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aDepartment of Mechanical and Industrial Engineering, NTNU, 7491 Trondheim, Norway
bSINTEF Materials and Chemistry, 7465 Trondheim, Norway

Abstract

A coupled finite element and cohesive zone modelling approach has been applied to simulate hydrogen induced fracture

initiation in a hot rolled bonded clad steel pipe. The results are compared in terms of experimental fracture mechanical

testing in air and under in situ electrochemical hydrogen charging. A best fit to the experimental CTOD fracture

initiation toughness value in air was achieved for an initial cohesive stiffness kn = 4 ·106 MPa/mm and a critical cohesive

stress σc = 1210 MPa. For simulating under hydrogen influence, the hydrogen induced lowering of the cohesive strength

was computed both in terms of the lattice concentration and the total hydrogen concentration. Two different formulations

for calculating the dislocation trap density was considered. The simulated results revealed that both hydrogen in lattice

and hydrogen trapped at dislocations can be responsible for the observed hydrogen induced reduction in CTOD fracture

initation toughness. The choice of trap density formulation appeared significant only under the assumption that both

lattice and trapped hydrogen infer an influence on the hydrogen induced lowering of the cohesive strength. Further effort

is needed to provide a reliable description of the interface hydrogen content and distribution, providing a model able to

transfer between different material systems.
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1. Introduction

Transport of unprocessed oil and gas requires pipelines

with a corrosion resistant interior, able to withstand en-

vironmental degradation and cracking during full service

life. Clad pipes, where a corrosion resistant alloy (CRA)5

is internally bonded to a conventional carbon steel pipe,

have become increasingly popular as an economical viable

option for corrosion management, combining the mechan-

ical properties of the structural steel with the corrosive

properties of the CRA. This however offers new challenges10

with respect to integrity management and degradation as-

sessment, due to an inhomogeneous material combination
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and a complex interface region.

The carbon steel base metal (BM) and the austenitic

CRA are joined by hot-roll bonding of bi-material plates,15

followed by bending into the shape of a pipe in a press

bending process [1, 2]. During production, due to the wide

difference in chemical composition between the base metal

and the CRA, considerable transport of elements across

the interface may occur. The resulting microstructure has20

proven complex, with increased hardness and carbide pre-

cipitates on the clad side and carbon depletion followed by

grain growth in the ferritic base metal [3, 4, 5, 6].

The presence of inter metallic compounds, hard zones

and residual stresses may significantly deteriorate the dis-25

similar interface, increasing the pipe’s susceptibility to cor-

rosion or hydrogen embrittlement. The interfacial zone it-
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self represents an area with large potential for increased

hydrogen concentration, as hydrogen atoms are prone to

accumulate at precipitates and in areas of increased hy-30

drostatic stresses. Recently a series of failures on cathodi-

cally charged subsea dissimilar welds have been attributed

to hydrogen embrittlement, where the presence of carbide

precipitates at the interface resulted in a microstructure

particularly sensitive to hydrogen induced failures [7, 8].35

Hydrogen induced degradation of mechanical proper-

ties is a well recognized threat to the structural integrity

of subsea applications, with several reported incidents.

It manifests as loss in ductility, strength and toughness,

which may result in unexpected and premature catastrophic40

failures. In subsea pipeline applications, the main sources

of hydrogen are electrochemical reduction of water result-

ing from cathodic protection and the presences of moisture

during welding.

In previous work by the present authors [9], the hydro-45

gen embrittlement susceptibility of 316L austenitic stain-

less steel - X60 carbon steel hot roll bonded clad pipes

was investigated through compact tension (CT) fracture

mechanical testing in air and under in situ electrochemi-

cal hydrogen charging. The experimental procedure and50

relevant findings are summarised in Section 2 and 3 of this

paper.

In the present study, a combined experimental and

finite element (FE) cohesive zone modelling (CZM) ap-

proach for prediction of hydrogen induced fracture ini-55

tiation in a hot roll bonded clad steel pipe is proposed.

The developed model is based on coupled effects between

mechanical quantities and hydrogen mass diffusion. CZM

provides a phenomenological continuum framework for fail-

ure analysis, not representative of any physical material.60

It has in recent years gained increasing interest as a suit-

able method for modelling hydrogen embrittlement [10, 11,

12, 13, 14]. The damage process is classically described by

interface elements, which constitutive relation is defined

by a so-called traction separation law (TSL) [15]. The65

hydrogen transport is described by an enhanced diffusion

model, accounting for trapping by dislocations and hydro-

static drift [16, 17], while the deleterious effect of hydro-

gen on the accelerated material damage is represented by

a lowering of the cohesive energy at failure. A review on70

coupled diffusion and cohesive zone modelling as an ap-

proach for numerically assessing hydrogen embrittlement

in steel structures has previously been published [18].

To date, the effect of trapping on hydrogen induced

fracture remains controversial and there is no consensus75

as to whether hydrogen in lattice or hydrogen trapped at

microstructural defects is the dominant source of embrit-

tlement. In the current work, the hydrogen induced low-

ering of the cohesive strength is computed both in terms

of the lattice concentration and the total concentration,80

where two different models for calculating the dislocation

trap densities are considered. The main objective is to

investigate the models capability of predicting hydrogen

induced fracture. All simulated results are discussed in

terms of the experimental findings.85

2. Experimental procedure

2.1. Materials

The clad steel pipe investigated in this study consist of

API X60 pipeline steel as the base material and austenitic

stainless steel grade 316L as the clad, presented in Table 1.90

The chemical composition, tensile properties and Vickers

hardness (HV10) are presented in Table 2.

Table 1: Investigated pipe sample.

