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Abstract

We present a gradient-based theoretical framework for predicting hydrogen
assisted fracture in elastic-plastic solids. The novelty of the model lies in the
combination of: (i) stress-assisted diffusion of solute species, (ii) strain gradi-
ent plasticity, and (iii) a hydrogen-sensitive phase field fracture formulation,
inspired by first principles calculations. The theoretical model is numerically
implemented using a mixed finite element formulation and several boundary
value problems are addressed to gain physical insight and showcase model
predictions. The results reveal the critical role of plastic strain gradients
in rationalising decohesion-based arguments and capturing the transition to
brittle fracture observed in hydrogen-rich environments. Large crack tip
stresses are predicted, which in turn raise the hydrogen concentration and
reduce the fracture energy. The computation of the steady state fracture
toughness as a function of the cohesive strength shows that cleavage frac-

ture can be predicted in otherwise ductile metals using sensible values for
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the material parameters and the hydrogen concentration. In addition, we
compute crack growth resistance curves in a wide variety of scenarios and
demonstrate that the model can appropriately capture the sensitivity to: the
plastic length scales, the fracture length scale, the loading rate and the hy-
drogen concentration. Model predictions are also compared with fracture
experiments on a modern ultra-high strength steel, AerMet100. A promising
agreement is observed with experimental measurements of threshold stress
intensity factor Ky, over a wide range of applied potentials.
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1. Introduction

Variational phase field models for fracture are receiving much attention
due to their modeling capabilities (see Wu et al., 2020b| for a review). The
phase field framework enables predicting advanced fracture features without
remeshing, such as crack nucleation at arbitrary sites, crack growth along
complex trajectories, and branching and coalescence of multiple cracks (Bor-
den et al.| 2012; [McAuliffe and Waisman, 2016; |[Kristensen and Martinez-
Paneda, [2020)). These predictions are based on the energy balance first pro-
posed by |Griffith| (1920), with fracture occurring when the energy release
rate of system reaches a critical value, GG.. In addition, both the discrete
crack phenomenon and damage, in a continuum sense, can be captured in
the phase field framework (Francfort and Marigo, [1998; [Pham et al., 2011).

Since the pioneering numerical experiments by Bourdin et al.| (2000)), phase



field fracture models have gained increased interest. Recent applications
include hydraulic fracturing (Mikelic et all, [2015; (Cajuhi et al., [2018), duc-
tile damage (Borden et all |2016; Alessi et al., 2018), lithium-ion batteries
(Miehe et al., 2016b; Zhao et al. 2016]), composites delamination (Carollo

et al |2017; |Quintanas-Corominas et al. [2019), rock fracture (Zhou et al.,
2018)) and functionally graded materials (Hirshikesh et al., [2019), inter alia.

Recently, the success of phase field fracture methods has also been ex-
tended to model the phenomenon of hydrogen embrittlement
Paneda et al |2018; Duda et al., 2018; |Anand et al., [2019; |Wu et al., 2020a)).

Hydrogen severely degrades the ductility and the fracture resistance of met-

als, with the fracture toughness of modern steels decreasing by up to 90%

(Gangloff, |2003b). The problem is now pervasive in the transport, energy,

construction and defence sectors due to the ubiquity of hydrogen and the

higher susceptibility of high strength alloys (Gangloff and Somerday], 2012)).

Hydrogen atoms enter the material, diffuse through the crystal lattice and

are attracted to regions of high hydrostatic stress, where damage occurs

through mechanisms that are still being debated (Harris et al., 2018; Lynch,
2019; Robertson et al., [2015; Shishvan et al.l 2020; Tehranchi and Curtin),
2019; [Yu et all [2019). By accounting for the degradation of the fracture

energy with hydrogen content, multi-physics phase field fracture models cap-

ture the trends shown in the experiments (see, e.g., Martinez-Paneda et al.,

2020), while establishing a computational framework capable of dealing with

the complex scenarios relevant to engineering practice. Phase field models

are bringing a paradigm change to the hydrogen assisted cracking commu-



nity, where modeling efforts were focused on discrete methods. Cohesive zone
models have particularly enjoyed great popularity and have proven capable of
capturing the strength degradation with increasing hydrogen content
brinsky et all, 2004} [Scheider et all, [2008; [Moriconi et all, 2014} |del Busto]
et al., [2017; [Yu et al., 2017). However, discrete methods are limited when

dealing with complex fracture conditions. Moreover, conventional continuum

models fail to resolve the critical length scale of hydrogen assisted fracture.

Cracking occurs very close to the crack tip, at 1 um or less (Gangloff, [2003a),

where dislocation-based hardening governs material behavior. Large gradi-
ents of plastic strain are present within microns ahead of the crack tip, requir-

ing a significant storage of geometrically necessary dislocations (GNDs) to

accommodate lattice curvature (Ashbyl, 1970; Martinez-Panieda and Betegén,

2015)). The increased dislocation density associated with large gradients of

plastic deformation promotes strain hardening and leads to crack tip stresses
that are much larger than those predicted by conventional plasticity. The

flow strength elevation associated with plastic strain gradients has been quan-

tified in a wide range of experiments, from wire torsion (Fleck et al., 1994)

to indentation (Nix and Gao|, |1998); see (Voyiadjis and Song, [2019) for a re-

view. Continuum models can be enriched to capture the local strengthening
observed when the macroscopic strain field varies over microns. In this re-

gard, the development of phenomenological strain gradient plasticity (SGP)

theories has received particular attention (Dillon and Kratochvil, 1970; |Gaol

et al., [1999; Fleck and Hutchinson, 2001; |Anand et al. 2005). SGP models

have been used to investigate the influence of plastic strain gradients ahead

of stationary and propagating cracks (Wei and Hutchinson), |[1997; [Komaragiri




et al., 2008 Martinez-Paneda and Niordson| 2016} Seiler et al., 2016). Pre-

dictions show notable strain gradient hardening, with crack tip stresses being
substantially higher that those predicted by conventional plasticity. A similar
level of local crack tip strengthening to that predicted by SGP is also found in

discrete dislocation dynamics simulations (Balint et al., 2005; |Chakravarthy|

and Curtin), 2010)). The impact of this stress elevation on the understanding

and modeling of hydrogen embrittlement is twofold. First, given the depen-
dence of the hydrogen content on the hydrostatic stress, a high hydrogen

concentration is attained close to the crack tip surface, in agreement with

neutron activation and SIMS measurements (Gerberich, 2012; Mao and Li,

1998). Secondly, large crack tip tensile stresses and hydrogen concentrations
rationalise decohesion-based mechanisms on high strength alloys (Martinez-

Paneda et al.,[2016b]). However, a continuum modeling framework capable of

explicitly predicting cracking while accounting for the dislocation hardening

mechanisms governing crack tip deformation has not been presented yet.

In this work, we aim at presenting a computationally compelling frame-
work for modeling fracture in embrittled alloys, which is informed by atom-

istic and micromechanical considerations. The model builds upon: (i) higher

order strain gradient plasticity (Gudmundson) 2004} [Fleck and Willis, 2009)),

to accurately characterise crack tip stresses; (ii) a coupled mechanical and
hydrogen diffusion response, driven by chemical potential gradients (Sofronis
and McMeeking, 1989; [Diaz et al., 2016); (iii) a phase field description of

fracture (Miehe et al., 2010)); and (iv) a hydrogen-dependent fracture energy

degradation law, grounded on first principles calculations (Jiang and Carter,




2004). We demonstrate the potential of the proposed modeling framework
in (1) providing relevant physical insight, by predicting the ductile-to-brittle
transition observed when incorporating hydrogen, and (2) quantitatively cap-
turing experimental measurements across a wide range of potentials. The
remainder of this manuscript is organized as follows. The theoretical frame-
work is presented in Section [2 The finite element implementation is briefly
described in Section [3] with further details provided in [Appendix Al Rep-
resentative results are shown in Section [4] First, we aim at gaining physical
insight into model predictions by computing crack tip stresses and crack
growth resistance curves for a wide range of scenarios. Secondly, stress in-
tensity factor thresholds are predicted as a function of the applied potential
for AerMet100, so as to benchmark the capabilities of the model in quanti-
tatively reproducing experiments. Finally, concluding remarks are given in

Section Bl

Notation. We use lightface italic letters for scalars, e.g. ¢, upright bold
letters for vectors, e.g. u, and bold italic letters, such as o, for second and
higher order tensors. Inner products are denoted by a number of vertically
stacked dots, corresponding to the number of indices over which summation
takes place, such that o : € = 0y;¢;;, with indices referring to a Cartesian
coordinate system. The full inner product of a tensor with itself is denoted
|7|> = 77 = 77, The gradient and the Laplacian are respectively
denoted by Vu = u;; and A¢ = ¢ ;. Finally, divergence is denoted by
V -0 = 0,j;, the trace of a second order tensor is written as tre = ¢y,

and the deviatoric part of a tensor is written as o' = 0;; — 0;;0k%, With 6;;



denoting the Kronecker delta.

2. Theory

In this section, we formulate our theory, which couples deformation, dam-
age and hydrogen transport in elastic-plastic bodies. The theory refers to the
response of a solid occupying an arbitrary domain Q C R" (n € [1,2,3]),
with external boundary 99 C IR"™!, on which the outwards unit normal is

denoted as n.

2.1. Kinematics

The primal kinematic variables of the model are the displacement field
u, the plastic strain tensor €, the damage phase field ¢, and the hydrogen
concentration C. We restrict our attention to small strains and isothermal

conditions. Accordingly, the strain tensor € is given by

€= (VuT + Vu) , (1)

N | —

and we adopt the standard partition of strains into elastic and plastic com-

ponents: € = e + &P,

Regarding fracture, a smooth continuous scalar function, ¢ € [0;1], is
introduced, which describes the degree of damage in a given material point
in 2. This function will be referred to as the phase field. The phase field
takes the value 0 when the material is intact and 1 when the material is fully
broken. Since ¢ is smooth and continuous, discrete cracks are represented
in a diffuse fashion. The smearing of cracks is controlled by a phase field

length scale ¢. The purpose of this diffuse representation is to introduce the
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following approximation of the fracture energy over a discontinuous surface
I
v = / G.dS ~ / CoA(6, Vo)AV,  for € — 0, 2)
r Q

where v is the crack surface density functional and G. is the critical energy
release rate (Griffith, [1920; Irwin, [1956)). This approximation circumvents
the need to track discrete crack surfaces, which is a major complication in

numerical fracture models.

