c, — c,.){l - erf[z/z(Dt)%] } @

and ductile fractures.
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Fig. 8. Modelling of H-assisted cracks propagation in ferrite and austenite; dot-
ted lines represent crack growth rate; solid lines represent accumulated crack
length.

where ¢; and c; are the initial hydrogen concentration and saturated hy-
drogen concentration, respectively; z is the penetration depth whilst ¢ is
the diffusion time. For the hydrogen charging condition in this study,
the values of ¢; and ¢, can be defined as 0 and 1, respectively. The
penetration depth is half of the sample thickness. The diffusion time
is 10 days. At 50° C H-charging environment, the diffusivity can be esti-
mated to be 2 x 10~'* m?/s. The hydrogen saturation can be calculated
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Fig. 9. Modelling hydrogen saturation in the sample after H-charging. The hy-
drogen diffusivity is D = 2 x 10~'* m2/s. The corresponding fractography image
is placed on top showing that the hydrogen saturation profile has a same trend
with the brittle-to-ductile transition in fractography image.

by s = Ci Fig. 9 shows the hydrogen saturation profile from the surface
towards the centre. The result shows a 20% hydrogen saturation can
reach ~0.2 mm depth. Here, it should be noted that the estimation of
hydrogen concentration is a first order estimation.

4.2.2. Effect of residual stress on hydrogen concentration

The thermal expansion coefficients of ferrite and austenite are differ-
ent. Therefore, a residual stress can be generated in SDSSs by quench-
ing [38]. The presence of such residual stress has a significant effect
on hydrogen concentration in SDSSs. The solubility of hydrogen in the
presence of stress can be expressed by

C = Cexp < ;}%’ ) )

where Cj, is the concentraton in the stress-free state [4]. Barnoush et al.
[4] reported that a compressive residual stress of 400 MPa exists in fer-
rite whilst a tensile residual stress of 470 MPa is present in austenite.
By adopting these values, the solubility of austenite has a 23% increase
whilst ferrite has a 36% decrease.

4.2.3. Modelling the presence of hydrogen emrbittlement in SDSSs

The fracture can be clasiffied as ductile or brittle [49]. At the mi-
croscale, the classification depends on the feature of the crack tip where
a ductile feature is always accompanied by dislocation emission whilst
this is absent in brittle fracture. Therefore, a facet feature will be present
if H-assited crack growth is dominant, and as its present of facet in frac-
tography is a sign of hydrogen emrbittlement. From the above discus-
sion, the propagation of H-assisted cracking depends on many factors
including hydrogen diffusivity, hydrogen concentration, stress state and
temperature. Song and Curtin [40] incorporated these factors and then
introduced an index A, to predict the occurrence of hydrogen emrbit-
tlement. In this study, by considering the hydrogen saturation profile
in SDSSs, the following expression can be used to calculate a hydrogen
embrittlement index value to predict the hydrogen emrbittlement:

4
* 5
Ag = f(0.5,09) 2c_(3)s <M) ©)
o \12V27ksTK,
where the term ¢ s indicates the local hydrogen concentration in austen-
ite or ferrite. Therefore, the A, can be calculated for both ferrite and
austenite as Ag ; and A ,, respectively. Fig. 10 shows the evolution of
Ao and Ay, as a function of depth in austenite and in ferrite. Experi-
mental results show HE is absent for depths under 0.27 +0.02 mm for
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Fig. 10. Modelling the presence of hydrogen embrittlement in terms of hydro-
gen saturation; HE was absent for depths under 0.27 +0.02 mm for austenite
and 0.47 +0.09 mm for ferrite; a threshold value of approximately 2.4 x 10'°
MPa~%/° m=/5 is obtained for A, in this study.

austenite and 0.47 +0.09 mm for ferrite. Therefore, a threshold value
of approximately 2.4 x 1010 MPa=8/> m=%/5 is obtained in this study to
distinguish the HE and ductile feature for both austenite and ferrite.
This value is about 5 times less than the value 1.4 x 101! MPa=8/5 m=%/>
reported by Song and Curtin [40]. The difference may be due to the com-
plexity of microstructure in SDSSs. Although the residual stresses in both
ferrite and austenite have been considered in terms of hydrogen solubil-
ity, hydrogen diffusivity can be affected as well. If a higher diffusivity
is realised in both ferrite and austenite, a higher A, can be predicted
which will have better agreement with the value reported by Song and
Curtin [40]. Also, the presence of ferrite-austenite phase boundaries has
higher hydrogen diffusivity which diffuses hydrogen deeper, and thus
the hydrogen emrbittlement can occur deeper in the sample.

