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A B S T R A C T

The! paper! presents! a! numerical! study! on! a! CrMo! martensitic! steel! experiencing! hydrogen!

embrittlement!with!enhanced!localized!plasticity!mediated!by!decohesive!mechanisms.!Experi-

mental!inputs,!including!stress–strain!curves,!trap!energies!and!densities,!initial!hydrogen!con-

centration!CL0! and!diffusion!coef"cient,!were!inputted!into!a!cohesive!zone!model.!The!model!

suggests!quantifying!embrittlement!with!three!parameters:!the!critical!concentration!at!the!tip,!

the!concentration!peak!ahead!of!the!tip!and!the!distance!of!the!peak!from!the!tip.!The!simulations!

at!the!two!test!speeds!of!1!and!0.01!mm/min!revealed!that!dislocation!traps!dominate!at!the!crack!

initiation,!with!a!critical!hydrogen!concentration!at!the!tip!of!2.5!CL0,! independent!of!the!test!

speed.!As!propagation!advances,!the!critical!hydrogen!concentration!decreases!to!the!asymptotic!

value!of!1.5!CL0.!This!trend!changes!as!a!function!of!the!test!speed:!the!lower!the!speed,!the!higher!

the!time!hydrogen!has!to!move!to!the!tip,!the!higher!the!concentration!peak!and!its!distance!from!

the! tip,! and! the! higher! the! embrittling! effect.! These! numerical! results! help! to! describe! and!

quantify!the!experimental!observations,!e.g.!embrittlement!index!and!fracture!surfaces.!Overall,!

the!approach!highlights!the!capability!and!utility!of!numerical!models!in!understanding!hydrogen!

diffusion!and!embrittlement,!offering!insights!for!designing!metallic!materials!sensitive!to!testing!

conditions.

1. Introduction

Hydrogen!is!increasingly!recognized!as!a!promising!energy!carrier!and!plays!a!pivotal!role!in!advancing!the!green!transition!and!

achieving!sustainable!goals,!as!mentioned!in!a!recent!report!by!the!European!Commission![1].!However,!optimizing!its!production,!

particularly!through!electrolysis!powered!by!renewable!energy,!i.e.!green!hydrogen,!presents!signi"cant!challenges.!It!is!essential!to!

build!a!reliable!and!performing!infrastructure!including!pipelines!and!storage!facilities.!To!this!end,!designers!must!overcome!sig-

ni"cant!technical!dif"culties,!particularly!when!high!pressures!are!involved.

CrMo! steels,! commonly! employed! to! design! pressure! vessels! in! the! petrochemical! industry,! are! good! candidates! to! contain!

hydrogen! gas! up! to! the! most! demanding! pressures,! e.g.! 700! bars.! However,! both! research! and! industry! require! reproducible!
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Nomenclature

a Crack!length

a Lattice!parameter

A Elongation

Ar Molar!mass!of!iron

b Burgers!vector

c Interface!carbide-matrix

Capp Apparent!concentration

Cirrev Concentration!in!irreversible!traps

CL Concentration!in!the!lattice

CL,0 Initial!concentration!in!the!lattice

Cpeak Hydrogen!peak!concentration!ahead!the!crack!tip

Crev Concentration!in!reversible!traps

CT Concentration!in!the!traps

Ctip Hydrogen!concentration!at!the!crack!tip

d Carbide!size

dpeak Distance!from!the!crack!tip!and!the!peak!of!concentration

D Damage

Dapp Apparent!diffusion!coef"cient

Dg Grain!size

DL Diffusivity!in!the!lattice

Ea Activation!energy

Eb Binding!energy

EI Embrittlement!index

EL Activation!energy!in!the!lattice

f Carbide!volume!fraction

Jmax Maximum!output!current!during!electrochemical!permeation!tests

k Factor!to!reduce!the!cohesive!strength!in!the!presence!of!hydrogen,!Eq.!(14)

K Hollomon!constant

KT Equilibrium!constant,!Eq.!(9)

m Martensitic!laths

n Hollomon!exponent

N A Avogadro’s!number

NL number!of!solvent!lattice!atoms

NT Density!of!traps

R Universal!gas!constant

T Temperature

tlag Lag!time

u Displacement

x Horizontal!axis

y Vertical!axis

β Number!of!interstitial!lattice!sites!per!Fe!atom

δ Separation

Δa Crack!advancement

Δg0b Variation!in!Gibbs!free!energy

ε Strain

ερ Equivalent!plastic!strain

θ Hydrogen!coverage

θT Trapping!occupancy

ρ Dislocations

ρ’ Iron!density

σ0 Cohesive!strength!of!the!uncharged!material

σH Cohesive!strength!in!the!presence!of!hydrogen

σuts Ultimate!tensile!strength

σys Yield!stress

Φ Heating!rate

Abbreviations

BCC Body-centred!cubic
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experimental!data!and!validated!numerical!tools!to!accurately!describe!the!degradation!of!these!materials!in!the!presence!of!hydrogen.!

Indeed,!Hydrogen!Embrittlement!(HE)!can!limit!the!performance!both!in!terms!of!fatigue!life!and!fracture!toughness,!based!on!different!

mechanisms!discussed!in!the!literature,!as!the!Hydrogen!Enhanced!DEcohesion!(HEDE)!model!and!the!plasticity-mediated!HE!models!

(Hydrogen!Enhanced!Localized!Plasticity!− HELP,!Hydrogen-Enhanced!Strain-Induced!Vacancy!HESIV,!Adsorption!Induced!Dislo-

cation!Emission!− AIDE,!and!Defactant!concept).!Comprehensive!reviews!by!Djukic!et!al.![2]!and!Dwivedi!et!al.![3]!suggest!that!

combinations!of!different!mechanisms!may!occur!based!on!the!different!chemical!compositions!of!the!steels.

Hydrogen!can!diffuse!through!the!metallic!lattice,!but!it!can!also!be!trapped!in!various!sites!that!can!interact!via!chemical!equi-

librium.!Traps!are!usually!characterized!by!two!parameters:!binding!energy!Eb!and!trap!density!NT.!Researchers!classify!the!traps!into!

two!categories,!e.g.!reversible!or!irreversible!traps,!based!on!the!activation!energy!for!trapping/detrapping.!The!threshold!for!diffusible!

trapping!sites!is!often!identi"ed!as!30!kJ/mol,!while!very!strong!or!irreversible!traps!have!an!activation!energy!greater!than!60!kJ/mol!

[4].!The!type!of!traps!and!their!interaction!with!the!hydrogen!in!the!steel!lattice!depend!on!the!microstructure.!Their!type!and!density!

can!deeply!in#uence!the!macroscopic!mechanical!behaviour!under!static!and!fatigue!loads,!ultimately!resulting!in!the!HE!phenom-

enon.!According!to!Dadfarnia!et!al.![5],!the!diffusion!transient!can!be!deeply!affected!by!the!trap!density!and!types.!The!authors!

suggested!introducing!traps!into!the!material!microstructure!to!immobilize!or!trap!absorbed!hydrogen,!thereby!limiting!the!amount!of!

hydrogen!that!contributes!to!the!embrittlement!process!during!the!transient.!For!instance,!the!effect!of!molybdenum!and!vanadium!

addition!was!discussed!by!Peral!et!al.![6]!comparing!V-free!and!V-added!steels,!suggesting!a!path!to!improve!the!mechanical!properties.!

More! recently,!Liu!et!al.! [7]! increased! trapping!capacity!by!adding!molybdenum!and!creating!Ti-Mo!carbides!which! reduce! the!

diffusion!energy!barrier!between!the!carbon!vacancies!in!the!metal!carbide!bulk.!These!works!underline!the!key!role!of!traps;!indeed,!

they!affect!hydrogen!diffusion!during!the!transient,!in#uence!the!time!to!reach!the!steady!state,!and!modulate!the!rate!of!the!hydrogen!

supply!to!the!fracture!process!zone!of!the!crack!front.