Regarding the diffusion of solute species. The concentration of hydrogen
in a material point in €2 is given by the continuous smooth scalar function
C. Due to conservation of mass, the rate of change in time of the hydrogen
concentration C' = dC/dt is equal to the concentration flux J - n = —p

through the boundary 02:
/C’dV+ J-ndS =0, (3)
Q o9

with p denoting the inwards boundary flux. Alternatively, since the above
must hold for any volume and by use of Gauss’ divergence theorem, Eq.

can be formulated in a point-wise manner as:
C+V-J=0. (4)

The diffusion of solute species is driven by the chemical potential p, which
is also a smooth scalar function in €2. The flux J is related to the chemical

potential p through a linear Onsager relation (Kirchheim, [2004)
DC
J=—— 5

where D is the diffusion coefficient of the material, R is the gas constant and

T is the absolute temperature.
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Figure 1: Schematic representation of a solid body €2, with a sharp crack I" represented

diffusively through the phase field.

2.2. Principle of virtual work. Balance of forces

The balance equations for the coupled system are now derived using the
principle of virtual work. Consider the four-field boundary value problem
outlined in Fig. [1, The Cauchy stress o is introduced, which is work conju-
gate to the elastic strains €. Correspondingly, for an outwards unit normal
n on the boundary 9€) of the solid, a traction T is defined, which is work
conjugate to the displacements u. The plastic response is given by the so-

called micro-stress tensor q, work conjugate to the plastic strain €”, and the



higher order stress tensor 7, work conjugate to the plastic strain gradient
VeP. A higher order traction t is also introduced on the boundary of the
solid as work conjugate to the plastic strains. Regarding damage, we intro-
duce a scalar stress-like quantity w, which is work conjugate to the phase
field ¢, and a phase field micro-stress vector & that is work conjugate to the
gradient of the phase field V. The phase field is assumed to be driven by the
displacement problem alone. As a result, no external traction is associated
with ¢. Lastly, a boundary flux of hydrogen p is defined as work conjugate of
the chemical potential in the diffusion problem. Accordingly, in the absence

of body forces, the external virtual work is given by:
Wer = [ {Tdu+t:6er+pou}as, (6)
o9
where § denotes a virtual quantity. The corresponding internal work reads:
SWins :/Q{a:as+(q—a'):5ep+-r;5v€p+w5¢
+&-6Ve+ Cop—J-0Vppdv, (7)

where o’ denotes the deviatoric part of . For simplicity, the prime symbol
is omitted from q and 7, as they can be inherently defined to be deviatoric.
Egs. @— must hold for an arbitrary domain €2 and for any kinematically
admissible variations of the virtual quantities. Thus, by making use of the

fundamental lemma of calculus of variations, the local force balances are

10



given by:

V-og=0
Vitr+0o' —qg=0
in Q, (8)
V- &—-—w=0
C+V-J=0
with natural boundary conditions:
oc-n="T
T-n=t
on 0f. 9)
—J-n=p

2.3. Energy imbalance

The first and second law of thermodynamics can be expressed through the
Helmholtz free energy per unit volume ¥ (g, Ve?, ¢, Vo, C') and the external

work W,,; in the Clausius-Duhem inequality:

/ \PdV—/ W0 dS < 0. (10)
Q o0

Inserting Eqs. (8)-(9) and applying the divergence theorem, the inequality

may be restated as:

/\irdV—/{a:vu+(q—a'):ép+T;Vép
+wh+E-Vo+C—T-VibdV <o.

Since the above must hold for any volume (2, it follows that it must also

11



hold in a local fashion, such that:

ov ov ov ov\ .
_ . € - . 'p _ : ‘p o
(a 856)'8 +<q (%p).e +<7’ 8Vsp>'ve +<w (%)gb

+<£—§v‘y¢> Vo + Ku—gg)c—mwl >0.  (12)

To satisfy this inequality, a free energy function ¥ is proposed, which is
composed by the chemo-elastic energy stored in the bulk ¥¢(e¢, C, ¢), the
plastic defect energy WP(VeP), the crack surface energy ¥*(¢, Vo, C), and
the chemical free energy U¢(C'). Thus, consider a solid with bulk modulus
K, shear modulus @), number of lattice sites N (with a lattice site occupancy
6, = C/N), and partial molar volume of hydrogen V. Denoting the refer-
ence chemical potential and hydrogen concentration as, respectively, u° and

(", the free energy is defined as:

(1 - )20 — KV (€ = C°) tre® + QLEVE" + G.(C) <1¢2 4 e|v¢\2)
©lpVe +5 ‘

NE wp

\Ijs

+p’C+RTN [0, In60,+ (1 —0,)In(1—6)]. (13)

\I/C

Here, ¢ is the elastic strain energy density, which constitutes the driving
force for fracture. The length scale Lg quantifies the degree to which the
material exhibits energetic gradient hardening; for example, due to long range
back-stresses associated with the stored elastic energy of GNDs. Also, we
emphasize that the fracture resistance of the material, in terms of the critical

energy release rate, is defined as a function of the hydrogen concentration

G.(C).

12



2.4. Constitutive relations
Consistent with the free energy , we proceed now to develop a con-
stitutive theory that couples the four primary kinematic variables of the

problem.

2.4.1. Chemo-elasticity
Following a continuum damage mechanics approach, the phase field dam-
age variable ¢ degrades the elastic stiffness of the solid. The degradation

function is assumed to be of quadratic form:

9(¢) = (1 - 9)*, (14)

and the elastic strain energy density ¢ is defined as a function of the elastic

strains €° and the isotropic elastic stiffness tensor L in the usual manner:

P = ;;—:e 1Ly g (15)

The Cauchy stress tensor o follows immediately from the free energy

definition as:

g = gjje = (1—¢)2£OI€€—KVH (C—Co)I (16)

with the second term, which involves the lattice dilation, being omitted in

hydrogen embrittlement analyses due to its negligible influence (Hirth, |1980).

2.4.2. Strain gradient plasticity
We consider higher order strain gradient plasticity, incorporating both
dissipative and energetic strain gradient contributions (Gudmundson| [2004;

Martinez-Paneda et al.; 2019a)). Thus, both the micro-stress tensor q and the

13



higher order stress tensor 7 can be additively decomposed into their energetic

and dissipative parts:
q=4q"” +4q", =710+ 7F (17)

Consistent with our free energy definition , plastic deformation is
assumed to be a purely dissipative process: gf = 0¥ /0e? = 0. Conversely,
both energetic and dissipative terms are considered in relation to the plastic

strain gradients. Accordingly, the plastic dissipation rate reads:
WP =q: e’ + 1P Ver, (18)

where w?(EP) is given in terms of a combined effective plastic rate:

. 9 1/2

o (3\ép\2 + L%\Vép]2> . (19)
Here, Lp is the dissipative length scale, which quantifies the degree to which
the material exhibits dissipative strengthening; for example, via mechanisms
such as forest hardening. A thermodynamically consistent framework is ob-
tained by defining an effective stress 3 = 0uP/ OF", work conjugate to EP.

The constitutive definitions of the dissipative stresses readily follow:

Cdir 2% b 0w, %

_ = - = = 0 =P
=2 a3t T TUer LDEst . (20)

q

On the other hand, the energetic part of the higher order stress is derived
from the free energy definition ([13)) as

oVer

T = QL3 VeP. (21)

For simplicity, we choose to define a single reference plastic length scale

L, = Lg = Lp, although the individual contributions from energetic and

14



dissipative higher order gradients will also be explored.

The displacement u and plastic strain e” solutions are coupled by the
deviatoric Cauchy stress, as evident from b, and by the total strain de-
composition. Given that the tensile response prior to fracture is typically
unaffected by hydrogen, no explicit coupling between the hydrogen content
and plasticity is defined. Lastly, as discussed below, fracture is assumed to

be driven by the elastic strain energy density.

2.4.3. Phase field fracture
The constitutive relations for the micro-stress variables work conjugate
to the phase field and the phase field gradient are obtained from the free

energy ((13). Thus, the scalar microstress w is given by:

ov 0]
=—=-2(1- ¢ =. 22
W= = 21— O + GO 22)
Similarly, the phase field microstress vector & reads:
ov
= — = é . 2
L= Jos = GO VY (23)

Now, insert and into the phase field local balance ) Neglect-
ing the concentration gradient along the small region where V¢ # 0, the

local force balance can be reformulated as:

G.(C) (ﬁ - em) (1 g =0 (24)

As evident from , fracture in the elastic-plastic solid is driven solely
by the elastic component of the material strain energy density. The same

assumption was adopted by |Duda et al.| (2015). The plastic contribution

15



may also be weighted differently, through an ad hoc degradation function.
These and other possibilities, including defining an explicit relation between
the plastic yield condition and the damage variable, have been explored in
the realm of phase field modeling of ductile fracture, see (Alessi et al., 2018).
In addition, note that the coupling with the diffusion problem takes place
through the fracture energy dependency to the hydrogen content. The spe-
cific choice of the function G.(C) is inspired by first principles, as discussed

below.