Thickness [mm]

BM Clad Clad Pipe wall Pipe

X60 316L 3.0 15.7 16.0

The clad layer is bonded to the pipeline steel plate

through hot rolling followed by quenching and tempering,

before bent into the shape of a pipe in a press bending95
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Table 2: Chemical composition, tensile properties and Vickers hardness of the clad steels under investigation.

Steel C Si Mn P S Ni Cr Mo Rp0.2 [MPa] Rm [MPa] HV10

X60 0.076 0.375 1.38 0.006 0.0008 0.27 0.024 0.003 493 595 241

316L 0.018 0.368 1.382 0.031 0.002 11.09 16.68 2.042 440 647 187

Figure 1: Interface microstructure [19].

manufacturing process. Specimens for investigation were

extracted in the longitudinal direction of the pipes in as

supplied condition. The interface microstructure is pre-

sented in Figure 1, where a continuous area of carbide pre-

cipitates (∼200 µm wide) is clearly visible on the clad side,100

attributed to carbon diffusion across the interface dur-

ing production. Microhardness measurements (HV0.025)

across the interface confirmed carbon diffusion, showing

an average hardness level of about 350 HV on the clad

side and 156 HV on the BM side [19].105

2.2. Fracture mechanical testing

Constant load rate CT fracture mechanical testing was

performed in air and under cathodic protection (CP), in

order to establish CTOD (Crack Tip Opening Displacement)-

R curves and values for crack initiation. CT specimens110

were machined with the notch tip at the dissimilar metal

interface to an initial crack length to width ratio a0/W of

0.5, using electro-discharge machining (EDM), as it was

deemed impossible to produce a fatigue crack propagating

exactly along the dissimilar interface. Details of the spec-115

imen geometry and dimensions are given in Figure 2. For

comparative reasons and in order to verify the finite ele-

ment model, fracture mechanical testing of pure BM CT

specimens were also performed both in air and in hydrogen

environment.120

A constant loading rate of 0.74 N/min was applied,

corresponding to a stress intensity rate of 6.8 · 10−4 MPa

m1/2/s. This is in accordance with previous work by Lee

and Gangloff [20] on hydrogen assisted cracking of ultra-

high strength martensitic steel, making the resulting frac-125

ture toughness independent of the loading rate. For testing

in hydrogen environment, the specimens were immersed in

a 3.5 % NaCl solution with an applied cathodic potential

of −1050 mVSCE. Prior to test initiation, the specimens

were hydrogen pre-charged in the test rig for 24 hours at130

−1050 mVSCE in a 3.5 % NaCl solution. Pre-charging time

was decided by diffusion calculations in the BM, based on

the thick plate solution of Fick’s law. All testing was per-

formed at room temperature.

For determination of CTOD-R curves, a multiple spec-135

imen procedure was applied where the specimens were

unloaded at different CTOD values in order to establish

points on the curve for various crack extensions. The ex-

tent of stable crack growth was marked with heat tint-

ing. After testing the samples were cracked open in liquid140

nitrogen, and the crack length and crack extension was

measured at 5 equally spaced points across the sample,

obtaining the original crack length and the mean crack

extension.
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Figure 2: Compact tension specimen geometry and dimensions, W=5 mm, B=2.5 mm, a=2.5 mm, C=6.25 mm, z=1.0 mm, notch radius=0.15

mm.

2.2.1. Analysis of test data145

During testing, the load and the machine displacement

were recorded. For testing in air, a machined clip gage,

made to fit the small size of the specimen, was used to mea-

sure the Crack Mouth Opening Displacement (CMOD) at

the knife edges. As the use of clip gages was not possible150

for testing under CP, a correlation factor between displace-

ment and CMOD for testing in air was used to obtain the

CMOD curve for testing under CP. The average ratio be-

tween plastic CMOD (Vp) and plastic displacement (dp),

resulting from testing in air, was used to obtain the plastic155

CMOD under CP

Vp,CP =

(
Vp,air
dp,air

)
· dp,CP (1)

at the point of unloading. The CTOD-R curves were con-

structed following standard BS 7448-4 [21], with the frac-

ture initiation toughness defined as the intersection be-

tween the R-curve and the analytical blunting line (δi =160

1.87(Rm/Rp0.2)∆a).

3. Experimental test results

Detailed results from the fracture mechanical testing

are previously reported in [9]. A summary of the main

relevant findings are presented here.165

Examples of resulting Load-CMOD curves are reported

in Figure 3, including testing of both bi-material and pure

BM specimens, denoted interface and BM respectively.

Fairly consistent results were observed for all parallel tests.

For testing in air, a reduction in both maximum attained170

load and corresponding CMOD level was observed for all

bi-material specimens, indicating some degradation of the

dissimilar interface and a lowering of the systems overall

fracture resistance. For testing under CP, hydrogen influ-

ence was observed for both the BM and interface samples,175

with a reduction in maximum attained load and the cor-

responding CMOD level.

The resulting linear best fit CTOD-R curves are com-

pared in Figure 4, illustrating again significant influence

of hydrogen on the dissimilar interface fracture resistance.180

The corresponding fracture initiation toughness values are

summarized in Table 3. As the J-integral and the stress
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Figure 3: Load-CMOD for curves for bi-material (interface) and pure

BM specimens, tested in air and under CP.

Table 3: Fracture initiation toughness values for the bi-material (in-

terface) samples, tested in air and under CP.

Env. δi [mm] Ja) [N/mm] K
b)
I [MPa

√
m]

Air 0.176 173 199

CP 0.025 25 76

a) J = 2δRp0.2

b) KI =
(

JE
1−ν2

)1/2
intensity factor are more commonly cited fracture mechan-

ical parameters, the values of the CTOD fracture initia-

tion toughness were converted to J and KI . Hydrogen was185

found to reduce the CTOD fracture initiation toughness

with 85 % for the bi-material samples.

