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A B S T R A C T

In order to investigate the synergistic effect of thermal aging and hydrogen, Z3CN20.09M duplex stainless steels 
(DSS) were thermal aged at 400 ◦C and then the irradiated by hydrogen ions. Due to the segregation of the Fe and 
Cr elements induced by spinodal decomposition, the nanohardness of the ferrite phase increased after thermal 
aging process. The irradiation effects by hydrogen ion could further increase the nanohardness of the damage 
region. But the {011}<111> slip system structures formed by the irradiation significantly suppressed the 
hardening effects of the ions irradiation induced dislocations and spinodal decomposition induced element 
segregation. During the in-situ transmission electron microscopy (TEM) tensile process, severe deformation 
occurred and extended along a slip band that ran diagonally across the entire sample region. At last, a cracking 
formed at the deformation center area and propagated along the crack tip towards the irradiation damage side, 
ultimately leading to the sample fracture. This study serves as a valuable reference for improving the properties 
of Z3CN20.09M DSS utilized in nuclear plants.

1. Introduction

Z3CN20.09M DSS are widely used as the main pipeline material of 
the primary circuit system in reactors and have been safely served in 
Daya Bay nuclear plants in China for about 30 years [1,2]. During the 
prolonged high-temperature service, the spinodal decomposition 
induced thermal aging embrittlement (TAE) tend to occur in the 
Z3CN20.09M DSS, which is due to segregation of Cr and Fe elements in 
ferrite with the nanoscale (Cr-rich α′ phases distribute in the Fe-rich α 
matrix phases) [3,4]. Essentially, the internal coherency strain formed 
by the lattice mismatch between α’ and α phases lead to TAE [5,6], 
which is always the key concern for the practical application of DSS in 
reactors. The deterioration of mechanical properties caused by struc
tural and compositional changes in ferrite will seriously affect the safe 
operation of the reactors in the later stage of its service life. The changes 
of the microstructure and compositions in ferrite after thermal aging 

have been extensively studied [7–9].
On the other hand, the inner side of the main pipeline is in contact 

with the cooling water in the first loop, which contains a large amount of 
hydrogen mainly from the reaction between the Zr alloy cladding tube 
and cooling water [10,11], the transmutation gas H2 produced by the 
nuclear fuel reaction [12], the radiation induced water splitting [13] 
and the H ions of the chemicals (H3BO3) in the cooling water [14,15]. In 
addition to the explosion accident of Fukushima nuclear power plant 
that caused by the accumulation of hydrogen gas [16–18], hydrogen can 
also result in the mechanical properties degradation of reactor structural 
component materials, including Zr cladding material [19–21], pressure 
vessel steel [22,23] and primary circuit main pipeline [24]. The 
hydrogen embrittlement for Zr alloy cladding has been researched a lot 
in recent decades [25,26]. While the effect of hydrogen on the dual 
phase steel material used in the main pipeline is relatively little. During 
the electrochemical hydrogen charging process, micro stretching and 
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calculation results indicate that the hydrogen atoms are trapped at the 
phase boundary, increasing the hardness of the ferrite phase but 
reducing the hardness of the austenite phase, while once the boundary is 
passivated, further hydrogen entering can rapidly diffuse without en
ergy barriers, leading to two-phase softening [27]. Besides, X-ray 
micro-diffraction analysis results reveal that the electrochemical 
hydrogen absorption in duplex steels can lead to swelling of austenite 
lattice, but the lattice parameter of the ferrite phase remains unchanged 
during this process [28]. The synergistic effect of thermal aging and 
hydrogen on the microstructure evolution and properties of the 
Z3CN20.09M DSS materials has not been fully understood.

Based on the actual service conditions of the main pipeline in the 
reactors, in this work, the internal microstructure evolutions of the 
Z3CN20.09M DSS materials under the synergistic effect of thermal aging 
and hydrogen were investigated by using hydrogen ion implantation 
after thermal aging process.

