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This work addresses a hydrogen—induced cracking methodology incorporating the fully coupled problems of
elastoplastic deformation and hydrogen transport within cohesive-interface elements framework to predict
ductile tearing in high strength steels. In the present work, on one hand, the flow stress declines with escalating
hydrogen concentration and, as a result, taking into account the hydrogen impact on enhancing plastic defor-
mation in the lattice through the hydrogen enhanced localized plasticity (HELP) model. On the other hand, to
implement hydrogen impact into the cohesive-interface elements in the hydrogen enhanced decohesion (HEDE)
manner, a phenomenological decohesion model is adopted, leading to combining the both mechanisms (HELP +
HEDE). Furthermore, a nonlinear traction-separation relationship based on the Park-Paulino-Roesler (PPR)
model determines the constitutive response of the zero thickness cohesive-interface elements while the
finite-strain, incremental plasticity model is accounted for the bulk material. The hydrogen-degraded PPR model
provides a flexibility and control over various softening behaviours, from a convex brittle to a concave ductile
shape. This computational framework is established to simulate ductile crack extension in a C(T) specimen made
of AISI 4130 high strength steels. Afterwards, the parameters involved in the hydrogen-degraded PPR model are
properly calibrated with experimental data for the uncharged and hydrogen—charged C(T) specimens. The key
contributions of this study are to shed light on the hydrogen concentration (lattice and trapped) effects on the
crack growth resistance curves and stress triaxiality. Based on the results obtained for AISI 4130 high strength
steels, it has been concluded that the lattice hydrogen has the dominating factor in the hydrogen degradation
compared with trapped hydrogen.

Ductile crack growth
Cohesive-interface elements
Park—paulino-roesler (PPR) model
Hydrogen enhanced localized plasticity
Crack growth resistance curve

1. Introduction hydrogen at the metal surface which can diffuse and enter into the

crystalline steel structure causing hydrogen-induced degradation of

The escalating demand for energy and clean resources has triggered
two main developments. On one hand, it has spurred a flurry of explo-
ration and production activities of oil and natural gas in more hostile
environments, including very deep water offshore hydrocarbon reser-
voirs. One of the key challenges facing the oil and gas industry is the
assurance of more reliable and fail-safe operations of the infrastructure
for production and transportation. Currently, structural integrity of
submarine risers and flow lines represents a key factor in operational
safety of subsea pipelines. Advances in existing technologies favor the
use of cathodic protection in C-Mn steel pipelines as an effective tech-
nology to prevent metal corrosion in marine and aggressive environ-
ments [1]. However, the electrochemical reactions associated with the
cathodic protection system have strong potential to produce atomic
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mechanical and toughness properties, often termed hydrogen embrit-
tlement (HE) [2,3]. On the other hand, the mitigation of greenhouse gas
emissions has triggered opening a new research field towards the use of
hydrogen as an energy carrier for the future energy demands. None-
theless, progress towards a hydrogen-based economy would demand to
set up substructure so as to produce, transport and store hydrogen.
Among other probabilities, the use of existing widespread pipeline
networks appears to be among the most reliable solutions for hydrogen
transport [4]. Notwithstanding, the presence of hydrogen in steel
pipelines might cause the pipeline to become more susceptible to HE.
HE is one of the most complicated phenomena of degradation in
metallic materials, signifying a hydrogen-induced transition from a
high-toughness ductile fracture (micro-void coalescence) to a
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brittle-type of fracture (either by a transgranular or intergranular
mechanism). Indeed, HE manifests as loss in structural integrity of a vast
range of metals and alloys, which may result in unexpected and pre-
mature catastrophic failures. To date, the definite mechanisms under-
lying HE are still under debate; at least two crucial mechanisms have
been proposed [5]. The hydrogen enhanced decohesion (HEDE) mech-
anism assumes interstitial atomic hydrogen reduces the cohesive
strength of the lattice and, as a result, enhancing decohesion. According
to the hydrogen enhanced localized plasticity (HELP) model, the pres-
ence of solute hydrogen enhances the mobility of dislocations leading to
enhancing localized plastic deformation at the crack tip. Either model is
promoted by a myriad of atomistic observations [6,7] and experimental
data [8,9] and is contemplated as the underlying factor in particular
fracture scenarios. A comprehensive micro-mechanical model of frac-
ture carried out by Novak et al. [10], which accounted for the effect of
atomic hydrogen on HE of high-strength steels, reported the synergistic
interplay of both HELP and HEDE. Furthermore, it has been shown that
the coupling mechanisms of HELP and HEDE not only advocate inter-
granular, ductile behavior, and micro-void coalescence modes of frac-
ture in steels, but did it also influence quasi-cleavage fracture. In the
numerical simulation, some works adopted only one of the dominating
HE mechanisms. For instance, taking the HELP model into account, a
hydrogen affected plasticity model has been implemented [11-13]
while as far as the simulation in the HEDE manner is concerned, a
phenomenological decohesion model was established [14-24].
Notwithstanding, in the present work, both predominant HE mecha-
nisms (HEDE + HELP) are considered, which will be discussed more in
the next parts.