Light optical microscopy investigations of the fracture

surface profiles revealed an alternating crack path, shift-

ing between the dissimilar interface and the BM adja-190

cent to the interface for both test environments, however

crack propagation through the BM appeared dominant.

The strong susceptibility of the ferritic BM to hydrogen

embrittlement and degradation is consistent with general

knowledge of hydrogen effects on pipeline steels. Scanning195

Electron Microscope (SEM) observations of the fracture

surfaces supported the findings [9]; a dimpled morphol-

Figure 4: Linear best fit CTOD-R curves for the bi-material (inter-

face) samples, tested in air and under CP.

ogy indicative of ductile fracture for the samples tested in

air, and a distinct multifaceted appearance, indicative of

cleavage fracture, for the samples tested under CP.200

4. The model framework

The applied modelling approach simulates transient

hydrogen diffusion, plastic deformation and material dam-

age using cohesive elements, with the aim of reproducing

the CTOD fracture initiation toughness. Crack growth205

analysis is beyond the scope of this work. In the follow-

ing, the models and their respective couplings are outlined.

A thorough review of the modelling approach has previ-

ously been published[18]. The applied finite element code

was ABAQUS Standard version 6.13.210

4.1. Hydrogen transport

Diffusion of atomic hydrogen is described by an en-

hanced transport model originally proposed by Sofonis and

McMeeking [16] and subsequently modified by Krom et al.

[17], accounting for trapping by dislocations and hydro-

static drift:

∂CL
∂t

+
∂CT
∂t
−∇·(DL∇CL)−∇

(
DLV H
RT

CL∇p
)

= 0 (2)
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CL is the hydrogen concentration in normal interstitial

lattice sites (NILS), CT is the hydrogen concentration in

traps, DL is the lattice diffusion coefficient, V H is the

partial molar volume of hydrogen and p is the hydrostatic

pressure. The model distinguishes between two hydrogen

atom populations; hydrogen in NILS (diffusible) and hy-

drogen trapped at dislocations. The CL and CT concen-

trations are related to the hydrogen lattice and trap sites

occupancy θL and θT through

CL = θLNL (3)

CT = θTNT (4)

where NL and NT are the density of lattice and trap sites,

respectively. Assuming rapid trapping and detrapping ki-

netics, hydrogen in NILS and hydrogen in reversible trap-

ping sites are considered always to be in local equilibrium,

a theory originally developed by Oriani [22]. As such

θT
1− θT

=
θL

1− θL
exp

(
EB
RT

)
(5)

with EB being the trap binding energy. The lattice and

trapped hydrogen concentrations can then be related through

CT =
KTNTCL

NL + CL(KT − 1)
(6)

where KT denotes the equilibrium constant, as defined by

the exponential term in Eq. 5.

The number of lattice sites NL is related to the prop-

erties of the host metal [17]:

NL =
NAβ

VM
(7)

where VM is the molar volume of the metal, NA is the Avo-

gadro constant and β is the number of interstitial lattice

sites per metal atom. The number of trap sites NT varies

point-wise dependent on the local plastic strain level. In

the present work, two different models for calculating the

trap density are considered. The first model is according

to the experimental work of Kumnick and Johnson [23], re-

lating the dislocation trap density to the amount of plastic

Equivalent plastic strain, p

0.0 0.2 0.4 0.6 0.8 1.0

N
T

 [
tr

ap
s/

m
3 ]
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1021
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1024
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Sofronis et al. 2001
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Figure 5: Dislocation trap density models by Kumnick and Johnson

[23] and Sofronis et al. [24, 25].

strain [16, 17]

logNT = 23.26− 2.33 exp(−5.5εp) (8)

where εp is the equivalent plastic strain. The second model,

originally suggested by Sofronis et al. [24, 25], assumes one

trap site per atomic plane threaded by a dislocation. The

dislocation trap density is then expressed as a function of

the dislocation density ρ and the lattice parameter a:

NT =
√

2
ρ

a
(9)

The dislocation density (measured in dislocation line length

per cubic meter) is considered to vary linearly with the

equivalent plastic strain according to

ρ =

ρ0 + γεp for εp < 0.5

1016 for εp ≥ 0.5

(10)

where ρ0 = 1010 line length/m3, denotes the dislocation

density at zero plastic strain, and γ = 2.0·1016 line length/m3.215

Figure 5 compares the two dislocation trap density model

approaches. It can be concluded that the model by Sofro-

nis et al. yields a dislocation trap density about three

orders of magnitude larger than the data by Kumnick and

Johnson.220
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Equation (2) describes the coupling between mass trans-

port and local mechanical field quantities through a stress

and strain depended diffusion process, predicting an accu-

mulation of hydrogen in areas of high hydrostatic stress

and plastic strain. Once CL is known by solving Eq. (2),225

CT can be obtained from Eq. 6, with NL taken from Eq.

(7) and NT taken from Eq. (8) - (10). The diffusivity DL

and trap binding energy EB are given as input parameters.