2. Experimental methods

Z3CN20.09M duplex stainless steels made in France are being 
researched for thermal aging and ions irradiation induced microstruc
ture evolution and mechanical property degradation. The chemical 
composition of Z3CN20.09M DSS is as follows (in wt.%): Cr-20.893, Mo- 
0.103, Si-1.020, Ni-9.760, Mn-1.058, N-0.045, C-0.026, and Fe-Balance. 
The surface morphology and phase composition of materials are pre
sented in Fig. 1(a) and (b). During the accelerated thermal aging process, 
two large steel bulks were aged in two large muffle furnaces at 400 ◦C for 
0 h–3000 h, respectively, and the chamber temperatures were controlled 
by UDIAN programmable controllers at an accuracy of <±1 ◦C using K- 
type thermocouples; the spatial temperature variation within chamber 
was ±5 ◦C. After thermal aging, parts of samples were performed by ions 
irradiation, 200 keV H+ ions with a fluence of 6 × 1016 ions/cm2 were 
pre-implanted at room temperature using the NEC 400 kV ion implanter 
under a vacuum of 5 × 10− 7Pa at Xiamen University [29]. Ion irradia
tion was conducted under high vacuum conditions to prevent residual 
gas contamination of the vacuum chamber and to avoid oxidation of the 
sample during the irradiation process. The direction of the ion incidence 
is perpendicular to the surface of the sample. Based on full damage 
cascades mode, the displacement threshold energies of main component 
elements Fe, Cr and Ni were set as 40 eV in the Stopping and Range of 
Ions in Matter (SRIM) simulation software during the calculation of 
irradiation parameters [30]. The density of the Z3CN20.09M DSS sam
ples was set as 7.8 g/cm3 in the SRIM calculations, which was measured 

by Archimedes’ drainage method. Fig. 1(c) displays the simulation re
sults of the depth variation of damage and the concentration of H atoms, 
which show that the peak displacement damage (approximately 0.65 
dpa, displacement per atom), peak hydrogen concentration (approxi
mately 4 %), located at a depth of approximately 880 nm and 950 nm, 
respectively.

The surface morphologies and microstructures of those unirradiated, 
irradiated, and annealing samples were characterized by scanning 
electron microscopy (SEM, Zeiss Gemini 460) under a vacuum of less 
than 5 × 10− 5Pa, TEM (FEI talos F200X) under a vacuum of 1.1 ×
10− 7Pa, selected area electron diffraction (SAED) patterns, scanning 
transmission electron microscopy (STEM) with electron diffraction 
spectroscopy (EDS). The TEM samples, less than 100 nm thick, were 
prepared by using the focused ion beam (FIB, Thermo Scientific Helios 
G4) lift-out technique. The initial lift-outs were performed by using 30 
kV Ga+ ions with a current of 9.3 nA. During the process of thinning, the 
energy and current of Ga+ ions beam was progressively decreased to 
minimize damage to the sample surface. Final thinning was performed 
using 2 kV Ga+ ion. Fig. 1(b) shows the overview image of FIB-prepared 
TEM sample, the irradiation direction and damage areas are marked. In 
addition, a 500h-aged sample was machined to a piece of 2 μm × 2.5 μm 
rectangle with a thickness of about 100 nm by the focused ion beam 
(FIB, Thermo Scientific, Helios 5 CX) under a vacuum of 4.9 × 10− 5Pa. 
Transmission electron microscopy (TEM, FEI talos F200X) equipped 
with stretching table (Instec) was used to perform the TEM in-situ tensile 
test. The nano-hardness of samples were measured by Hysitron Ti-980 
Tribo Indenter, the indentation depth was 100 nm, which are corre
sponding to the surface region and peak damage region, respectively. In 
addition, considering the depth of the irradiation damage zone and the 
impact on the unirradiated area nanohardness indentation tests were 
performed for each sample at the depth of 100 nm and the results were 
averaged over 10 measurements.