The numerical simulation of hydrogen-induced fracture [11-34], as
a multi-physics approach, which couples hydrogen transport, plastic
deformation, fracture and their interactions, has gained a substantial
attention. A phase field formulation for hydrogen-assisted cracking in
the framework of the finite element method (FEM) has been presented
by Martinez-Paneda et al. [26]. Furthermore, a phase field regularized
cohesive zone model (PF-CZM) for hydrogen—induced cracking was
introduced by Wu et al. [14]. They introduced two distinct HEDE models
by incorporating several implicitly defined hydrogen-dependent soft-
ening laws. However, HELP mechanism has not been taken into account.
Ahn et al. [11] conjectured that the material softening takes place owing
to the presence of hydrogen, which affects the void process ahead of the
crack tip. They employed a unit cell containing a single void and used
the results to adjust the traction separation law (TSL). Using similar
methodology, the effects of hydrogen-induced material softening and
lattice dilatation on void growth have been investigated by Liang et al.
[12]. Olden et al. [15,27,28] investigated a three-step FE procedure
including elastic—plastic stress analysis, hydrogen diffusion analysis and
hydrogen-informed CZM analysis for HE simulation. To include the
hydrogen influence in the HEDE manner into the analysis, the hydrogen
degradation law proposed by Serebrinsky et al. [35] was established. De
Meo et al. [30] modeled adsorbed-hydrogen stress—corrosion cracking
of a polycrystalline AISI 4340 high-strength low-alloy steel plate using a
multiphysics peridynamic framework. A two-step analysis has been
introduced by Diaz et al. [22] for the HE problem; first hydrogen dis-
tribution was obtained with diffusion equations modified by the
stress—strain state and afterwards, a CZM was included to model damage
initiation. Moreover, the fully coupled and weekly coupled FE-CZM
adopting the thermal-stress analysis and the analogy between hydrogen
diffusion and heat transfer have been presented by Gobbi et al. [20,34].
Furthermore, Jemblie [24] simulated hydrogen—induced fracture initi-
ation in a hot rolled bonded clad steel pipe using the CZM with a
polynomial TSL. The same authors [36] carried out a comprehensive
review on the CZM for numerically assessing HE of steel structures.

Taking CZM-based hydrogen-induced cracking into account, the
constitutive behavior of cohesive-interface elements is described by the
so—called TSL, which is usually characterized by the critical cohesive
strength and the cohesive energy (or critical separation). Various failure
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scenarios and factors influencing the failure behavior can be dealt with
by manipulating the TSL. In the HE modelling, serval types of TSL have
been employed including the bilinear TSL [18], the trapezoidal TSL [16,
17,20,34], the exponential TSL [37], and the polynomial TSL [15,19,23,
24,27,28,38]. However, in the present work, a unified potential-based
CZM, the Park-Paulino-Roesler (PPR) model [39] is employed for the
hydrogen degradation TSL, which addresses the drawbacks of the pre-
vailing either nonpotential-based or potential-based CZM in the liter-
ature, in particular with respect to mode-mixity, user flexibility, and
consistency [40,41]. Most importantly, it provides for several material
failure behaviors by permitting the modeler to determine the shape of
the softening curve in both normal and shear traction-separation re-
lations whereas in most TSL, softening behavior is hard—coded and
cannot be modified. This aspect is highlighted in the CZM-based
hydrogen degradation. It is because using the PPR model in the degra-
dation process provides a control over various softening behaviours,
from a convex brittle to a concave ductile shape. This capability is also
substantially applicable in the calibration of the cohesive parameters
used in numerical modelling with experimental data.

There are still controversial opinions in the literature regarding the
impact of hydrogen trapping at microstructural defects upon HE. It is
debatable whether trapped hydrogen (for instance at dislocations and at
carbide particles) holds a critical role promoting hydrogen—induced
fracture or hydrogen resided at normal interstitial lattice sites (NILS)
plays a crucial role in HE [42]. Li et al. [43] conjectured that trapping
sites such as austenite grain boundaries, martensite interfaces, and
dislocation retaining a robust affinity to hydrogen can avoid hydrogen
from segregating to crack tip and alleviate HE. Furthermore, Yamasaki
and Bhadeshia [44] concurred with this view and studied the peak
trapping affinity of carbides to hydrogen in martensitic steels so as to
alleviate the detrimental impacts of hydrogen upon mechanical perfor-
mance. Moreover, Ayas et al. [45] concluded that the presence of lattice
hydrogen escalates the susceptibility to HE whilst trapped hydrogen has
only a negligible influence. On the contrary, Novak et al. [10] claimed
that hydrogen trapped at the dislocations is the underlying factor of HE
in high strength steels. In agreement with this finding, calculations
conducted by Dadfarina et al. [13] did not support the argument that
strong or irreversible traps in a material is a way to mitigate HE.