2.4.4. Hydrogen transport
The gradient of the chemical potential V is the driving force for hydrogen

diffusion. The constitutive relation for pu can be determined from the free

energy definition as:

ow o, 1dG,(C) (8 )
= —= T1 — — — . (2
=50 po+ R n1—0L VHUH+2 qC ( 7 + (Vg (25)

As evident from and , hydrogen atoms diffuse from regions of
high chemical potential to regions of low chemical potential. Hydrogen trans-
port is enhanced by lattice dilatation, as characterised by hydrostatic tensile
stresses 0. Note that, as opposed to the choice made in (Martinez-Paneda
et al| [2018), the stress-dependent part of p is chosen to be subjected to
the degradation function g(¢). In addition, the last term in (25 enhances
hydrogen transport from damaged regions to pristine regions. However, as
discussed in (Martinez-Paneda et al., 2018)), the definition of sound chemical
boundary conditions in the presence of a propagating crack requires careful
consideration. As elaborated in Section [3.4] we choose to neglect the last

term in and implement a penalty-based mowving chemical boundary con-

16



dition to capture how the environment promptly occupies the space created
with crack advance. Accordingly, the constitutive equation for the hydrogen
flux can be readily obtained by considering (B]). Thus, after adopting the
common assumptions of low occupancy (6, << 1) and constant interestitial
sites concentration (VN = 0), the flux reads:

DC_

The relation between the fracture energy and the hydrogen content re-
mains to be defined. In an implicit multi-scale approach, we define G. ac-
cording to the surface energy degradation with hydrogen coverage obtained
from quantum mechanical calculations. The aim is to predict the sensitivity
of the macroscopic fracture energy to hydrogen by quantifying the reduction
in the atomic bond energy, without resorting to empirical parameters. The
choice is inspired by the work of |Serebrinsky et al.| (2004 in the context of
cohesive zone models. Density Functional Theory (DFT) calculations show
that the atomic decohesion strength depends sensitively on the hydrogen
surface coverage along atomic planes (Van der Ven and Ceder, 2003} Jiang
and Carter, 2004; Kirchheim et al. 2015)). Based on the recent first princi-
ples calculations by Alvaro et al. (2015)), a linear degradation of G. (and the

surface energy) with hydrogen content 6 is assumed:
Ge(0) = (1 = x0) G.(0). (27)

Here, G.(0) is the critical energy release rate in an inert environment and y is
the hydrogen damage coefficient, to be calibrated with DF'T calculations. For
example, based on (Jiang and Carter} 2004)), x equals 0.89 in iron and 0.67 in

17



aluminum. Finally, we make use of the Langmuir-McLean isotherm to com-
pute the hydrogen surface coverage 6 from the bulk hydrogen concentration

C as:

B C

O +exp(—Ag)/RT)’
with Agp denoting the difference in Gibbs free energy between the decohering

0

(28)

surface and the surrounding material. Assuming that fracture in the presence
of hydrogen is intergranular, a value of 30 kJ/mol is assigned to Agy based
on the spectrum of experimental data available for the trapping energy at

grain boundaries (Serebrinsky et al., 2004]).

3. Numerical implementation

The main features of the finite element framework are introduced in this
Section, with further details being provided in [Appendix A] First, a history
field and a strain energy split are defined to prevent damage reversibility
and damage under compressive loading (Section . Secondly, in Section
[3.2] we address the discretisation of the mixed finite element problem and
formulate the residuals. In Section [3.3] we introduce the ad hoc viscoplastic
law adopted. Finally, the new penalty-based chemical boundary conditions
are presented in Section [3.4f The implementation is conducted within an
Abaqus user-element (UEL) subroutine, with the pre-processing of the input

files carried out using Abaqus2Matlab (Papazafeiropoulos et al. 2017)).

3.1. Addressing damage in compression, irreversibility and crack interpene-
tration
First, a decomposition of the elastic strain energy density is adopted

to prevent damage due to compressive stresses. We choose to follow the

18



spherical /deviatoric split first introduced by [Amor et al,| (2009)). Thus, in a

solid with Lame’s first parameter A, the elastic strain energy density can be
decomposed as ¢ = 9§ + ¢, with
1

2 /
vi =5 (A+ Q) (r ey + QIe

1 9 , (29)
'wi = 5 ()\ -+ 3@) <tr €€>7 s
and only ¢ contributing to damage. Here, () denote the Macaulay brackets.

The strain energy decomposition is implemented by means of a hybrid ap-

proach, following |Ambati et al.|(2015). Damage irreversibility, ¢ryar > ¢4, is

ensured by introducing a history variable field H (Miehe et al., [2010). Thus,

for a total time 7, the history variable at time ¢ corresponds to the maximum
value of ¥, i.e.:

H = max ¢ (1). (30)

te[0,7]

In addition, crack interpenetration is precluded by adding the following

constraint (Ambati et al., [2015))

6=0  if Y <y (31)

3.2. Finite element discretisation
Making use of Voigt notation, the nodal variables for the displacement
field, 4, the plastic strains &P, the phase field, ngS, and the hydrogen concen-

tration, C are interpolated as:

m m m m
u=> N'u;,  e"=> N7&,  ¢=> Nig, C=3 NG
i=1 i=1 i=1 i=1
(32)
Here, N; denotes the shape function associated with node ¢, for a total number

of nodes m. The shape function matrices N* and N£* are given in|Appendi
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[Al Similarly, the associated gradient quantities can be discretised as:

e=> By, Ver=> Bfe, V=) B, VCO=> B,
=1 =1 =1 =1

(33)
with the B-matrices explicitly given in [Appendix A

Considering the discretisation —, we derive the residuals for each
primal kinematic variable from @ and as:

e Linear momentum

RY = /Q (1= +4] (B oo} av — [ [(NTT] ds,  (34)

o0

where o is the undamaged stress tensor and £ is a small positive parameter
introduced to circumvent the complete degradation of the energy. We choose
k =1 x 1077 to ensure that the algebraic conditioning number remains well-

posed for fully-broken states.

e Microplasticity

RS :/Q {(pr>T(q—a') 4 (Bf”)Tr} av- [, [(pr)Tt} ds.  (35)

e Phase field

RS = /Q {—2 (1— ) N.H + G.(C) [fzv 0B w} } dv.  (36)

where H is the history field variable introduced in Section |3.1

20



e Hydrogen transport

1 dC VuC 1
# = [ v (%) +mrve -8t (TaCva)| av e 4 [ vpas
(37)

The consistent tangent stiffness matrices K, required to complete the
finite element implementation, are obtained by considering the constitutive
relations and differentiating the residuals with respect to the incremental

nodal variables; details are given in [Appendix A}l For each element, the

linearised weakly-coupled system reads:

Kuu  Kue’ 0 [fu]l Jooo olfo] [me

K K< 0o |leel 1o oo oflo R
, (38)

0 0 K* 0 ||le| o000 o]]o R?

0 0 0 K| |c] |0 00 M||C] |R®

where M = OR¢/ dC is the concentration capacity matrix. The global finite
element system is solved, in an implicit time integration framework, by means
of a staggered approach, following the work by Mieche et al.| (2010)). A time

sensitivity study is conducted in all computations.

3.3. Viscoplastic law

We circumvent the need to track active plastic regions (see, |[Nielsen and
Niordson, 2013)) by employing a viscoplastic function that is particularized

to the rate-independent limit. Thereby, the effective stress X is defined as:
S = op (E")V (E7), (39)

where op is the current flow stress and V(EP) is the viscoplastic function.

We assume isotropic power-law hardening such that, for a strain hardening

21



coefficient N, the flow rule reads:
N
B
op =0y (1 + ) . (40)
€y
Here, o, denotes the initial yield stress, and accordingly the yield strain is
given by €, = E//o,. For a reference strain rate €, and strain rate sensitivity

exponent m, the viscoplastic function reads:

. EP\™
VIEP)=|—] . 41
()~ (%) m
As discussed in Section [£.1] the values of &, and m are appropriately chosen

so as to reproduce rate-independent behavior.

The widely used viscoplastic hardening rule is implemented by adopt-
ing the viscoplastic split recently proposed by Fuentes-Alonso and Martinez-
Paneda) (2020)), which builds on the previous work by Panteghini and Bardella
(2016). The aim is to bound the magnitude of 9% /0AEP when EP — 0, pre-
venting ill-conditioning. The definition in is approximated by:

£ if EPm/EP <1

Vi) == (12)
Ep_l=m pp\ ™ o .
(’”*) it EPm/E? > 1

€0

Here, w is a small positive constant (zw << 1) and Ef is a threshold quantity

that is defined to ensure a smooth transition between states:

1 1/(m—1)
) . (43)

By = (
wm

More details are given in (Fuentes-Alonso and Martinez-Paneda, [2020)).
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3.4. Chemical conditions on a moving boundary

Consider a solid that is continuously exposed to a hydrogenous envi-
ronment. Fracture modeling requires capturing how the environment-solid
boundary advances with crack growth. The newly formed crack surface is
promptly exposed to the environment, hydrogen gas or an aqueous elec-
trolyte. The use of a phase field framework facilitates tracking crack advance
and, accordingly, prescribing suitable chemical conditions on the moving
boundary. Specifically, we make use of a penalty-based approach (Renard
and Poulios, |2020), and include a penalty term P multiplying the first term
of the hydrogen concentration residual , with the associated stiffness ma-
trix being modified accordingly. The penalty term is defined in terms of a

large positive penalty coefficient k, ~ 1 x 10° as:
P =Fk,(C — Cep){¢ — 0.5)4, (44)

such that the hydrogen concentration at the crack surface approaches the en-
vironmental hydrogen concentration C,,, as ¢ — 1. Representative contours
of crack advance, as defined by ¢ = 1, and hydrogen concentration are given
in Fig. | The role of the environment in providing a continuous source of

hydrogen is captured.

4. Results

The capabilities of the model will be demonstrated by addressing repre-
sentative case studies. First, in Section the role of the plastic length
scales on stationary crack tip fields is investigated. Secondly, physical insight

will be gained by exploring the relation between crack growth resistance and
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Figure 2: Moving chemical boundary conditions with a propagating crack, contours of

phase field damage (top) and hydrogen concentration (bottom). Details of the boundary
value problem are given in Section
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fracture process parameters in a wide variety of scenarios. Crack growth re-
sistance curves are computed to explore the sensitivity of the model to (i) the
plastic length scale parameters, (ii) the fracture length scale parameter, (iii)
the hydrogen concentration, and (iv) the rate of loading, see Section In
addition, the steady state fracture toughness is estimated as a function of the
strength, showing that the model can naturally capture the ductile-to-brittle
transition experienced in the presence of hydrogen. Finally, the capabilities
of the model in quantitatively capturing experimental results are showcased
in Section by comparing with crack initiation measurements, K, under

a wide range of environments (applied potentials, E,).