3. Results and discussion

The spinodal decomposition processes always occur in the duplex 
stainless steels under the thermal service environments, resulting in the 
nanoscale segregation of Cr and Fe elements in ferrite. The STEM images 
of the Z3CN20.09M DSS samples and EDS mapping results of the Cr 
element inside the ferrite phase in the samples aged at different times are 
shown in Fig. 2. It shows that the density of defects in the austenite 
region (A) is much more than the ferrite region (F) in the samples under 
the original and aged states. For the EDS mapping results in the ferrite 

Fig. 1. (a) SEM image for the surface morphology of the as-received Z3CN20.09M DSS sample; (b) The corresponding EBSD phase distribution diagram of (a); (c) the 
results showing the variation of dpa and hydrogen atom concentrations in the irradiated Z3CN20.09M DSS sample calculated by SRIM 2013 software.
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region, the green areas represent the aggregation of Cr atoms and the red 
areas are the Fe atoms. The estimated domain area slightly increases 
with increasing aging times, from 0.39 nm2 for 0 h to 1.15 nm2 for 500 h, 
and then further increases to 1.83 nm2 for 3000 h. The presence of a 
small amount of O element is attributed to the oxidation of the FIB 
sample surface. There are no significant changes in the distribution of 
the O element during the thermal aging process. It is clear that the 
enrichment of Cr and Fe elements occurred with the continue of the 
thermal aging process, which in line with the previous report by Zhou 

et al. [31].
The nanohardness results of the ferrite phase under H ions irradia

tion and thermal aging process are shown in Fig. 3. It is clear that under 
a single thermal aging effect, the nanohardness of the ferrite phase in
creases with the increase of thermal aging time, as shown in Fig. 3(a), 
which is due to the nanoscale periodic fluctuations of the Fe and Cr 
atomic concentrations induced by spinodal decomposition during the 
thermal aging process [32,33]. The internal coherency strain induced by 
the slight lattice mismatch between α′ and α phases can lead to the 

Fig. 2. Overview bright field STEM images of the Z3CN20.09M CDSS samples and the corresponding EDS mapping results in ferrite phase regions of the 
Z3CN20.09M CDSS samples under different 400 ◦C thermal aging times: (a) 0 h; (b) 500 h and (c) 3000 h.

Fig. 3. Nano hardness results of Z3CN20.09M CDSS before and after H ions irradiation under 0–3000 h thermal aging times.
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increase of hardness the ferrite [34]. On the other hand, generally, ions 
irradiation could introduces a large number of defects, resulting in an 
increase in the hardness of materials [35,36]. Therefore, compared with 
the unirradiated samples, after the injection of hydrogen ions, the 
nanohardness of the damage region in the radiated Z3CN20.09M sam
ples significantly increased. However, the increase in hardness of irra
diated samples with aging time was not significant during the 
500~3000-h thermal aging process, which indicates that the hydrogen 
ion implantation could weaken the hardening effect induced by spinodal 
decomposition during thermal aging process. Similar metal softening 
phenomena were also observed under electrochemical hydrogen 
charging and atmospheric hydrogen charging conditions [37,38]. 
Currently, two kinds of theories to explain the mechanism of hydrogen 
induced metal softening: 1) The suppression of work-hardening 
[39–42], including the enhancement of cross-slip induced by 
hydrogen, the decrease of the repulsive interactions between disloca
tions result from the shielding effect of hydrogen on elastic field; 2) The 
decrease of shear modulus, dislocation line energy and the increase of 
dislocation mobility [43,44]. The Young’s modulus of irradiated and 
non-irradiated samples did not show significant changes with aging 
time, but a turning point appeared at 1000 h, as seen in Fig. 3(b), which 
might be attributed to the combined effects of element segregation and 
H ions irradiation. During the 0~1000h thermal aging stage, the ma
terial hardening induced by spinodal decomposition and the decrease in 
elasticity played a dominant role; during the 1000–3000 thermal aging 
stage, hydrogen induced softening suppressed the previous hardening 
effect and enhanced the material’s plasticity.

