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a b s t r a c t 

Tensile tests in air with hydrogen pre-charged smooth specimens and slow strain rate tests with 

smooth and notched specimens in hydrogenated high-temperature water (HTW) at elevated tempera- 

tures (250 −288 °C) on low-alloy reactor pressure vessel (RPV) steels revealed a softening in strength and 

a pronounced reduction in ductility, where the magnitude of hydrogen embrittlement (HE) increased with 

the dynamic strain ageing (DSA) susceptibility of the RPV steels. In hydrogen pre-charged specimens and 

in hydrogenated HTW, shear dominated transgranular fracture by microvoid coalescence with increasing 

amounts of macrovoids, quasi-cleavage regions and secondary cracking were observed. Thermal desorp- 

tion spectroscopy showed an increase in the concentration of trapped hydrogen in high binding energy 

traps (vacancies & voids) induced by straining in DSA regime. The observed hydrogen effects on frac- 

ture behaviour is a consequence of plasticity localization resulting from the interaction between DSA and 

hydrogen. HESIV and HELP are the dominant HE mechanisms. 

© 2021 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The structural integrity of the reactor pressure vessel (RPV) is 

f utmost importance in light water reactors regarding the sys- 

em integrity and operation lifetime. Commercial RPVs are made 

f low-alloy steels (LAS) with bainitic microstructure [1] . The RPV 

teel absorbs hydrogen due to corrosion reactions, decomposition 

f high-temperature water (HTW) and radiolysis of water at high 

emperature. The degradation effects of hydrogen and HTW en- 

ironment on the fracture properties of RPV steels can be syn- 

rgistic with irradiation [2] , dynamic strain ageing (DSA) [ 3 , 4 ],

nvironmentally-assisted cracking [5] and thermal embrittlement 

6] . 

As reported by Broomfield [7] and Chakravarny [8] , the RPV 

teels can absorb 2–6 wt. ppm of hydrogen during operation. With 

he strong segregation and trapping tendency, the ppm range of 

ydrogen in the steel can significantly influence the local plastic 

eformation and the fracture behaviour [ 9 , 10 ]. The main hydro- 

en embrittlement (HE) mechanisms in RPV steels under light wa- 
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er reactor conditions [11–17] are: hydrogen-enhanced decohesion 

mbrittlement (HEDE), hydrogen-enhanced local plasticity (HELP) 

nd hydrogen-enhanced strain-induced vacancies (HESIV). HEDE 

nd HELP are recognized as the salient and dominant HE mech- 

nisms responsible for the degradation of mechanical properties of 

aterials [18] . 

Hydrogen effects on the degradation of mechanical properties 

f LAS are generally claimed to be evident only at temperatures 

elow 100 °C [19] , or in high-strength steels [20] , due to the low
icrostructural trapping efficiency and fast hydrogen effusion rate 

t elevated temperatures and the limited hydrogen availability in 

TW [21] . Studies on hydrogen effects on the fracture behaviour 

f low-alloy RPV steels in the light water reactors operating tem- 

erature range (250 −320 °C) are rare [ 22 , 23 ]. However, Wu and

im [24] reported that charged hydrogen induced a softening and 

 decrease in ductility at the high temperatures (especially in the 

SA region) in SA508 Cl. 3 RPV steel. Tensile tests of RPV steels 

n air with 2 to 5 mg/kg hydrogen pre-charging revealed evident 

E at 250 and 288 °C [ 11 , 25 ], where the HE effects increased with

he hydrogen concentration, yield stress (YS) and DSA susceptibil- 

ty of the steels. Elastic plastic fracture mechanics tests in hydro- 

enated HTW with 2 mg/kg H 2 at 288 °C [6,21,26,27] revealed a 
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Table 1 

Properties of investigated RPV steels. 

Desig. Material Product form YS 288 °C [MPa] Remarks K IC [MPa •m 
1/2 ] DSA index-1 [%] DSA index-2 [%] 

Biblis C 22 NiMoCr 3 7 

( = SA 508 Gr.2 

Cl. 2) 

Forging 400 Low DSA 

susceptibility 

245 −0.6 −2.5 

277 20 MnMoNi 5 

5 

( = SA 508 Gr.3 

Cl. 1) 

Forging 418 High DSA 

susceptibility 

280 −12.3 −14.3 

508 SA 508 Gr.2 

Cl.2 

Forging 396 High DSA 

susceptibility 

265 −16.4 −19.7 

HSST SA 533 Gr.B 

Cl.1 

Hot-rolled 

plate 

412 Moderate DSA 

& high sulphur 

content & high 

EAC 

susceptibility 

250 −8.9 −10.4 

(DSA index-1: relative decrease in the reduction of area from room temperature to 250 °C at a strain rate of 10 −5 s −1 ; DSA index-2: relative decrease in the 

reduction of area by a change of the strain rate from 10 −3 to 10 −5 s −1 at 250 °C). 
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oderate, but clear reduction of fracture resistance for the steels 

ith high DSA susceptibility. Moreover, for LAS with high DSA, 

train localization and dislocation multiplication led to the forma- 

ion of dislocation cells in bainitic laths in hydrogenated HTW [28] . 

hese experiments and characterization work indicate a potential 

ynergy of hydrogen and DSA effects on degrading the mechan- 

cal behaviour of LAS at light water reactors operating tempera- 

ures, but the underlying mechanisms were unclear and thus have 

o be further investigated. In the DSA regime, RPV material experi- 

nces serrations in stress-strain curves, rise in the ultimate tensile 

trength (UTS) and strain hardening, negative strain rate sensitiv- 

ty, decrease in ductility, increase in planar deformation and dislo- 

ation density and the maximum stress corrosion cracking rates in 

TW [ 4 , 29–33 ]. This work tried to get more insights on the inter-

ction of DSA, hydrogen trapping behaviour and HE vulnerability. 

Systematic tensile tests with cathodic hydrogen pre-charging 

n air and slow strain rate tensile test (SSRT) with smooth and 

otched specimens in hydrogenated HTW (with RPV steels of dif- 

erent DSA susceptibility) were carried out in this work. The hy- 

rogen trapping behaviour of selected specimens (before and af- 

er pre-straining in DSA regime) was characterised by thermal des- 

rption spectroscopy (TDS). The relation amongst DSA susceptibil- 

ty, hydrogen trapping, HE mechanisms and hydrogen-dislocation- 

acancy-interstitials interactions of RPV steels are discussed. 