4.1. Mode I fracture of an elastic-plastic solid in the presence of hydrogen
We assume that small scale yielding conditions prevail and make use of
a boundary layer formulation to prescribe a remote K; field, see Fig. [3|
Consider a crack with its tip at the origin of the coordinate system and
with the crack plane along the negative axis of the Cartesian reference frame
(x1,22). The elastic response of the solid is characterised by the Young’s
modulus E and Poisson’s ratio v. Then, an outer K; field is imposed by

prescribing nodal displacements on the outer periphery of the mesh as

us= L 0,0), (45)

where the subscript index i equals 27 or x5, and the functions f; (0, v) are

given, in terms of polar coordinates (r,6) centred at the crack tip, by

fi= H\/Q_: (3 —4v — cosf) cos (Z) (46)
and
fo= 1—1—\/2_7: (3 —4v — cosf) sin (Z) : (47)
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Figure 3: Sketch of the boundary layer formulation and the associated mechanical, chem-

ical and damage boundary conditions.

Upon exploiting reflective symmetry about the crack plane, only half of
the finite element model is analysed. We note in passing that satisfying
reflective symmetry requires careful consideration of the higher order bound-
ary conditions. Consider (9)b; for a crack lying on the x, axis, micro-free

boundary conditions ¢ = 0 imply, along the x5 = 0 plane:
Togo = T112 = T122 = 0. (48)

Symmetry dictates that eby 5 = €7} 5 = 0 along the extended crack path, such
that the Neumann boundary conditions ty; = t95 = 0 are appropriate. How-

ever, €i, is an odd function in xo which requires prescribing instead &, = 0
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at the symmetry plane, as the conventional Neumann boundary condition

o12 = 0 at 25 = 0 does not imply )5 = 0 for non-zero values of Lp and L.

The boundary layer formulation will be employed to shed light into the
role of plastic strain gradients on stationary crack tip fields, and it is sub-
sequently used to characterise crack growth resistance in embrittled elastic-

plastic solids.

4.1.1. Stationary crack tip fields

Consider a semi-infinite, stationary crack in an elastic-plastic solid sub-
jected to a remote elastic K and in the absence of hydrogen. A representative
value for the plastic zone size R, can be estimated from Irwin’s approxima-

Ry = L (K) (49)

3m \ oy

The viscoplastic parameters €y and m are chosen to ensure that we are

tion as:

close the rate-independent limit, as confirmed by comparison with conven-

tional rate-independent plasticity predictions for Ly = Lp = 0.

Of interest here is the behavior of the opening tensile stresses, g99, and
the hydrostatic stress, oy, relevant to both fracture and hydrogen transport.
In the rate independent limit, any stress quantity ahead of the crack is a

function of the following non-dimensional parameters:

T LE LD E)

g N, v

— —_ = = — 50
Oy (Rp’ Rp’Rp7 ’ ’Uy (50)

The numerical results obtained for ogs/0, and oy /o, ahead of the crack

tip are shown in a log-log scale in Figs. [dh and [b, respectively. Results are
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obtained for a solid with o,/E = 0.003, v = 0.3 and strain hardening expo-
nent N = 0.2. Regarding the plastic length scales, different combinations are
considered: (i) conventional plasticity, Ly = Lp = 0; (ii) purely energetic
hardening Lg = 0.04R,, (with Lp = 0); (iii) purely dissipative strengthening
Lp = 0.04R, (with Lg = 0); and (iv) combined dissipative and energetic
strengthening, Ly = Lp = 0.04R,. Consider first the case of the opening
tensile stress distribution, Fig. @h. Away from the crack tip, predictions
agree, independently of the value of Lp and Lg. However, strain gradient
plasticity predictions lead to much higher stresses than those obtained with
conventional plasticity as we approach the crack tip. In fact, for all cases
when Lp or Lg are non-zero, the finite element results reveal the existence
of an inner K-field, where the stress field recovers the linear elastic r—1/2
singularity. The existence of this elastic core has been recently justified an-
alytically by Martinez-Paneda and Fleck| (2019) and it is reminiscent of a
dislocation free crack tip zone, as introduced by Suo et al. (1993). Note that
the inner K -field is present for any non-zero choice of Lg and Lp, with the
purely energetic result predicting slightly higher stresses than the purely dis-
sipative case but with differences being minimal. For the nearly-proportional
loading conditions of the stationary crack tip problem, differences are due to

the different weighting of energetic and dissipative higher order contributions,

see (20p) and (21).
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Figure 4: Crack tip fields ahead of a stationary crack in the absence of hydrogen: (a) open-
ing tensile stress distribution, and (b) hydrostatic stress distribution. Material properties:

oy/E =0.003, v =0.3 and N =0.2.
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The hydrostatic stress oy distribution is shown in @b and reveals the
same qualitative trends. First, the stress distribution predicted by strain
gradient plasticity agrees with the conventional plasticity result far from the
crack tip, but predictions start to differ when r is on the order of the relevant
plastic length scale. Also, similar results are obtained when strain gradient
contributions are purely energetic (Lg > 0, Lp = 0) and purely dissipative
(Lp > 0, Lg = 0). In both cases, a substantial stress elevation is attained
close to the crack tip, where the hydrostatic stress level is roughly four times
larger than the conventional plasticity prediction. This could have important
implications for modeling hydrogen transport, given the exponential depen-
dence of the hydrogen concentration on the hydrostatic stress. For example,
for a given hydrogen concentration at the boundary C.,,, the hydrogen con-
centration C' at steady state reads (Liu|, 1970):

VHU H>

T (51)

The prediction of large hydrogen concentrations within a few microns of the

C= Cem} exXp <

crack tip surface is consistent with experimental measurements, see Martinez-

Paneda et al.| (2016a)) and |Gerberich| (2012).

4.1.2. Crack growth resistance

Consider now the case of a growing crack, as dictated by the phase field.
Insight will be first gained on the role of the plastic length scales, and the
effect of hydrogen will be subsequently taken into consideration. A fracture
process zone length Ry can be defined, as done by [Tvergaard and Hutchinson:

(1992) in the context of cohesive zone models, as
1 EG,

3r(l—v?) o2’

Ry = (52)
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In addition, a cohesive bonding strength can be defined to frame the
ductile versus brittle dichotomy. In the context of phase field models, a
critical stress ¢ can be defined from the homogeneous solution to in a
one dimensional setting. As shown by, for example, Borden et al.| (2012)) and
Martinez-Paneda et al. (2018)), this cohesive strength can be expressed as a

function of Young’s modulus E, the fracture energy G. and the phase field

. 9 |EG,

Thus, ¢ is a material parameter that determines the magnitude of the

length scale ¢ as:

critical stress. Crack initiation is based on a purely energetic criterion, G =
G, but crack growth resistance will be affected by the material strength, as
determined through ¢. Also, given , the material strength ¢ will decrease
with increasing hydrogen content wvia its relation with G.(C). Using
one can establish an analogy with cohesive zone models, where the traction-
separation law is characterised by its shape, the value of the fracture energy
G, and the cohesive strength 6. However, we emphasize that, in general,
equation (b3)) constitutes an approximation. Accordingly, we choose to favour
using ¢/ Ry as a relevant non-dimensional group, which is inversely related to

/oy, the common choice in cohesive zone analyses, as:

R 256 5\°
S = | 4
¢ 8lw(1—v?) <0y> (54)

Thus, in the absence of hydrogen and in the rate-independent limit, di-
mensional analysis implies that the crack growth resistance depends on the

following non-dimensional groups:

K, Aa  ( E L
M_p(2t Loy 2 55
K, (RO’ Ry o, Ro’”>’ (55)
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where L, is the reference plastic length scale: Ly = Lp = L, Aa is the crack
extension, and K is the reference stress intensity factor at which cracking
initiates. Under plane strain conditions, the remote load at which cracking

initiates is given by:

Ky = ( G )1/2 (56)

1—v?

Results are computed using the boundary layer formulation shown in Fig.
Bl The crack is introduced by prescribing the phase field parameter, ¢ = 1.
We assume plane strain conditions and the domain is discretised using a
total of approximately 36000 quadratic quadrilateral elements with reduced
integration. The characteristic element length along the crack propagation
path is at least 6 times smaller than the phase field length scale ¢, so as to re-
solve the fracture process zone and ensure mesh insensitive results (Martinez-
Paneda et al., 2018). Material properties are given by ¢, /E = 0.003, v = 0.3
and N = 0.2, unless otherwise stated. The viscoplastic parameters are cho-
sen to model the rate-independent limit. Specifically, we define the following

dimensionless constant: '

Kie
and make suitable choices for ¢, and m. The combination ¢, = 0.24 and
m = 0.025 reproduces the rate-independent limit, as confirmed by compar-

ing with the results obtained with rate-independent J2 plasticity (for L, = 0)
and with the viscoplastic function by Panteghini and Bardella (2016)).

First, the influence of the plastic length scale on the fracture resistance
is assessed. As shown in Fig. [ crack growth resistance curves (R-curves)

are computed for selected values of L,/R,. In agreement with expectations,
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larger values of L,/R, magnify gradient effects, elevating crack tip stresses
and reducing the fracture resistance. The precise magnitude of L,/R, de-
pends mainly on the potential of the material to strengthen or harden in the
presence of plastic strain gradients, as given by L, and on the work of frac-
ture, as given by G, - see (52)). The fracture energy G. can vary from a few
J/m?, as in fracture processes governed by atomic decohesion, to hundreds
of kJ/m?, as in ductile damage. Consequently, dislocation hardening effects
have a higher influence in brittle cracking, where the work of separation and

the fracture process zone are small.
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Figure 5: Influence of the plastic length scale on crack growth resistance. Material prop-

erties: 0,/E =0.003, v =0.3, N =0.2, and {/Ry =1/35 (6 /o, = 5.6).