The!literature!faced!HE!not!only!through!experimental!but!also!with!numerical!studies,!focusing!on!the!macroscale!and!simulating!

the!fracture!toughness!degradation!in!the!presence!of!hydrogen.!Different!numerical!techniques!have!been!successfully!implemented!

based!on!the!Finite!Element!Method!(FEM),!e.g.,!the!Cohesive!Zone!Models!(CZM)![8,9],!the!phase-"eld!models![10–12],!the!EXtended!

Finite!Element!Method!(XFEM)![13].!Some!recent!studies![14–16]!started!discussing!the!role!of!traps;!however,!these!models!require!

many!inputs!that!are!not!always!readily!available.!These!inputs!are!frequently!collected!from!experimental!data!in!the!literature,!

sometimes!obtained!from!tests!on!different!alloys.!This!can!lead!to!discrepancies!in!numerical!estimations!and!misinterpretations!of!the!

effects!of!traps.

To! the!best!of! the!authors’ knowledge,!no!numerical!paper!has!attempted!to!simulate!HE!and! the! trapping!effect!using!only!

experimental!inputs!derived!from!tests!speci"cally!designed!for!this!purpose,!following!a!systematic!procedure!to!inform!the!numerical!

model.

The!present!study!focuses!on!the!simulation!of!a!CrMo!steel!using!a!CZM.!The!"rst!part!of!the!work!presents!and!summarizes!

targeted!experimental!tests!that!collect!all!necessary!inputs!for!the!simulation!of!a!fracture!toughness!test,!both!in!the!absence!and!

presence!of!hydrogen.!The!second!part!presents!the!results!of!the!numerical!simulation,!discussing!the!ability!of!the!model!to!identify!

the!process!zone!and!the!macro-mechanical!behaviour,!while!also!providing!an!overview!of!the!hydrogen!concentrations!in!the!lattice!

and!traps!ahead!of!the!crack!tip.

2. Material

The!focus!is!on!a!low-alloy!ferritic!steel,!namely!2.25Cr1Mo!steel,!which!is!classi"ed!as!Grade!22!in!ASTM!A387![17].!In!previous!

works![6,18],!the!authors!described!the!results!of!microstructural!characterization!and!mechanical!tests!performed!in!the!presence!of!

hydrogen.!These!"ndings!will!be!summarized!here!and!in!the!next!section.

Under!typical!working!conditions,!quenching!and!tempering!are!the!standard!thermal!treatments!for!this!steel!to!achieve!good!

mechanical!properties,!especially!regarding!strength!and!toughness.!The!heat!treatment!process!involves!heating!the!steel!to!940!◦C!for!

3!h,!followed!by!water!quenching!and!tempering!at!690!◦C!for!30!!h,!before!allowing!it!to!cool!in!air.!This!tempering!temperature!

simulates!a!Post!Weld!Heat!Treatment!(PWHT),!which!aims!to!relax!the!microstructure!to!enhance!both!strength!and!toughness.

CTOD Crack!tip!opening!displacement

CZM Cohesive!Zone!Model

DFD Discrete!Fréchet!Distance

FEM Finite!Element!Method

HB Brinell!Hardness

HE Hydrogen!Embrittlement

HEDE Hydrogen!Enhanced!DEcohesion!mechanism

HELP Hydrogen!Enhanced!Localized!Plasticity!mechanism

LLD Load!line!displacement

RT Room!temperature

TDA Thermal!Desorption!Analysis

TEM Transmission!Electron!Microscopy

TTP Temperature–Time–Precipitation

XFEM Extended!"nite!element!method
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The!resulting!microstructure!is!tempered!martensitic!with!elongated!carbides!precipitated!during!the!tempering!stage.!They!are!

homogeneously!distributed!along!grains!and!martensitic!packets,!blocks!and!lath!interfaces,!with!a!similar!average!thickness!of!about!

1!!µm![19].!The!mixed!carbides!identi"ed!include!M7C3,!M2C!and!M23C6.!The!prior!austenite!grain!boundary!measures!approximately!

25!!µm.!Table!1 shows!the!main!mechanical!properties.

3. Methods

3.1. Experimental!methods

The!hydrogen!pre-charging!process!is!performed!in!a!high-pressure!hydrogen!reactor!at!19.5!MPa,!450!◦C!and!21!h!of!exposure!
time.!The!samples!are!then!cooled!for!1!h!until!reaching!85!◦C!at!the!same!hydrogen!pressure.!Following!cooling,!the!samples!are!

removed!from!the!reactor!and!stored!in!liquid!nitrogen!to!minimize!hydrogen!loss!until!testing!occurs.

This!section!is!dedicated!to!the!experimental!testing!campaign!carried!out!to!gather!all!the!inputs!for!the!FE!model.!Table!A1!in!the!

Appendix summarizes!all!the!performed!tests!and!measured!quantities.

3.1.1. Thermal!desorption!analysis

Thermal!Desorption!Analyses!(TDA)!are!conducted!on!cylindrical!pins!with!a!diameter!of!10!mm!and!a!length!of!30!mm!using!a!

hydrogen!analyser!LECO!DH603!to!detect!potential!hydrogen!trapping!sites.!The!average!total!hydrogen!concentration!is!about!0.6!

wppm,!while!0.2!wppm!remains!strongly!trapped!in!the!microstructure!after!a!long!exposure!time!at!room!temperature!(RT)!(Fig.!1.a).!

Hence,!approximately!less!than!0.4!wppm!of!hydrogen!can!diffuse!out!from!the!lattice!and!reversible!trapping!sites!at!RT.

The!trap!activation!energy!(Ea)!is!determined!by!detecting!the!released!hydrogen!as!a!function!of!the!heating!rate!(Φi)![20].!TDA!

pro"les!of!Fig.!1.b!evidence!three!distinct!peaks!corresponding!to!three!trap!types.!The!trap!binding!energy!(Eb)!is!then!calculated,!

assuming:!

Ea = Eb + EL (1)!

where!EL! is!the!activation!energy!of!hydrogen!diffusion!in!the!BCC!iron!lattice,!which!has!a!value!of!4.15!kJ/mol![21].!Fig.!1.c!shows!

the!data!"tting!and!Table!2 provides!the!resulting!binding!energies!for!each!trapping!site,!which!are!consistent!with!existing!literature!

data! [22].! The! complex!microstructure! of!martensitic! steel! hinders! a! comprehensive! characterization! of! the! different! hydrogen!

trapping!sites.!In!quenched!and!tempered!microstructures,!dislocations!rearrange!into!cells,!and!these!cell!interfaces!correspond!to!

lath,!packet,!and!block!martensite!interfaces,!as!well!as!their!interaction!with!the!PAGB.!Additionally,!most!carbides!precipitate!here,!

making!it!dif"cult!to!separate!the!trapping!contributions!from!all!these!microstructural!features.!After!TDA,!we!postulate!that!dis-

locations,!martensitic!interfaces,!and!metal!carbides!appear!to!act!as!potential!hydrogen!trapping!sites.

3.1.2. X-ray!diffraction

The!dislocation!(ρ)!density,!estimated!by!the!X-ray!diffraction!technique![18],!and!the!trapping!density!sites!corresponding!to!

dislocations!are!displayed!in!Table!3.!The!density!of!traps!related!to!dislocation!is!estimated!with!a!lattice!parameter!a!equal!to!0.2867!

nm!from!Eq.!(2) [23]:!

N
ρ
T =

̅̅̅

2
√

a
ρ (2)!

These!experimental!"ndings!can!be!"tted!with!an!interpolating!exponential!curve,!as!suggested!in![24].!The!resulting!curve!has!the!

following!equation:!

logN
ρ
T = 24.4591− 0.8571exp(−50 • εp) (3)!

where!εp! is!the!equivalent!plastic!strain.!The!trend!is!reported!in!Fig.!2.

In!comparison!with!the!previous!"tting!curves!found!in!the!literature!works,!this!study!opts!to!"t!the!experimental!data!with!a!very!

sharp!trend!that!#attens!rapidly,!based!on!the!available!experimental!data.!This!is!a!feature!of!the!2.25Cr1Mo!steel;!the!NT!vs!εp!curves!

cannot!be!generalized!with!a!universal!trend,!but!they!should!be!customized!based!on!the!tested!steel.!Indeed,!these!curves!play!an!

important!role!in!numerical!analysis!where!they!should!be!considered!as!an!input,!if!known!from!experimental!data,!or!calibrated!if!

unavailable.