The above hydrogen diffusion formulation is implemented

in ABAQUS through the user subroutine UMATHT, tak-230

ing advantage of the analogy between heat and mass dif-

fusion equations, treating the solute concentration as tem-

perature. The FEM formulation for hydrogen diffusion as

well as the implementation in ABAQUS using UMATHT

is described in [26].235

4.2. Elastic plastic stress analysis

The elastic plastic stress analysis is performed using the

standard von Mises material model in ABAQUS Standard

with a material specific stress strain curve representative

of the ferritic base material and the austenitic clad.240

4.3. The cohesive model

Material damaged is modelled by cohesive elements,

implemented along the prospective crack path. The cohe-

sive elements constitutive response is described by a trac-

tion separation law (TSL), characterizing the separation

process by describing the forces opposing crack formation

(tractions) as a function of the incipient crack surfaces’

separation distance. Common to most TSLs is that they

can be described by two independent parameters out of the

following three: the critical cohesive stress σc, the critical

separation δc and the cohesive energy Γc. In the present

work, a polynomial TSL originally proposed by Needleman

[15] is used:

σ(δ) =


27

4
σc
δ

δc

(
1− δ

δc

)2

for δ < δc

0 for δ ≥ δc
(11)

Figure 6: Normalised polynomial traction separation law for various

levels of hydrogen coverage.

where the area embedded by the curve represents the co-

hesive energy, calculated from

Γc =
9

16
σcδc (12)

The influence of hydrogen is accounted for by a de-

crease in the critical cohesive stress with increasing hy-

drogen coverage θH . In the present work, a relationship

originally proposed by Serebrinsky et al. [10] is applied,

based on first principle calculations by Jiang and Carter

[27] on ideal cleavage energies of bcc iron in the presence

of various amounts of hydrogen, giving the following cou-

pling between hydrogen coverage and the critical hydrogen

dependent cohesive stress σc(θH):

σc(θH)

σc(0)
= 1− 1.0467θH + 0.1687θ2H (13)

σc(0) is the critical cohesive stress with no hydrogen influ-

ence. Figure 6 graphically illustrates the polynomial TSL

in Equation (11) for various levels of hydrogen coverage.

The definition of hydrogen coverage θH follows the

Langmuir-McLean isotherm [28], relating it to the bulk

hydrogen concentration C (unit mol H/mol Fe) through

θH =
C

C + exp(−∆G0
b/RT )

(14)
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Figure 7: Hydrogen coverage θH as a function of the hydrogen con-

centration C, plotted according to the Langmuir-McLean isotherm

for ∆G0
b = 30 kJ/mol.

where ∆G0
b is the Gibbs energy difference between surface245

and bulk material, surface being any microstructural inter-

face like crystallographic plane, grain boundary etc. Fig-

ure 7 plots the hydrogen coverage θH as a function of the

hydrogen concentration C, assuming ∆G0
b = 30 kJ/mol as

suggested by Serebrinsky et al. [10].250

5. Simulation of CT specimen

5.1. FE model

A 2D representation of the bi-material CT specimen in

Figure 2 is applied for the finite element analysis. Details

of the model domain are given in Figure 8. All dimension255

are identical to the experimental test samples. The ele-

ments are 4-node bilinear plane strain continuum elements,

CPE4RT, and 4-node linear hydrogen influenced cohesive

elements, implemented along the entire crack plane length.

In accordance with experimental findings, the crack path260

is defined 15 µm from the interface into the BM. The de-

velopment of the cohesive element is described in [29], im-

plemented in ABAQUS through the user subroutine UEL.

To ensure sufficient resolution of the local stress and

strain fields, the mesh is refined at the notch tip and in265

the ligament until a minimum size of 7.5-15 µm. Ancillary

computations have been carried out, investigating a pos-

sible influence of the mesh size by considering two crack

tip element sizes: 3.75 and 7.5 µm. No influence of mesh

size on the resulting CTOD level and the corresponding270

mechanical fields was found, deeming a minimum 7.5 µm

element size sufficient.

A load (F) equal to 0.74 N/min is applied to the node

corresponding to the centre of the upper pin hole, blocked

from displacement in the crack growth direction, while the275

node corresponding to the centre of the lower pin hole

is fixed, discretized as elastic material in order to avoid

concentrated plastic deformation. All free surfaces of the

specimen are prescribed to have a hydrogen concentration

equal to CL0, assumed to be constant during the entire280

simulation procedure. Simulations indicate that the BM is

completely saturated with hydrogen upon the start of load-

ing, consistent with preliminary computations by Fick’s

law.

Material properties representative of the BM and the285

clad are implemented into the model, summarized in Table

4. As the BM is considered the most critical material for

hydrogen induced fracture under the current conditions,

confirmed by the laboratory experimental testing, the val-

ues of the hydrogen related material properties are taken290

representative of the BM for the entire model domain, i.e.

both for the BM and the clad. Material specific stress-

strain curves were obtained by laboratory tensile testing

of the actual materials, with the plastic part of the tensile

curves given in Figure 9. The diffusion coefficient and the295

trap binding energy was retrieved on a X70 grade steel us-

ing the electrochemical permeation technique, previously

reported by Skjellerudsveen et al. [30], while the remain-

der of the material parameters were taken according to

literature. Unless otherwise stated, CL0 is assumed to be300

5.13 · 10−4 wppm, equal to the theoretical solubility of hy-
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Figure 8: 2D finite element numerical model of compact tension specimen, with mechanical boundary conditions, loading and detailed mesh

discretization.

Figure 9: Plastic part of tensile curves for the clad, BM and power

law BM, implemented into the FE model. Grey curves indicate a

theoretical extension of the experimental curves.

drogen in pure iron at 20 ◦C and 1 atm. pressure [31].

5.2. Verification of material model

To verify the simulations and the input material mod-

els, load-CMOD curves were calculated based on 3D elastic305

plastic simulations. The 3D model domain features similar

characteristics as the 2D model, restricted to one half of

the specimen when taking advantage of symmetry. Figure

10 presents load-CMOD curves for the bi-material (inter-

Figure 10: Load-CMOD curves for bi-material (interface) and pure

BM specimens, resulting from CT fracture mechanical testing and

simulations.

face) and BM specimens, resulting from CT experimental310

fracture mechanical testing and simulations. While the

model is able to reproduce the experimental curves for the

pure BM samples, a lack of consistency between the exper-

imental and simulated curves for the bi-material samples

indicates limitations in the interface material model.315

Carbon depletion and subsequent grain growth leads to

the formation of a soft ferritic band in the BM adjacent to

the clad interface, with a corresponding lowering in hard-

9



Table 4: Model input parameters.