We aim at elucidating the contributions of the individual energetic and
dissipative plastic length scales to the reduction in fracture resistance with
increasing L,/Ry shown in Fig. . As non-proportional straining becomes
relevant with crack advance, the expectation is to observe larger differences
than those reported in Fig. [ for the stationary crack. Crack growth resis-

tance curves are shown in Fig. @ for three cases: (i) Lg = 10Lp = 0.03 Ry,
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(ii) Lp = 10Lg = 0.03Ry, and (iii) Lp = Lg = 0.03R, (the reference case).
Results are given for two choices of the strain hardening exponent: N = 0.2
and N = 0 (perfectly plastic behavior). As it would be expected, the less
steep R-curves for both N = 0 and N = 0.2 cases are given by the combined
energetic and dissipative strengthening results, Lp = Lg = 0.03Ry. Inter-
estingly, dissipative effects appear to dominate the response for N = 0.2,
while energetic contributions are more significant in the N = 0 case. Differ-
ences between energetic-dominated (Lgy >> Lp) and dissipative-dominated
(Lp >> L) predictions are due to the constitutive definitions of their as-
sociated higher order stresses, 7% and 77, see (20b) and (21). While 77 is
related to the plastic strain gradients through a power-law expression, 7 is
related to VeP by a linear relation. As evident from Fig. [6] fracture takes
place at smaller loads and thereby at smaller plastic strains for N = 0.2, a
domain where 72 will dominate. Conversely, for a fixed ¢/ Ry (6/0,), much
larger strains and plastic dissipation take place in the case where N = 0.
In addition, one should note that differences may also arise due to the kine-
matic nature of the energetic contribution, which resembles a back-stress
(Legarth and Niordson) [2010). As shown recently by Martinez-Paneda and
Fleck| (2018)) and |Juul et al. (2019)) in the context of conventional plastic-
ity, kinematic hardening increases plastic dissipation and fracture resistance,

relative to isotropic hardening.
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Figure 6: Individual influence of the energetic and dissipative plastic length scales on
crack growth resistance. Material properties: o,/E = 0.003, v = 0.3, and /Ry = 1/15
(6/o, = 3.7). Green curves correspond to N = 0 while blue curves denote the N = 0.2

case.

We proceed to vary the ¢/ R ratio to explore the sensitivity of the fracture
resistance to the critical stress (see (53))). As shown in Fig. [7, augmenting
¢/ Ry (or 6/0,) increases the steepness of the R-curve. This qualitative trend

agrees with the results obtained by [Tvergaard and Hutchinson| (1992) using
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cohesive zone models. Since atomic decohesion requires attaining 6 /o, values
on the order of 10 or larger (as opposed to ductile fracture, 6/0, ~ 4),
the magnitude of the phase field length scale can be tailored to capture
a specific cracking mechanism. The results shown in Fig. [7] span a wide
range of scenarios, with ¢ < L, and L, < ¢. Miehe et al. (2016a) have
chosen the phase field length scale to be smaller than the plastic length
scale, on the grounds of a regularised crack zone lying inside the plastic
zone. However, we emphasize that the magnitude of ¢ does not correspond
to the width of the crack smearing function, and that L, is a (constant)
material property that does not correspond to the size of the plastic zone.
More importantly, Fig. [7| shows that, if L,/ Ry is sufficiently large, fracture
can be attained at critical stresses on the order of the theoretical lattice
strength 6 = 100,. Thus, atomic decohesion in the presence of plasticity,
as observed in numerous material systems (Elssner et al., [1994; Bagchi and
Evans|, 1996} [Korn et all 2002)), can be rationalised in the context of strain
gradient plasticity. This is unlike conventional plasticity, where crack tip
stresses are only 3-5 larger than the initial yield stress and, consequently,
fracture does not occur if the cohesive strength 6 is on the order of the
theoretical lattice strength (=~ 100,) or the grain boundary strength (=~ 90,),
see (Tvergaard and Hutchinson, |1992; Duda et al., |2015)). In the absence of
hydrogen, the magnitude of L, /Ry has to be increased up to 0.03 to predict
quasi-cleavage, i.e. fracture with 6 = 100,. Note that L,/R, values in the
0.001-0.01 range are expected for ductile steels; L, is a material property that
can be measured from micro-scale experiments, with L, ~ 1—10 ym for most

metals, and Ry is on the order of 1 mm or more for void controlled fracture
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processes, where a work of fracture of tens of kJ/m? is at least required (Wei
and Hutchinson| (1997). Such values of L,/R, will be insufficient to trigger
cleavage fracture in the absence of hydrogen, as crack growth is governed by
other mechanisms, like void nucleation, growth and coalescence. However,
hydrogen significantly reduces the work of fracture G, entailing an increase
in the magnitude of L,/R, that can trigger the ductile to brittle transition

observed in the experiments.
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Figure 7: Influence of the strength /0, (¢/R) on the crack growth resistance. Material
properties: o,/E = 0.003, v = 0.3, N = 0.2 and L,/Ry = 0.03.

Consider now the influence of hydrogen. Can we predict cleavage fail-

ure (6 = 100,) for L,/R, values that are realistic for ductile steels? We
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proceed to compute crack growth resistance curves with ¢/Ry = 1/110,
L,/Ry = 0.001 and selected values of the environmental hydrogen concen-
tration C,,, = 0.1, 0.5, 1, and 2 wppm. C,,, is prescribed at the crack
surfaces and the specimen is not initially pre-charged, such that hydrogen
charging and mechanical loading start at the same time. A value for the
diffusion coefficient typical of iron-based materials is assumed, D = 0.0127
mm?/s, following |Sofronis and McMeeking| (1989). The remote loading is
prescribed at a rate of K; /Ky =4 x10""s7! and the hydrogen damage co-
efficient is chosen to be y = 0.89, based on the atomistic calculations by
Jiang and Carter| (2004)) for hydrogen in Fe. The predictions obtained are
shown in Fig. [§} the model appropriately captures the observed trend of a
decreasing fracture resistance with increasing hydrogen concentration. We
emphasize that no hydrogen pre-charging is considered and the results are
reported relative to the initial (inert) values of Ky and Ry. Thus, cracking
initiates below K;/Ky = 1 in all cases, with the magnitude of K;/K, at
crack initiation decreasing with increasing C',,. By incorporating the role of
hydrogen, fracture is predicted assuming cleavage cracking, 6 = 100,, in an
otherwise ductile material, L,/Ry = 0.001. The implications of this finding
will be discussed below by computing the relation between the steady state

fracture toughness Kgg and the critical cohesive strength .
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Figure 8: Influence of the environmental hydrogen concentration on the fracture resistance.
Material properties: o,/E = 0.003, v = 0.3, N = 0.2, {/Ry = 1/110 (6/0, = 10),
L,/Ry = 0.001, D = 0.0127 mm?/s and x = 0.89. Loading rate K /Ky =4 x 10~7s 1.

Steady state curves are shown in Fig. [9] for both an inert and a hydroge-
nous environment (Ce,, = 1 wppm). The steady state fracture toughness
is estimated from the R-curves, with Kgg being the limiting value attained
by K as the crack approaches steady state. The magnitude of Kgg/Kj is
computed for a wide range of strengths (¢/Ry) and selected values of L,/ Ry.
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Consider first the results in the absence of hydrogen, Fig. [9h. The model
predicts ductile fracture for values of L,/Ry below 0.03 (6/0, < 10). As
discussed above, this is consistent with the magnitude of Rj in ductile met-
als, as given by the work of fracture. On the other hand, brittle fracture is
predicted for high values of L,/ Ry, as it is the case in metal-ceramic inter-
faces (O’dowd et al., [1992), ferritic steels at low temperatures (Qian et al.,
2011; Martinez-Paneda et al., |2019b) and other material systems (see, e.g.,
Wang and Anderson, (1991) where the fracture energy is on the order of 1
kJ/m? or lower. However, the response changes drastically when hydrogen
is taken into consideration, see Fig. [b. Even for the case of ductile metals,
L,/Ry =~ 0.01, the steady state curve intersects the brittle fracture threshold,
/o, = 10. Thus, the transition from ductile to brittle fracture observed in

the experiments is captured.
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& /oy for selected values of L,/Ry: (a) inert environment, and (b) hydrogenous environ-
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In addition, we show that the model is also capable of predicting internal
hydrogen assisted cracking and the sensitivity of the R-curve to the load-
ing rate. Thus, a uniform hydrogen pre-charging of 1 wppm is assumed,
and crack growth resistance curves are computed for selected values of the
loading rate K 1/Ko. The results, shown in Fig. , exhibit the expected
trends: slower loading rates emphasize embrittlement and lead to less steep
R-curves. As we increase the loading rate there is less time for the hydrogen
to diffuse to the fracture process zone, where oy is large, and the hydrogen-
induced degradation of the local fracture energy is less severe (relative to

slower loading rates).
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Figure 10: Influence of the loading rate K;/Ky on the fracture resistance in a sample
pre-charged uniformly with a hydrogen concentration of 1 wppm. Material properties:
oy/E =0.003, v = 0.3, N = 0.2, {/Ry = 1/60, L,/Ro = 0.01, D = 0.0127 mm?/s and
x = 0.89.

The crack growth resistance results presented show that the model can
rationalise and capture the transition to brittle fracture due to hydrogen, as
well as reproducing the main experimental trends (sensitivity to loading rate

and hydrogen concentration).
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4.2. Comparison with experiments: predicting the onset of cracking in ultra-

high strength steel (AerMet100)

We proceed to compare model predictions with experimental measure-
ments of stress intensity thresholds Ky, for crack initiation. This analysis is
inspired by the encouraging agreement with experiments on ultra-high alloys
obtained by |Martinez-Paneda et al. (2016b). In their work, strain gradient
plasticity analyses of crack tip fields and electrochemical assessment of hydro-
gen solubility were integrated into |Gerberich| (2012)) dislocation-based model.
Cracking thresholds Ky, and stage II crack growth rates da/dt;; predictions
showed a very good agreement with experiments conducted over a wide range
of applied potentials on a nickel superalloy, Monel K-500, and on an ultra-
high strength steel, AerMet100. Here, we seek to demonstrate the same
capability for our proposed model which explicitly models both cracking and
hydrogen transport. Attention is limited to the case of the modern ultra-high
strength steel AerMet100 and the estimation of the threshold stress intensity
factor K.

As detailed in (Lee and Gangloft] [2007; [Pioszak and Gangloff, 2017)), pre-
cracked fracture mechanics specimens were subjected to slowly increasing
mode I loading, while submerged in an aqueous solution of 0.6 M NaCl.
Loading is feedback controlled such that after an initial loading to 6 MPa,/m,
the loading rate is held constant at K = 6.8-10~* MPay/m/s. A wide range
of environments are considered, with the applied potential ranging from -1.1

to -0.5 Vgcg. The measured material properties of AerMet100 are given in

Table [1] (Lee and Gangloff, 2007)).
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E [GPa] v [] o, [MPa] N [-] D [cm?/s|

194 0.3 1725 0.077 1x107°

Table 1: Material parameters for AerMet100.