The main objective of the present work is to present a CZM-based
hydrogen-induced cracking methodology incorporating the fully
coupled problems of elastoplastic deformation and hydrogen transport
to predict ductile tearing in high strength steels. A nonlinear trac-
tion-separation relationship based on the PPR model determines the
constitutive response of the zero thickness cohesive-interface elements
while the finite-strain, incremental plasticity model is accounted for the
bulk material. The hydrogen-degraded PPR model, which has four
physical fracture parameters, enables flexibility in the softening shape in
TSL. In this work, the flow stress declines with escalating hydrogen
concentration and, as a result, considering the hydrogen impact on
promoting plastic deformation in the lattice in the HELP manner. In
addition, to implement hydrogen influence into the cohesive-interface
elements through the HEDE principle, the hydrogen degradation law
introduced by Serebrinsky et al. [35] is adopted, leading to combining
the both mechanisms of HEDE -+ HELP. This computational framework
is employed to simulate ductile crack extension in a C(T) specimen made
of AISI 4130 high strength steel. The involved parameters in the PPR
model are satisfactorily calibrated with the uncharged and hydrogen—
charged specimens data. Then, the influence of hydrogen concentration
(NILS and trapped) on the hydrogen coverage profile ahead of the crack
tip is investigated in detail. Furthermore, the crack growth resistance
curves for the uncharged and hydrogen-charged C(T) specimens are
discussed. Last but not least, the distribution of stress triaxiality ahead of
crack tip as a function of the NILS hydrogen contents and hydro-
gen-induced softening is assessed.
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2. Hydrogen transport model in a deforming material

The process that results in HE includes a transport stage of hydrogen
to the site of degradation. In order to predict the degrading effect of
hydrogen on the mechanical properties, it is of fundamental importance
to correctly assess the hydrogen distribution in the material. In this
work, we assume that hydrogen atoms are generally considered to reside
either at NILS or being trapped at microstructural heterogeneities such
as dislocations, grain boundaries, precipitates, inclusions, voids, and
interfaces. Traps normally lower the amount of mobile hydrogen, hence
reducing the apparent diffusivity and raising the local solubility of the
system. The hydrogen atoms in lattice and trap sites are assumed to be in
equilibrium with the mean stress and equivalent plastic strain. Based on
Oriani’s equilibrium theory [46], the occupancy of the trapping sites, 6r,
with a corresponding trap binding energy is related to the NILS occu-
pancy, 6, through

Or 0,

- Ky 1
10, 10, " M

where Kr = exp(Wpg /RT) is the equilibrium constant, Wy is the trap
binding energy, R is the universal gas constant, and T is the absolute
temperature. The hydrogen concentration in NILS, C;, measured in
hydrogen atoms per unit volume, is expressed by C; = p¢;N; where p
designates the number of NILS per solvent atom, N; = N, /V,, denotes
the density of solvent atoms per unit lattice volume, N, is Avogadro’s
number, and Vy;, measured in unit of volume per mole, denotes the
molar volume of the host metal. The concentration of hydrogen in the
trapping sites is written as C; = af;Nr, where a denotes the number of
sites per trap and Nr is the corresponding trap density which varies
point-wise dependent on the local plastic strain level. In this work, the
trap density model proposed by Sofronis et al. [47] is considered as
follows

Nr=v3p [a (2)

where a is the lattice parameter and p is the dislocation density (calcu-
lated in dislocation line length per cubic meter), which varies with the
equivalent plastic strain such that [48].

& <05
& >0.5

_ | potre,

= { po + 0.5y, (3)

where p, denotes the initial dislocation density for annealed material
with & = 0, and y = 2 x 10° line length/m*® for body—centered cubic
(bee) iron.

Based on Fermi-Dirac statistics [49], NILS hydrogen concentration,
Cp, is calculated with regard to initial NILS hydrogen concentration in
the stress—free solid, CI¥, and the local hydrostatic stress, oy, through

o o

=——K 4
6, 1-gn (4

where @ = CM/pN; is the initial NILS occupancy, and K; =
exp(ow Ve /3RT). Using Eqs. (1) and (4), one can obtain the total
hydrogen concentration, ¢ = (C, + Cr)/N, measured in hydrogen
atoms per solvent atom, as a function of initial NILS hydrogen concen-
tration, C™, the effective plastic strain, ¢, and the local hydrostatic
stress as

c=p(01(ou) + (0w, £)) (5)
where
el.(gkk) — 9;7‘KI.(ﬁkk) (6)

(1 61") +6;"Ke(ow))

and

Thin-Walled Structures 159 (2021) 107245

_a Ny(e?)
BN

K8, (0k)
1 — 0(ou) + KyOp(ow)

071 (6w, €") (7

It should be noted that values of both the hydrostatic stress and the
effective plastic strain depend on the corresponding amount of hydrogen
concentration, which makes the derivation of hydrogen populations,
plastic strains, and stresses fully coupled.