Fig.!2 shows!that!there!could!be!an!almost!four-order-of-magnitude!difference!when!comparing!the!results!available!in!the!liter-

ature!to!estimate!NT! as!a!function!of!the!equivalent!plastic!strain.!Hence,!Eq.!(3) will!be!implemented!in!the!numerical!models!pre-

sented!in!Section!3.2.

Table!1!

Mechanical!properties!of!the!2.25Cr1Mo!steel.!Hollomon’s!parameters!are!given!for!the!true!stress–strain!curve.

Hollomon’s!law:!σt!= K⋅εnpt σys!
(MPa)

σuts!
(MPa)

A!

(%)

HB

K!(MPa) n

862 0.12 430 594 27 170
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Fig.!1. (a)!Hydrogen!desorption!curve!in!pins!with!10!mm!diameter!at!room!temperature,!(b)!TDA!pro"les!at!the!different!heating!rates!(Φi);!(c)!

Data!"tting!to!determine!the!activation!energy![19].

Table!2!

Activation!(Ea)!and!binding!(Eb)!energies!for!the!different!trapping!site!of!the!2.25Cr1Mo!steel![19].

Ea!(kJ/mol) Eb!(kJ/mol) Peak Trapping!site

34.00 29.85 3rd Dislocations

24.40 20.25 2nd Martensitic!interfaces

18.20 14.05 1st Metal!carbides

Table!3!

Dislocation!density!level!for!different!equivalent!plastic!strains!and!density!of!traps!corresponding!to!dislocation![18].

Un-stressed !p!= 10!% !p!= 20!% !p!= 30!%

ρ (sites/m2) 8.1⋅1013 5.9⋅1014 5.2⋅1014 5.9⋅1014

N
ρ
T! (sites/m

3) 4.0⋅1023 3.0⋅1024 2.6⋅1024 3.0⋅1024

Fig.!2. Dislocation!trap!density!N
ρ
T!as!a!function!of!the!equivalent!plastic!strain!εp.!Analytical!laws:!Krom!et!al.![25],!Huang!et!al.![26],!Sofronis!et!al.!

[27],!Falkenberg![28],!Colombo!et!al.![29].!Experimental!data:!Kumnick!and!Johnson![24],!Huang!et!al.![26],!Thomas![30],!Zafra!et!al.![31]!and!

Peral!et!al.![32].
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3.1.3. SEM!and!TEM!observations!and!TTP!curves

The!density!of!the!second!type!of!traps!in!Table!2,!e.g.!hydrogen!trapped!in!the!interface!carbide-matrix,!follows!Eq.!(4) [33]:!

Nc
T =

(

∑

j

π ⋅ d2j ⋅ fj

)

⋅
4

a2
⋅
1

L3
(4)!

where!j!is!the!variable!corresponding!to!each!carbide,!d!is!the!size!of!the!carbide,!f!is!the!volume!fraction!of!the!carbide,!a!is!the!lattice!

parameter!previously!de"ned,!and!L!is!the!average!distance!between!the!carbide!particles,!estimated!from!Transmission!Electron!

Microscopy! (TEM)! images! as! approximately! 125! nm.! The! values! of! the! d! and! f! parameters! are! obtained! from! Temper-

ature–Time–Precipitation!(TTP)!curves!and!JmatPRO!software!after!tempering!at!690!◦C!for!30!h.!Table!4 summarizes!their!values,!

allowing!for!the!estimation!of!Nc
T = 1.25 ⋅ 1024sites/m3! as!from!Eq.!(4).

The!density!of!the!third!type!of!traps!can!be!estimated!according!to!Eq.!(5) for!hydrogen!trapped!in!martensitic!interfaces![34]:!

Nm
T = b

Dg

NL (5)!

where!b!is!the!Burgers!vector!(0.248!nm!for!BCC!iron),!Dg!is!the!grain!size!equal!to!25!µm,!and!NL!is!the!number!of!solvent!lattice!atoms!

[35]:!

NL =
N Aβρ!

Ar

(6)!

where!N A! is!the!Avogadro’s!number,!β is!the!number!of!interstitial!lattice!sites!per!Fe!atom!(6,!under!the!hypothesis!of!occupation!of!

the!tetrahedral!sites!by!hydrogen!atoms!at!room!temperature),!ρ!"is!the!iron!density,!and!Ar! is!the!molar!mass!of!Fe.!It!results!Nm
T =

5.84 • 1024sites/m3.

Eventually,!the!total!density!of!traps!NT! can!be!estimated!as!the!sum!of!the!three!contributions:!

NT = N
ρ
T +Nm

T +Nc
T (7)!

3.1.4. Electrochemical!permeation!experiments

Electrochemical! permeation! experiments! (EPE)! are! carried! out! to! study! the! interaction! between! hydrogen! atoms! and! steel!

microstructure.!Hydrogen!permeation!experiments!are!performed!at!1!mA/cm2.!Fig.!3 shows!the!permeation!curves,!whilst!the!ob-

tained!results!are!summarized!in!Table!5.

It!is!important!to!mention!that!NEPE
T,0 = 2.3 • 1024sites/m3,!e.g.!the!trap!density!in!the!initial!unstressed!condition,!obtained!from!

these!permeation!tests!has!the!same!order!of!magnitude!as!the!corresponding!value!estimated!from!the!TDA.!Indeed,!from!Eq.!(7) and!

considering!all!the!potential!trapping!sites,!the!estimated!value!is!NTDA
T,0 = 7.49 ⋅ 1024sites/m3.!For!the!numerical!simulations,!the!more!

detailed!results!of!NT!obtained!from!the!TDA!are!accounted!for!the!different!traps;!on!the!other!hand,!the!results!of!diffusivity!DL!and!

initial!hydrogen!concentration!in!the!lattice!CL,0! from!the!electrochemical!permeation!experiments!will!be!considered!as!inputs!of!the!

"nite!element!analysis.

3.1.5. Fracture!toughness!tests

Fig.!4 shows!the!results!of!the!fracture!toughness!tests!performed!following!ASTM!E1820-23!standard!on!C(T)!specimens!of!12!mm!

thickness![36].!Tests!are!performed!in!uncharged!and!hydrogen!precharged!conditions.!Besides,!the!precharged!specimens!are!tested!at!

1!and!0.01!mm/min;!the!results!of!these!two!test!speeds!evidence!the!effect!of!time!lag!allowing!for!the!hydrogen!to!#ow!at!the!crack!

tip.!Indeed!the!curves,!both!in!terms!of!load!vs.!load!line!displacement!LLD!(Fig.!4.a)!and!crack!tip!opening!displacement!CTOD!vs.!

crack!advancement!Δa!(Fig.!4.b),!experience!a!decrease!in!fracture!toughness,!hence!a!deep!increase!of!the!percentage!embrittlement!

index!EI,!Eq.!(8):!

EI =
(

CTODUncharged − CTODPre−charged

)

CTODUncharged

• 100 (8)!

where!CTODUncharged! and!CTODPre−charged! are!respectively!the!measured!crack!tip!opening!displacements!evaluated!without!and!with!

internal!hydrogen.!Table!6 summarizes!the!results!of!the!toughness!tests,!with!the!details!of!the!CTOD!values!in!correspondence!of!the!

0.2!mm!and!1.5!mm!offset!lines,!e.g.!for!these!two!values!of!crack!propagation,!typically!corresponding!to!the!initiation!and!to!the!

propagation!(exclusion!line)!according!to!the!ASTM!E1820!standard.!Correspondingly,!the!EI!is!calculated!for!both!these!values!of!the!

Table!4!

Parameters!estimated!from!TTP!curves,!used!in!Eq.!(4).