4.3. Evolution of dislocation density and load partitioning

A previous study [34] has reported that dislocation multiplication
can be activated by hydrogen charging in SDSSs before loading. After
hydrogen charging, dislocation densities 1.0 x 1012 m~2 of austenite and
ferrite are increased to 6.9 x 10!2 and 1.7 x 1012 m~2, respectively. The
Frank-Read-type source is suggested to account for dislocation density
multiplication by hydrogen charging [34]. In this study dislocation mul-
tiplication during loading is investigated. Fig. 3 shows the evolution of
dislocation density in H-free and H-charged samples. The evolution of
dislocation density is facilitated in austenite by hydrogen, which can be
expained by hydrogen-hardening in austenite. Therefore, a higher load-
ing partitioning in austenite is realised. This observation matches the
report in reference [33] which a higher localized plastic strain was mea-
sured in austenite at 1.7% strain in H pre-charged SDSSs. It is worth to
note that the H-assisted failure occurred just before a stable evolution
of dislocation density in ferrite. This result matches the discussion in
Section 4.1 that H-assisted crack propagation is faster in ferrite so that
a lose of plasticity of ferrite is realised in the presence of hydrogen.

4.4. Microstructure design to prevent hydrogen embrittlement

In this study, the hydrogen assisted crack propagation rate and
the hydrogen embrittlement index value have been expressed via
Equation (2) and (6), respectively. These equations incorporate hydro-
gen diffusivity, hydrogen solubility, residual stress, temperature and
load. These outcomes can assist industrial practice to prevent hydrogen
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embrittlement in terms of service life prediction, critical load estima-
tions, and microstructural design of duplex stainless steels. For example,
state-of-the-art industrial practical guidance to prevent the hydrogen in-
duced stress in duplex stainless steels has been documented in DNVGL-
RP-F112 [50]. In terms of microstructure, a finer austenite spacing is
desirable, and the primary reason is that the presence of closer austen-
ite grains can effectively blunt the hydrogen-assisted crack tips which
initiated from ferrite grains [33]. However, there is a lack of quanti-
tative prediction of service life subject to different levels of austenite
spacing. According to Eq. (2), crack growth rate can be estimated and
thus crack length can be calculated in both ferrite and austenite. Thus,
better service life could be predicted and achieved.

5. Conclusion

Hydrogen emrbittlement in super duplex stainless steels is investi-
gated in this study. Main conclusions are:

« Tensile tests were performed on hydrogen-rich specimens with strain
rates from 1.0 x 1072 to 1.0 x 10™* s~!. The tensile results show that
the ductility is reduced with a decrease in strain rate. The evolution
of dislocation density is investigated using in situ neutron diffrac-
tion. The results reveal that austenite maintains good plasticity dur-
ing loading, whilst a loss of plasticity is realised in ferrite.
Fractography analysis shows that there is a transition from ductile
to brittle from surface towards centre across the specimen thickness.
In the sample tested at a strain rate of 1.0 x 10~* s~!, hydrogen em-
brittlement is absent at depths under 0.27 +0.02 mm for austen-
ite, and 0.47 + 0.09 mm for ferrite. A model is proposed to predict
the hydrogen embrittlement in duplex stainless steels, which incor-
porates hydrogen diffusivity, hydrogen solubility, residual stress,
temperature and load. The model describes well the experiment
results where the hydorgen embrittlement occurred in ferrite and
austenite.

A model effectively used in this study to describe the experimental
results, it could be further developed to assist industrial practice to
assess the hydrogen embrittlement, including service life prediction,
critical load estimation, and the microstructural design of duplex
stainless steels.
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