. Materials and experimental procedures 

.1. Materials 

The tensile and SSRT tests were performed on RPV steels with 

ow (Biblis C), moderate (HSST) and high DSA susceptibility (277, 

08) ( Table 1 ). The material, mechanical properties, DSA suscepti- 

ility, chemical compositions, heat treatments and microstructure 

f the investigated RPV steels are summarised in Table 1 to Table 3 .

The materials were from forged rings/plates (Biblis C, 277, 

08) or hot-rolled plates (HSST). All materials were reaustenitised, 

uenched and tempered. Biblis C and HSST steels were additionally 

tress-relieved. Biblis C, HSST and 277 materials have very simi- 

ar upper bainitic microstructure with mean prior austenite grain 

ize of 10 −20 μm [21] . The 508 steel has slightly lower temper-

ng temperature (600 °C) than the other steels and has a mixed 

erritic-bainitic microstructure [26] . The investigated steels are Mn- 

oNi types (277, HSST) or NiMoCr types (508, Biblis C), other- 

ise the steels mainly differ in their sulphur content that affects 

he environmentally-assisted cracking, HE and upper shelf fracture 

ehaviour. The investigated RPV steels have similar YS and upper 

helf toughness at 288 °C ( Table 1 ). Generally, the materials have 
2 
ery similar microstructure and mechanical properties, but reveal 

ifferent DSA response and HE behaviour [ 21 , 26 ]. 

The low alloy steels contain a wide range of weak (dislocations, 

rain boundaries,..) and strong (carbides, oxides, sulphides,..) mi- 

rostructural traps [34] , resulting in a complex hydrogen trapping 

ehaviour. The upper bainite grains consist of packets, which are 

ormed by ferrite laths (width of a few μm and length of 10–15 

m) and have high dislocation density [28] . The (low-angle) lath 

nd (high-angle) packet boundaries are decorated by fine Fe 3 C pre- 

ipitates in the μm range and other finer carbides ( e.g. , Mo 2 C) or

arbo-nitrides ( e.g. , V(N,C)) in the 100 nm range. A part of ferrite 

aths contain intralath carbides. The major non-metallic inclusions 

re MnS (spherical or elongated, 2–20 μm) and Al 2 O 3 (spherical, a 

ew μm) [21] . 

.2. Tests 

Smooth cylindrical tensile specimens with gauge length and 

auge diameter of 36 mm and 6 mm were prepared from the steel 

locks along the transverse direction according to ASTM A-8. The 

SA behaviour was characterized by tensile tests between 25 and 

00 °C and at strain rates between 10 −1 and 10 −6 s −1 . The HE

ehaviour was studied by tensile tests at 250 and 288 °C over 
train rates from 10 −1 to 10 −4 s −1 either by electrochemical ca- 

hodic charging (with smooth tensile specimens) or by immersion 

n hydrogenated HTW (with smooth or notched tensile specimens). 

 circumferential V-notch in the middle of gauge length with V- 

otch depth, angle and radius of 1 mm, 60 ° and 0.1 mm, respec- 

ively. 

Cathodic hydrogen charging of the tensile samples was done 

n galvanostatic mode using a Gamry Potentiostat at room tem- 

erature in an aqueous solution of 1 N H 2 SO 4 and 30 mg/l 

s 2 O 3 for 7 h, exposing only gauge section at a current density 

f 10 mA/cm 
2 . Prior to hydrogen charging, the gauge section of 

he sample was polished with 10 0 0 grit paper and ultrasonically 

leaned for 5 min. The sample (cathode) is placed in between 

wo platinum sheets (anode) of dimensions 60 × 10 × 1 mm. 

he distance between cathode and anode was maintained between 

 − 6 mm. To reduce the effusion of the hydrogen from the sur- 

ace, after charging the sample was elctrolytically coated with cop- 

er at 5 V for 8 − 10 min in CuCN (22.5 g/L), NaCN (33.7 g/L),

a 2 CO 3 (15 g/L) and Na 2 S 2 O 3 (0.2 g/L) solution (pH = 12). This pro-

edure resulted in a total hydrogen content of ~5 mg/kg (measured 

y hot gas extraction in the necking region after the tensile test). 

he charged samples were immediately taken to the tensile testing. 

he test temperature was reached typically within 60 min, includ- 

ng the holding time at the target temperature for 15 min prior to 
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he start of test. The theoretical diffusion distance of free hydrogen 

s about 4 − 8 mm in 1 h at 288 °C [35] ), which is in the same

ange of the tensile specimen diameter (6 mm). The time of mo- 

ile hydrogen to completely effuse out of a “homogenously” pre- 

harged tensile specimen (over the whole cross section) is at least 

n order of magnitude longer and thus > 10 h (as evidenced by 

he hot gas extraction after the high-temperature tensile test). The 

ime for heating and tensile test varied between 1.3 (10 −2 s −1 ) to 

 h (10 −4 s −1 ). Therefore, sufficient amount of lattice hydrogen is 

till available for interactions with vacancies and dislocations gen- 

rated in the high-temperature tensile tests. 

SSRT tests with smooth cylindrical tensile specimens was car- 

ied out in HTW with 2 mg/kg dissolved hydrogen at 288 °C us- 
ng a HTW recirculation loop containing an autoclave with electro- 

echanical tensile machine [21] . The specimens were first pre- 

xidized for 7 days at a pre-load of 0.5 kN resulting in an equi-

ibrium adsorption of hydrogen into the specimen. The autoclave 

ressure was maintained at 90 bar with water flow of 5 L/h. To 

imulate more aggressive service conditions, additional tests with 

ylindrical tensile specimens with a sharp V-notch in the gauge 

ength were performed under the same conditions. The hydro- 

en content in the bulk lattice primarily arises from the dissolved 

ydrogen in the water (through the Sieverts’ law [36] ) and the 

ocal corrosion reactions. Although there is a continuous source 

f hydrogen in HTW (in contrast to the electrochemically pre- 

harged tensile specimens), hydrogen concentration in the steel 

 < 0.1 mg/kg) is lower than in the tensile specimens with pre- 

harging. In the notched specimens, enhanced hydrogen accumu- 

ates at the plastically-strained notch with higher hydrostatic tri- 

xial stress than in the smooth specimens. 