Carbide d,!size!(nm) f,!volume!fraction!(%)

M7C3 30 0.4

M23C6 20 3.1
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CTOD.!It!is!worth!noting!that!the!initiation!is!not!deeply!in#uenced!by!the!test!speed,!rather!by!the!simple!presence!of!hydrogen,!e.g.!

the!EI!is!similar!comparing!the!CTOD0.2!in!Table!6.b.!On!the!other!hand,!the!effect!of!the!test!speed!is!much!more!evident!in!the!case!of!

the!CTOD1.5.!At!1!mm/min,!the!value!of!EI!based!on!CTOD1.5!decreases!with!respect!to!the!CTOD0.2;!due!to!the!high!displacement!rate,!

hydrogen!has!little!time!to!diffuse!at!the!tip.!At!0.01!mm/!min,!EI!increases!between!0.2!and!1.5!mm!propagation;!indeed,!the!time!that!

hydrogen!needs!to!move!towards!the!new!crack!tip!starts!playing!its!role!by!virtue!of!its!apparent!diffusivity.

Part!of!the!parameters!reported!in!Table!6 are!used!as!inputs!for!the!numerical!simulations,!such!as!the!test!rate!for!the!precharged!

tests,!and!the!load!line!displacement!(LLD)!that!is!set!as!a!boundary!condition.!Other!parameters!as!the!CTOD!and!the!time!to!reach!the!

crack!advancement!Δa!= 3!mm!are!direct!outputs!of!the!simulations,!which,!once!compared!with!these!experimental!values,!allow!for!

Fig.!3. (a)!Electrochemical!permeation!curve!and!(b)!hydrogen!desorption.

Table!5!

(a)!Parameters!calculated!from!the!permeation!experiment!according!to!ASTM!G148!that!corresponds!to!the!un-stressed!state;!NT = 〈C〉
3

(

DL

Dapp
−1
)

.!

(b)!Hydrogen!states!in!the!un-stressed!condition.!〈C〉 = Capp

2
= CL + Crev + Cirrev.

a.

Jmax!(µA) tlag!(s)!in!0.63Jmax Dapp!(m
2/s) Capp!(wppm) DL!(m

2/s) NEPE
T,0 (sites/m

3)

23.8 1168 1.4⋅10−10 2.0 5.5⋅10−10 2.3⋅1024

b.

CL,0!(wppm) Crev!(wppm) Cirrev!(wppm) CT!(wppm) θT!(%)

≈ 0.1–0.15 ≈ 0.2 0.7 0.9 ≈ 90

Fig.!4. Results!of!the!fracture!toughness!tests!in!uncharged!and!precharged!con"gurations.!(a)!Load!vs.!load!line!displacement!(LLD),!and!(b)!crack!

tip!opening!displacement!(CTOD)!vs.!crack!advancement!Δa.!Fitting!curves!are!plotted!with!the!parameters!C1!and!C2!of!Table!6.
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the!validation!of!the!numerical!tool!as!will!be!described!in!the!next!Section!3.2.

Fig.!5 shows!the!fracture!surfaces!corresponding!to!different!test!conditions.!In!the!absence!of!hydrogen,!see!Fig.!5.b,!the!fracture!

micro-mechanism!is!fully!ductile,!characterized!by!Micro!Void!Coalescence!(MVC).!However,!in!the!presence!of!internal!hydrogen,!the!

fracture!micro-mechanism!becomes!more!brittle.!Near! the!notched!region,!areas!exhibiting!quasi-cleavages!(QC),!which! indicate!

martensitic!lath!decohesion!and!secondary!cracks,!are!clearly!visible!(see!Fig.!5.d!and!f).!Based!on!the!thermal!desorption!analysis,!

martensitic!interfaces!act!as!reversible!hydrogen!trapping!sites,!promoting!hydrogen-enhanced!decohesion!along!the!interfaces.

For!the!highest!test!speed,!Fig.!5.c!reveals!a!fracture!surface!that!is!more!brittle!at!the!crack!tip!for!about!0.2!mm,!e.g.!corresponding!

to!CTOD0.2.!When!crack!propagates,!the!morphology!is!more!ductile.!On!the!other!hand,!at!the!lowest!test!speed,!Fig.!5.e!shows!a!fully!

brittle!fracture!surface!because!more!hydrogen!is!attracted!at!the!new!position!of!the!crack!tip.!These!observations!align!well!with!the!

CTOD!and!EI!data!in!Table!6.b.

The!fracture!surfaces!and!the!results!of!the!experimental!tests!discussed!in!this!section!suggest!that!the!active!mechanisms!for!

hydrogen!embrittlement!of!this!2.25Cr1Mo!steel!quenched!and!tempered!at!690!◦C!for!30!h!are!not!straightforward.!Instead,!there!is!a!
synergic!effect!of!the!two!main!HE!mechanisms!of!HELP!mediated!HEDE.!This!dual!mechanism!was!identi"ed!by!Novak!et!al.![37]!for!

the!martensitic!steel!AISI!4340!(austenized!at!870!◦C!for!1!h,!oil!quenched!and!tempered!at!200!◦C!for!2!h).!It!suggests!a!transition!from!

the!strain-controlled!purely!ductile!fracture!by!MVC!in!non-charged!samples!to!a!brittle!stress-controlled!intergranular!(IG)!fracture!

ahead!of!the!notch!tip!in!charged!samples.!Nagao!et!al.!drew!similar!considerations![33,38]!on!a!martensitic!modi"ed!AISI!4140!steel.!

They!suggested!that,!in!parallel!to!the!HEDE!mechanism!acting!at!the!carbide-matrix!interface,!the!brittle!IG!fracture!occurs!because!of!

hydrogen!transported!by!dislocations.!This!HELP!mechanism!further!increases!the!hydrogen!concentration!at!the!carbides!and!other!

dislocation!barriers,!enhancing!the!HEDE!mechanism.

This!synergic!effect!suggests!that!HELP!is!a!critical!mechanism!to!reach!a!concentration!suf"cient!to!activate!decohesion,!e.g.!the!

HEDE!mechanism.!A!thorough!review!of!the!combination!and!synergy!of!these!two!mechanisms!is!given!in!Section!2.2!of!the!review!by!

Djukic!et!al.![2].

3.2. Numerical!methods

Supposing!i-th!different!types!of!traps!present!in!the!steel!microstructure,!it!is!possible!to!de"ne!different!equilibrium!constants!Ki
T!

through!Eq.!(9),!based!on!Oriani’s!equilibrium!theory![39]!and!proposed!in!its!multi-trapping!formulation!by![5]:!

Ki
T = exp

Ei
b

RT
(9)!

where!R!= 8.314!J/mol•K!is!the!universal!gas!constant,!and!T!is!the!absolute!temperature.!For!each!trapping!site,!the!hydrogen!trap!

concentration!Ci
T! is!given!by:!

Ci
T = Ni

TK
i
TCL

(

Ki
T − 1

)

CL + NL

(10)!

These!equations!imply!that!hydrogen!atoms!in!both!the!trapping!sites!and!the!lattice!are!locally!in!equilibrium,!assuming!rapid!

trapping!and!detrapping!kinetics.

For!the!speci"c!steel!under!investigation,!three!types!of!traps!are!identi"ed!by!the!experimental!TDA,!e.g.!carbides,!martensitic!

laths,!and!dislocations!(i!= 3,!see!Table!2).!Hence,!the!total!hydrogen!concentration!stored!in!the!traps!is!expressed!as!the!sum!of!the!

three!contributions:!

CT = C
ρ
T +Cm

T +Cc
T (11)!

Once!the!hydrogen!in!the!traps!is!estimated,!then!the!total!hydrogen!content!can!be!calculated!as!the!sum!of!the!hydrogen!in!the!

Table!6!

Fracture!toughness!results:!a)!CTOD!and!Δa!value;!and!b)!other!experimental!parameters.

a)

Test!condition Test!rate!

(mm/min)

CTOD0.2!

(mm)

Δa0.2!
(mm)

CTOD1.5!

(mm)

Δa1.5!
(mm)

Uncharged 1 0.824 0.788 1.741 2.743

H-Precharged 1 0.492 0.551 1.261 2.401

H-Precharged 0.01 0.456 0.526 0.788 2.062

b)

Test!condition Test!rate!