Fig. 4 shows the TEM images of Z3CN20.09M CDSS sample that aged 
at 400 ◦C for 500 h and then irradiated by H ions at RT temperature. 
Compared to the austenite phase, the irradiation damage region in the 

ferrite region can be clearly visible and the boundary between the 
damaged and undamaged areas is marked in Fig. 4(a). Enlarging a local 
damage area of the ferrite region, it can be observed that a large number 
of dislocation line structures were induced by the hydrogen ions irra
diation, as shown in Fig. 4(b), which could promote the hardening of 
materials. By rotating the TEM sample to the vicinity of the nearly [011] 
crystal band axis, a large number of regularly arranged {011}<111>
slip system structures can be observed, as seen in Fig. 4(c). Enlarging the 
area that marked by red dash frame in Fig. 4(c), the slip layer fault 
structures are plainly displayed in Fig. 4(d). Therefore, after the im
plantation of hydrogen ions, a large amount of cross-slip structures 
formed in the irradiated ferrite area of the samples, which significantly 
suppressed the hardening effects of the ions irradiation induced dislo
cations and spinodal decomposition induced element segregation, 
consistent with hydrogen induced metal softening theory mentioned 
above [39–42].

In order to further understand the effect of irradiated hydrogen on 
the microstructure changes of materials during the stretching process, 
TEM in-situ stretching experiment was conducted, and the initial sample 
is the ferrite phase of the Z3CN20.09M CDSS aged at 400 ◦C for 500 h, 
half of the region is the H-irradiated area, and the other is the unirra
diated area, as shown in Fig. 5(a). There are significant differences in the 
overall microstructure images between these two regions. Under the 
dark field condition, the severe hydrogen irradiation damage region that 
near the surface is clearly displayed, which is marked in Fig. 5(e). Fig. 5
(b) shows that when the stroke of the stretching rod increased to 85 nm, 
a slip band that diagonally spanned the entire region gradually 
appeared, and the elongation of the hydrogen damage area indicated 
that the TEM sample also had significant elongation, as seen in Fig. 5(f). 
When the stretching length reached 593 nm, the microstructure was 

Fig. 4. TEM images of Z3CN20.09M CDSS alloys after thermal aging at 400 ◦C for 500 h and then irradiated by H ions at RT temperature.
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shown in Fig. 5(c), indicating that a large area of dislocation accumu
lation occurred in the vicinity of the original slip line and the narrow 
area in the center may have undergone torsional deformation. In addi
tion, the dark field image Fig. 5(g) shows that the original hydrogen 
induced damage zone disappeared during the stretching process. When 
the stretching length increased up to 893 nm, a small hole formed at the 
deformation center area, as seen in Fig. 5(d and (h). At the same time, 
the dislocation accumulation region has migrated to both sides of the 
plastic deformation region. From the overall morphological changes, it 

can be seen that in the later stage of stretching, the influence of 
hydrogen on the sample can be almost ignore.

The magnified TEM images of the hydrogen irradiation damage zone 
that near the surface at the early stage of the stretching process are 
shown in Fig. 6. Before irradiation, very few dislocation defects were 
inside the unirradiated ferrite, as seen in Fig. 2(b). But after H ions 
irradiation, a large number of defects such as clusters and dislocations 
were produced in the damaged area of the irradiated sample, as seen in 
Fig. 6(a) and (d). During the entire stretching process, dislocation lines 

Fig. 5. Overview bright field (BF) and dark field (DF) TEM images of H ions irradiated Z3CN20.09M CDSS sample that aged at 400 ◦C for 500 h during the in-situ 
stretching process.