.3. Thermal desorption spectroscopy 

Hydrogen trapping behaviour in the RPV steels 277 steels and 

iblis C before and after pre-straining in DSA regime was studied 

y TDS. The specimens for TDS analysis were prepared by electro- 

ischarge machining and mechanically polished down to 10 0 0 grit. 

he TDS tests with both unstrained and strained specimens were 

erformed. The TDS specimens of unstrained, as-supplied materials 

ere made in form of plate with 0.75 × 4.5 × 12 mm in size and

 nominal mass of about 0.32 g. The strained specimens were ma- 

hined from the uniformly deformed part (uniform strain of 10%) 

f tensile specimens that were tested in the DSA regime (at 250 °C 
ith strain rate of 10 −3 s −1 ). The strained specimen thickness was 

olished to be 0.75 mm as for the unstrained one. 

TDS specimens were pre-charged with hydrogen using three- 

lectrode cell with Pt-counter and Hg/Hg 2 SO 4 reference elec- 

rodes under controlled applied electrochemical potential of −0.95 

 Hg/Hg2SO4 . Charging with controlled applied potential provides the 

ame chemical potential for hydrogen ingress into the steels with 

ifferent microstructure state and composition, which allows to 

ompare their hydrogen uptake and trapping character. Hydrogen 

harging of all the studied materials was performed in de-aerated 

.1 N H 2 SO 4 solution with 10 mg/L thiourea at 25 °C for 3 h. The
elected charging time can provide almost homogeneous distribu- 

ion of hydrogen over the TDS specimen cross-section. After hy- 

rogen charging procedure TDS-specimen was dried with He-gas 

ow and immediately loaded into TDS apparatus. The time be- 

ween charging completion, loading the TDS specimen into air-lock 

hamber, its transfer to ultra-high-vacuum (UHV) chamber and the 

tart of measurement did not exceed 5 min. 

The TDS apparatus used in the study was self-designed and as- 

embled at Aalto University consists of air-lock chamber for spec- 

men loading and UHV chamber with a programmed heater and 

esidual gas analyser providing hydrogen desorption rate measure- 

ents with accuracy better than 1 μg/(g �s) in the temperature 
3 
ange up to 1200 °C. Hydrogen desorption rate in all the studied 
teels after their pre-charging were measured with heating rate of 

0 K/min up to 900 K. 

. Results 

.1. DSA behaviour of the RPV steels 

The DSA behaviour was studied by tensile tests in air between 

5 and 400 °C and at strain rates between 10 −6 and 10 −1 s −1 .

ll the investigated RPV steels revealed characteristic features of 

SA with serrated plastic flow in the stress-strain curves in the 

emperature range between 150 and 350 °C and strain rates be- 
ween 10 −6 and 10 −2 s −1 . Serrations aroused quickly after start- 

ng of plastic yielding (very small critical strains for the onset of 

errations) and disappeared above a critical strain of a few to 15%. 

he stress drops were in the range of a few to 20 MPa. There was

 wide variation in the type, stress drops and critical strain for the 

nset/disappearance of serration amongst the different steels. The 

errations were mostly a combination of Type A and B and less 

requently of type C ( Fig. 1 (a-c)). For a given temperature, Type 

 was more prevalent at the higher strain rates, whereas at inter- 

ediate strain rates Type B or a combination of Type A and B ser- 

ations were observed. At very slow strain rates, Type C serrations 

ere prevalent. Type A serrations are periodic serrations from re- 

eated deformation bands initiating at the same end and propagat- 

ng in the same direction. These are locking serrations character- 

zed by an abrupt rise in stress followed by a drop to or below the

eneral level of the stress-strain curve. Type B serrations are oscil- 

ations about the general level of the stress-strain curve that occur 

n quick succession due to discontinuous band propagation aris- 

ng from the DSA of moving dislocations within the deformation 

ands. Type C serrations are yield drops below the general level 

f the stress-strain curve due to unlocking of dislocations. Close to 

he temperature-strain rate borders of the serration region, usually 

nly a part of specimens showed serrations. The activation ener- 

ies for the onset and disappearance of serrated plastic flow in the 

77 steel with high DSA susceptibility were calculated to be 1.4 

nd 1.7 eV, respectively. The activation energy was calculated with 

he graphically deduced strain rate d ε/dt c at the onset and disap- 
earance of serrations at different tem peratures by a simple Arrhe- 

ius analysis (d ε/dt c = A � exp(-E a /(k �T)), as detailed in Fig. 1 (d).
he activation energy for the onset of serrations is similar to that 

f C diffusion in RPV steels, which is much higher than in pure 

cc iron due to the Cr and Mn contents. The activation energy for 

he disappearance of the serrations is smaller than the sum of the 

inding energy of C to dislocations and activation energy for diffu- 

ion of C in iron and close to the activation energy of 1.67 eV of

he Snoek-Koester peak in previous internal friction measurements 

f this steel after cold work [37] . 

The investigated RPV steels revealed a negative strain rate sen- 

itivity of strength, a maximum in UTS and strain hardening rate as 

ell as a minimum in ductility between 250 and 350 °C at strain 
ate of 10 −5 to 10 −4 s −1 ( Fig. 1 (e)). The DSA effects on YS were

imilar as, but smaller than for UTS. A relative ranking of the DSA 

usceptibility of the steels is given in Table 1 . 

.2. Effects of hydrogen on mechanical behaviour of RPV steels 

.2.1. Tensile tests in air with cathodic hydrogen pre-charging 

The effect of hydrogen on the tensile properties was studied at 

50 and 288 °C in the strain rate range from 10 −4 to 10 −1 s −1 .

 mg/kg of hydrogen in the RPV steels by electrochemical hydro- 

en pre-charging caused moderate reduction in UTS ( Fig. 2 (a)). In 

he high DSA steels, softening by hydrogen compensated a part of 
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Fig. 1. Different types of serrations in the stress-strain curves observed in the investigated steels. (a) Type A; (b) Type B; (c) Type C. (d) The activation energy for the onset 

and disappearance of serrated plastic flow in the 277 steel with high DSA susceptibility. (e) Minimum in reduction of area at intermediate temperatures due to DSA. 