Property Unit Symbol Value

BM Clad

Young’s modulues MPa E 208000 167000

Poisson’s ratio ν 0.3 0.3

Diffusion coefficient mm2/s DL 7.60 · 10−5 -

Trap binding energy kJ/mol EB 37 -

Molar volume of host lattice mm3/mol VM 7.106 · 103 -

Partial molar volume of H mm3/mol V H 2.0 · 103 [32] -

Interstitial lattice sites per host atom β 6 [32] -

Lattice parameter nm a 0.286 -

Gibbs energy kJ/mol ∆G0
b 30 [10] -

ness and tensile strength. Motarjemi et al. [4] found a de-

crease in the yield strength of 12% in the interface carbon

depleted zone compared to the substrate BM, followed by

an increase 10 mm down the BM. Pavlina and Van Tyne

[33] have correlated yield strength with Vickers hardness

for a range of nonaustenitic, hypoeutectoid steels, based

on complied data. For non-martensitic steels, the following

relationship was found:

σy = 2.646HV− 84.8 for 129 < HV < 363 (15)

yielding a BM interface yield strength of 328 MPa for a

measured hardness of 156 HV, a decrease of 33%.

In order to establish a valid material model for the bi-

material (interface) specimens, an iteration procedure has

been performed, obtaining a best fit stress-strain relation-320

ship in the form of a power law. Both the material model

for the clad and the elastic properties of the BM are kept

unchanged. The yield strength was chosen based on Eq.

(15)), i.e. 328 MPa, yielding a hardening exponent equal

to 0.125. Figure 9 displays the resulting plastic part of325

the tensile curve, denoted C-depleted BM. The resulting

simulated load-CMOD curve is included in Figure 10 as

Interface power law, yielding a good fit with the experi-

mental findings.

6. Numerical results and discussion330

6.1. Identification of the cohesive parameters

The cohesive simulations are performed under the as-

sumption that crack initiation is the critical event for total

failure of the model; failure is regarded as complete sepa-

ration of the first cohesive element. In the present work,

damage is assumed to initiate when the maximum cohesive

stress ratio reaches a value of one, a criterion represented

by:

max

[
σ(θH)

σc(θH)

]
= 1, 0 ≤ θH ≤ 1 (16)

It is assumed that Mode I is the critical mode for failure.

While interface fracture between two dissimilar materials

is generally of mixed mode due to material property asym-

metry, preliminary computations find the assumption of335

Mode I critical fracture valid for the current model.

The identification of the cohesive parameters has been

conducted based on experimental CTOD fracture initia-

tion toughness obtained in air, Table 3. Resulting values

are reported in Table 5, where the initial cohesive stiffness

kn is defined by the initial slope of the polynomial TSL:

kn =
27

4

σc
δc

(17)
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Table 5: Cohesive input parameters and resulting simulated fracture

initiation toughness values without hydrogen.

kn σc Γc KIc CTOD (δi)

[MPa/mm] [MPa] [N/mm] [MPa
√

m] [mm]

4 · 106 1210 1.4 17.8 0.173

The value of the initial cohesive stiffness should be chosen

in order to avoid artificial compliance of the model [13];

while low values of the cohesive elements initial stiffness

will modify the overall compliance of the system, too high340

values may infer convergence problems. Following Alvaro

et al. [13], an initial cohesive stiffness of kn = 4 · 106

MPa/mm was selected. Ancillary computations, investi-

gating the influence of the initial cohesive stiffness on the

resulting mechanical fields, confirmed this value suitable345

for the current model.

A best fit to the experimental results was achieved for

a critical cohesive stress σc = 1210 MPa. The correspond-

ing cohesive energy yields Γc = 1.4 N/mm, representing a

large discrepancy with the experimental fracture initiation350

energy from CTOD-R testing in Table 3. Similar incon-

sistent findings have been reported by Moriconi et al. [14]

on modelling fatigue crack propagation in high strength

steels. The value is however comparable to that reported

by Olden et al. [11] on cohesive modelling of fracture ini-355

tiation in a rounded notch duplex stainless steel tensile

specimen.

6.2. Modelling of CT testing under electrochemical hydro-

gen charging conditions

The finite element simulations aim to reproduce hy-360

drogen induced crack initiation. Conforming to numer-

ical computations without hydrogen influence, Figure 11

presents contour plots of (a) the opening stress and (b) the

equivalent plastic strain, corresponding to the resulting ex-

perimental CTOD fracture initiation toughness for testing365

under CP (Table 3). Plots of the accompanying mechani-

cal field profiles ahead of the notch tip are also included.

While maximum opening stress is reached in the austenitic

clad just adjacent to the BM, the stress gradients at the

interface are generally low due to the lack of an initially370

sharp crack. Considering the equivalent plastic strain, the

highest levels are confined to the carbon depleted BM, due

to it’s lower yield strength, with maximum values reached

in the elements adjacent to the clad. It can be concluded

that the location of maximum equivalent plastic strain cor-375

responds well with the experimentally determined crack

path, being on average 10-20 µm into the BM.

Simulation of CT fracture mechanical testing under hy-

drogen charging is performed as described in Section 4

and 5, with cohesive input parameters as obtained from380

simulations in air (Table 5). The hydrogen coverage θH

is a function of the local hydrogen concentration in the

material, which can be determined in terms of CL, CT

or both. Various approaches are reported in literature

[25, 10, 13, 14, 12].385

To date, the effect of trapping on hydrogen induced

fracture remains controversial and there is no consensus

as to whether hydrogen in lattice or hydrogen trapped at

microstructural defects is the dominant source of embrit-

tlement. Novak et al. [25] found that high-binding energy390

traps (EB ≥ 48 kJ/mol) cannot account for the loss in

strength observed on hydrogen charged steel. Similar find-

ings have been reported by Ayas et al. [34, 35]. Rather,

it is dependent on the lattice sites and low-binding energy

trapping sites. While Novak et al. [25] conjectured that395

low-binding energy dislocations are the governing source

promoting hydrogen induced fracture, Ayas et al. [34] re-

ported the presence of lattice hydrogen to be the critical

event.

