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A B S T R A C T

Hydrogen-microvoid interactions were studied via unit cell analyses with different hydrogen
concentrations. The absolute failure strain decreases with hydrogen concentration, but the failure
loci were found to follow the same trend dependent only on stress triaxiality, in other words, the
effects of geometric constraint and hydrogen on failure are decoupled. Guided by the decoupling
principle, a hydrogen informed Gurson model is proposed. This model is the first practical hy-
drogen embrittlement simulation tool based on the hydrogen enhanced localized plasticity
(HELP) mechanism. It introduces only one additional hydrogen related parameter into the
Gurson model and is able to capture hydrogen enhanced internal necking failure of microvoids
with accuracy; its parameter calibration procedure is straightforward and cost efficient for en-
gineering purpose.

1. Introduction

Continuum level hydrogen embrittlement (HE) simulation is one of the key aspects of failure assessment and control of en-
gineering components exposed to hydrogen environment. A sound framework for this purpose consists of three basic ingredients,
namely a plausible underlying HE mechanism, a way to determine model inputs from experiments or lower scale simulations and
eventually a continuum model applicable to various geometries and loading conditions. The underlying mechanism provides the
physical foundation, the input calibration method serves as a bridge linking lower scale physics (often posed in a discrete manner)
and continuum mechanics, and the model as the main carrier needs to be selected depending on the other two elements.

To date, there are two prevailing HE mechanisms, hydrogen enhanced decohesion (HEDE) and hydrogen enhanced localized
plasticity (HELP). The HEDE mechanism assumes that dissolved hydrogen reduces the cohesive strength of the material lattice [1];
the HELP mechanism assumes that hydrogen facilitates dislocation activity thereby enhancing plasticity locally [2]. It is straight-
forward to see that HEDE is compatible with Griffith type fracture, so it is favorable for the simulation of HE which is usually
accompanied by brittle-like fractography [3]. In fact, HEDE based continuum level HE simulation has been in progress for over a
decade, thanks to cohesive zone modeling (CZM) which well represents the brittle fracture process [4]. By lowering the cohesive
strength (fracture energy) of the cohesive interface with hydrogen content, hydrogen induced premature fracture in a brittle manner
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can be simulated. The determination of CZM parameters in the absence of hydrogen is out of the scope and not elaborated here.
Hydrogen related inputs, i.e. hydrogen effects on CZM parameters, can be obtained based on atomistic calculations or experiments.
Jiang and Carter [5] performed first principles calculations and found that the ideal fracture energy decreases almost linearly with
increasing hydrogen coverage. This relation was then adopted by Serebrinsky et al. [6] and Olden et al. [7] in their hydrogen
informed CZM (HCZM) simulations. Recently, Yu et al. [8] proposed a method to calibrate hydrogen dependent cohesive laws from
tension tests. The HCZM approach is now rather mature and applied widely to engineering failure assessment [9,10]. Following a
similar pattern, the phase field approach was recently applied in HE simulation [11]. In spite of its popularity, HCZM has intrinsic
deficiencies. While it “physically” represents the brittle failure caused by hydrogen, it cannot represent the ductile damage in the
absence of hydrogen. Due to this inconsistency, it has to be admitted in the first place that HCZM is a phenomenological approach.

In contrast to the great popularity of the HELP mechanism, HELP based continuum model for hydrogen failure prediction is yet to
be developed. There could be several reasons. First, the HELP mechanism claims more plasticity in the presence of hydrogen, so one
may expect ductile fracture all the time, which doesn’t agree with the brittle-like HE fractography. Therefore, one could intuitively
prefer HEDE to HELP as the underlying mechanism for continuum HE modeling. Secondly, unlike the HEDE case where the DFT
results of hydrogen dependent cohesive law can be readily applied to the continuum level, the HELP mechanism, while verified by
theoretical calculation using a pair of dislocations [2], cannot be quantitatively applied to the continuum level, since plasticity is the
collective behavior of a large dislocation aggregate on which the hydrogen effect is still unclear. Finally, even if a phenomenological
form for the HELP mechanism is temporarily assumed and implemented in unit cell analyses [12], the results are only qualitative
ones due to the lack of a proper failure criterion. In short, a HELP based continuum model is still lacking because the underlying
theory seems inconsistent with reality and a bridge linking different scales is lacking.