The underlying mechanism for the diffusion of hydrogen in steel is
lattice diffusion as a result of interstitial jumps from one interstitial site
to an adjacent one. The governing equation for transient hydrogen
diffusion taking both hydrostatic drift and trapping into account is
expressed by [50].

DV, dNr de?
ﬁcl_akk,i -

+——-DC; =0 (8)
in which ‘,” denotes a spatial derivative, d/dt is a time derivative, o; is
the Cauchy stress, D denotes the hydrogen diffusion coefficient through
NILS, and D is an effective diffusion coefficient defined by

Dy acy\ !
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By making use of Egs. (1) and (2), Eq. (9) is expressed through

KrafiNrN,, ) ! (10)
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Tt is worth noting that given the fast trap filling kinetics according to
Oriani’s model, the effective diffusion coefficient, D.#, is less than NILS
diffusion coefficient, D, while the traps are not saturated or as new traps
are created due to plastic straining. All hydrogen related parameters are
listed in Table 1.

3. Elastoplastic constitutive law

Birnbaum and Sofronis [51] introduced the HELP mechanism in
which hydrogen atoms enhances the dislocation mobility in preferred
crystallographic planes at the crack tip resulting in locally decreased
shear strength. An experimental evidence of HELP was reported by
Robertson [52]. Also, the results from the in-situ TEM deformation
experiments in a hydrogen environment showed that the solute
hydrogen can increase the velocity of dislocations and the crack prop-
agation rate. From a continuum mechanics perspective, hydro-
gen—-induced material softening can be explained by a local flow stress,
oy, which decreases with rising hydrogen concentration. Following
Sofronis et al. [47], this correlation between the hydrogen effect and the
local flow stress may be expressed by a phenomenological constitutive
relation as

Table 1
Hydrogen related parameters for the model.

Properties Symbol  Value
Number of NILS per host atom B 6
Partial molar volume of hydrogen Vi 2 x 10 m®/mol
Variation of Gibbs free energy AGg 3 x 10* J/mol
Avogadro constant N, 6.023 x 10% atoms per
mole
Gas constant R 8.31 J/mol.K
Dislocation density for annealed material Po 101 m—2
(& =0)
Coefficient for calculating dislocation r 2 x 101 m~2
density
Trap binding energy Wz 21 kJ/mol

1
7.116 x 10 ° m®/mol

2.86 x 101%m

Number of trapping sites per dislocation A
Molar volume of the host lattice Vin

Lattice parameter
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» e\ characterizing the response of the degraded cohesive elements.
oy(eh,¢) =a"(c) (1 v E[.m.) an
4.1. PPR potential-based model
in which c is the total hydrogen concentration calculated in hydrogen

atoms per solvent atom, 6”(c) denotes the initial yield stress in the In the present work, the PPR potential-based model [39] is adopted
presence of hydrogen, " = ¢™ /E is the initial yield strain, and N the as the TSL. Using the PPR model, the hydrogen degradation process can
hardening exponent, which is assumed to remain unaltered by the be controlled by changing the ductility, from a convex brittle to a
presence of hydrogen atoms [53,54]. A possible suggestion for ¢™(c) is concave ductile shape, in addition to lowering the cohesive strength

B - and/or fracture energy. This can be achieved by an appropriate choice of
™) =((x —)e+1)a™(0) 12) four physical fracture parameters in each fracture mode including

fracture energy, cohesive strength, shape, and initial slope.

While solid elements model the bulk material, which follows a
finite-strain, incremental plasticity (Mises) constitutive model, the
cohesive-interface elements are governed by the PPR model. This work
employs the intrinsic implementation [40], in which the cohesive-
—interface elements are inserted into the bulk element mesh to capture
the crack propagation process, as depicted in Fig. 1. The PPR potential,
¥, a function of normal and tangential separations, A, and A, is
ayv_ = LDy (13) expressed as [39]:

where y <1 is a softening parameter. Note that in a continuum sense,
Egs. (11) and (12) imply hydrogen—induced material softening reflecting
the experimental observations of hydrogen impact on enhanced dislo-
cation mobility at the micro-scale. Based on the proposed model for
including HELP and von Mises yielding with associated flow rule [54,
55], the constitutive law taking hydrogen—induced lattice dilatation and
material softening into account can be expressed as

. An T An " AJ B Ar !
w8 =i 0) + (0, (1- 5 (5+5) + o) )« (R (1-BPG+130) + (o-0)) as)

where () denotes the Macauley bracket, @ and f are the shape parame-
ters. [, and I'; are energy constants, ¢, and ¢, denote fracture energies in
1 o : , i