In order to investigate the influence of hydrogen charg-400

ing on decohesion, in the following the hydrogen coverage

is determined both in terms of the lattice concentration

CL and the total concentration CL + CT , with the aim of

reproducing crack initiation under CP conditions.
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Figure 11: Contour plots and field profiles of (a) the opening stress and (b) the equivalent plastic strain, corresponding to the resulting

experimental CTOD fracture initiation toughness for testing under CP. Contour Plot ligament length: 0.6 mm.

6.2.1. Influence of lattice hydrogen concentration405

In the following, the hydrogen coverage θH is deter-

mined in terms of the lattice hydrogen concentration CL;

C = CL. The results in terms of simulated CTOD fracture

initiation toughness (δi) are reported in Table 6, for CL0

in the range 0.000513 − 0.5 wppm and two trap density410

models.

For a constant surface hydrogen concentration equal to

the theoretical solubility of hydrogen in pure iron, CL0 =

5.13 · 10−4 wppm, the model is not able to account for

the significant reduction in fracture initiation toughness415

observed in the laboratory experiments, with a reduction

in CTOD of only 35% compared to 85% from the fracture

mechanical testing. As expected, with increasing lattice

surface hydrogen concentration the CTOD level is corre-

spondingly reduced. Assuming hydrogen in lattice to be420

the dominant source of embrittlement, the model predicts

a lattice surface hydrogen concentration of approximately

0.005 wppm, giving a CTOD fracture initiation toughness

close to the experimental findings.

Figure 12 presents the resulting hydrogen coverage pro-425

files ahead of the crack tip for surface hydrogen concentra-

tions of 0.00513 and 0.005 wppm, taken at the last frame

before fracture initiates. The profiles are consistent with

the plot in Figure 7, following the hydrostatic stress dis-

tribution in the specimen. Maximum coverage values are430

reached at the hydrostatic stress peaks, 1.2% and 9.6% for

concentrations of 0.000513 and 0.005 wppm, respectively.

For all cases considered, fracture initiated at the location

of maximum opening and hydrostatic stress, a distance

0.35 mm from the notch tip when the lattice surface con-435

centration is 0.005 wppm.
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Table 6: Simulated CTOD fracture initiation toughness for C = CL,

with CL0 in the range 0.000513−0.5 wppm and trap density models

by Kumnick and Johnson and Sofronis et al.

CL0 [wppm] CTOD (δi) [mm]

Trap model

Kumnick & Johnson Sofronis et al.

0 0.173 0.173

0.000513 0.111 0.112

0.005 0.023 0.024

0.05 0.002 0.002

0.5 0.0002 0.0002

One of the main disadvantages concerning electrochem-

ical hydrogen charging is the lack of suitable methods for

accurately estimating the hydrogen content and distribu-

tion in the material [25, 11]. Alvaro et al. [13] reported440

the total hydrogen concentration in a X70 grade steel to

be 1.5-2.5 wppm after pre-charging in a 3% NaCl solu-

tion, measured by melt extraction. This included all the

hydrogen present in the material. Retrieving the diffu-

sion coefficient and the trap binding energy by the elec-445

trochemical permeation technique, as previously reported

by Skjellerudsveen et al. [30], the estimated number of

reversible traps gave 2.3 · 1016 sites/mm3 (no deforma-

tion). Assuming CL0 = 0.005 wppm, the total hydrogen

concentration at the end of pre-charging can be approxi-450

mated by Equation (6), giving CL0 + CT0 = 0.76 wppm.

This amount represents the lattice and reversible trapped

hydrogen content, and as such, appears reasonable when

compared to the findings by Alvaro et al. [13], which also

includes irreversibly trapped hydrogen.455

From Table 6, it is apparent that the model predictions

are not sensitive to the choice of trapping model, because

there is no or negligible difference in the simulated CTOD

fracture initiation toughness values. Indeed, Dadfarnia et

al. [36] have reported that while a higher trap density460

reduces the effective diffusion coefficient of hydrogen, it

Distance from notch tip [mm]

0.0 0.1 0.2 0.3 0.4 0.5 0.6

 

0.00

0.01

0.06

0.07

0.08

0.09

0.10
Kumnick & Johnson
Sofronis et al.

CL0=0.005 wppm

CL0=0.000513 wppm

Figure 12: Hydrogen coverage profiles ahead of the crack tip for

C = CL, with CL0 of 0.000513 and 0.5 wppm and trap density

models by Kumnick and Johnson and Sofronis et al. Taken at the

last frame before fracture initiates.

has no effect on the magnitude of the steady state NILS

concentration profiles. Figure 12 reveals the hydrogen cov-

erage to be marginally lower for the Sofronis trap density

model. While the maximum attained trap density equals465

about 600-700 times the maximum number of traps given

by the Kumnick and Johnson model, the average overall

lowering of the diffusivity is not sufficient to significantly

reduce the hydrogen distribution prior to crack initiation.

For a surface concentration of 0.005 wppm, about 95% and470

96% of steady state concentration is reached at the time

of fracture initiation.

6.2.2. Influence of total hydrogen concentration

In the following, the hydrogen coverage θH is deter-

mined in terms of the total hydrogen concentration; C =475

CL+CT . The results in terms of simulated CTOD fracture

initiation toughness (δi) are reported in Table 7, for CL0

values of 0.000513 and 0.005 wppm and two trap density

models.