The conditions for the development of HELP based continuum model has been largely improved recently. Yu et al. [13] proposed
a failure criterion associated with hydrogen induced shear band forming in unit cell analysis, which allows failure to be detected at a
very small void volume fraction at low stress triaxiality regime. That is, hydrogen induced premature failure with brittle-like frac-
tography was predicted under the HELP mechanism solely. That work also demonstrated that more plasticity does not necessarily
lead to higher ductility, it therefore removed the first obstacle for adopting HELP in a continuum model. Further, a hydrogen failure
locus covering a wide range of stress triaxiality was established in that work, providing inputs for the continuum model. Meanwhile,
it should be noted that the link between continuum scale and lower scales is still weak, since the HELP mechanism is implemented
only conceptually using a phenomenological form in the cell analyses performed so far. Most recently, a hydrogen informed three
dimensional discrete dislocation dynamics (HDDD) modeling framework was established [14], incorporating the elastic stress con-
tribution from hydrogen as Eshelby inclusion [15] and hydrogen effects on dislocation mobility calibrated based on first principles
calculations [16]. Global flow behavior was simulated with this method using a microcantilever geometry and hydrogen induced
global softening, consistent with the HELP mechanism, was quantitatively captured at realistic bulk hydrogen concentrations. This
framework addresses hydrogen influenced large dislocation aggregate property (plasticity) at microscopic scale and can therefore
serve as an ideal bridge between the atomistic and continuum scales.

With the theoretical foundation and inter-scale bridge established, the construction of HELP based continuum model is now on the
agenda. Although such model is still unavailable, lots of work on the mechanics of hydrogen induced failure due to HELP has been
done, providing mechanistic insights. Sofronis et al. [17] introduced HELP to mechanical analyses by implementing a hydrogen
softening law which prescribes the material yield stress as a decreasing function of hydrogen concentration. This method was then
adopted by Ahn et al. [12], Liang et al. [18] and implemented in unit cell analyses. By zooming into a material point represented by a
void containing representative material volume, the unit cell approach is an ideal tool to investigate material failure characterized by
microvoid growth and coalescence process [19]. With hydrogen softening the matrix flow stress, material failure by void coalescence
along the inter-ligament was found to occur earlier, i.e. hydrogen promoted internal necking failure. In [13], a hydrogen induced
shearing failure mode was identified and quantified. This failure mode is observed in low stress traxiality regime and occurs with a
much smaller void size compared to that in the internal necking mode, therefore, it captures the “embrittlement” feature of hydrogen
caused failure. Most recently, Huang et al. [20] studied the effect of hydrogen under different Lode parameters with unit cell
approach. These studies reveal the micromechanics of hydrogen caused premature failure under the HELP theory, with a merit that
the basic failure process is consistently based on microvoid activity with or without hydrogen. Therefore, they open the door to a
consistently micromechanics based continuum model which could be an alternative to the phenomenological HCZM framework for

Nomenclature

f void growth rate
stress triaxiality

Vh partial molar volume of hydrogen
0 initial yield stress without hydrogen
e equivalent stress
h hydrostatic stress
0 strain at yielding
e effective strain
f failure strain
p plastic strain

c hydrogen concentration
cL lattice hydrogen concentration
cT trapped hydrogen concentration
DL hydrogen diffusion coefficient
E Young’s modulus
Eb trap binding energy
f0 initial void volume fraction
fc critical void volume fraction
R universal gas constant
T absolute temperature
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continuum HE modeling.
Given the background above, the Gurson model [21] seems to be an ideal starting point for a HELP based continuum model for HE

simulation. This model describes the “average” flow behavior of a single void containing representative material volume (unit cell)
during the development of the void (growth and coalescence), by “smearing” the void throughout the unit cell and then viewing the
smeared cell as a material point. Regarding void coalescence as the failure event, the Gurson model is able to predict failure if a
critical void volume fraction is accordingly prescribed [22]. An alternative way to predict failure is to incorporate a physically based
void coalescence criterion [23–25] to the Gurson model. During the past decades, a lot of improvement and adaption have been made
on this model, breeding many different versions. In general, we refer to all the versions in this family as the Gurson model. Speci-
fically, we based our discussion on the version developed by Tvergaard and Needleman [22] in this work. The Gurson model
elegantly applies the mechanics happening locally in a unit cell to global specimen level and has achieved great success in en-
gineering practice. It is also an ideal starting point for developing new microvoid mechanism based models, for which the mod-
ification of the Gurson model for shear [26] is a typical example. About one decade ago, it was realized that the ductile failure locus is
dependent not only on stress triaxiality but also on the Lode parameter [27], and this was then studied extensively using unit cell
approach [28,29]. Inspired by the micromechanics revealed in cell analyses, Nahshon and Hutchinson [26] introduced a Lode
parameter dependent term to the void growth rate term, making material failure shear sensitive. Essentially, this new model regards
void volume fraction as a continuum damage parameter which is made additionally dependent on Lode parameter. Therefore, this
model is not as well physically based as the original Gurson model, nevertheless, it is still micromechanism inspired and is widely
adopted in practice [30]. Similar treatment on the Gurson model is found in [31,32].