(mm/min)

Time!(s)!when!Δa!= 3!mm LLD!(mm)!when!Δa!= 3!mm CTOD!= C1⋅ΔaC2 EI!(%)

C1 C2 CTOD0.2 CTOD1.5

Uncharged 1 841 8.1 0.95 0.60 − −
H-Precharged 1 528 6.5 0.72 0.64 40 28

H-Precharged 0.01 13,268 4.6 0.59 0.40 45 55
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lattice!and!in!the!traps:!

C = CL +CT (12)!

The!hydrogen!diffusion!and!the!elastoplastic!behaviour!of!the!material!are!coupled.!The!initial! framework!is!the!open-source!

Polihydra!code,!previously! implemented!by!the!authors!with!the!software!ABAQUS!by!Dassault!Systèmes,!originally!designed!to!

consider!only!dislocation!traps![9].!This!open-source!code,!available!at![40],!was!used!in!past!works!to!simulate!HE!of!other!steels!such!

as!AISI!4130![41],!AISI!4140![29],!as!well!as!the!same!2.25Cr1Mo!steel![32]!but!austenitized!at!940!◦C!for!30!min,!quenched!in!water!

and!"nally!tempered!at!600!◦C!for!2!h.!For!all!these!steels,!the!only!active!fracture!mechanism!in!the!presence!of!hydrogen!was!the!

HEDE;!hence,!the!Polihydra!framework!was!appropriate.

For!the!thermal!treatment!at!690!◦C!currently!being!examined,!the!results!of!the!TDA!and!the!fracture!surfaces!of!Fig.!5 indicate!that!

other! traps!beyond!dislocations!are!present! in! the!martensitic!microstructure.!Therefore,! for! the!present!study,! it! is!necessary!to!

implement!Eqs.!(9)–(11)!and!embed!them!in!the!user!subroutine!UVARM!of!the!code.!This!step!is!mandatory!to!simulate!the!behaviour!

of!the!steel!correctly!and!to!catch!the!failure!mechanism!enhancing!crack!propagation.

An!initial!hydrogen!concentration!CL,0! of!0.2!wppm!is!assumed!to!be!uniformly!distributed!in!the!solid!elements,!setting!null!

Fig.! 5. Fracture! surfaces.! (a)! and! (b)!Uncharged! condition;! (c)! and! (d)!Hydrogen! precharged! condition! and! tested! at! 1!mm/min;! (e)! and! (f)!

Hydrogen!precharged!condition!and!tested!at!0.01!mm/min.
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hydrogen!#ux!as!a!boundary!condition!at!the!exposed!surfaces,!e.g.!insulation.!Indeed,!hydrogen!leaving!the!specimen!during!the!

testing!time!is!limited,!as!from!the!experimental!results!obtained!from!similar!steels!in![42].

The!numerical!2D!framework!is!based!on!a!Cohesive!Zone!Model!(CZM),!where!cohesive!elements!are!placed!at!the!specimen’s!

ligament.!Their!traction-separation!law!(TSL)!is!implemented!with!the!tabular!softening!formulation!available!in!ABAQUS,!which!

allows! for! a! theoretically! unlimited! number! of! independent! parameters! and! enables! the! creation! of! different! TSL! shapes! that!

approximate!the!non-linear!fracture!process![43].!Being!the!TSL!a!phenomenological!law,!its!formulation!is!material-speci"c!and!

independent!of!the!geometry.!For!instance,!Schwalbe!et!al.![44]!report!a!comparison!between!three!calibrated!TSL!shapes!(e.g.,!partly!

constant,!polynomial,!cubic!decrease),!all!capable!of!"tting!the!global!behavior!of!both!C(T)!and!M(T)!specimens.!This!observation!

suggests!that!different!TSL!shapes!can!reproduce!the!local!change!in!stiffness!from!the!crack!initiation!up!to!its!propagation,!and!

ultimately!catch!the!global!mechanical!behavior!in!terms,!for!instance,!of!CTOD-Δa.!For!the!current!simulations,!a!trapezoidal!TSL!

shape![45]!is!selected,!characterized!by!four!independent!parameters:!the!three!separations!δ0,!δ1,!δF!and!the!cohesive!strength!at!the!

plateau!σ0.!In!particular,!δ0! delimits!the!elastic!stage,!governs!the!damage!initiation!based!on!the!maximum!strain!criterion!and!is!

selected!to!have!an!initial!slope!of!the!TSL!as!steep!as!possible,!δ1! identi"es!the!plateau!with!the!plastic!stage,!and!δF!"xes!the!"nal!

failure!with!the!separation!of!the!cohesive!"nite!element.!As!a!rule!of!thumb,![44]!suggest!δ0 ≤ 0.05 • δF! and!δ1 ≤ 0.75 • δF.

The!calibration!of!the!TSL!parameters!is!carried!out!with!a!trial-and-error!procedure!"tting!the!experimental!CTOD-Δa!curve!of!the!

uncharged!specimen!(Table!7).!On!the!other!hand,!when!the!simulation!in!the!presence!of!hydrogen!is!considered,!the!total!hydrogen!

concentration!C! is!obtained!at!each! increment!of! the! simulation!according! to!Eq.! (12) and! is!used! to!decrease! the!TSL!plateau,!

calculating!at!"rst!the!hydrogen!coverage!θ from!the!Langmuir-McLean!isotherm![46]:!

θ = C

C+ exp

(

−Δg0
b

RT

) (13)!

where!−Δg0b! is!the!variation!in!Gibbs!free!energy!between!the!microstructural!interface!and!the!bulk!(30!kJ/mol,![47]).!Then,!the!

cohesive!strength!in!the!presence!of!hydrogen!σH! is!calulated!from!the!cohesive!strength!of!the!uncharged!material!σ0! following!the!

empirical!quadratic!polynomial!by!Jiang!and!Carter![48]:!

k = σH

σ0

= 1−1.0467 • θ+0.1687 • θ2 (14)!

The!ratio!k!describes!the!strength!degradation!of!the!cohesive!elements!at!the!ligament!of!the!C(T)!specimen!and!drives!crack!

initiation!and!advancement!over!time.!Fig.!6 schematizes!the!geometry,!the!plane!strain!mesh,!boundary!conditions!and!the!degra-

dation!process.!The!simulations!are!run!in!displacement!control,!applying!the!experimental!load!line!displacement!LLD!as!in!Table!6 to!

the!hole!(Fig.!6.a).!The!vertical!displacements!of!the!cohesive!elements!at!the!symmetry!plane!are!"xed,!and!their!relative!horizontal!

displacements!are!locked!(ux,up!= ux,down,!see!Fig.!6.c).!The!mesh!of!plane!strain!and!cohesive!elements!(i.e.,!CPE4RT!and!COH2D4!

according!to!ABAQUS!identi"cation)!is!progressively!re"ned!in!the!ligament!towards!the!crack!tip,!where,!after!a!convergence!study!

considering!the!concentration!target,!the!smallest!element!at!the!crack!tip!is!"xed!to!30x30!μm.!The!element!size!is!chosen!based!on!

these!purely!numerical!considerations.!The!most!re"ned!region,!with!uniform!element!size,!extends!3!mm!ahead!of!the!initial!crack!tip.!

Beyond!this!Δa,!the!specimen!can!be!considered!as!failed,!and!the!experimental!test!becomes!meaningless.!Fig.!6.d!plots!the!TSL!

degradation!according!to!Eq.!(14),!as!a!function!of!the!degradation!ratio!k,!the!hydrogen!coverage!θ and!the!total!hydrogen!con-

centration!C.!The!saturation!level!corresponds!to!k = 0.12.!It!is!worth!noting!that,!according!to!the!damage!formulation!implemented!

in!the!used!framework![9],!the!damage!curves!collapse!as!a!function!of!the!separations!δ,!because!they!do!not!depend!on!the!cohesive!

strength!(Fig.!6.e).

Eventually,!the!outputs!of!the!numerical!simulations!are!post-processed!with!the!software!MATLAB!by!MathWorks.

4. Results

Fig.!7 shows!a!comparison!of!CTOD-Δa!between!the!experimental!data!from!fracture!toughness!tests!and!their!corresponding!

numerical!simulations.!It!is!worth!recalling!that!the!uncharged!data!are!used!to!calibrate!the!TSL!parameters,!which!are!listed!in!