L = 2G [ﬁ ( 8,60+ 5 5;1) a [(a A 7) 5; Mode 1 and. Mode II obtained fron} the areas- under the t-ra('tlon separa
- 6G tion curve in normal and tangential separation, respectively. 4, and A;

where

+3ﬁ . } Bgo;d — By FB 5 9 5'} AQO';“, — Ald;‘,} 14 are the initial stiffness indicators, and @ and § are shape parameters.
2029 | A\B, — AsB |3 > 462 7| AsB) — AiB, Appendix A elaborates the present implementation with traction vectors
Tn(An, A:) and T:(A,, A:) in normal and rangential direction along with
and relevant parameters.
e, | de p dc
A= PR Ay 35 " Afc) (Bcrp,, e (15) 4.2. Implementing hydrogen effect
1 3 3 de What makes the cohesive technique particularly appealing in the
B, G + W B, = 2, (c) der (16) numerical modelling of hydrogen—induced degradation is the possibility
A . doy doy dc doy dc Damaged material
Ale) = Al Sl _Zr = 17 Und d 8
(c) 1+ A(c —co)/3 der  dc oer =0 doy a7) :n:tr::;e (void growth and

coalescence)

in which cs;’ denotes is the Jaumman rate of the Cauchy stress, §; is the

Kronecker delta, G and K are the shear and bulk moduli, respectively, Dj
is the (symmetric) deformation rate tensor. o, = w/?n:rij'crij’ /2 is the
effective stress, and aij' = (0 —0.6; /3) is the deviatoric stress. The

parameter h' denotes the plastic tangent modulus that considers the ) ! ; , Zone (@ Zone @
hydrogen impact on the flow stress, the parameter p is the corresponding T P S Traction free Inelastic
pressure sensitivity of yield, 2 = Av/¥ with Av = Vi /N4 and W respec- T TS ISR SRR zone cazm
tively being the volume increase per hydrogen atom and mean atomic Real N A, >4, A <6,
volume of the host lattice. ‘
4, Cohesive-interface elements ] i coheé've : I:I Bullelement
£ :  traction i P P 1 "
000000000, | ~—— Cot face 1t

The cohesive—interface elements provide a compurationally efficient ~= with cohesive traction T,

tool to model damage taking place in a fracture process zone (FPZ)
located ahead of a crack tip. This approach, which includes nonlinear
constitutive laws characterized by the displacement jump and the cor- : Zone®@
responding cohesive traction along the cohesive surfaces, furnishes a
phenomenological model to simulate crack nucleation, initiation, and
propagation. To be able to model hydrogen-induced degradation, a key

issue in cohesive—interface elements is the determination of the TSL Fig. 1. Inuinsic implementation of the PPR potential-based cohesive-inter-
face elements.

~— Killed cohesive-interface
~— element, Fully opned T =0

Idealization
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of implementing degraded TSL, which represents hydrogen degradation
of the material. Using a renormalization procedure [56,57] in order to
scale the atomic-level cohesive properties up to the continuum scale,
Serebrinsky et al. [35] implemented the HEDE approach in a CZM of
fracture, explaining the impact of hydrogen segregation by a quan-
tum-—mechanical treatment. Established on the formulation presented by
Jiang and Carter [7] on the ideal cleavage energy of Fe and Al in the
presence of various hydrogen amounts, the following coupling between
hydrogen coverage, ¢, and the critical cohesive traction (cohesive
strength), T., has been suggested as

T.(y) =T.(0)(1 — 1.0467¢hy, + 0.1687¢h;,) (19)

where T.(0) denotes the critical cohesive traction with no hydrogen
influence. To correlate the total bulk hydrogen concentration C with the
hydrogen coverage, the Langmuir-McLean isotherm [58] is applied as

C

— 20
C + exp(—AG)/RT) (20)

by

where GJ is the Gibbs energy difference between surface and bulk ma-
terial. In contrast to the approach used by Raykar et al. [18] and Vergani
et al. [59], where a hydrogen damaging effect both on the cohesive
strength and on the critical separation was considered, in the present
work, a linear dependence on hydrogen concentration according to Eq.
(19) is chosen only for the critical cohesive traction. In addition, the
value of the cohesive energy of the PPR-based TSL is adopted from the
experimental data of hydrogen—charged specimen.

5. Finite element (FE) computational model

It is evident from Egs. (8) and (13) that the hydrogen transport and
the elastoplastic boundary-value problems are fully coupled. Hence, the
solution involves iteration and the FE procedure, which are performed
here using a research code, WARP3D [60]. This code incorporates
8-node isoparametric solid elements and the zero thickness 8-node
cohesive—interface elements, which include two 4-node bilinear iso-
parametric surfaces and connect the faces of compatible solid elements.
A graphic representation of the entire numerical modelling procedure is
depicted in the flowchart in Fig. 2.