The present work discusses the possibility of using the Gurson model to convey hydrogen-microvoid interaction mechanisms to
the continuum scale. Should this work, a micromechanics inspired HELP based continuum modeling tool for HE can be delivered.
This potential model is referred to as the hydrogen informed Gurson (HGurson) model hereinafter. Starting from hydrogen-microvoid
interactions, a possible form of HGurson model is proposed, together with a suitable parameter calibration procedure. At the moment,
we don’t aim to deliver a complete HGurson model ready for use, given the complexity in hydrogen assisted microvoid failure
process. Instead, we elaborate the challenges in the development of such a model, propose solutions for some of them and leave the
rest for future study. As a brief overview, the challenges/complexities include (but are not limited to): hydrogen trapping, change of
failure mode in different stress triaxiality regime, inhomogenous material softening due to hydrogen redistribution and the form of
hydrogen softening law. Being aware of all these complexities, we hereby limit our focus to a simple case with a linear softening law
in high triaxiality regime, and a prototype HGurson model is presented.

2. Hydrogen-microvoid interactions

Hydrogen microvoid interactions are investigated via hydrogen diffusion coupled unit cell analyses [13]. J2 flow theory with
isotropic hardening is applied to describe the plastic flow in the matrix material

= +c( ) 1f
p

n

0
0 (1)

where f is the flow stress, c( )0 the initial yield stress which is a function of the total hydrogen concentration c, p the plastic strain
and = E/0 0 the corresponding yield strain with E being the Young’s modulus. To account for the HELP mechanism, the flow stress
in the matrix material is assumed to decrease with hydrogen content. More specifically, the initial yield stress 0 is prescribed as a
decreasing function of hydrogen concentration, for which the linear form [12] is most widely adopted
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where 0 is the initial yield stress with zero hydrogen concentration, 0 the initial yield stress at the initial lattice hydrogen con-
centration cL

0 and 0 the lowest possible value of the yield stress considering that hydrogen cannot cause the yield stress to vanish in
reality.

The total hydrogen population consists of the lattice hydrogen residing at normal interstitial lattice sites and the trapped hydrogen
residing at dislocation traps

= +c c cL T (3)

where cL is the lattice hydrogen concentration and cT the trapped hydrogen concentration. These two quantities can be further
expressed as

= =c N c NL L L T T T (4)

where L is the fraction of occupied interstitial lattice sites and NL the lattice site density; similarly, T is the fraction of occupied
trapping sites and NT the trapping site density.

Assuming steady state hydrogen distribution, the material flow stress is dependent on the hydrostatic stress field and the plastic
strain field, which can be implemented to realize hydrogen coupled unit cell analysis [12]. Alternatively, transient hydrogen diffusion
analysis can be directly coupled with unit cell analysis [13], which can be realized with the help of user subroutines in a commercial
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finite element software such as ABAQUS [33]. Under the limit of sufficient diffusion time, these approaches are equivalent, and the
latter is adopted in this work. Transient hydrogen diffusion is governed by

+ + =c
t

c
t

D c D c V
RT

· · 0L T
L L

L L h
h

(5)

where DL stands for the lattice diffusivity coefficient, Vh the partial molar volume of hydrogen and h the hydrostatic stress. An
equilibrium exists between hydrogen in lattice sites and in trapping sites [34]

= K
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T

T

L

L
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where KT is the trap equilibrium constant =K exp E RT( / )T b with Eb being the trap binding energy, R the universal gas constant and T
the absolute temperature.