Comparing the results in Table 6 and 7, it is apparent480

that the model predictions are not sensitive to trapped

hydrogen, when determined by the Kumnick and John-
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Table 7: Simulated CTOD fracture initiation toughness for C = CL,

with CL0 of 0.000513 and 0.5 wppm and trap density models by

Kumnick and Johnson and Sofronis et al.

CL0 [wppm] CTOD (δi) [mm]

Trap model

Kumnick & Johnson Sofronis et al.

0 0.173 0.173

0.000513 0.111 0.025

0.005 0.023 0.004

son model, because there is no difference in the simu-

lated CTOD fracture initiation toughness values. Rather,

the model predicts hydrogen in lattice to be the domi-485

nant source of embrittlement, with a lattice surface hy-

drogen concentration of approximately 0.005 wppm giving

a CTOD fracture initiation toughness close to the experi-

mental findings.

The corresponding hydrogen coverage profiles ahead of490

the crack tip are presented in Figure 13a, including for

comparison the results in terms of CL, as previously re-

ported in Figure 12. The influence of trapped hydrogen

is noticed in the area immediately ahead of the notch tip,

consistent with the plastic strain distribution in the sam-495

ple. For CL0 = 0.005 wppm, a maximum coverage of 9.6%

is reached at the hydrostatic stress peak, confirming the

negligible influence of trapping on the simulated CTOD

fracture initiation toughness values. With an equivalent

plastic strain level less than 0.2, as according to Figure500

11, the number of dislocation traps are not sufficient to

significantly increase the overall hydrogen content in the

specimen. A significant contribution of trapping is how-

ever noticed for CL0 = 0.000531 wppm, where a maxi-

mum coverage of 1.5% is reached just ahead of the notch505

tip. This is consistent with the higher reported CTOD

value (Table 7), increasing the amount of plastic strain

and the corresponding number of dislocation traps before

fracture initiation. For both cases, fracture initiated at the

location of maximum opening and hydrostatic stress, con-510

sistent with the findings in the previous section, confirm-

ing the overall negligible influence of trapped hydrogen.

While trapping increased the hydrogen concentration at

the notch tip beyond that found at the hydrostatic stress

peak for CL0 = 0.000531 wppm, it was not sufficient to515

reduce the local critical cohesive stress below the opening

stress.

Assuming a trap density according to the model by

Sofronis et al., it is apparent from Tables 6 and 7 that

trapped hydrogen impose significant influence on the model520

predictions, lowering the simulated CTOD fracture initi-

ation toughness values. The model predicts hydrogen in

traps to be the dominant source of embrittlement, with a

lattice surface hydrogen concentration equal to the theo-

retical solubility of hydrogen in pure iron (CL0 = 0.000531525

wppm) giving a CTOD fracture initiation toughness close

to the experimental findings. The hydrogen coverage pro-

files in Figure 13b confirm the model predictions; trapping

increases the maximum hydrogen coverage with more than

4000%. According to Oriani’s theory [22], hydrogen in530

NILS and hydrogen in traps are always in a local equilib-

rium. As such, the trap site occupancy is proportional to

the NILS concentration. This is actually observed in Fig-

ure 13b, where the trapped concentration for CL0 = 0.005

wppm increases beyond that for CL0 = 0.000531 wppm,535

despite a lower level of plastic strain.

Failure initiates once a critical combination of both

opening stress and hydrogen concentration is attained. Pre-

vious authors have described the diffusion models as re-

flecting a competition between the plastic strain and the540

hydrostatic stress, determining the hydrogen distribution

near a crack tip [16, 13]. In the present work, it is con-

cluded that either lattice or trapped hydrogen plays the

dominating factor, dependent on the chosen trap density

model. The effect the openings stress becomes apparent545

when evaluating the crack initiation site. While maximum

hydrogen coverage is reached at the location of maximum
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Figure 13: Hydrogen coverage profiles ahead of the crack tip for C = CL +CT , with CL0 of 0.000513 and 0.5 wppm and trap density models

by (a) Kumnick and Johnson and (b) Sofronis et al. Taken at the last frame before fracture initiates.

plastic strain, fracture initiates a distance 24 µm into the

sample where the opening stress is increased and the hy-

drogen concentration has sufficiently reduced the local crit-550

ical cohesive stress. Crack initiation is indicated by a black

dotted line in Figure 13b.

From Table 7, it can be concluded that the model pre-

dictions are particularly sensitive to the choice of trap-

ping model, assuming both lattice and trapped hydrogen555

contributes to the embrittlement process, because there is

significant difference in the simulated CTOD fracture ini-

tiation toughness values. This is in contradiction to the

findings by Novak et al. [25], who reported no sensitiv-

ity to the trapping model in the normalized failure stress560

of an AISI 4340 martensitic steel, despite the trap densi-

ties being disparate. The lack of sensitivity derived from

the fact that in this model, the hydrogen-induced deco-

hesion relates to the trap occupancy, which according to

the Oriani theory [22] is independent of the trap density.565

Previous work by the present authors [18] have shown that

the choice of trapping model is only significant for disloca-

tion trap binding energies levels above 23 kJ/mol, where

trapping may yield the dominating influence on the total

hydrogen concentration. For the current model, a value570

originally retrieved on unstrained X70 pipeline steel is ap-

plied, not representative of any specific trapping site. Dis-

location trap binding energies reported in literature range

from 0 − 60 kJ/mol [18], while lower values appear more

common. Recent diffusion measurements on a X65 base575

material suggest a trap binding energy of 15.2 kJ/mol [37],

significantly lower than the current value of 37 kJ/mol.