The reference plastic length scale is chosen to be equal to L, =5 ym, an
intermediate value within the range of experimentally measured length scales
reported in the literature (Fuentes-Alonso and Martinez-Panedal, [2020)). The
phase field length scale ¢ is chosen appropriately such that the material
strength corresponds to the cleavage strength /0, = 10. Regarding the
fracture and hydrogen damage properties, the choice of G. (or Ky) will es-
tablish the maximum value of Kj; that can be reached. Since our model
and choice of material strength aim at reproducing quasi-cleavage, we choose
Ky to approximately match the maximum value of Ky, that is attained in
the experiments without observing ductile fracture features. According to
Pioszak and Gangloff] (2017)), when soluble hydrogen is below 0.8 wppm,
corresponding to the potential range E, = —0.770 Vgcg to —0.667 Vscg,
part of the fracture process is controlled by void coalescence. Hence, we as-
sume Ky = 30 MPay/m. The hydrogen damage coefficient y is calibrated to

provide a best fit to the experiments and our choice is subsequently discussed.

Small scale yielding conditions are assumed, and a boundary layer formu-
lation is employed, as illustrated in Fig. |3l The remote K-field is applied at
a constant rate of K = 7.0-10~* MPa+/m/s. The rate-independent limit for
the viscoplastic law is attained using the measures described in section [4.1.2]

The diffusible hydrogen concentration associated with each value of the ap-
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plied potential is obtained from the analysis by |[Kehler and Scully| (2008). For
an applied potential £, below -0.75 Vgcg, both the upper and lower bounds
of the crack tip soluble hydrogen are given by:

Ceny(wppm) = 19.125E° + 78.568E + 80.026 £, + 24.560 (Vsce)  (57)

For potentials above -0.75Vgcg, the upper bound solution is applied, which

is given by:

Cenv(wppm) = —739.24E, — 3121.1E, — 5147.1E) — 4099.2E7  (58)

— 1563.8E, — 225.77 (Vsce)

The crack initiation threshold K, predictions of the present model are
shown in Fig. along with experimental results for AerMet100 and Ferrium
M54, a similar alloy (Martinez-Paneda et al., 2016b; |Pioszak and Gangloff]
2017). A very good agreement with experiments is observed over the range of
potentials where fracture is reported as quasi-brittle. The best fit is given for
a choice of the hydrogen damage coefficient equal to y = 0.97. This value is
above the first principles estimate for iron, y = 0.89, see (Jiang and Carter,
2004; Martinez-Paneda et al., 2018)). However, the choice of the hydrogen
damage coefficient that best fits the experimental results is sensitive to the
choice of trap binding energy; Ag) = 30 kJ/mol in Eq. . Traps with
higher binding energies than 30 kJ/mol are likely to be present in AerMet100

and participate in the fracture process (Li et al., [2004)).
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Figure 11: Stress intensity threshold Ky, predictions as a function of the applied potential.
The experimental results obtained in AerMet100 and Ferrium M54 by Gangloff and co-
workers (Lee and Gangloff, |2007; [Martinez-Patieda et al.; |2016b} [Pioszak and Gangloff,
2017) are shown for comparison. Ductile fracture features are observed in the range

E, = —0.770 Vgcg to —0.667 VgcE.

5. Conclusions

We have presented a new coupled deformation-diffusion-fracture theory
for modeling hydrogen embrittlement in elastic-plastic solids. The model
builds upon a stress-assisted diffusion formulation, driven by chemical po-
tential gradients, and a chemo-mechanical phase field description of frac-

ture. A fracture energy degradation law is defined that establishes a direct
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and quantitative connection with atomistic calculations of surface energy re-
duction with hydrogen coverage. More importantly, the model takes into
consideration the role of plastic strain gradients and the associated disloca-
tion hardening mechanisms. The aim is to capture the flow strength ele-
vation observed in mechanical tests involving non-homogeneous plastic de-
formation and in crack tip discrete dislocation dynamics simulations. Both
energetic hardening and dissipative strengthening dislocations mechanisms
are considered through their associated plastic length scales: Lg and Lp,
respectively. In addition, the model is also non-local with respect to the
damage variable, with a phase field length scale entering the constitutive re-
lations due to dimensional consistency. Starting from the principle of virtual
work, chemical-, micro- and macro-force balances are derived, together with
a standard free-energy imbalance. The formulation is completed with a set
of thermodynamically-consistent constitutive equations for the deformation,

diffusion and fracture problems.

The coupled model is implemented in a four-field finite element frame-
work, with displacements, plastic strains, hydrogen concentration and phase
field parameter being the primary kinematic variables. Suitable mowving
chemical boundary conditions, viscoplastic function and energy split are in-
troduced, and the coupled problem is solved in an implicit time integration
scheme. Numerical calculations are conducted to gain fundamental physical
insight and showcase the capabilities of the model. First, the role of plastic
strain gradients in elevating crack tip stresses and hydrogen concentrations

is assessed in the context of stationary cracks. Much higher crack tip stresses
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and hydrogen concentrations are predicted, relative to conventional plastic-
ity, providing a suitable physical ground for atomic-scale decohesion. Crack
growth resistance curves (R-curves) are computed to elucidate the interplay
between the different plastic and fracture length scales involved in the for-
mulation. Increasing Lg or Lp relative to the plastic zone size reduces the
steepness of the R-curve, as gradient hardening is exacerbated. On the other
side, decreasing the magnitude of the phase field length scale is equivalent to
augmenting the strength &, leading to an increased fracture resistance. The
steady state fracture toughness is computed as a function of 6/0, to gain
insight into the underlying fracture mechanism; brittle fracture occurs when
the strength is on the order of 100, or larger, following lattice and grain
boundary strength arguments. Results reveal a high sensitivity to the ratio
of the reference plastic length scale, L, = Lp = Lg, to the fracture process
zone Ry, whose magnitude is mainly governed by the work of fracture G,.. In
the absence of hydrogen, brittle fracture is only predicted for large values of
L,/ Ry, characteristic of low fracture energy material systems, such as metal-
ceramic interfaces or ferritic steels at low temperatures. However, when
hydrogen is taken into consideration, the fracture energy is substantially re-
duced and brittle fracture is predicted also for ductile metals, where L, /Ry
is initially small. Therefore, a framework is proposed that can rationalise
quasi-cleavage in the presence of plasticity and the change from microvoid
cracking to brittle fracture observed in ductile steels in the presence of hy-
drogen. Lastly, the quantitative predictive capabilities of the model have
been benchmarked by reproducing mode I fracture experiments on an ultra-

high strength steel, AerMet100. The results obtained under a wide range of
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applied potentials reveal a promising agreement with experiments.
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Appendix A. Details of numerical implementation

Here, we provide explicit expressions for the matrix operators and the

stiffness matrix components used in Section

Appendiz A.1. Matrix operators

Assuming plane strain conditions, for a node i, the nodal solutions to the

deformation problem read:
o~ p

u; = [ﬁllv %] ) € = [5}171i7 5§2i7 811022'7 gjlogia 533i]- (A-1>

Accordingly, the shape function matrices are given as follows:
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N, 0 0]
N; 0 ) 0 N, 0
N,L'Ll — ; N,LE — 5 (A.2)
0 N, —N; —N; 0
| 0 U
while the gradient quantities are discretised using:
Con, -
e 0 0
ON;
e 0 0
8Ni 1
o 0 0 2% 90
ON; ON; ON;
B, = | B" = w1, BT = oy (A.3)
ON; ON; ON;
By 0 0 -5 9+ 0
ON; ON; __ON; __ON; 0
L Oy ox | oy Oy
ON;
0 0 S
ON;
L0 0y

Appendiz A.2. Stiffness matriz components

The stiffness matrix is constructed by differentiating the residuals with

respect to the nodal variables. The entries related purely to the displacement

field may thus be found as:

Ry

*J 0uj Q

/ (1= ¢)* + k] (BY)T LoBP V.

In a similar manner, the plastic strain field stiffness is given by:

ePeP
K =

ORS
85? N

[ ey (5

T (pr)T ( o

N&° +

orP
J Vel
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The coupling terms are found as:

Ky = a;:; =— /Q (1= )+ k] (B LoN" aV, (A.6)
Ko = ‘?5 =— /Q (1= ¢)* + k] (NEP)T LoBLdV. (A.7)

The stiffness related to the crack phase field is determined in an equivalent

manner:

OR? G
b0 i e N n .
Kl.j = 90, _/QK2H+ 7 )NZNJJFGC@BZ. B;

Finally, the contributions from the mass transport of hydrogen in the metal

dv.  (AS8)

lattice include a diffusivity matrix:

v
K= | (B?Bj - B?R;VUHNO av, (A.9)

and a concentration capacity matrix:
M, = / NT LN av, (A.10)
Q D
The complete element assemble is given by , where the time derivative
of the hydrogen concentration C' is discretised in an analogous manner to C.

References

Alessi, R., Ambati, M., Gerasimov, T., Vidoli, S., De Lorenzis, L., 2018.
Comparison of Phase-Field Models of Fracture Coupled with Plasticity,
in: E. Onate, D. Peric, E. de Souza- Neto, M.C. (Ed.), Advances in Com-
putational Plasticity. Springer Nature, pp. 1-21.

53



Alvaro, A., Thue Jensen, I., Kheradmand, N., Lgvvik, O.M., Olden, V., 2015.
Hydrogen embrittlement in nickel, visited by first principles modeling, co-
hesive zone simulation and nanomechanical testing. International Journal

of Hydrogen Energy 40, 16892-16900.

Ambati, M., Gerasimov, T., De Lorenzis, L., 2015. A review on phase-field
models of brittle fracture and a new fast hybrid formulation. Computa-

tional Mechanics 55, 383-405.

Amor, H., Marigo, J.J., Maurini, C., 2009. Regularized formulation of the
variational brittle fracture with unilateral contact: Numerical experiments.

Journal of the Mechanics and Physics of Solids 57, 1209-1229.

Anand, L., Gurtin, M.E., Lele, S.P., Gething, C., 2005. A one-dimensional
theory of strain-gradient plasticity: Formulation, analysis, numerical re-

sults. Journal of the Mechanics and Physics of Solids 53, 1789-1826.

Anand, L., Mao, Y., Talamini, B., 2019. On modeling fracture of ferritic steels
due to hydrogen embrittlement. Journal of the Mechanics and Physics of

Solids 122, 280-314.