The unit cell method focuses on a single void behavior in a representative material volume with periodic boundary condition. It
offers accurate control over loading path and is an ideal approach to construct material failure loci [35]. The failure locus is defined
as a relation between the effective strain at failure f and the geometric constraint. The level of geometric constraint can be char-
acterized by stress triaxiality and Lode parameter [13]. In this work, the cylindrical unit cell [19] under proportional loading is
employed, leading to an axisymmetric loading scenario where the Lode parameter remains constant L 1.0. In other words, 2D
failure loci are concerned throughout this work. The effective strain of the unit cell is defined as [19]

= 2
3

,e 3 1 (7)

where = ln L L( / )3 0 and = ln R R( / )1 0 , with L and R being the current cell height and radius, respectively. And the level of constraint
is characterized by stress triaxiality

= ,h

e (8)

with e being the equivalent stress.
With a similar approach, we studied the effect of hydrogen on material failure loci in a previous work [13] and a complicated

picture was revealed. The effect was found to depend on hydrogen trap strength as well as stress triaxiality. With weak trapping,
failure occurred in internal necking mode over the entire range of triaxiality, and hydrogen promoted this failure mode. With strong
trapping, hydrogen induced the formation of a shear band in the low triaxiality regime, giving rise to a new internal shearing failure
mode. This adds complexity to the development of the HGurson model. Ultimately, a successful HGurson model is expected to
reproduce the hydrogen failure loci, capturing all the complexities involving trapping strength dependency and different failure
modes. This work as a starting point, is devoted only to capturing hydrogen promoted internal necking failure mode, which is the first
issue that should be addressed in model development. In other words, we limit our focus here to the medium and high stress
triaxiality regime > 1.0.

Hydrogen diffusion coupled unit cell analysis describes the mechanical process in a representative material volume, which is
viewed as a material point at the specimen level. Therefore, HGurson model is essentially a homogenized description of hydrogen-
microvoid interactions at material points. In this sense, the cell analyses can be regarded as “virtual experiments” that can be used as
reference to calibrate and validate the HGurson model. Such “virtual experiments” need to be performed with various hydrogen
concentrations. In all the cell analyses here, the Young’s modulus is = ×E 2 105 MPa, the initial yield stress of the material is

= 4000 MPa, and the strain hardening exponent is =n 0.1. The initial void volume fraction of the unit cell is =f 0.00130 in all

Fig. 1. The failure loci obtained by hydrogen diffusion coupled unit cell analyses, with and without hydrogen.
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simulations. The linear hydrogen softening law in Eq. (2) is adopted with = 0.9 and = 0.5. Lattice hydrogen properties relevant to
steel are adopted: the lattice site density is taken as = ×N 8.74 10L

19 sites/mm3, the partial molar volume of hydrogen as
= ×V 2 10h

3 mm3/mol and lattice diffusion coefficient as = ×D 2.5 10 m /sL
11 2 . The same trapping parameters as in [13] re-

presenting a strong trapping scenario are adopted. The reference hydrogen concentration (Eq. (2)) at which a 10% reduction in yield
stress is observed is assumed to be =c 1.0L

0 wppm. The loading rate during simulation is sufficiently low so that steady state hydrogen
distribution is guaranteed. It should be noted that the assumed level of hydrogen softening is very large. This is for a larger contrast
between hydrogen and original failure loci and for a better demonstration of the decoupling principle. With less softening, the
principle and the HGurson model still apply well, except that the absolute difference in the failure loci is less pronounced. To give a
sense of how the magnitude of the effect of hydrogen depends on the softening parameters, we include unit cell results with milder
hydrogen softening, a 5% reduction and a 1% reduction with =c 1.0L

0 wppm, in Appendix A.
Four cases with different initial uniform hydrogen concentrations =c 0.5, 1.0, 1.5, 2.00 wppm and a hydrogen free case =c 00 are

investigated. Unit cell analyses are performed under fixed stress triaxiality ranging from = 1.0 to = 3.0 with an interval of 0.2.
Over this range, only hydrogen promoted internal necking failure is observed. The failure loci are constructed for each hydrogen
concentration.

The results of hydrogen coupled unit cell analyses, quantified as failure loci, are presented in Fig. 1. Internal necking failure is
observed over the entire range of triaxiality in all cases, and the failure strain decreases with the increase of hydrogen concentration.

Before establishing a model to capture these failure loci, the mechanism of hydrogen promoted internal necking failure needs to
be analyzed. An intuitive impression is that hydrogen induced softening of the matrix material accounts for the early failure, since the
initial yielding stress lowers as c0 increases. Looking into the hydrogen distribution contour during the loading process, another
possible reason is spotted. Due to the pressure and plastic strain dependent nature of hydrogen redistribution, higher hydrogen
concentration is built up at the inter-ligament region, which in turn leads to non-uniform hydrogen softening across the unit cell, as
shown in Fig. 2. This could also be a rationale for the premature failure. To distinguish between these causes, we refer to the former
rationale as hydrogen caused uniform softening and the latter as hydrogen caused non-uniform softening.