Table!7.!The!"tting!is!performed!considering!the!Discrete!Fréchet!Distance!(DFD,![49])!as!the!parameter!to!minimize.!The!calibration!

shows!a!good!match!in!the!region!between!the!two!offset!lines,!which!is!of!higher!interest!from!the!practical!mechanical!viewpoint,!

with!percentage!differences!in!CTOD!ranging!from!10!to!−0.5!%,!see!Table!8.

On!the!other!hand,!the!numerical!CTOD-Δa!hydrogen!precharged!data!in!Fig.!7,!at!1!and!0.01!mm/min,!represent!estimations!from!

the!model.!The!case!at!1!mm/min!is!underestimated,!whereas!the!case!at!0.01!mm/min!is!overestimated,!as!detailed!in!Table!8 for!both!

CTOD!and!Δa.!However,!the!maximum!difference!in!this!range!is!16!%.!This!value!is!supported!by!the!DFD!metrics!also!reported!in!

Table!8.

Table!7!

Parameters!used!to!describe!the!trapezoidal!TSL!curve!of!the!cohesive!elements.

δ0! (mm) δ1! (mm) δF! (mm) σ0! (MPa) σ0/YS

5.0•10−4 2.0•10−2 5.0•10−2 1800 4.19
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This!result!can!be!considered!satisfactory,!given!that!the!numerical!simulations!were!run!using!all!experimental!parameters!as!

inputs,! whose! values! can! be! affected! by!measurement! errors.! Besides,! the! initial! concentration! in! the! numerical! simulation! is!

considered!uniform!throughout!the!specimen,!including!its!thickness.!However,!this!assumption!may!not!be!realistic!in!the!experi-

mental! tests! due! to! the! three-dimensional! nature! of! the! problem.!Hence,! one! limitation! of! this! approach! is! its! numerical! bidi-

mensionality.! Due! to! the! complexity! of! these! simulations! and! the! long! computational! time,! few! authors! addressed! the! crack!

propagation!problem!with!3D!models.!Notable!examples!include!Alvaro!et!al.![50]!with!cohesive!elements,!Suman!et!al.![51]!with!

b)

c)

x

y

a0=5.20 Initial crack tip

H

H

H
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Cohesive elements
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Fig.! 6. a)! C(T)! geometry! and!meshed! region;! b)! schematization! of! the! undeformed! shape;! c)! schematization! of! the! deformed! shape;! d)! TSL!

degradation!as!a!function!of!hydrogen;!e)!damage!law.

Fig.! 7. CTOD-Δa! curves! from! the! numerical! simulations! compared!with! the! experimental! toughness! data! of! Fig.! 4.b,! for! uncharged! and!pre-

charged!specimens.

Table!8!

Numerical!CTOD!and!Δa!values!at!different!test!speeds!and!in!correspondence!of!two!offset!lines!(e.g.,!0.2!and!1.5!mm)!of!the!CTOD-Δa!curves,!and!

comparison!with!the!corresponding!experimental!data!of!Table!6.a.

Test!condition Test!rate!

(mm/min)

Numerical Difference!w.r.t.!experimental!(%)

CTOD0.2!

(mm)

Δa0.2!
(mm)

CTOD1.5!

(mm)

Δa1.5!
(mm)

CTOD0.2 Δa0.2 CTOD1.5 Δa1.5 Discrete!Fréchet!Distance!(mm)

Uncharged 1 0.921 0.87 1.696 2.73 10.4 11.8 −0.5 −2.6 1.0128

H-Precharged 1 0.557 0.60 1.123 2.31 8.8 13.2 −3.8 −11.0 1.5367

H-Precharged 0.01 0.498 0.57 0.917 2.16 8.4 9.2 4.7 16.3 2.1286
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XFEM!and!Kristensen!et!al.![52]!with!phase-"eld!modelling.!Currently,!the!focus!of!this!research!is!to!continue!working!with!a!2D!

model,!to!explore!its!potentials!and!obtain!the!most!promising!results!from!this!relatively!simple!approach.

Fig.!8 shows!the!concentration!"elds!near!the!crack!tip,!at!the!time!increment!corresponding!to!the!failure!of!the!"rst!cohesive!

element,!at!1!and!0.01!mm/min.!CL,!C
c
T,!C

m
T! are!proportional!to!each!other!and!driven!by!the!only!hydrostatic!stress!gradient,!as!from!

Eqs.!(9)!and!(10).!A!peak!in!concentration!CL!is!observed!ahead!of!the!crack!tip!(Fig.!8.a!and!b).!The!concentrations!in!the!carbides!and!

the!martensitic!laths!are!much!smaller!than!in!the!lattice,!which!exhibits!the!highest!concentration!overall.!Indeed,!C
ρ
T! is!driven!by!the!

equivalent!plastic!strain!"eld,!experiencing!its!maximum!near!the!crack!tip!and!rapidly!decreasing!along!the!ligament!(Fig.!8.c!and!d).!

Eventually,!C!is!the!sum!of!the!four!contributions!(Fig.!8.e!and!f).

There! is! a! notable! effect! of! the! test! speed!when! comparing! all! the! concentration!"elds.! Indeed,! the! concentrations! that! are!

dependent!on!the!hydrostatic!stress!gradient!exhibit!differences!due!to!the!varying!time!lag!in!hydrogen!diffusion!at!the!tip.

Fig.!9 plots! the! trends!of! the! concentrations!as! a! function!of! the!distance! from! the! initial! crack! tip!position.!The!values!are!

normalized!based!on!CL0,!the!initial!lattice!concentration,!which!is!set!as!the!input!parameter!for!the!simulation.!The!sub"gures!ev-

idence!the!normalized!concentrations!at!the!failure!of!the!"rst!cohesive!element!(Fig.!9.a!and!b),!the!0.2!offset!line!(Fig.!9.c!and!d)!and!

the!1.5!offset!line!(Fig.!9.e!and!f),!respectively.

The!trend!of!the!concentration!in!the!lattice,!CL,!is!quite!smooth!and!exhibits!a!peak!ahead!of!the!crack!tip,!where!the!hydrostatic!

stress!gradient!is!maximum.!The!concentrations!in!the!carbides!and!martensitic!laths!are!three!and!two!orders!of!magnitude!lower!than!

CL,!respectively,!at!every!time!increment!in!the!simulations.!The!C
ρ
T!trend!experiences!a!peak!comparable!with!the!lattice!concentration!

in!the!"rst!cohesive!element!and!for!both!the!testing!speeds!(Fig.!9.a!and!b),!suggesting!that!the!crack!propagation!occurs!via!the!HELP!

mediated!HEDE!mechanism.!From!these!outputs,!it!seems!that!dislocations!primary!in#uence!of!the!traps’ content,!while!the!con-

tributions!from!carbides!and!martensitic!laths!are!limited.

When!monitoring!the!crack!propagation!at!0.2!and!1.5!offset!lines!(Fig.!9.c–f),!the!trend!of!hydrogen!content!in!the!dislocations!

Initial crack tip

Fig.!8. Concentration!"elds!at!failure!of!the!"rst!cohesive!element,!at!different!test!speeds:!(a)-(c)-(e)!1!mm/min;!(b)-(d)-(f)!0.01!mm/min.!Fields!

and!legends:!(a)!and!(b)!CL,!C
c
T,!C

m
T ,!proportional!to!each!other;!(c)!and!(d)!C

ρ
T;!(e)!and!(f)!C.!Unit:!wppm.
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becomes!smoother!and!experiences!a!peak!ahead!of!the!crack!tip!in!its!new!position.!The!C
ρ
T!peak!is!closer!to!the!crack!tip!than!the!CL!

peak.!As!a!result,!the!total!hydrogen!concentration!re#ects!these!two!contributions,!leading!to!a!wavy!trend.