Table 2 

Chemical composition of investigated steels (in wt.% and mg/kg for N tot , N free and O tot ). 

Materials 

C Si Mn P S Ni Cr Mo V Cu Al N total N free O total 
[wt.%] [mg/kg] 

Biblis C 0.22 0.20 0.91 0.008 0.007 0.88 0.42 0.53 0.007 0.04 0.018 80 3 –

277 0.21 0.25 1.26 0.004 0.004 0.77 0.15 0.50 0.008 0.06 0.013 70 30 140 

508 0.21 0.27 0.69 0.005 0.004 0.78 0.38 0.63 0.006 0.16 0.015 110 2 –

HSST 0.25 0.24 1.42 0.006 0.018 0.62 0.12 0.54 0.007 0.15 0.03 60 < 1 20 
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he strain hardening by DSA ( Fig. 2 (b)). The HE effects strongly in-

reased with DSA susceptibility ( Fig. 2 (c)) and YS of the material 

25] and HE were slightly higher at 288 than at 250 °C ( Fig. 2 (b)).
part from the 508 steel (with an atypical mixed bainitic/ferritic 

icrostructure) that showed some moderate hardening, the hydro- 

en effects on the YS were absent or marginal ( Fig. 2 (b)). More

ronounced reduction in ductility was in combination with clear 

hange in fracture morphology and failure mode ( Table 4 and 

ig. 3 ). The hydrogen effects increased with plastic strain and be- 

ame particularly strong in the (post) necking region (with local 

amage evolution), as shown in Table 4 . As shown in Fig. 2 (c), the

E susceptibility of different RPV steels correlated well with the 

SA susceptibility. The magnitude of HE was highest in the steel 

77 with the highest free nitrogen content ( Fig. 2 (c) and Table 2 ). 

For tensile tests in air with non-charged specimens, classical 

up and cone fracture by ductile microvoid coalescence (MVC) was 

bserved in all steels independently of DSA susceptibility ( Fig. 3 

a, b)). For the hydrogen-charged specimens tested in air, trans- 

D  

4 
ranular shear-dominated fracture at 45 ° angle to loading axis with 

mall amounts ( < 10%) of quasi-cleavage (QC) regions, macrovoids, 

econdary cracking or intergranular cracking were observed ( Fig. 3 

c, d)). Ductile MVC was the dominant failure mode, but the brit- 

le area fraction increased with the degree of HE in the tests. No 

acroscopic plastic strain localisation (such as Lüders bands) were 

bserved. 

.2.2. SSRT tests in hydrogenated HTW 

SSRT tests with smooth and notched tensile specimens were 

erformed to check the possibility of HE in hydrogenated HTW at 

88 °C. SSRT tests in hydrogenated HTW with unnotched speci- 

ens with the low sulphur and high DSA steel 277 revealed only 

arginal HE effects ( Fig. 4 (a)). The HE effects were an order of 

agnitude lower than in air tests with hydrogen pre-charging. 

nly a moderate softening in UTS and reduction in elongation at 

racture were observed in hydrogenated HTW. Interestingly, the ef- 

ects were more pronounced in the high sulphur with moderate 

SA susceptibility steel HSST ( Fig. 4 (b)). It is noted that the total
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Fig. 2. (a) The H-induced reduction of UTS for 277 steel with strain rates; (b) H induced softening in YS and UTS in 277 steel with respect to temperature;(c) Comparison 

of hydrogen embrittlement susceptibility of different RPV steels by hydrogen embrittlement index (ratio of reduction of area under hydrogen pre-charged and uncharged 

conditions) and DSA susceptibility. (DSA index: the relative decrease in the reduction of area by a change of the strain rate from 10 −3 to 10 −5 s −1 at 250 °C). 

Table 3 

Heat treatments and microstructure of investigated steels. 

Materials Heat treatment Microstructure 

Biblis C A: 890 −900 °C/7 h/WQ & T/640 −650 °C/17 h/AC & 
SR: 540 −555 °C/59 h/465 °C/590 −610 °C/21 h/465 °C/590 −605 °C/11.25 h/AC 

Granular, bainitic 

277 A: 910 −920 °C/6 h/WQ & T: 640 −650 °C/9.5 h/FC Granular, bainitic 

508 A: 900 °C/8 h/WQ & T: 600 °C/9 h/AC Bainitic/ 

ferritic-pearlitic 

HSST A: 915 °C/12 h/AC/860 °C/12 h/WQ & T/660 °C /12 h/FC & 
SR: 610 °C/40 h/FC/550 °C/12 h/FC 550 °C/12 h/FC 

Granular, bainitic 

(A: annealing; WQ & T: water quenching & tempering; AC: air cooling; SR: stress relieving; FC: furnace cooling). 
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longation in the HSST steel dropped by 12% at 10 −3 s −1 , and only

% at 10 −4 s −1 in hydrogenated HTW. The tensile tests in air with 

athodic hydrogen charging samples showed more significant drop 

n ductility of 60% and 25% at the strain rates of 10 −3 and 10 −4 

 
−1 , owing to the presence of higher hydrogen content. On the 

ther hand, nominal drop in ductility of 2% and 2.5% is evidenced 

n the 277 steel at strain rates of 10 −3 s −1 and 10 −4 s −1 , respec-

ively, which is lower than the HSST steel. However, a pronounced 

rop of ductility is seen in 277 in air tests with 76% and 72% at

train rate of 10 −3 s −1 and 10 −4 s −1 , which is significantly higher 

hat of HSST steel with cathodic hydrogen pre-charged condition. 

nder typical light water reactor conditions, bulk HE is quite mod- 
5 
rate due to the limited hydrogen availability as shown by the ab- 

ence of strong embrittlement in the SSRT tests with smooth ten- 

ile specimens in hydrogenated HTW. 