Full details of the FE model for a C(T) specimen is demonstrated in
Fig. 3. As can be seen, crack growth takes place through the 8-node
cohesive elements placed along the symmetry plane, where cohesive-
—interface elements reside only over the initial uncracked ligament,
thereby constraining propagation in the Mode I configuration. Accord-
ingly, v = 0, where v is the displacement in the y direction, at all nodes
of the cohesive-interface elements on the symmetry line. In addition,
plane-strain conditions are invoked with w = 0 at all nodes, where w
denotes the displacement in the z direction [60]. Furthermore, the
cohesive element extinction begins when the normal separation at every
integration point of the element exceeds 0.9 fraction of the final

Introducing

Model creation by h Revising
MSC PATRAN Sonese, *coordinate
without cohesive nodes by a *incidence
elements 4 “constraint

MATLAB code

Nodal & element
results in ASCI| (text)
format imported to a

Python code

Solving coupled
elastoplastic and
hydrogen diffusion
problem

/
1

i

i Cohesive-interface
' elements with PPR-
H based TSL

'
|

\
1
1
1
'
'
1
1
1
'
1
]

v

WARP3D code

Fig. 2. Flowchart of numerical modelling procedure proposed for prediction
of HE.
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Cohesive-interface elements

S Crack tip

Fig. 3. Finite element model including zero thickness cohesive-interface ele-
ments incorporating ductile tearing for the C(T) specimen with a/W = 0.6.

separation in the normal direction, §,. In this work, the nonlinear FE
analysis incorporating ductile crack growth deals with a plane-strain
model of a C(T) fracture specimen with a/W = 0.6, where the crack
length (a) and the width (W = 25 mm) are measured from load line. In
this work, the initial and boundary conditions for the diffusion problem
have been considered according to the experimental testing conditions
[61]. The specimen is supposed to be initially free of hydrogen, as such
the initial condition Cy(x,y,%,0) =0 is adopted. To simulate cathodic
charging, C; is maintained as C2 on all free surfaces of the specimen.

The AISI 4130 high strength steel used in the present analysis has a
yield stress of 715 MPa, Young’s Modulus of 220 GPa, and a Poisson’s
ratio of 0.3. Table 2 shows the measured, uniaxial true stress versus
logarithmic strain values for the material. This segmental form of the
stress-strain curve serves as input for the finite-strain, incremental
plasticity model for the bulk material.

0. Numerical results and discussion

Having been established the computational model, in this section,
firstly parameters involved in the hydrogen-degraded PPR model are
properly calibrated with experimental data for the uncharged and
hydrogen-charged C(T) specimens. Note that in this study, the results
after time 130 s [47], which time has no effect on the hydrogen con-
centration, will be discussed. The role of the softening shape parameter
is investigated. Afterwards, the impact of hydrogen concentration on the
hydrogen coverage profile ahead of the crack tip is studied in detail.
Then, the crack growth resistance curves for the uncharged and
hydrogen-charged C(T) specimens are obtained. Last but not least, we
will assess the distribution of stress triaxiality ahead of crack tip as a
function of the NILS hydrogen contents and hydrogen—induced
softening.

A series of simulations for the FE model of the C(T) specimen having
one layer of the element over the half-thickness have been performed.
The analyses investigate several combinations of in—plane mesh refine-
ment with interface element sizes, L., and properties of the PPR model

Table 2
Experimental true stress-logarithmic strain
curve for AISI 4130 high strength steel [61].

o (MPa) Log strain
736.74 0.001
879.70 0.015
964.25 0.035
1062.35 0.080
1187.61 0.200
1330.14 0.500
1410.23 0.800
1431.08 0.900
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(T, and ¢,). These studies reveal that large value of the L, not only fail to
resolve strain-stress fields in the plastically deforming bulk material
modeled with solid elements, but also can lead to oscillating, non-
—convergent cycles of the global Newton solution. To obtain converged
Newton iterations over the entire history of loading, the analyses suggest
that L, < 36,. In following numerical results, the cohesive-interface el-
ements in the direction of crack growth have the mesh size of L. =
0.1563 pym to ensure proper resolution of results. Sung et al. [23] used an
approach of choosing the cohesive energy as the J-integral at crack
initiation, which is defined when the load-displacement curve initiates
to deviate from the experimental one. However, detecting the location of
crack initiation is somehow questionable. It is because the trapezoidal
TSL used has a linear softening behavior with limited number of pa-
rameters to fit properly with the experimental results. In contrast, in the
present study, the proposed PPR model, which has four physical fracture
parameters including cohesive energy, cohesive strength, shape, and
initial slope, enables flexibility in the softening shape in TSL. Accord-
ingly, the numerical results are fittingly matched with experimental
results. As shown in Fig. 4, a best fit to the load-displacement curve is
achieved for a cohesive strength of 2250 MPa and 615 MPa for the
uncharged and hydrogen—charged C(T) specimens, respectively. The
corresponding cohesive energy 215.5 kJ/m? and 22 kJ/m? for the un-
charged and hydrogen—charged tests, respectively, is determined based
solely on the experimental test, similar to the procedure proposed by
Roychowdhury et al. [62]. To adequately calibrate the PPR model with
experimental data in Fig. 4, the shape parameter is determined as a =
2.7 and @ = 3 for the uncharged and hydrogen—charged specimens,
respectively. Also, 4, = 0.01 is adopted for both conditions.