Fig. 6. Enlarged surface region TEM images of the thermal aged and H ions irradiated Z3CN20.09M CDSS alloys during the in-situ stretching process.
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inside the material continuously generated, migrated, and grew up, as 
marked by the red boxes and red arrows in Fig. 6(a)~(c). In addition, 
when the elongation reached 85 nm, by comparing the positions indi
cated by the red arrows in the BF image Fig. 6(b) and DF image Fig. 6(d), 
it can be seen that a slip band perpendicular to the <110> direction 
gradually formed, which is consistent with the direction of the slip 
planes induced by hydrogen irradiation, as indicated by Fig. 4. And 
when the elongation increased up to 188 nm, a large number of dislo
cation defects accumulated at the slip band region, and significant 
plastic deformation has occurred, as indicated by the yellow box in Fig. 6
(f). Meanwhile, the evolutions of the near surface region enriched with 
the hydrogen also revealed the plastic deformation process of the stretch 
sample, as marked by a red ellipse in Fig. 6(d)~(f).

The magnified TEM images of the interface region that between the 
irradiated and unirradiated areas at the later stage of the stretching 
process are shown in Fig. 7. As mentioned above, when the elongation 
reached 593 nm, the center of the area where torsional deformation 
occurs is marked by a red circle, with a large number of dislocation lines 
parallel and perpendicular to the <110> direction clearly visible. The 
deformation region is shown in Fig. 7(a) and (e). When the elongation 
increased up to 808 nm, dense dislocation lines interweaved on both 
sides of the deformation core area, and the region of crack initiation is 
marked in Fig. 7(b) and (f). The sample cracked and formed a small hole 
when the stretching length reached 893 nm, with the crack tip pointing 
towards the side of the irradiated area, as seen in Fig. 7(c) and (g). Fig. 7
(d) and (h) indicate that cracks mainly propagated along the crack tip as 
the stretching progressed, ultimately leading to the sample fracture. This 
suggests that the irradiation damage and slip system structures within 
the irradiation-damaged zone may accelerate crack propagation and 
ultimately lead to failure.

4. Conclusion

Z3CN20.09M duplex stainless steels were After thermal aging pro
cess at 400 ◦C and hydrogen ions irradiation, the evolutions of the 
microstructure and nano mechanical properties were researched and 
analyzed.

The nanohardness of the ferrite phase increased with the increase of 
thermal aging time, which is due to the segregation of the Fe and Cr 
elements induced by spinodal decomposition. The nanohardness of the 
damaged region in the irradiated Z3CN20.09M samples further 
increased after the injection of hydrogen ions. However, the hydrogen 
ion implantation weakened the hardening effect induced by the spinodal 
decomposition during thermal aging process. This reduction in hard
ening is due to the formation of a large number of {011}<111> slip 
system structures, which significantly suppress the hardening effects 
caused by ion irradiation-induced dislocations and element segregation 
from spinodal decomposition.

During the in-situ tensile test of TEM, with the increase of the 
stretching length, a slip band that runs diagonally through the entire 
sample region firstly appeared, and then a large area of dislocation 
accumulated in the vicinity of the slip band. As the stretching experi
ment progressed, severe deformation occurred and extended along this 
slip band. When the stretching length increased up to 893 nm, a cracking 
formed at the deformation center area, and further propagated along the 
crack tip towards the irradiation damage side, ultimately leading to the 
sample fracture.

In general, the results in this work indicate that hydrogen ion im
plantation can further deteriorate the mechanical properties of mate
rials, but to some extent, it can weaken the hardening effect of materials 
induced by the spinodal decomposition during the thermal aging pro
cess. And cracking tends to occur at the interface region between the 
irradiated and non irradiated areas and propagate towards the irradi
ated damage side.
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E. Stoller, G.D. Samolyuk, Influence of chemical disorder on energy dissipation and 
defect evolution in concentrated solid solution alloys, Nat. Commun. 6 (1) (2015) 
8736.

[37] K. Tomatsu, T. Omura, Y. Nishiyama, Y. Todaka, Influence of hydrogen on local 
mechanical properties of pure Fe with different dislocation densities investigated 
by electrochemical nanoindentation, ISIJ Int. 56 (12) (2016) 2298–2303.