Corresponding SSRT experiments at strain rate of 10 −3 s −1 at 

88 °C with notched tensile specimens with tri-axial stress state at 

he notch root, revealed stronger softening and embrittlement ef- 

ects of HTW than the smooth specimens ( Fig. 4 (c)). However, the 

oftening effect is smaller than in smooth specimens in air tests 

ith cathodic hydrogen pre-charging. The steels with high DSA 

usceptibility showed the strongest relative reduction in ductility 

strain at failure). The effect of hydrogenated HTW environment 

n the drop of ductility was 34%, 40%, 52% and 48% for the Biblis 



G.S. Rao, Y. Yagodzinskyy, Z. Que et al. Journal of Nuclear Materials 556 (2021) 153161 

Fig. 3. Fractography observed in 277 steel specimens in air at 250 °C and strain rate 10 −2 s −1 . (a, b) Cup and cone fracture by ductile microvoid coalescence without 

hydrogen-precharging and (c, d) transgranular shear-dominated fracture with cleavage with hydrogen-precharging. 
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 (low DSA), HSST (moderate DSA), 277 and 508 (high DSA) steels, 

espectively. Sharp V notch introduces triaxial stress state at notch 

oot inside the material and enhances accumulation of hydrogen, 

avours the nucleation of voids and their growth during testing and 

acilitates HE with respect to the smooth specimens. 

The macroscopic fracture behaviour revealed cup and cone frac- 

ure normal to the tensile axis with shear lips at the specimen 

urface tested in hydrogenated HTW. No macroscopic shear frac- 

ure at an inclination of 45 ° was observed in contrast to the air 

ests with hydrogen pre-charging. The dominant failure mode was 

y transgranular microvoid formation and coalescence with ad- 

itional, varying and smaller amounts of QC regions, macrovoids 

nd secondary or intergranular cracking ( Fig. 5 ). The propensity 

f these brittle features was higher in the notched specimens and 

learly increased with the degree of HE in the tests and for steels 

ith higher DSA susceptibility, but was lower than in the air tests 

ith hydrogen pre-charging. 

.3. Thermal desorption spectroscopy analysis 

TDS measures the amount of hydrogen desorbed and charac- 

erises the binding energy of hydrogen traps. Typical TDS curves 

or unstrained and 10% strained in DSA-regime of 277 steel and 

iblis C steel are shown in Fig. 6 (a). As expected the pre-strained 

aterials manifest a markedly higher hydrogen uptake compared 

o the corresponding unstrained specimens. Each of the TDS curves 

ncludes a series of hydrogen desorption rate peaks and an ex- 

onential decay of the background signal. The exponential back- 

round originates from the hydrogen collected in the air-lock 

hamber of TDS apparatus, its partitioning with UHV-chamber af- 

er the specimen transfer to the heater, and its pumping out of the 

easuring UHV-chamber. 
6 
Both studied steels manifest similar trapping character: un- 

trained and DSA-regime strained specimens show a major broad 

DS peak in the temperature range of 350 to 500 K, while a se- 

ies of small TDS peaks arises in DSA-regime strained materials at 

emperatures above 500 K. After the extraction of the background 

ignal, the TDS curves of 277 steel and Biblis C steel were deconvo- 

uted with Gaussian components as shown in Fig. 6 (b) and (c), re- 

pectively. Deconvolution results, which include the Gaussian com- 

onent peak temperatures T Pi and corresponding concentration of 

rapped hydrogen C HPi , are summarized in Table 5 . Total hydrogen 

oncentration C Htot for the studied materials and background con- 

entration C HBG that correspond to hydrogen released from speci- 

ens in air-lock are also shown in the Table 5 . 

The major, low-temperature peak in DSA-regime strained ma- 

erials consists of two components, Peak 1 and Peak 2, while the 

ow-temperature peak is well described by only one Gaussian Peak 

 in both steels pre-charged with hydrogen in as-supplied, un- 

trained state (see Table 5 ). One can conclude that the Peak 2 orig- 

nates from hydrogen trapped in sites, which were induced in both 

teels deformed in DSA regime. It is worthy to notice that the rel- 

tive “capacity” of trapping sites, C HP2 / C HP1 , is markedly higher in 

77 steel ( C HP2 / C HP1 = 1.0), which has a high DSA susceptibility,

han that in low DSA-susceptible steel Biblis C ( C HP2 / C HP1 = 0.32). 

It is also interesting that temperature positions of Peak 1 and 2 

see Table 5 ) in 277 steel are somewhat lower compare to the cor- 

esponding values in Biblis C steel. It indicates that effective diffu- 

ion mobility of hydrogen in 277 steel is higher than that in Biblis 

 steel. Temperature positions of Peak 2 in both steels after DSA- 

training manifest an opposite relation: T P2 = 473.5 K in 277 steel 

nd T P2 = 466.0 K in Biblis C steel. From this, one can conclude 

hat binding energy of the trapping sites induced by straining in 
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Fig. 4. Comparison of stress-strain curves of un-notched specimens of (a) 277 steel and (b) HSST steel in hydrogenated HTW with those in air without hydrogen and after 

hydrogen pre-charging at 288 °C for strain rates 10 −3 and 10 −4 s −1 . No evidence for bulk HE in hydrogenated HTW. (c) Comparison of nominal stress-strain curves of 

V-notched tensile specimens in hydrogenated HTW and air. The notched specimens reveal more pronounced effect of DSA and sulphur (S) on the reduction of fracture strain 

than smooth un-notched specimens. 
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SA regime is somewhat higher in the case of 277 steel as com- 

ared to Biblis C steel. 

High-temperature Peaks 3 and 4 arose in all the studied mate- 

ials and originated from hydrogen left the deepest trapping sites 

n the steels. However, their temperature position and magnitude 

re markedly different for different materials (see Table 5 ): in DSA- 

egime strained steels Peaks 3 and 4 are located from 550 K to 

30 K with markedly higher amount of trapped hydrogen than 

hat in unstrained steels, in which the peaks are located typically 

bove 650 K. Based on the peak deconvolution results shown in 

able 5 and Fig. 6 (b) and (c), one can conclude that the Peak 3

nd Peak 4 have different origins in DSA-regime strained and un- 

trained steels. In the DSA-regime strained steel the peaks most 

robably originate from hydrogen left the vacancies and vacancy- 

ype trapping sites and, possible, hydrogen-filled voids, while in 

nstrained steels the high-temperature peaks may originate from 

ydrogen desorption from deepest trapping sites like non-coherent 

arbide/matrix interfaces [ 14 , 38 , 39 ]. The total of C HP3 and C HP4 is

arkedly higher in 277 steel than that in low DSA-susceptible steel 

iblis C. The high-temperature TDS peaks from hydrogen trapped 

y carbide in DSA-regime strained steels are also presenting close 
d

7 
o 700 K in corresponding TDS curves in form of broad humps as 

een in Fig. 6 (b) and (c). 