To clarify the role of the softening shape parameter in hydro-
gen—-degraded PPR model, firstly, the effect of @ on the traction-sepa-
ration curve for Mode [ is studied in Fig. 5. Note that the degradation
process in the PPR model is achieved by two ways; by reducing the
critical cohesive strength and by changing the softening shape param-
eter, @, which alters the softening shape of the TSL. It can be inferred
from Fig. 5 that increasing the shape parameter, the softening part of the
TSL transforms from a convex brittle (@ > 2) into a concave ductile (@ <
2) shape, plateau-like post—peak behavior. It is interesting to note that
selecting @ = 2 leads the PPR model to the triangular TSL. The variation
of the applied load with load-line displacement for different values of
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Fig. 4. Comparison between experimental and numerical results with cali-
brated parameters for the uncharged and hydrogen—charged C(T) specimens.
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Fig. 6. Impact of softening shape parameters involved in PPR model on the
load-displacement curve (4, = 0.01).

the softening shape parameter is shown in Fig. 6. This figure demon-
strates the capability of the hydrogen—degraded PPR model to properly
calibrate the numerical result obtained with that of experimental test.
In Fig. 7 the effect of hydrogen concentration on the hydrogen
coverage profile ahead of the crack tip is demonstrated. In this figure,
the hydrogen coverage is determined in terms of either the lattice
hydrogen concentration, ¢ = c;, or total hydrogen concentration, ¢ =
¢ + cr. As can be seen, trapped hydrogen has a negligible influence on
the trend of the evolution of the hydrogen coverage profile ahead of the
crack tip for various values of the initial NILS concentration. It can be
concluded from Fig. 7 that the lattice hydrogen has the dominating
factor in the hydrogen degradation compared with trapped hydrogen.
Similar finding has been reported by Ayas et al. [45]. Notwithstanding,
Novak et al. [10] conjectured that low-binding energy dislocation traps
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Fig. 7. Effect of initial lattice hydrogen concentration on the hydrogen
coverage profile ahead of the crack tip just prior to the onset of crack propa-
gation (y = 1).
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Fig. 8. CTOD R-curves for the uncharged and hydrogen-—charged C(T) speci-
mens (4, = 0.01).

have the leading contribution to promoting hydrogen-induced fracture.
Furthermore, Jemblie et al. [24] found that the level of trap binding
energy in excess of 23 kJ/mol plays a crucial role in making the dislo-
cation trap sites being dominant factor in hydrogen degradation. As can
be observed in Fig. 7, the peak of hydrogen coverage profile increases
and tends to the crack tip with increase in initial lattice hydrogen con-
centration. For ci"" = 0.1 ppm, a maximum coverage of 39.68% is
reached at the hydrogen coverage peak.

The crack tip opening displacement (CTOD) R—curves, measured in
terms of 85 [63] versus crack extension (Aa), for the uncharged and
hydrogen-charged C(T) specimens are presented in Fig. 8. The so—called
“55” is obtained as the displacement of two points located at 2.5 mm
above and below the crack tip prior to the onset of crack propagation.
Note that herein just one point has been considered due to the symmetry
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Fig. 9. Effect of hydrogen-induced softening on the CTOD R-curves for the
hydrogen—charged specimen (cf¥ = 0.01 ppm).

model. From this figure, one can find that the lower CTOD R—curve for
the hydrogen—charged specimen shows the significant degradation
impact of hydrogen on the ductility of the steel material, similar trend
observed in the experimental work conducted by Scheider et al. [17]. As
shown in Fig. 8, the value of CTOD at crack initiation for the hydro-
gen—charged specimen drastically decreases by 90.6%.

The effect of hydrogen—induced softening on the CTOD R—curves for
the hydrogen-charged specimen is shown in Fig. 9. One can deduce from
Eq. (12) that when y = 1, the material does not soften. Moreover, a —9
value for y is associated with 10% reduction of the initial yield stress at
the initial concentration of hydrogen in NILS before the application of
the load, and a —4 value for y denotes a 5% reduction in the initial yield
stress [11,53]. As can be seen from Fig. 9, by decreasing the softening
parameter, or in other words, rising hydrogen—-induced softening effect,
CTOD values appreciably decline with crack growth. Another point that
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Fig. 10. Variation of CTOD R-curves for the hydrogen—charged specimen with
initial NILS hydrogen concentration (y = 1).
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can be found from this figure is that as the crack grows, the impact of
hydrogen-induced softening on the CTOD values becomes more pro-
nounced. In Fig. 10 variation of CTOD R—curves for the hydrogen—
charged specimen with initial NILS hydrogen concentration is
presented. It can be observed that hydrogen-induced lowering of the
CTOD values is markedly noticeable with incense of the initial lattice
hydrogen concentration. In addition, by the evolution of the crack
extension, the impact of NILS concentration of hydrogen on the CTOD
values increases.