At!the!testing!speed!of!1!mm/min!the!total!concentration!peak!decreases! from!0.2!to!1.5!offset! line,!see!Fig.!9.c!and!d.!This!

observation!explains!the!decrease!in!the!EI!at!CTOD0.2!in!Table!6.b!and!the!fracture!surface!of!Fig.!5.c.!Thus,!these!experimental!and!

numerical!results!are!consistent!with!each!other.!The!other!way!round,!at!0.01!mm/min,!Fig.!9.d!and!e!display!an!increase!in!the!total!

concentration!peak,!which!agrees!with!the!increase!in!the!EI!at!CTOD1.5!in!Table!6.b!and!with!the!brittle!fracture!surface!of!Fig.!5.e.!

Therefore,!the!numerical!approach!effectively!quanti"es!the!in#uence!of!test!speed!on!hydrogen!concentration,!which!is!re#ected!in!

both!the!experimental!mechanical!results!and!the!fractographic!outcomes.

Based!on!these!considerations,!it!is!possible!to!focus!on!the!C/CL0!trends!of!Fig.!9,!which!are!the!most!important!numerical!outputs!

used!to!decrease!the!TSL!law!and!degrade!the!cohesive!elements!at!the!ligament.!From!this!viewpoint,!it!is!suggested!to!monitor!three!

main!quantities!during!crack!advancement:!1)!the!total!concentration!at!the!crack!tip,!Ctip;!2)!the!total!concentration!peak,!Cpeak;!and!3)!

its!distance!with!respect!to!the!actual!position!of!the!crack!tip,!dpeak.!Fig.!10.a!shows!a!scheme!to!identify!these!quantities,!while!their!

plots!are!given!in!Fig.!10,!b-c-d!as!a!function!of!crack!advancement!Δa,!for!the!two!testing!speeds.!The!trends!are!interpolated!with!

MATLAB!exponential!or!smoothing!splines!for!better!visibility.

At!the!initiation!stage!(when!Δa!= 0),!the!hydrogen!concentration!at!the!tip,!Ctip!(Fig.!10.b),!is!2.48!and!2.72!times!the!initial!CL0!for!

the!speeds!of!1!mm!and!0.01!mm/min,!respectively.!At!this!stage,!the!Ctip/CL0!trend!is!very!steep!and!the!difference!between!the!two!

Fig.!9. Trends!of!normalized!hydrogen!concentrations!along!the!ligament,!at!different!test!speeds:!a)-(c)-(e)!1!mm/min;!(b)-(d)-(f)!0.01!mm/min.!

Considered!time!increments!at:!(a)!and!(b)!failure!at!the!failure!of!the!"rst!cohesive!element;!(c)!and!(d)!crack!initiation!at!0.2!offset!line;!(e)!and!(f)!

crack!propagation!at!1.5!offset!line.
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test!speeds!seems!not!relevant,!as!evidenced!by!the!EI!from!CTOD0.2! in!Table!6.b,!e.g.!40!and!45!%.!It!can!be!deduced!that!a!total!

hydrogen!concentration!of!approximately!2.5!CL0!is!critical!to!initiate!the!failure!process,!regardless!of!time.!Notably,!after!this!point,!

there!is!a!marked!difference!between!the!two!test!speeds.!Indeed,!when!the!crack!propagates,!hydrogen!diffusion!as!a!function!of!time!

has!a!predominant!role!and!changes!the!concentration!trend,!which!is!then!macroscopically!visible!in!the!CTOD-Δa!curve.!The!critical!

concentration!for!the!crack!to!propagate!is!higher!at!1!mm/min,!while!it!rapidly!#attens!to!1.5!CL0!at!0.01!mm/min.!This!1.5!CL0!value!

also!serves!as!the!asymptotic!value!at!Δa!= 2.5!mm!when!the!crack!is!long.!Therefore,!the!plot!of!Fig.!10.b!should!be!interpreted!as!the!

critical!hydrogen!concentration!plot,!or,!in!other!words,!the!threshold!for!crack!initiation!and!propagation!along!the!ligament.!This!

numerical!result!aligns!with!the!experimental!observation!of!the!EI!from!CTOD1.5!in!Table!6.b,!which!reports!values!of!28!and!55!%!at!1!

and!0.01!mm/min,!respectively.

The!second!point!of!focus!on!is!the!peak!value!ahead!of!the!actual!crack!tip,!illustrated!in!Fig.!10.c.!The!peak!values!are!similar!

between!the!two!testing!speeds!at!the!beginning!of!the!propagation,!with!values!slightly!higher!for!0.01!mm/min.!Here,!plasticity!and!

HELP!mediate!the!HEDE!mechanism!and!the!failure!phenomenon.!However,!when!the!crack!exceeds!a!length!of!0.5!mm!the!Cpeak!trend!

at!0.01!mm/min!becomes!up!to!50!%!higher!than!at!1!mm/min,!as!visible!also!in!Fig.!9.e,f.!This!plot!suggests!that!higher!speeds!result!

in!lower!peak!concentrations,!but!nearer!to!the!actual!crack!tip!position.!Vice!versa,!when!increasing!the!test!speed,!the!peak!is!higher!

and!moves!away!from!the!crack!tip,!drawing!hydrogen!to!the!next!position!of!the!tip!and!accelerating!the!propagation.!This!mechanism!

is!intensi"ed!at!longer!crack!lengths!by!the!CL!and!the!hydrostatic!stress!gradient,!rather!than!by!traps,!as!evidenced!in!Fig.!9.e!and!f.!

Indeed,!some!plasticity!occurs,!but!it!plays!a!minor!role!in!hydrogen!diffusion.

The!position!of!the!concentration!peak!also!advances!ahead!of!the!crack!tip!with!a!clear!monotonic!exponential!trend!as!a!function!

of!Δa,!though!it!exhibits!a!stepped!pattern!due!to!the!numerical!discretization!and!the!model’s!mesh!size.!Fig.!10.d!shows!that!the!peak!

position!is!always!further!from!the!crack!tip!at!the!lower!speed,!supporting!the!earlier!observations!regarding!the!increased!risk!of!

embrittlement.!In!summary,!the!plots!of!Fig.!10.c!and!d!should!be!considered!as!tools!to!describe!the!concentration!"eld!ahead!of!the!

crack!tip.

Fig.!10. (a)!Scheme!of!the!three!focussed!parameters,!and!trends!of:!(b)!normalized!total!hydrogen!concentration!at!the!tip;!(c)!normalized!total!

hydrogen!concentration!at!the!peak;!(d)!distance!of!the!peak!concentration!with!respect!to!the!crack!tip.!Trends!are!ploted!as!a!function!of!the!test!

speed!(e.g.,!1!and!0.01!mm/min).!The!"tting!is!obtained!with!(b)-(d)!exponential!and!(c)!smoothing!splines.
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5. Discussion

All!the!input!parameters!used!in!the!simulations!are!supported!by!the!experimental!characterization!campaign!performed!on!the!

2.25Cr1Mo!steel.!These!tailored!inputs!allow!for!a!precise!and!straightforward!outcome!of!the!simulations.!Therefore,!the!damage!

failure! mechanism! and! the! embrittlement! effect! resulting! from! hydrogen! diffusion! at! the! crack! tip! are! simulated! in! the! most!

comprehensive!manner!using!cohesive!zone!models.!This!choice!resulted!in!some!drawbacks!for!the!cohesive!elements,!especially!the!

NT-εp!of!Eq.!(3) which!forces!the!"nite!elements!to!react!to!plasticity!immediately.!Indeed,!this!law!differs!from!other!smoother!ones!

presented!in!the!literature!(Fig.!2)!and!suggests!that!a!very!small!amount!of!plasticity!induces!immediate!saturation!of!the!dislocation!

traps.!Since!they!play!a!meaningful!role!at!the!crack!initiation,!the!cohesive!elements!are!somehow!unstable,!as!shown!in!the!initial!part!

of!the!CT!trend!of!Fig.!9.a!and!b.!It!is!worth!mentioning!that!no!stabilization!is!used!in!the!analyses.!The!use!of!ABAQUS!hourglass!

control!on!these!trends!did!not!drastically!modify!the!outcomes;!moreover,!the!CT!results!also!did!not!vary!with!a!mesh!size!of!15!μm!

(half!the!one!for!the!presented!results),!which!is!around!the!grain!size.