Ashby, M.F., 1970. The deformation of plastically non-homogeneous mate-
rials. Philosophical Magazine 21, 399-424.

Bagchi, A., Evans, A.G., 1996. The Mechanics and Physics of Thin-Film

Decohesion and Its Measurement. Interface Science 3, 169-193.

Balint, D.S., Deshpande, V.S., Needleman, A., Van Der Giessen, E., 2005.
Discrete dislocation plasticity analysis of crack-tip fields in polycrystalline

materials. Philosophical Magazine 85, 3047-3071.

o4



Borden, M.J., Hughes, T.J.R., Landis, C.M., Anvari, A., Lee, I.J., 2016. A
phase-field formulation for fracture in ductile materials: Finite deformation
balance law derivation, plastic degradation, and stress triaxiality effects.

Computer Methods in Applied Mechanics and Engineering 312, 130-166.

Borden, M.J., Verhoosel, C.V., Scott, M.A., Hughes, T.J.R., Landis, C.M.,
2012. A phase-field description of dynamic brittle fracture. Computer
Methods in Applied Mechanics and Engineering 217-220, 77-95.

Bourdin, B., Francfort, G.A., Marigo, J.J., 2000. Numerical experiments in
revisited brittle fracture. Journal of the Mechanics and Physics of Solids

48, 797-826.

del Busto, S., Betegén, C., Martinez-Paneda, E., 2017. A cohesive zone
framework for environmentally assisted fatigue. Engineering Fracture Me-

chanics 185, 210-226.

Cajuhi, T., Sanavia, L., De Lorenzis, L., 2018. Phase-field modeling of frac-
ture in variably saturated porous media. Computational Mechanics 61,

299-318. doi:10.1007/s00466-017-1459-3.

Carollo, V., Reinoso, J., Paggi, M., 2017. A 3D finite strain model for
intralayer and interlayer crack simulation coupling the phase field approach

and cohesive zone model. Composite Structures 182, 636—651.

Chakravarthy, S.S., Curtin, W.A., 2010. Origin of plasticity length-scale

effects in fracture. Physical Review Letters 105, 1-4.

95


http://dx.doi.org/10.1007/s00466-017-1459-3

Diaz, A., Alegre, J.M., Cuesta, I.I., 2016. Coupled hydrogen diffusion simu-
lation using a heat transfer analogy. International Journal of Mechanical

Sciences 115-116, 360-369.

Dillon, O.W., Kratochvil, J., 1970. A strain gradient theory of plasticity.
International Journal of Solids and Structures 6, 1513—-1533.

Duda, F.P., Ciarbonetti, A., Sanchez, P.J., Huespe, A.E., 2015. A phase-
field /gradient damage model for brittle fracture in elastic-plastic solids.

International Journal of Plasticity 65, 269-296.

Duda, F.P., Ciarbonetti, A., Toro, S., Huespe, A.E., 2018. A phase-field
model for solute-assisted brittle fracture in elastic-plastic solids. Interna-

tional Journal of Plasticity 102, 16-40.

Elssner, G., Korn, D., Riithle, M., 1994. The influence of interface impuri-
ties on fracture energy of UHV diffusion bonded metal-ceramic bicrystals.

Scripta Metallurgica et Materiala 31, 1037-1042.

Fleck, N.A., Hutchinson, J.W., 2001. A reformulation of strain gradient
plasticity. Journal of the Mechanics and Physics of Solids 49, 2245-2271.

Fleck, N.A., Muller, G.M., Ashby, M.F., Hutchinson, J.W., 1994. Strain gra-
dient plasticity: Theory and Experiment. Acta Metallurgica et Materialia
42, 475-487.

Fleck, N.A., Willis, J.R., 2009. A mathematical basis for strain-gradient plas-
ticity theory. Part II: Tensorial plastic multiplier. Journal of the Mechanics

and Physics of Solids 57, 1045-1057.

56



Francfort, G., Marigo, J.J., 1998. Revisiting brittle fracture as an energy
minimization problem. Journal of the Mechanics and Physics of Solids 46,

1319-1342.

Fuentes-Alonso, S., Martinez-Paneda, E., 2020. Fracture in distortion gradi-

ent plasticity. (submitted) .

Gangloff, R.P., 2003a. Diffusion control of hydrogen environment embrittle-
ment in high strength alloys, in: Moody, N.R., Thompson, A.W., Ricker,
R.E., Was, G.S., Jones, R.H. (Eds.), Hydrogen Effects on Material Be-
havior and Corrosion Deformation Interactions, The Minerals, Metals &

Materials Society, Warrendale. pp. 477-497.

Gangloff, R.P., 2003b. Hydrogen-assisted Cracking, in: Milne, I., Ritchie, R.,
Karihaloo, B. (Eds.), Comprehensive Structural Integrity Vol. 6. Elsevier
Science, New York, NY, pp. 31-101.

Gangloff, R.P., Somerday, B.P., 2012. Gaseous Hydrogen Embrittlement of
Materials in Energy Technologies. Woodhead Publishing Limited, Cam-
bridge.

Gao, H., Hang, Y., Nix, W.D., Hutchinson, J.W., 1999. Mechanism-based
strain gradient plasticity - I. Theory. Journal of the Mechanics and Physics
of Solids 47, 1239-1263.

Gerberich, W.W., 2012. Modeling hydrogen induced damage mechanisms in
metals, in: Gangloff, R.P., Somerday, B.P. (Eds.), Gaseous Hydrogen Em-
brittlement of Materials in Energy Technologies Vol. II. Woodhead Pub-
lishing, pp. 209-246.

o7



Griffith, A., 1920. The Phenomena of Rupture and Flow in Solids. Philo-
sophical Transactions A, 221, 163-198.

Gudmundson, P., 2004. A unified treatment of strain gradient plasticity.
Journal of the Mechanics and Physics of Solids 52, 1379-1406.

Harris, 7.D., Lawrence, S.K., Medlin, D.L., Guetard, G., Burns, J.T.
Somerday, B.P., 2018. FElucidating the contribution of mobile hydrogen-
deformation interactions to hydrogen-induced intergranular cracking in

polycrystalline nickel. Acta Materialia 158, 180-192.

Hirshikesh, Natarajan, S., Annabattula, R.K., Martinez-Paneda, E., 2019.
Phase field modelling of crack propagation in functionally graded materi-

als. Composites Part B: Engineering 169, 239-248.

Hirth, J.P., 1980. Effects of hydrogen on the properties of iron and steel.
Metallurgical Transactions A 11, 861-890.

Irwin, G.R., 1956. Onset of Fast Crack Propagation in High Strength Steel
and Aluminum Alloys, in: Sagamore Research Conference Proceedings Vol.

2, pp. 289-305.

Jiang, D.E., Carter, E.A., 2004. First principles assessment of ideal fracture
energies of materials with mobile impurities: Implications for hydrogen

embrittlement of metals. Acta Materialia 52, 4801-4807.

Juul, K.J., Martinez-Paneda, E., Nielsen, K.L., Niordson, C.F., 2019. Steady-
state fracture toughness of elastic-plastic solids: Isotropic versus kinematic

hardening. Engineering Fracture Mechanics 207, 254-268.

58



Kehler, B.A., Scully, J.R., 2008. Predicting the effect of applied potential on
crack tip hydrogen concentration in low-alloy martensitic steels. Corrosion

64, 465-477.

Kirchheim, R., 2004. Solid solutions of hydrogen in complex materials, in:
Ehrenreich, H., Spaepen, F. (Eds.), Solid State Physics. Elsevier Inc.. vol-
ume 59, pp. 203-291.

Kirchheim, R., Somerday, B.P., Sofronis, P., 2015. Chemomechanical effects
on the separation of interfaces occurring during fracture with emphasis on

the hydrogen-iron and hydrogen-nickel system. Acta Materialia 99, 87-98.

Komaragiri, U., Agnew, S.R., Gangloff, R.P., Begley, M.R., 2008. The role
of macroscopic hardening and individual length-scales on crack tip stress
elevation from phenomenological strain gradient plasticity. Journal of the

Mechanics and Physics of Solids 56, 3527-3540.

Korn, D., Elssner, G., Cannon, R.M., Ruhle, M., 2002. Fracture properties of
interfacially doped Nb-A1203 bicrystals: I, fracture characteristics. Acta
Materialia 50, 3881-3901.

Kristensen, P.K., Martinez-Paneda, E., 2020. Phase field fracture modelling
using quasi-Newton methods and a new adaptive step scheme. Theoretical

and Applied Fracture Mechanics 107, 102446.

Lee, Y., Gangloff, R.P., 2007. Measurement and modeling of hydrogen
environment-assisted cracking of ultra-high-strength steel. Metallurgical

and Materials Transactions A: Physical Metallurgy and Materials Science

38 A, 2174-2190.

59



Legarth, B.N., Niordson, C.F., 2010. Debonding failure and size effects in
micro-reinforced composites. International Journal of Plasticity 26, 149—

165.

Li, D., Gangloff, R.P., Scully, J.R., 2004. Hydrogen Trap States in Ultrahigh-
Strength AERMET 100 Steel. Metallurgical and Materials Transactions
A: Physical Metallurgy and Materials Science 35 A, 849-864.

Liu, H.W., 1970. Stress-corrosion cracking and the interaction between crack-

tip stress field and solute atoms. Journal of Basic Engineering, Transac-

tions of the ASME 92, 633-638.

Lynch, S., 2019. Discussion of some recent literature on hydrogen-
embrittlement mechanisms: Addressing common misunderstandings. Cor-

rosion Reviews 37, 377-395.

Mao, S.X., Li, M., 1998. Mechanics and thermodynamics on the stress and
hydrogen interaction in crack tip stress corrosion : Experiment and theory.

Journal of the Mechanics and Physics of Solids 46, 1125-1137.

Martinez-Pafieda, E., Betegén, C., 2015. Modeling damage and fracture
within strain-gradient plasticity. International Journal of Solids and Struc-

tures 59, 208-215.

Martinez-Panieda, E., del Busto, S., Niordson, C.F., Betegon, C., 2016a.
Strain gradient plasticity modeling of hydrogen diffusion to the crack tip.
International Journal of Hydrogen Energy 41, 10265-10274.

Martinez-Paneda, E., Deshpande, V.S., Niordson, C.F., Fleck, N.A., 2019a.