Similar to Peak 2, Peak 3 in high DSA-susceptible 277 steel is 

ore pronounced compare to that in low DSA-susceptible Biblis C 

teel, indicating its origin from trapping sites induced by strain- 

ng in DSA regime. On the other hand, Peak 4, except for its tem- 

erature position, is almost the same in both steels of DSA-regime 

trained condition (see Table 5 ). 

Finally, it is interesting to notice that the total amount of 

rapped hydrogen ( C Htot – C HBG ) in the DSA-regime strained steels 

s rather the same, about 2.6 mg/kg, while the unstrained 277 steel 

raps 1.3 μg/kg hydrogen in contrast to 1.0 mg/kg in case of Biblis 

 steel. 

. Discussion 

.1. Interaction of hydrogen and DSA 

The degree of HE and hydrogen-induced softening increased 

ith hydrogen availability and DSA susceptibility of the steels, as 

iscussed in chapter 3.1 and 3.2. The amplification of strain lo- 
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Fig. 5. Fractography observed in 277 steel specimens in hydrogenated HTW at 288 °C and strain rate of 10 −3 s −1 . (a) Brittle fracture characteristics, (b) quasi-cleavage 

fracture and shear dimples, (c) macrovoid and secondary cracking and (d) quasi-cleavage area. 
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alisation by hydrogen in high DSA steels was confirmed by elec- 

ron backscatter diffraction and transmission electron microscopy 

fter tests in hydrogenated HTW [28] or after tensile test with hy- 

rogen pre-charging [11] . A different dislocation configuration and 

igher dislocation density with the formation of dislocation cells in 

he bainitic laths occurred in the presence of hydrogen [28] . The 

elation amongst DSA, HE mechanisms and hydrogen-dislocation- 

acancy-interstitials interactions of RPV steels are discussed as be- 

ow. 

In tensile or SSRT tests, the dislocation density and vacancy 

oncentration continuously increase with plastic strain. At the be- 

inning of the tensile test, DSA is dominant, in particular in hy- 

rogenated water with low hydrogen availability, where the free 

ydrogen in the bulk lattice is low ( < 0.1 mg/kg) compared to the 

ree N (2 to 30 mg/kg) and C contents. DSA effects ( e.g. , serrations)

lmost immediately occurred after yielding, whereas measurable 

ydrogen effects were only observed at high macroscopic plastic 

trains above a few percent, and in particular in the post-necking 

egion. As evident in Fig. 2 (b), YS was hardly affected by hydrogen 

t 250 to 288 °C. 
DSA results in localization of plastic deformation with the nega- 

ive strain rate sensitivity. Hydrogen is increasingly accumulated in 

he regions with localized deformation. Due to the HESIV mech- 

nism, the vacancy concentration, dislocation density and strain 

ocalisation in the hydrogen-accumulated regions are increased, 

hich in turn further increases the hydrogen concentration. The 

ffect of hydrogen on the plastic deformation at this initial stage is 

rimarily through its effect on the vacancies and the effects of hy- 

rogen and vacancies on dislocations [ 40 , 41 ]. The vacancies clus- 

ers act as obstacles for the plastic deformation ( e.g. climbing of 

dge dislocations) and may enhance kink pair formation for screw 

islocations [42] . Vacancies are also generated by plastic deforma- 
8 
ion ( e.g. jog dragging) or dissolution/oxidation (in HTW) and can 

e stabilized by hydrogen. The hydrogen accumulation shifts the 

ocal hydrogen concentration above the critical threshold concen- 

ration for various HE mechanisms [43] that caused the secondary 

racture features in addition to MVC. 

The binding energy of C and N to dislocations is higher than 

hat of hydrogen to dislocations and the diffusion rates of hydro- 

en are orders of magnitudes higher than that of the other inter- 

titials [25] . Hydrogen thus can segregate and accumulate much 

asier. As the local hydrogen content increases, the hydrogen ef- 

ects become more important and finally dominate over DSA ef- 

ects, which would explain the observed strong reduction in UTS 

n presence of hydrogen for the high DSA steels (see Fig. 2 and 

able 4 ). In localized deformation bands and dislocation cell walls 

 24 , 44 ], the HELP mechanism leads to dislocation-dislocation and 

islocation-obstacle shielding [ 17 , 45 , 46 ] and amplifies the local 

oftening [ 17 , 45 ]. 

HE became particularly strong after macroscopic necking with 

ocal damage (void formation) started. Nucleation of voids starts at 

arge inclusions ( e.g. , MnS with weak bonding to matrix) and pre- 

ipitates due to the increased hydrostatic stress and strain incom- 

atibility. Hydrogen enhances formation, growth and coalescence 

f voids by the HESIV and HELP mechanisms. Nano- and micro- 

oid formation by collapse of vacancy clusters occurs in the neck- 

ng regions at lower macroscopic strains in the presence of hydro- 

en [47] . When the growing voids reach a critical size with re- 

pect to their spacing, a local plastic instability develops between 

he voids. Since these small voids are closely spaced, final plastic 

ollapse briefly occurs after their formation. Hydrogen facilitates 

he subsequent inter-void strain localization and MVC by HESIV 

r HELP. This can result in a ductile fracture by MVC at smaller 

acroscopic strains and stresses than in a hydrogen-free mate- 
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Fig. 6. (a) TDS curves of hydrogen pre-charged unstrained and DSA-regime strained 277 (blue, red) and Biblis C (yellow, green) steels. Heating rate is 10 K/min; (b) De- 

convolution with Gaussian components of TDS curves of hydrogen pre-charged 277 steel in DSA-regime strained (red) and unstrained (blue) states. Exponential background 

decays are shown by corresponding dashed/dotted lines; (c) Deconvolution with Gaussian components of TDS curves of hydrogen pre-charged Biblis C steel in DSA-regime 

strained (blue) and unstrained (yellow) states. Exponential background decays are shown by corresponding dashed/dotted lines. 

Table 4 

Overview on hydrogen effects on tensile properties in RPV steels at 250 to 288 °C. 