To probe the actual cause, an artificial case where the initial yield stress of the matrix material is decreased uniformly by 50% (the
lower bound of hydrogen softening) was simulated. The void growth curves in this case and in the realistic cases with and without
hydrogen are plotted in Fig. 3. Clearly, hydrogen caused uniform softening in the matrix material contributes little to the acceleration
in void growth and premature failure, indicating hydrogen caused non-uniform softening plays a dominant role. This provides
important reference for subsequent model development.

3. HGurson formulation

Coming back to the failure loci in Fig. 1, it is observed that they generally follow a same trend, which is clearly demonstrated by
applying a normalization scheme as shown in Fig. 4(a). The scheme was performed by normalizing the failure strain values on each
failure locus by the value corresponding to = 1.0 on the same locus. After normalization, all the failure loci, including the hydrogen
free failure locus, collapsed into one curve, verifying that they have the same triaxiality dependence, so the presence of hydrogen just
scales the absolute value of a specific locus. In other words, it indicates the failure strain c( , )f which is a function of stress
triaxiality and hydrogen concentration can be expressed in a decoupled form

=c f h c( , ) ( )· ( )f (9)

with f ( ) determined in Fig. 4(a) and h c( ) in Fig. 4(b). It should be noted that h c( ) is a “hydrogen scaling” function that is calibrated
from the “virtual experiments” instead of a fitting parameter. The decoupling phenomenon has been observed in the case without

Fig. 2. (a) The distribution of hydrogen concentration and (b) the initial yield stress contours at an effective strain = 0.5e and stress triaxiality
= 1.0, obtained with hydrogen =c 1.00 wppm.
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trapping as well as in the current case. It may be attributed to the fact that the same failure mechanism, i.e. hydrogen induced local
softening and the similar softening pattern, e.g. Fig. 2(b), apply at different hydrogen concentrations. This decoupling principle holds
true as long as the hydrogen induced local softening occurs at the inter-ligament, which is the case in the high triaxiality regime
concerned here. In the low triaxiality regime where internal shearing failure is observed [13], this principle needs to be verified
separately. The fact that the hydrogen free case also follows this rule suggests that we can start from a hydrogen free mechanical
model and then incorporate the scaling due to hydrogen to capture the hydrogen failure loci. To predict failure of microvoids without
hydrogen, the Gurson model is a perfect candidate.

3.1. Gurson model

The Gurson model [36] is a popular approach to describing failure in porous materials. In 1975, Gurson [36] studied the mac-
roscopic plastic flow of a long circular cylindrical void in a matrix of rigid-plastic von Mises material. By utilizing an approximate
velocity field and appropriate boundary values at the outer and void surface, an upper bound yield function was derived

= + =f q f cosh
q

q f, ¯ ,
¯

2
2 ¯

1 0e m2

1
2

3
2

(10)

where is the stress tensor and f the void volume fraction; e is the macroscopic equivalent stress and m the mean stress. q q,1 2 and
=q q3 1

2 are the parameters introduced by Tvergaard and Needleman [22] in order to enhance the fitting capacity. This modified
version is usually referred to as the GTN model [37], and the original Gurson model is retrieved by setting q q,1 2 and q3 to 1. In this
model, the porous material is represented by a void free continuum, and the microvoids are “smeared” across the continuum.

When loaded, the void volume fraction f of the material increases due to microvoid growth, and the yield surface is modified

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

V
oi

d
vo

lu
m

e
fr

ac
tio

n
f

Effective strain εe

Cell c0=0
Cell c0=1.0 wppm
Cell c0=0, uniform softening by 50%

Fig. 3. Void growth curves obtained via unit cell analyses at stress triaxiality = 1.0, including the hydrogen free case, a hydrogen case and an
artificial case where no hydrogen is present but the entire matrix material is uniformly softened by 50%.