60



The role of plastic strain gradients in the crack growth resistance of metals.

Journal of the Mechanics and Physics of Solids 126, 136-150.

Martinez-Paneda, E., Fleck, N.A., 2018. Crack growth resistance in metallic
alloys: the role of isotropic versus kinematic hardening. Journal of Applied

Mechanics 85, 11002 (6 pages).

Martinez-Pafneda, E., Fleck, N.A., 2019. Mode I crack tip fields: Strain gradi-
ent plasticity theory versus J2 flow theory. European Journal of Mechanics

- A/Solids 75, 381-388.

Martinez-Paneda, E., Fuentes-Alonso, S., Betegén, C., 2019b. Gradient-
enhanced statistical analysis of cleavage fracture. European Journal of

Mechanics - A /Solids 77, 103785.

Martinez-Pafieda, E., Golahmar, A., Niordson, C.F., 2018. A phase field
formulation for hydrogen assisted cracking. Computer Methods in Applied
Mechanics and Engineering 342, 742-761.

Martinez-Paneda, E., Harris, Z.D., Fuentes-Alonso, S., Scully, J.R., Burns,
J.T., 2020. On the suitability of slow strain rate tensile testing for assessing

hydrogen embrittlement susceptibility. Corrosion Science 163, 108291.

Martinez-Pafieda, E., Niordson, C.F., 2016. On fracture in finite strain gra-
dient plasticity. International Journal of Plasticity 80, 154-167.

Martinez-Pafieda, E., Niordson, C.F., Gangloff, R.P., 2016b. Strain gradient
plasticity-based modeling of hydrogen environment assisted cracking. Acta

Materialia 117, 321-332.

61



McAuliffe, C., Waisman, H., 2016. A coupled phase field shear band model
for ductile-brittle transition in notched plate impacts. Computer Methods

in Applied Mechanics and Engineering 305, 173-195.

Miehe, C., Aldakheel, F., Raina, A., 2016a. Phase field modeling of duc-
tile fracture at finite strains: A variational gradient-extended plasticity-

damage theory. International Journal of Plasticity 84, 1-32.

Miehe, C., Dal, H., Schanzel, L.M., Raina, A., 2016b. A phase-field model for
chemo-mechanical induced fracture in lithium-ion battery electrode parti-
cles. International Journal for Numerical Methods in Engineering 106,

683-711.

Miehe, C., Hofacker, M., Welschinger, F., 2010. A phase field model for
rate-independent crack propagation: Robust algorithmic implementation

based on operator splits. Computer Methods in Applied Mechanics and
Engineering 199, 2765-2778.

Mikelic, A., Wheeler, M., Wick, T., 2015. A phase-field method for propa-
gating fluid-filled fractures coupled to a surrounding porous medium. Mul-

tiscale Modeling and Simullation 13, 367-398.

Moriconi, C., Hénaff, G., Halm, D., 2014. Cohesive zone modeling of fatigue
crack propagation assisted by gaseous hydrogen in metals. International

Journal of Fatigue 68, 56-66.

Nielsen, K.L., Niordson, C.F., 2013. A 2D finite element implementation of
the Fleck-Willis strain-gradient flow theory. European Journal of Mechan-

ics, A/Solids 41, 134-142.

62



Nix, W.D., Gao, H.J., 1998. Indentation size effects in crystalline materials:
A law for strain gradient plasticity. Journal of the Mechanics and Physics

of Solids 46, 411-425.

O’dowd, N.P., Stout, M.G., Shih, C.F., 1992. Fracture toughness of alumina-
niobium interfaces: Experiments and analyses. Philosophical Magazine A

66, 1037-1064.

Panteghini, A., Bardella, L., 2016. On the Finite Element implementation
of higher-order gradient plasticity, with focus on theories based on plastic
distortion incompatibility. Computer Methods in Applied Mechanics and
Engineering 310, 840-865.

Papazafeiropoulos, G., Muifiz-Calvente, M., Martinez-Pafieda, E., 2017.
Abaqus2Matlab: A suitable tool for finite element post-processing. Ad-

vances in Engineering Software 105, 9-16.

Pham, K., Amor, H., Marigo, J.J., Maurini, C.; 2011. Gradient damage
models and their use to approximate brittle fracture. International Journal

of Damage Mechanics 20, 618-652.

Pioszak, G.L., Gangloff, R.P., 2017. Hydrogen Environment Assisted Crack-
ing of Modern Ultra-High Strength Martensitic Steels. Metallurgical and

Materials Transactions A: Physical Metallurgy and Materials Science 48,
4025-4045.

Qian, X., Zhang, S., Swaddiwudhipong, S., 2011. Calibration of Weibull
parameters using the conventional mechanism-based strain gradient plas-

ticity. Engineering Fracture Mechanics 78, 1928-1944.

63



Quintanas-Corominas, A., Reinoso, J., Casoni, E., Turon, A., Mayugo, J.A.,
2019. A phase field approach to simulate intralaminar and translaminar
fracture in long fiber composite materials. Composite Structures 220, 899—

911.

Renard, Y., Poulios, K., 2020. GetFEM: Automated FE modeling of mul-

tiphysics problems based on a generic weak form language. (submitted)

Robertson, I.M., Sofronis, P., Nagao, A., Martin, M.L., Wang, S., Gross,
D.W., Nygren, K.E., 2015. Hydrogen Embrittlement Understood. Metal-
lurgical and Materials Transactions B 46, 1085-1103.

Scheider, 1., Pfuff, M., Dietzel, W., 2008. Simulation of hydrogen assisted
stress corrosion cracking using the cohesive model. Engineering Fracture

Mechanics 75, 4283-4291.

Seiler, P.E., Siegmund, T., Zhang, Y., Tomar, V., Kruzic, J.J., 2016. Sta-
tionary and propagating cracks in a strain gradient visco-plastic solid. In-

ternational Journal of Fracture 202, 111-125.

Serebrinsky, S., Carter, E.A., Ortiz, M., 2004. A quantum-mechanically
informed continuum model of hydrogen embrittlement. Journal of the

Mechanics and Physics of Solids 52, 2403-2430.

Shishvan, S.S., Csanyi, G., Deshpande, V.S., 2020. Hydrogen induced fast-
fracture. Journal of the Mechanics and Physics of Solids 134, 103740.

64



Sofronis, P., McMeeking, R.M.; 1989. Numerical analysis of hydrogen trans-
port near a blunting crack tip. Journal of the Mechanics and Physics of

Solids 37, 317-350.

Suo, Z., Shih, C.F., Varias, A.G., 1993. A theory for cleavage cracking in the
presence of plastic flow. Acta Metallurgica Et Materialia 41, 1551-1557.

Tehranchi, A., Curtin, W.A., 2019. The role of atomistic simulations in prob-
ing hydrogen effects on plasticity and embrittlement in metals. Engineering

Fracture Mechanics 216, 106502.

Tvergaard, V., Hutchinson, J.W., 1992. The relation between crack growth
resistance and fracture process parameters in elastic-plastic solids. Journal

of the Mechanics and Physics of Solids 40, 1377-1397.

Van der Ven, A., Ceder, G., 2003. Impurity-induced van der Waals transition
during decohesion. Physical Review B - Condensed Matter and Materials

Physics 67, 1-4.

Voyiadjis, G.Z., Song, Y., 2019. Strain gradient continuum plasticity theo-
ries: Theoretical, numerical and experimental investigations. International

Journal of Plasticity 121, 21-75.

Wang, J.S., Anderson, P.M., 1991. Fracture behavior of embrittled F.C.C.
metal bicrystals. Acta Metallurgica Et Materialia 39, 779-792.

Wei, Y., Hutchinson, J.W., 1997. Steady-state crack growth and work of
fracture for solids characterized by strain gradient plasticity. Journal of

the Mechanics and Physics of Solids 45, 1253-1273.

65



Wu, J.Y., Mandal, T.K., Nguyen, V.P., 2020a. A phase-field regularized
cohesive zone model for hydrogen assisted cracking. Computer Methods

in Applied Mechanics and Engineering 358, 112614.

Wu, J.Y., Nguyen, V.P., Nguyen, C.T., Sutula, D., Sinaie, S., Bordas, S.,
2020b. Phase-field modelling of fracture. Advances in Applied Mechanics
53.

Yu, H., Cocks, A., Tarleton, E., 2019. Discrete dislocation plasticity HELPs
understand hydrogen effects in bce materials. Journal of the Mechanics

and Physics of Solids 123, 41-60.

Yu, H., Olsen, J.S., Olden, V., Alvaro, A., He, J., Zhang, Z., 2017. Continuum
level simulation of the grain size and misorientation effects on hydrogen

embrittlement in nickel. Engineering Failure Analysis 81, 79-93.

Zhao, Y., Xu, B.X., Stein, P.; Gross, D., 2016. Phase-field study of elec-
trochemical reactions at exterior and interior interfaces in Li-ion battery

electrode particles. Computer Methods in Applied Mechanics and Engi-
neering 312, 428-446.

Zhou, S., Zhuang, X., Zhu, H., Rabczuk, T., 2018. Phase field modelling of
crack propagation, branching and coalescence in rocks. Theoretical and

Applied Fracture Mechanics 96, 174-192.

66



	1 Introduction
	2 Theory
	2.1 Kinematics
	2.2 Principle of virtual work. Balance of forces
	2.3 Energy imbalance
	2.4 Constitutive relations
	2.4.1 Chemo-elasticity
	2.4.2 Strain gradient plasticity
	2.4.3 Phase field fracture
	2.4.4 Hydrogen transport


	3 Numerical implementation
	3.1 Addressing damage in compression, irreversibility and crack interpenetration
	3.2 Finite element discretisation
	3.3 Viscoplastic law
	3.4 Chemical conditions on a moving boundary

	4 Results
	4.1 Mode I fracture of an elastic-plastic solid in the presence of hydrogen
	4.1.1 Stationary crack tip fields
	4.1.2 Crack growth resistance

	4.2 Comparison with experiments: predicting the onset of cracking in ultra-high strength steel (AerMet100)

	5 Conclusions
	6 Acknowledgments
	Appendix  A Details of numerical implementation
	Appendix  A.1 Matrix operators
	Appendix  A.2 Stiffness matrix components