In the following discussion, we turn our attention to the investigation
of the distribution of stress triaxiality ahead of crack tip with the NILS
hydrogen contents and hydrogen-induced softening. The quantity o/
o, defines a convenient measure of stress triaxiality linked to the crack
growth rate of micro-scale voids, where oy, denotes the hydrostatic
stress and o, is the von Mises stress. Fig. 11 depicts the variation of stress
triaxiality ahead of the crack tip with initial lattice hydrogen concen-
tration, taken only before the crack initiates. As can be seen from this
figure, the apex of the triaxiality noticeably declines by increasing the
initial NILS concentration, followed by shifting towards the crack tip.
However, it is worth noting that the impact of NILS concentration of
hydrogen on the stress triaxiality becomes less appreciable by receding
from the crack tip. Furthermore, the evolution of stress triaxiality ahead
of the crack tip with hydrogen—induced softening just prior to the onset
of crack propagation is displayed in Fig. 12. It is inferred from this plot
that decreasing softening parameter from 1 to —9 and —4 value, the apex
of the stress triaxiality decreases by 18.3% and 30.9%, respectively. It is
interesting to note that comparing Figs. 7 and 12 reveals that high
hydrogen concentrations are located in the same places as high stress
triaxiality.

7. Conclusion

This study presented a fully coupled CZM-based computational
framework to model ductile crack extension in high strength steels. The
model has comprised initially zero thickness, cohesive—interface ele-
ments with constitutive response described by a hydrogen-degraded
PPR model. The linear dependence on hydrogen concentration accord-
ing to a phenomenological decohesion model was chosen only for the
critical cohesive traction. Moreover, the value of the cohesive energy of
the PPR-based TSL was adopted from the experimental data of hydro-
gen—charged specimen. The computational framework accounting for
both HEDE and HELP mechanisms was employed to simulate ductile
crack extension in a C(T) specimen made of AISI 4130 high strength
steel. The parameters included in the PPR model were satisfactorily
calibrated with experimental data for the uncharged and hydrogen—
charged specimens. The authors encourage the extension of present
work to include more effects in the model, such as size effects and
diffusion effect on the plastic deformation. The main results can be
summarised as follows:

e The degradation process in the PPR model has been achieved by two
ways; by reducing the critical cohesive strength and by changing the
softening shape parameter, which alters the softening shape of the
TSL. The results show that increasing the shape parameter, the
softening part of the TSL transforms from a convex brittle into a
concave ductile shape, plateau-like post-peak behavior.

Based on the results obtained for AISI 4130 high strength steels, it
has been concluded that the lattice hydrogen has the dominating
factor in the hydrogen degradation compared with trapped
hydrogen.

Numerical results show that increasing hydrogen-induced softening
effect, CTOD values appreciably decline with crack growth.
Furthermore, it has been observed that as the crack grows, the
impact of hydrogen-induced softening on the CTOD values becomes
more pronounced.
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e It has been inferred that the lower CTOD R-curve, decreased by
90.6% at the crack initiation point, for the hydrogen—charged spec-
imen shows the significant degradation impact of hydrogen on the
ductility of the steel material.

Results reveal that the apex of the stress triaxiality noticeably de-
clines by increasing the initial NILS concentration, followed by
shifting towards the crack tip. Notwithstanding, the impact of NILS
concentration of hydrogen on the stress triaxiality becomes less
appreciable by receding from the crack tip.
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Appendix A

The gradient of Eq. (18) results in the traction vectors as

0¥
T.(An, A)) oA "
r A AN™! AN AN A (A" a1
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where energy parameters in Mode I and Mode II, T, and I, respectively, are given by
{on o) a m e wa) B "
Lo=(- )" % () L=(-0)*# (£) | for (g, 20) (a.3)
and
L= —¢ (E)m r’(ﬁ) for (¢, =¢,) (A4
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The fracture energies in Mode I, ¢,, and Mode II, ¢,, obtained from the areas under the traction separation curve in normal and tangential sep-
aration, respectively, are expressed by

n 5t
0, = f 5,To(An, 0)dA, , ¢, = f 8T,(0,A)dA, (A.5)
0 0

The initial stiffness indicators, 4, and 4, are defined as the ratio of the opening and sliding displacements at the peak traction values (start of

softening) to the values when the tractions degrade to zero as
5"(‘ 5if

hn=—, Ah=— A6
a, (=7 (A.6)

Furthermore, the non-dimensional exponents, m and n, are given by

= 1392 BB _ 1132
GRS (RS Vs .7
(1-az) (1= p4)
The final separation in the normal and tangential directions are expressed by
AN R a m-l
by = (1~ ) (m+ 1) (m,a,, +1) (A.8)
7{!)7[7 B 71 E Zf n—1
b= Pl — ) (n + 1) (”a, + 1) (A.9)

in which Ty and T,: denote the critical cohesive tractions in normal and tangential directions. In addition, the conjugates 6, and é; are extracted by
solving the following equations [39].

3\ /m §,\"
Fn(lfa) (5+§n) +{@, —@)=0 (A.10)
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