Plastic strain range Hydrogen effects �

Start of plastic yielding 0.2% Marginal softening (hardening) in YS + 1 to −2% in specimen to specimen 

scatter range 

Uniform deformation ~ 10%, ≤
uniform strain 

Moderate softening in UTS & reduction in work 

hardening rate 

−3 to −15% DSA ↑ , YS ↑ → effects ↑ 

Necking region 10 to 25%, ≤ fracture 

strain 

Strong reduction in ductility −10 to −90% DSA ↑ , YS ↑ → effects ⇑ 

Table 5 

Results of deconvolution with Gaussian components of TDS curves for DSA-regime strained and unstrained 277 and Biblis C steels. T Pi and C HPi are peak temperature and 

concentration of trapped hydrogen for i-component. Concentrations C HPi are calculated from the area under the corresponding peak. 

Material state Peak 1 Peak 2 Peak 3 Peak 4 C Htot mg/kg C HBG mg/kg 

T P1 K C HP1 mg/kg T P2 K C HP2 mg/kg T P3 K C HP3 mg/kg T P4 K C HP4 mg/kg 

277, deformed to 10%, 

high DSA 

425.8 0.99 473.5 0.99 570.9 0.33 629.5 0.10 6.08 3.48 

277, as-supplied 417.6 1.08 – – 677.5 0.02 698.3 0.18 1.72 0.43 

Biblis C, deformed to 

10%, low DSA 

439.6 1.84 466.0 0.58 550.0 0.09 590.9 0.10 3.85 1.14 

Biblis C steel, 

as-supplied 

435.9 0.87 – – 550.6 0.05 655.2 0.03 1.23 0.22 

9 
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Fig. 7. The observed hydrogen effects on the plastic deformation and fracture behaviour are primarily related to hydrogen-vacancy-interstitial-dislocation interactions, as a 

consequence of interaction between DSA and HESIV and HELP. 
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ial or in a steel with low DSA susceptibility. The main hydrogen- 

islocation-vacancy-interstitials interactions and mechanisms were 

llustrated in Fig. 7 . 

In the regions of highly localized plastic deformation (HELP), 

icro-crack formation can occur by HEDE at weakened grain and 

hase boundaries resulting into local intergranular cracking or brit- 

le QC. With limited hydrogen concentrations at temperatures of 

50 to 288 °C, the critical hydrogen concentrations for a stronger 
EDE effect was difficult to achieve, which explains the small 

mount of brittle features on the fracture surface ( Fig. 3 and Fig. 5 ).

ith high hydrogen concentrations and low temperatures, more 

C or intergranular features can be expected. It was observed in 

he studied steels that in tensile test at room temperature after 

ydrogen pre-charging with more significant brittle and QC facets 

11] . 

To sum up, the observed deformation and fracture were domi- 

ated by plastic strain localisation, which were governed through 

he hydrogen-vacancy-interstitial-dislocation interactions by DSA, 

ESIV and HELP mechanisms. HEDE played an additional role. 

.2. Hydrogen trapping behaviour 

The concentration of hydrogen trapped in LAS depends on the 

vailability of hydrogen and the nature and concentration of traps, 

he local stresses and strains [ 4 8 , 4 9 ]. The hydrogen occupancy �X 

n trap site X , where near saturation occurs at low temperatures 

as expressed with a corresponding equilibrium distribution [38] : 

�X 

( 1 − �X ) 
∼= c 0 exp 

(
E B 
RT 

)
(1) 

here c 0 is the atomic hydrogen concentration in the steel matrix. 

ydrogen increasingly accumulates at traps with increasing bind- 

ng energy ( E B ) according to Eq. (1) . Fig. 8 shows the trap occu-

ancy for different trap energies, temperatures and dissolved hy- 

rogen contents in high-temperature water. With increasing tem- 
10 
erature and thus increasing thermal activation, trapping efficiency 

s decreasing. Therefore, hydrogen redistribution from weaker to 

tronger traps [50] . Above 300 °C, there is only limited hydrogen 

rapping at strong traps [ 38 , 51 ]. 

Analysis of TDS curves in Chap. 3.3, evident a complex charac- 

er of hydrogen trapping in the studied RPV steels, especially af- 

er their straining in the DSA-regime. Such a behaviour originates 

rom the complex microstructure of the studied steels consisting 

 large number of hydrogen trapping sites of different types like 

islocations, lath- and interface boundaries decorated by fine sub- 

icron carbides of different com position, MnS and Al 2 O 3 inclu- 

ions [ 52 , 53 ]. 

The variety of trapping site with close, but different trapping 

nergy results in a broadening of the observed TDS peaks and 

roblems with estimation of the corresponding trapping energy for 

ydrogen based on the Kissinger ́s method, which is widely used in 

nalysis of hydrogen trapping kinetics [54] . The method utilized in 

he trapping energy estimation of the TDS peak shift with heat- 

ng rate change does not work well in the case of the trapping site 

nsemble, due to the hydrogen re-distribution between different 

rapping sites. The method applicability is also limited due to the 

ydrogen re-trapping caused by high density of the trapping sites 

n the studied steels. Thus, one has to conclude that the Peak 1 in 

he TDS curves of unstrained and DSA-regime strained steels orig- 

nates from hydrogen trapped by an ensemble of sites with differ- 

nt trapping energies corresponding to the above-mentioned con- 

tituents of the RPV steel microstructure. In accordance with liter- 

ture data shown in Table 6 , binding energies of the trapping site 

nsemble responsible for Peak 1 formation may cover the range 

rom 20 to 50 kJ/mol, while a detailed fraction of different sites is 

nknown. 

Based on the concept of the hydrogen trapping ensemble one 

an assume that the Peak 2 arose in TDS curve of DSA-regime 

trained RPV steel originates from the changes in the trapping site 

istribution induced by the localized plastic strain of the material. 
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Fig. 8. Dependence of trap occupancy on temperature, dissolved hydrogen (DH) in high-temperature water and trap energies. 

Table 6 

The binding energy and the trap sites in steels [14,38,39] . 