Fig. 4. (a) The normalized failure loci; the failure loci approximately collapse into one curve upon normalization. (b) The value used for nor-
malization versus initial hydrogen concentration, which shows a linear relation.
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following Eq. (10). The rate of void volume change f , i.e. void growth rate is derived from the mass conservation condition in the
matrix

=f f D(1 ) kk
P (11)

where Dkk
P is the volumetric strain rate. It is assumed that failure initiates when the void volume fraction reaches a critical value

=f fc. Therefore, f could be regarded as a damage parameter with a sound micromechanical basis.
The GTN version is employed here to capture the microvoid failure locus in the absence of hydrogen. Consistent with the unit cell

analyses, the material initially possesses a void volume fraction =f 0.00130 and void nucleation is not taken into account. The same
mechanical properties for the unit cell matrix are assigned to the Gurson matrix. Unit cell analyses show that the critical void volume
fraction at failure initiation is around 0.03, therefore, =f 0.03c is adopted in the Gurson model. A single element model assigned with
Gurson material is employed, in order to verify the predictions against the cell results. This element corresponds to the material point
represented by the unit cell in Section 2. The same loading conditions, e.g. fixed stress triaxiality, are applied to the single element
model as to the unit cell. The GTN fitting parameters are selected as = = =q q q1.3, 1.0, 1.691 2 3 , which yields the best prediction of
the hydrogen free failure locus. The Gurson model predictions of unit cell failure locus and void growth in the case of = 1.0 are
presented in Fig. 5. Good agreement between the model prediction and the cell results are achieved.

3.2. HGurson model

Following the decoupling principle revealed in the previous section, we now proceed to incorporate the effect of hydrogen into
the Gurson model established above. Since the material point is represented by only one element in the HGurson model, hydrogen
redistribution observed in the unit cell analyses cannot be directly captured. Therefore, the hydrogen concentration that is passed to
the model has to be the initial uniform hydrogen concentration applied to the unit cell: again, the entire hydrogen-microvoid
interactions, including hydrogen redistribution and plasticity localization are captured in a homogenized manner by the HGurson
model. Recall that it is the hydrogen caused non-uniform softening that is dominant in the premature failure, but this cannot be
reflected directly in the single element model. Looking at the derivation of the original Gurson model, we face the same dilemma: the
Gurson model was derived assuming an isotropic matrix with uniform mechanical property, therefore, hydrogen can only soften the
entire volume, in other words, there is no way to implement non-uniform hydrogen softening, if we wish to rigorously keep the
original formulation of the Gurson model.

To demonstrate the deficiency of considering only the hydrogen caused uniform softening effect in HGurson model, we use a
simple artificial case where the single element Gurson model is simulated at = 1.0 and the initial yield stress of the matrix material
is decreased by 50% uniformly. This artificial HGurson case corresponds to the artificial cell case in Fig. 3. The void growth curve has
been included in Fig. 8(a). Clearly, directly implementing uniform softening to the Gurson model has little influence on void growth
and therefore does not help capture the hydrogen failure loci.

To account for the hydrogen caused non-uniform softening effect in the HGurson model, the rigorous way is to reformulate the
original Gurson model to consider a local softening regime in the void ligament. The solution will be extremely difficult, if not
impossible, and it requires quantitative description of hydrogen induced non-uniform softening when it comes to the HGurson model,
which induces further complexity. An alternative way is to view the Gurson model as a damage model and the void volume fraction f
a damage parameter, so that the premature failure can be attributed to the hydrogen promoted accumulation of damage. The latter is
adopted in this work, inspired by the practice in [26] which introduced the influence of external shearing to the Gurson model.

The strategy is therefore to let hydrogen accelerate damage accumulation in the Gurson model, and the acceleration should be
dependent on hydrogen concentration. For this purpose, the void growth rate f is made additionally dependent on the initial hy-
drogen concentration c0 applied to the material point. It should be noted that c0 is referred to as the initial concentration in the sense

Fig. 5. Using the Gurson model to capture (a) hydrogen free failure locus and (b) void growth in the case with stress triaxiality = 1.0.
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that it prescribes the hydrogen condition at the beginning of hydrogen-microvoid interaction, at each material point and for a given
time step in HGurson simulation. At the specimen level, c0 should correspond to the transient hydrogen concentration at materials
points instead of the global concentration initially applied to the whole specimen. In the lack of further information on hydrogen
accelerated damage accumulation, the linear scaling function stands as a natural option [26]

= =f c f k c f D k c( ) · ( ) (1 ) · ( )H kk
P

H0 0 0 0 (12)

As to be shown later, this function can yield satisfactory failure prediction. In this formulation, the void growth rate in the presence of
hydrogen is simply the hydrogen free void growth rate = =f f c( 0)0 0 multiplied by a scaler as a function of hydrogen concentration
at the material point. In the case of the single element model, since the initial hydrogen concentration is constant, this scaler is a
constant. Therefore, this scaler function can be calibrated via comparison between the single element model and unit cell results.