Fig.!11 provides!additional!insights!into!the!relationship!between!CL,!CT!and!εp.!At!the!beginning!of!the!analysis,!when!the!material!

is!unstrained,!Fig.!11.a!shows!that!the!CL0/CT0! ratio!is!15.0!%.!At!this!ratio,!C
ρ
T! gives!the!major!contribution!to!the!total!hydrogen!

content!in!the!traps.!When!CL0!exceeds!10!wppm,!the!carbide!Cc
T!curve!rises!signi"cantly,!while!the!martensitic!laths!Cm

T! concentration!

remains!much!lower.!Increasing!the!strain,!e.g.!at!εp!= 0.6!which!is!the!maximum!value!obtained!from!the!simulations,!Fig.!11.b!shows!

that!the!CL/CT!ratio!for!the!same!CL0!value!is!81.5!%.!This!suggests!that!CT!is!now!comparable!in!magnitude!to!CL.!Dislocations!are!the!

only!active!traps,!with!carbides!and!martensitic!laths!being!1.5!and!3!orders!of!magnitude!lower,!respectively.!This!con"guration!

occurs!at!very!low!plastic!strains.!Indeed,!due!to!the!formulation!of!Eq.!(3) and!as!shown!in!Fig.!11.c,!for!εp!> 0.1!the!C
ρ
T!value!is!almost!

constant!at!a!"xed!CL0!value,!e.g.!with!a!rapid!asymptotic!trend.!This!"nding!aligns!with!the!results!of!Fig.!9,!which!suggests!that!the!

C
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Fig.!11. Plots!of!hydrogen!concentrations!CT! in!the!traps!as!a!function!of!CL! for!a)!εp!= 0,!unstrained,!and!b)!εp!= 0.6.!c)!CT! levels!in!wppm!as!a!

function!of!the!lattice!concentration!CL!and!the!equivalent!plastic!strain!εp.
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numerical!response!is!initially!governed!by!C
ρ
T! and!CL!during!crack!initiation,!where!strains!are!higher.!However,!in!the!later!prop-

agation!stage,!the!process!is!mainly!driven!by!the!hydrostatic!stress!gradient!"eld.

6. Conclusions

The!work!presented!a!numerical!study,! supported!by!experimental! inputs,!on! the!2.25Cr1Mo!martensitic! steel!quenched!and!

tempered!at!690!◦C.!The!focus!was!to!simulate!the!decrease!in!toughness!and!embrittlement!caused!by!hydrogen.!The!key!"ndings!of!

the!study!can!be!summarized!as!follows:!

• Experimental! fracture! surfaces! evidenced! that! the! hydrogen! embrittlement! acting!mechanism! is!HELP!mediated!HEDE.! This!

mechanism!was!incorporated!into!the!"nite!element!model!of!the!toughness!tests.

• All!inputs!for!the!numerical!simulations!have!been!collected!from!experimental!tests,!including:!1)!the!stress–strain!curve!from!

static!tensile!tests;!2)!the!binding!energies!Eb! for!each!trapping!site,!e.g.!dislocations,!martensitic!interfaces,!and!carbides,!from!

thermal!desorption!analysis;!3)!their!trap!densities!NT! from!the!SEM,!the!TEM,!the!TTP!curves!and!the!X-ray!diffraction;!4)!the!

initial!lattice!concentration!CLO!and!the!diffusion!coef"cient!DL!from!the!electrochemical!permeation!experiments.

• The!numerical!framework!was!implemented!to!include!a!multi-trapping!approach.!After!calibrating!the!cohesive!parameters!based!

on!uncharged!steel,!the!model!was!able!to!accurately!predict!the!behaviour!of!hydrogen-charged!specimens!at!different!test!speeds.

• At!the!beginning!of!propagation!(0.2!offset!line!or!CTOD0.2),!dislocation!traps!assume!a!primary!role!and!the!hydrogen!peak!is!

almost! coincident!with! the! tip.! In! this!phase,!hydrogen!embrittlement! is! quite! independent!of! the! test! speed,!with!a! critical!

hydrogen!concentration!around!2.5!CLO.

• When!the!propagation!proceeds!(1.5!offset!line!or!CTOD1.5),!the!critical!concentration!decreases!to!the!asymptotic!value!of!1.5!CLO.!

Besides,!hydrogen!present!in!the!lattice!and!other!traps!generates!a!peak!ahead!of!the!tip,!with!a!difference!between!the!two!test!

speeds.!At!the!lower!speed!of!1!mm/min,!the!concentration!peak!decreases!from!2.5!to!2.2!CLO!at!a!maximum!distance!of!0.15!mm!

from!the!actual!tip.!However,!when!the!test!speed!decreases!to!0.01!mm/min,!the!peak!increases!to!2.9•CLO!and!shifts!further!to!

0.25–0.3!mm!ahead!of!the!tip.!At!the!"rst!test!speed,!the!embrittlement!is!limited,!while!at!the!second!test!speed,!the!hydrogen!

effect!is!evident!both!from!experiments,!as!suggested!by!the!embrittlement!index!calculated!from!the!CTOD!values!and!by!the!

fracture!surfaces,!as!well!as!from!the!numerical!simulations.

In!conclusion,!the!numerical!tools!provide!valuable!insights!into!the!concentration!"elds!within!the!lattice!and!the!various!traps!

that!can!interact!to!diffuse!hydrogen!at!the!crack!tip,!at!the!initiation!and!during!the!propagation.!In!perspective,!these!numerical!

models!are!promising!because!they!are!versatile!and!can!predict!material!behaviour!by!varying!the!inputs.!For!instance,!they!can!be!

employed!for!design!purposes!with!metallic!materials,!to!explore!their!sensitivity!to!mechanical!testing!parameters!(e.g.!different!test!

speeds!and!initial!hydrogen!concentrations),!material!and!microstructural!properties!(e.g.!varying!trap!energies!and,!consequently,!

types),!as!well!as!chemical!parameters!(e.g.!diffusivity).!Moreover,!Cohesive!Zone!Models!could!be!applied!not!only!at!the!laboratory!

scale,!but!also!in!the!design!and!assessment!of!industrial!components!made!from!metallic!materials!and!exposed!to!hydrogen,!such!as!

vessels!and!pipelines.!This!approach!is!promising!despite!a!few!drawbacks,!including!long!computational!time!and!the!need!to!calibrate!

the!Traction!Separation!Law!for!mixed-mode!loading.
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Appendix!

Table!A1!

Summary!of!the!experimental!tests!performed!to!collect!the!inputs!for!the!numerical!simulations.

Test Measured!quantity Value Paper!section

Tensile!tests!

(without!hydrogen)

True!stress–strain!curve,!yield!stress!and!ultimate!tensile!strength σv!= 862⋅ε0.12pv σys = 430MPa!

σuts = 594MPa

2

Thermal!Desorption!Analysis Diffusible!hydrogen!content!(lattice!+ reversible!traps) CL0 + CT0 ≈ 0.4wppm 3.1.1

Trap!binding!energy!for!dislocations,!Fe3C!carbides,!martensitic!

interfaces

E
ρ

b!= 29.85!kJ/mol!

Emb! = 20.25!kJ/mol!

Ecb!= 14.05!kJ/mol

3.1.1,!Table!2

X-ray!diffraction Trap!density!law!for!dislocations!(from!"tting!of!the!experimental!

data)

N
ρ
T =

1024.459−0.857exp(−50•εp)sites/m3

3.1.2,!Eq.!(3)

TTP!curves Size!of!the!carbide!and!trap!density!for!Fe3C!carbides Nc
T = 1.25 ⋅ 1024sites/m3 3.1.3,!Eq.!(4)

SEM/TEM!observations Grain!size!and!trap!density!for!martensitic!interfaces Nm
T = 5.84 • 1024sites/m3 3.1.3,!Eq.!(5)

Electrochemical!permeation!

experiments

Diffusivity!in!the!lattice DL = 5.5 ⋅ 10−10m2/s 3.1.4,!Table!5.!

a

Initial!concentration!in!the!lattice CL0 ≈ 0.2wppm 3.1.4

Data!availability

Data!will!be!made!available!on!request.
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