Conforming to this energy level, lattice hydrogen yield the

dominating influence on the total hydrogen concentration

in the specimen, independent of trap density model.580

6.3. Implications of the model

The preceding results suggest that both hydrogen in

lattice and hydrogen trapped at dislocations can be re-

sponsible for the observed hydrogen induced reduction in

CTOD fracture initiation toughness of clad pipes. Hydro-585

gen trapped at dislocations, as determined by the Kum-

nick and Johnson model, infer negligible influence on the

simulated CTOD fracture initiation toughness values. It

appears as one of the main challenges with the current

modelling approach is the identification of valid and rep-590

resentative input parameters and boundary conditions for

the actual system in question.
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Table 8: Experimental and simulated CTOD at maximum attained

load for pure BM specimens. Trap density model according to Sofro-

nis et al.

Method CL0 [wppm] Env. CTODmax [mm]

Exp. - CP 0.086± 0.006

Sim. 0.000513 CL 0.134

Sim. 0.000513 CL + CT 0.023

Sim. 0.005 CL 0.015

To further investigate the models capability of predict-

ing hydrogen induced fracture, numerical simulations of

pure BM specimens were performed and compared with595

experimentally determined CTOD values at maximum at-

tained load, Figure 3, as values of crack initiation are

not available. The identification of the cohesive param-

eters was conducted as described in Section 6.1 for the

bi-material samples, with an initial cohesive stiffness of600

kn = 4 · 106 MPa/mm. A best fit to the experimental

results in air was achieved for a critical cohesive stress

σc = 1394 MPa. Table 8 presents the results in terms of

CTODmax under hydrogen influence. Only the Sofronis

et al. trap density model is considered. Comparing with605

Tables 6 and 7, it is apparent that the current modelling

approach fails on transferring between different material

systems, indicating limitations in the model. For the bi-

material samples, the combination of residual stresses and

inter metallic compounds at the interface may result in an610

increased initial hydrogen concentration. This is consis-

tent with the present findings, where the model predicts a

lower lattice surface hydrogen concentration for the pure

BM samples. Hydrogen induced failures along dissimilar

metal welds have previously been attributed to the pres-615

ence of carbide precipitates at the interface, serving as

traps and increasing the local hydrogen content [7, 8]. Fur-

ther effort is needed to provide a reliable description of the

interface hydrogen content and distribution.

Using a similar approach to model fatigue crack propa-620

gation by gaseous hydrogen in a martensitic stainless steel,

Moriconi et al. [14] found that while the model was able to

reasonably predict the crack growth behaviour under low

hydrogen pressure, it failed to account for the enhanced

crack growth observed at high pressures. Similar limi-625

tations were encountered by Alvaro et al. [13] on mod-

elling the effect of gaseous hydrogen the fracture tough-

ness of X70 pipeline steel. For both cases, Sievert’s law

was used to obtain the boundary conditions as a func-

tion of the external hydrogen pressure. Limitations in630

the model, particular in the case of lattice diffusion, were

pointed out as possible explanations, while no conclusions

were drawn. By also including the effect of hydrogen on

the local yield strength, Brocks et al. [12] have simu-

lated CTOD-R curves for various deformations rates on635

a high strength low alloy steel. The results indicate that

only a combined mechanism of hydrogen reduced cohesive

strength and hydrogen reduced yield strength can give rea-

sonable predictions according to experimental findings.

Finally, it should be noticed that when trapped hy-640

drogen is not taken into account, fracture initiates at the

opening stress peak, about 0.35 mm from the notch. These

findings are inconsistent with the results from the exper-

imental fracture mechanical testing [9], where failure ini-

tiates closer to the notch tip both in air and with hydro-645

gen influence. This could indicate limitations in cohesive

model’s capability of predicting crack initiation in front of

a rounded notch, and is a topic for further investigation.

7. Conclusion

A combined experimental and finite element cohesive650

zone modelling approach for prediction of hydrogen in-

duced fracture initiation in a hot roll bonded clad steel

pipe is proposed. The developed model is based on coupled

effects between mechanical loading and hydrogen mass dif-

fusion. The main results are summarised as follows:655

• A best fit to the experimental results in air was achieved
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for an initial cohesive stiffness kn = 4·106 MPa/mm and

a critical cohesive stress σc = 1210 MPa.

• The simulated results reveals that both hydrogen in lat-

tice and hydrogen trapped at dislocations can be re-660

sponsible for the observed hydrogen induced reduction

in CTOD fracture initation toughness of clad pipes.

• Assuming hydrogen in lattice to be the dominant source

of embrittlement, the model predictions are insensitive

to the choice of trap density formulation. A best fit to665

the experimental CTOD fracture initiation toughness

was achieved for a lattice surface hydrogen concentra-

tion of 0.005 wppm.

• Assuming both lattice and trapped hydrogen to infer

an influence on the hydrogen reduced cohesive strength,670

the model predictions are particularity sensitive to the

choice of trap density formulation:

– The Kumnick and Johnson model: Hydrogen trapped

at dislocations infer negligible influence on the simu-

lated CTOD fracture initiation toughness. The model675

predicts hydrogen in lattice to be the dominant source

of embrittlement, with a best fit to the experimental

results achieved for a lattice surface hydrogen concen-

tration of 0.005 wppm.

– The Sofronis et al. model: Hydrogen trapped at dis-680

locations infer significant influence on the simulated

CTOD fracture initiation toughness, increasing the

hydrogen coverage with more than 4000%. The model

predicts hydrogen in traps to be the dominant source

of embrittlement, with a best fit to the experimental685

results achieved for a lattice surface hydrogen concen-

tration of 0.000531 wppm.

• The present modelling approach fails on transferring

between different material systems. Further effort is

needed to provide a reliable description of the interface690

hydrogen content and distribution.
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