Applying Eq. (12) and keeping all the other parameters unchanged, the void growth rate will be accelerated. However, it is not
easy to evaluate the acceleration analytically, since the volumetric strain rate Dkk

P in this expression will also be increased due to the
modification. Assuming Dkk

P remains constant throughout the simulation, we have

=f d fc0 0
f 0

(13)

=k c f d f( )·H
c

c0 0

( )
0

f 0

(14)

where f 0 denotes the hydrogen free failure strain. Eq. (14) indicates the hydrogen failure strain c( )f 0 is equivalent to the strain value
corresponding to the void volume fraction f k c/ ( )c H 0 in the hydrogen free case. In the simplest scenario where f0 is constant, i.e. the
void growth curve is linear, we have

=k c
c

( )
( )H
f

f
0

0

0 (15)

In practice, however, the void growth curve is concave up as shown in Fig. 6. In this figure, the actual failure strains are = 0.682f and
= 0.764f in the =c 1.0 wppm0 and =c 00 cases, respectively. Due to the linear void growth assumption, the scaler is determined as
=k 1.16H , yielding a prediction of = 0.733, 7.5%f higher than the actual value. Therefore, the linear void growth assumption leads

to overestimation. Meanwhile, it is noted that the discussion above is based on the assumption that Dkk
P remains constant after

implementing Eq. (12). As a matter of fact, Dkk
P is found to increase in the simulation with hydrogen, scaled up approximately by a

factor of · e, with > 1.0 roughly being a constant and e the effective strain. This implies the failure strain predicted with Eqs. (14)
and (15) in practice will be smaller than that estimated in Fig. 6. In other words, the overestimation eventually will be less than 7.5%,
making the prediction rather satisfactory.

Going back to Fig. 4 and Eq. (9), we now have

= =k c
c

h
h c

( )
( , 0)
( , )

(0)
( )

,H
f

f
0

0 0 (16)

so the parameter kH is a function of c0 and independent of stress triaxiality. kH as a function of c0 can then be calibrated based on
Fig. 4(b)

= +k c c( ) 0.16 1.0.H 0 0 (17)
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Fig. 6. The prediction of hydrogen failure point using Eq. (14) and assuming linear void growth. The solid lines represent the actual void growth
curves extracted from HGurson simulations, and the dashed dotted lines represent the assumed linear void growth line. kH is determined as
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It should be emphasized that this function is obtained via calibration of the unit cell failure loci following the decoupling principle,
rather than out of pure fitting.

The HGurson model is established by implementing Eqs. (12) and (17). This model is then implemented via user defined material
subroutine UMAT in ABAQUS [33], using the explicit consistent tangent modulus method [38–40]. The hydrogen failure loci pre-
dicted by the single element HGurson model for the cases =c 1.0 wppm0 and =c 2.0 wppm0 are shown in Fig. 7. Satisfactory
agreement between the HGurson predictions and the unit cell results is achieved. Except for the failure strain, the void growth curve
and stress-strain relation are also captured with good accuracy, which is verified by comparing the HGurson and unit cell results with

= 1.0 and =c 1.0 wppm0 , as shown in Fig. 8.
So far, an HGurson model accounting for hydrogen enhanced internal necking failure has been delivered. This model reproduces

the “virtual experimental” results obtained via hydrogen diffusion coupled unit cell analyses. For a given material, this model keeps
all the hydrogen free material properties calibrated for the Gurson model and introduces only one additional hydrogen acceleration of
void (damage) growth term k c( )H 0 , which is dependent only on hydrogen concentration c0. In real life, the void behavior is more
complicated, accompanied by rotation and shape change. These will inevitably affect model parameters, such as the critical void
volume fraction fc and the q parameters in the GTN version. To consider the hydrogen dependence of these parameters, more
parameters and assumptions have to be included and additional calibrations are required, rendering the model redundant. Following
the decoupling principle regarding the effect of hydrogen, we keep all the Gurson parameters unaffected by hydrogen, once they are
determined in the hydrogen free case. This yields a clean HGurson model with good accuracy. Similar practice is found in the shear
modified Gurson model [26]. As noted before, c0 is the initial uniform hydrogen concentration in the single element model, but it will
be the real time hydrogen concentration at material points in specimen level simulations. The application of Eq. (2) will cause
softening to plastic flow, which will occur mainly at the failure process zone where a high concentration of hydrogen is built up. In
most part of the specimen, hydrogen concentration will remain low and therefore the global loading curve is not expected to be
severely softened.