Trap type Binding energy E B [KJ �mol −1 ] Trap density[cm 
−3 ] Degree of reversibility 

Perfect lattice 0 8.5 × 10 22 –

Elastic dislocation 20 ( b /r) 4 × 10 14 − 4 × 10 20 Reversible 

H 2 vapour phase or in void 28 dependant on steel properties –

Dislocation core (screw) 20 −30 10 13 − 10 19 Reversible 

Vacancy 30 −58 10 19 –

Dislocation core (mixed) 58 4 × 10 13 − 4 × 10 19 –

Grain boundary ~ 58 10 13 − 10 17 Reversible/irreversible 

AIN particle interface 65 5 × 10 18 –

Free surface 70 10 15 –

MnS interface 57 −72 10 18 Irreversible 

Al 2 O 3 interface 79 5 × 10 17 Irreversible 

Fe 3 C interface ~ 84 5 × 10 18 Irreversible 

TiC interface 94 −95 5 × 10 18 Irreversible 

Roughened free surface 95 −96 10 15 Irreversible 

Reference state is hydrogen in a perfect lattice; Binding energy is inversely proportional to the distance from the dislocation; 

b is Burgers vector. 
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he changes may consist in local increase (within the shear band 

nd/or dislocation cell) of density of a certain trapping site type, 

.g. dislocations of mixed type with hydrogen binding energy of 

8 kJ/mol (see Table 6 ). Taking into account the re-trapping of hy- 

rogen between trapping sites the TDS peak temperature position 

epends not only on the binding energy of the corresponding trap, 

ut also on the volume density of traps: increase of the density 

hifts peak to higher temperature position. It is also worthy to no- 

ice that the localized character of DSA-strain results in the parti- 

ioning of highly strained and less strained areas in deformed ma- 

erial, which allows to observe Peak 1 and Peak 2 as components 

f the major, low-temperature TDS peak. 

It was assumed in Chap. 3.3 that the Peak 3 and Peak 4 in DSA-

egime strained 277 steel and Biblis C steel originate from hydro- 

en trapped in vacancies, vacancy-type clusters and free surface of 

he small voids filled with hydrogen. In accordance with literature 

ata collected in Table 6 , the binding energy of hydrogen trapped 

n the above-mentioned sites are from 30 to 58 kJ/mol for vacancy- 

ype sites and 70 kJ/mol for free surface in voids. Obviously, similar 

o the low-temperature TDS peaks, the Peak 3 and Peak 4 are also 

ormed by hydrogen trapped in the corresponding trapping site 

nsembles. However, a detailed analysis of the high-temperature 

rapping needs additional methods like positron annihilation spec- 

roscopy. 

As analysed in Chap. 3.3, Peak 2 and 3 originate from hydro- 

en trapped in sites, which were induced by deforming in DSA 
11 
egime. The relative “capacity” of trapping sites, e.g. C HP2 / C HP1 , is 

arkedly higher in high DSA steel 277. Also the binding energy of 

he trapping sites induced by straining in DSA regime is somewhat 

igher in the case of 277 steel as compared to Biblis C steel. The 

otal of C HP3 and C HP4 is markedly higher in 277 steel than that in

ow DSA-susceptible steel Biblis C. Straining in DSA-regime results 

n plastic localization and change in availability of traps and thus 

nfluences the HE vulnerability of the steel. The plastic deforma- 

ion in the highly localized strained region produces extra vacan- 

ies and this process can be further facilitated by the presence of 

ydrogen (HESIV mechanism). The vacancies, dislocation cell and 

oundaries formation provide new trapping sites capturing hydro- 

en. The hydrogen is enriched in these traps, which can reduce 

he time for hydrogen to reach possible cracking initiation sites 

55] . The localized deformation zones with highly localized hydro- 

en traps lead to highly inhomogeneous hydrogen distribution. The 

rapping behaviour is more important than the total hydrogen con- 

entration measured. The total hydrogen content measured in high 

SA steel by TDS can be only slightly higher or even lower than in 

 steel with low DSA susceptibility with more homogenous hydro- 

en distribution. 

The dominant HE mechanisms around 250 −288 °C are HESIV 

nd HELP and sufficiently high hydrogen concentration is required 

or HEDE mechanism to be more active [43] . The high tempera- 

ure peaks in DSA-regime strained 277 steel mainly originate from 

ydrogen trapped in vacancies, vacancy clusters and voids. Vacan- 
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[  
ies have a low migration energy and can enhance the diffusion of 

substitutional) solute atoms, but may play an opposite effect on 

he diffusion of interstitial atoms like C, N and H. If substitutional- 

nterstitial atom complexes are involved in DSA ( e.g. , pairs of Mn, 

r, Mo, V with N and C), vacancies are essential for increasing the 

obility of substitutional atoms [ 56 , 57 ]. If such pairs are formed,

he DSA region is also shifted to higher temperature due to their 

ower mobility. Formation of interstitial (C, N, H) vacancy pairs, 

hich control the stress-strain field of dislocation cores, can also 

ontribute to DSA. The formation of interstitial-vacancy complexes 

lows down their migration [58] and elevates the annihilation tem- 

erature of extra vacancies at sinks like dislocations, grain bound- 

ries or surfaces to the elevated test temperature. 

. Summary and conclusions 

Tensile tests in air with pre-charged hydrogen and SSRT test 

ith smooth and notched specimens in hydrogenated HTW at 

50 −288 °C on RPV steels were conducted. The hydrogen trapping 

ehaviour was characterised by TDS measurement. The main con- 

lusions can be summarized as follows: 

• Tensile tests with pre-charged hydrogen revealed softening in 

strength and a pronounced reduction in ductility, where the HE 

increased with the DSA susceptibility of the steel. 
• SSRT with notched tensile specimens with tri-axial stress state 

at the notch root, revealed stronger softening and HE effects in 

hydrogenated HTW than the smooth specimens. However, the 

softening effect is smaller than in smooth specimens in air tests 

with cathodic hydrogen pre-charging. 
• In hydrogen pre-charged specimens and in hydrogenated HTW, 

shear dominated fracture by MVC with macrovoids, quasi- 

cleavage regions and secondary cracking were observed. 
• TDS showed an increase in the concentration of trapped hydro- 

gen in high binding energy traps (vacancies & voids) induced 

by straining in DSA regime for low alloy steels with high DSA 

susceptibility. 
• The observed hydrogen effects on the plastic deformation and 

fracture behaviour are primarily related to hydrogen-vacancy- 

interstitial-dislocation interactions. The observed enhanced HE 

is a consequence of plasticity localization resulting from the in- 

teraction between DSA and hydrogen. 
• HESIV and HELP are dominant HE mechanisms at the elevated 

temperatures. HEDE played an additional role. 
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