[38] Y. Zhao, M.-Y. Seok, I.-C. Choi, Y.-H. Lee, S.-J. Park, U. Ramamurty, J.-Y. Suh, J.- 
i. Jang, The role of hydrogen in hardening/softening steel: influence of the 
charging process, Scripta Mater. 107 (2015) 46–49.

[39] K. Tomatsu, T. Amino, T. Chida, S. Uji, M. Okonogi, H. Kawata, T. Omura, 
N. Maruyama, Y. Nishiyama, Anisotropy in hydrogen embrittlement resistance of 
drawn pearlitic steel investigated by in-situ microbending test during cathodic 
hydrogen charging, ISIJ Int. 58 (2) (2018) 340–348.

[40] K. Miyata, Effect of hydrogen charging on dislocation behavior in Ni-Cr and Ni 2 Cr 
alloys, Metall. Mater. Trans. 34 (2003) 1249–1257.

[41] H.K. Birnbaum, P. Sofronis, Hydrogen-enhanced localized plasticity—a mechanism 
for hydrogen-related fracture, Mater. Sci. Eng. 176 (1–2) (1994) 191–202.

[42] P. Sofronis, H.K. Birnbaum, Mechanics of the 
hydrogendashdislocationdashimpurity interactions—I. Increasing shear modulus, 
J. Mech. Phys. Solid. 43 (1) (1995) 49–90.

[43] A. Barnoush, H. Vehoff, In situ electrochemical nanoindentation: a technique for 
local examination of hydrogen embrittlement, Corrosion Sci. 50 (1) (2008) 
259–267.

[44] A. Barnoush, H. Vehoff, Recent developments in the study of hydrogen 
embrittlement: hydrogen effect on dislocation nucleation, Acta Mater. 58 (16) 
(2010) 5274–5285.

P. Lei et al.                                                                                                                                                                                                                                       Vacuum 231 (2025) 113757 

7 

http://refhub.elsevier.com/S0042-207X(24)00803-0/sref1
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref1
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref2
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref2
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref2
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref3
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref3
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref3
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref4
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref4
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref4
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref5
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref5
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref5
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref6
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref6
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref6
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref7
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref7
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref7
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref8
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref8
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref9
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref9
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref9
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref10
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref10
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref10
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref11
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref11
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref11
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref12
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref12
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref12
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref12
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref13
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref13
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref13
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref14
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref14
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref14
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref14
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref15
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref15
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref15
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref16
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref16
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref16
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref16
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref17
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref17
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref17
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref18
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref18
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref18
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref19
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref19
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref19
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref19
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref20
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref20
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref20
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref21
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref21
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref21
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref22
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref22
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref22
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref23
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref23
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref23
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref24
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref24
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref24
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref25
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref25
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref25
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref26
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref26
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref27
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref27
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref28
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref28
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref28
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref28
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref29
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref29
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref29
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref30
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref30
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref30
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref30
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref31
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref31
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref31
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref32
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref32
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref32
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref32
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref33
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref33
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref33
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref34
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref34
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref34
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref35
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref35
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref35
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref36
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref36
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref36
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref36
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref37
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref37
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref37
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref38
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref38
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref38
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref39
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref39
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref39
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref39
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref40
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref40
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref41
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref41
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref42
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref42
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref42
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref43
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref43
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref43
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref44
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref44
http://refhub.elsevier.com/S0042-207X(24)00803-0/sref44

	Effect of hydrogen ion irradiation on the mechanical properties of thermally aged Z3CN20.09M duplex stainless steel
	1 Introduction
	2 Experimental methods
	3 Results and discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	datalink5
	References