The HGurson model is of practical value for engineering failure assessment to which material failure locus is critical. To calibrate
a failure locus, the conventional way is to design test specimens with various geometries representing a range of stress triaxialities;
the specimens are then loaded to failure so that the relation between failure strain and stress triaxiality can be obtained. For hydrogen
failure assessment, the whole procedure has to be repeated under different hydrogen concentrations, in order to construct hydrogen
failure loci as shown in Fig. 1, which increases the workload by several times. Inspired by the decoupling principle revealed in Fig. 4,
the calibration procedure for the HGurson model and hence for failure loci can be significantly simplified:

(I) A series of mechanical tests with different geometries (stress triaxialities) in the absence of hydrogen need to be performed on a
given material, yielding hydrogen free Gurson model parameters (hydrogen free failure locus), e.g. [41].

(II) Hydrogen charged mechanical tests need to be performed using any (one) geometry at several hydrogen concentrations to
produce a hydrogen degradation curve similar to that in Fig. 4(b), and the hydrogen related term k c( )H 0 (Eq. (17)) can then be
determined.

In this procedure, different geometries need to be tested only in step (I), which is the necessary cost for material calibration in the
absence of hydrogen. In step (II), utilizing the decoupling concept, only one specimen geometry is needed and only a couple of
hydrogen concentrations need to be tested. Therefore, this HGurson model calibration procedure is cost efficient for engineering
purpose.

Fig. 7. Single element HGurson model prediction of hydrogen failure loci for (a) =c 1.00 wppm and (b) =c 2.00 wppm.
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4. Summary

A hydrogen informed Gurson model for hydrogen enhanced internal necking failure in high stress triaxiality regime was estab-
lished in this work, as the first step towards a practical hydrogen embrittlement simulation tool based on the HELP mechanism.

Using hydrogen diffusion coupled unit cell analyses as “virtual experiments”, hydrogen enhanced internal necking failure loci
were constructed at various concentrations and an important conclusion in hydrogen-microvoid interactions, i.e. the decoupling
principle, was drawn. The hydrogen failure strain was shown to be a decreasing function of stress triaxiality and hydrogen con-
centration, and more importantly, the effects of these two factors were found to be decoupled. Further investigation demonstrated
that hydrogen caused non-uniform softening of the unit cell matrix is the dominant factor in hydrogen enhanced internal necking
failure. These conclusions hold for a wide range of hydrogen trapping strength, as far as internal necking failure is concerned.

The HGurson model was proposed based these findings. Inspired by the decoupling concept, this model uses the Gurson model
which accurately captures the hydrogen free microvoid process as the basis and introduces only one hydrogen related term to
accelerate damage accumulation. Due to the clean formulation and the easy calibration of the hydrogen related term, the proposed
model is user friendly and cost efficient for engineering practice. Good agreement between the HGurson model predictions and the
“virtual experimental” results were achieved.

The HGurson model derivation was demonstrated using a strong hydrogen trapping case, since it gives pronounced hydrogen
degradation in failure strain. In fact, we also studied the case with no hydrogen trapping and found that the model possesses the same
form and follows the same derivation procedure. Therefore, this HGurson model is expected to apply to various hydrogen trapping
strengths as far as internal necking failure mode is concerned.

This work concerns only hydrogen enhanced internal necking failure and is just the first step towards a HELP mechanism based
hydrogen embrittlement simulation tool. To deliver a complete model applicable to the entire range of stress triaxiality, hydrogen
induced internal shearing should also be addressed, which will be our next step.
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Appendix A. Failure loci under milder hydrogen softening

In order to give a sense of how the magnitude of the effect of hydrogen depends on the softening parameters, we present the
failure loci obtained using = =c0.95, 1.0L

0 wppm and = =c0.99, 1.0L
0 wppm (Eq. (2)). With milder hydrogen softening, the de-

crease in failure strain due to hydrogen becomes smaller. However, the shape of failure loci are the same as that in Fig. 1; it has been
verified that the decoupling principle, e.g. Fig. 4 and Eq. (9) still holds. Therefore, the HGurson model formulation also applies in
these cases with milder hydrogen softening (see Fig. A.9).

Fig. 8. The HGurson model prediction of (a) void growth curve and (b) effective stress-strain relation for the case with = 1.0 and =c 1.00 wppm.
The void growth curves without hydrogen and a (artificial) void growth curve obtained by softening the original Gurson model uniformly are also
included in (a).
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