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Abstract. This paper deals with the effects of plasticity generated in the vicinity of a crack tip by
previous cyclic (fatigue) loading and posterior monotonic loading on hydrogen assisted cracking (HAC).
Experiments are considered in combination with a high-resolution numerical modelling of the
elastoplastic stress-strain field near the crack tip, so that the plastic zone extent is compared with the size
of the hydrogen-assisted micro-damage region or tearing topography surface (TTS). In most of the
analysed cases the TTS region clearly exceeds the plastic zone and does not have any relation with it,
i.e., the hydrogen affected area exceeds the only region in which there is dislocation movement, and the
hydrogen transport cannot be attributed to dislocation dragging, but only to diffusion. It is, however,
stress assisted diffusion in which the hydrostatic stress field plays a relevant role.

Resumen. Este articulo trata de los efectos de la plasticidad generada en las proximidades del extremo
de una fisura mediante solicitacion previa oscilante (fatiga) y solicitacion posterior monoétona creciente en
condiciones de fisuracion asistida por hidrégeno (FAH). Se analizan los resultados experimentales en
conjuncion con una modelizacion numérica de alta resolucion del campo tenso-deformacional
elastoplastico cerca del extremo de la fisura, de modo que la extension de la zona pléstica se compara con
el tamafio de la zona de micro-dafio asistido por hidrogeno o tearing topography surface (TTS). En la
mayoria de los casos analizados la zona TTS sobrepasa claramente la zona plastica y no tiene relacion
alguna con ella, es decir, la zona afectada por el hidrogeno sobrepasa la Unica region en la cual hay
movimiento de dislocaciones, de modo que el transporte de hidrogeno no puede se atribuido al arrastre
dislocacional, sino Unicamente a la difusiéon. Sin embargo, se trata de difusion asistida por la tension,
segun la cual el campo de tension hidrostatica juega un papel relevante.

1. INTRODUCTION

The study of hydrogen-plasticity interactions is a
fundamental issue to clarify the micromechanisms
leading to hydrogen-assisted fracture of metallic
materials. The relationship between hydrogen and
plasticity has been frequently the object of controversy
about two key topics: (i) whether hydrogen influences
plasticity by promoting strain localization and (ii)
whether or not plastic zone spreading —and
corresponding movement of dislocations— can affect
hydrogen transport.

Since there is general agreement that hydrogen transport
plays a dominant role in hydrogen-assisted cracking
(HACQ), it is important to elucidate the main hydrogen

transport mechanism operative over relevant penetration
distances. The problem is far from being totally
understood, and two main types of hydrogen transport
in metals have been proposed: lattice diffusion [1-3] (or
random-walk diffusion) and dislocation sweeping [4-6]
(or dislocation dragging).

Diffusion is a transport mode by which hydrogen
moves towards the points of minimum concentration,
the penetration distance being controlled by the \73?

term [1]. If stress assisted diffusion is considered [2],
hydrogen transport is driven by the gradients of
concentration and hydrostatic stress. A more general
treatment [3] involves also plastic strain gradients
contributing to diffusion. A mechanism of hydrogen
transport by diffusion is consistent with the results of



slow strain rate tests under cathodic hydrogenation,
since it predicts maximum hydrogen effect at the
slowest strain rates [7].

Dislocation sweeping is a transport mechanism by
which hydrogen is dragged by dislocations as the
plastic zone spreads, it being associated with the
average velocity of dislocations which may be
macroscopically expressed in terms of the plastic strain
rate [4]. There are two main models of dislocation
sweep-in of hydrogen: the stripping model [4] and the
annihilation model [5], reviewed in [6]. The first
predicts a significant build-up of hydrogen, while the
latter concludes that the supersaturations of hydrogen
are negligible. The weakest point of the two models is
their inconsistency with the known experimental
evidence of the monotonic inverse dependence of
hydrogen embrittlement upon strain rate.

The issue of the controlling hydrogen transport mode
was addressed in previous research on hydrogen-assisted
fracture in notched specimens of high-strength pearlitic
steel [8,9], showing that stress-assisted diffusion is the
predominant mode of transport in pearlitic steel under
triaxial stress states produced by notches and that there
is no relationship between the plastic zone extent and
the hydrogen-affected region revealed by microscopic
examination.

This paper tries to provide more insight into this
fundamental question by using precracked samples.
Since different fatigue precracking programmes are
considered, the effects of prestressing and prestraining
in the vicinity of the crack tip are elucidated, which is a
very important topic because the fatigue precracking
levels affect dramatically the values of stress intensity
factor for initiation of HAC [10,11].

2. EXPERIMENTAL PROGRAMME

A high strength eutectoid steel was used, with yield
strength 6y = 725 MPa, ultimate tensile stress o =
1300 MPa and fracture toughness K;- = 53 MPa m!/2,
Slow strain rate tests were performed on precracked rods
in aqueous solution under electrochemical control, as
described elsewhere [12]. The displacement rate was 8.3
x 10~® ms~!, based on experience [13]. A constant
electrochemical potential of —1200 mV SCE (cathodic)
was held during the tests to promote HAC.

Precracking was carried out by axial fatigue in air
environment. Various series of samples were prepared
by using different fatigue loads during the last stage of
fatigue precracking just previous to the environmentally
assisted fracture test so as to control this important
experimental variable which clearly influences the
results in HAC [12]. The maximum levels of stress
intensity factor K during fatigue (the last stage) were
Kmnax = 0.28K,, 0.45K,, 0.60K, and 0.80K.

Fig. 1 shows the experimental failure load in a
hydrogen environment Fysc (divided by the value in air

Fc) as a function of Kpax/ K. The effect of fatigue
precracking is beneficial for the HAC resistance, since
the fracture load in hydrogen is an increasing function
of Kinax- This may be caused by the cyclic plastic zone
or the compressive residual stresses near the crack tip
after fatigue precracking. The crack tip is prestrained (or
prestressed) by fatigue: the higher the cyclic load level,
the more pronounced the prestraining/prestressing effect
which delays the hydrogen entry and improves material
performance in this aggressive environment.
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Fig. 1. Ratio of the failure load in hydrogen Fysc to
the same in air Fc as a function of the fatigue
precracking level expressed by K .«/Kic.

The fractographic analysis showed a special fracture
mode between the fatigue precrack and the final cleavage
fracture: the tearing topography surface or TTS [14,15]
shown in Fig. 2. This fracture mode is very important
in HAC of pearlitic steel because of the experimental
evidence which allows its consideration as the
hydrogen-assisted micro-damage region, i.e., the zone
where the physical micromechanisms of hydrogen-
assisted fracture take place [16-18].

Fig. 2. TTS fracture mode.



The depth of the TTS zone was measured at the deepest
point of the crack, in the direction perpendicular to the
crack front. Results presented in Fig. 3 show an inverse
relationship between the TTS depth and the maximum
stress intensity factor level during the last stage of
fatigue precracking (Kyax), i.€., the heavier the fatigue
precracking, the narrower the TTS region generated
during HAC ahead of the previous fatigue crack front.

0.25

o©
V)

©
o
a

TTS zone depth, mm

0L

Fig. 3. TTS depth vs. Kjax.

3. NUMERICAL MODELLING

A numerical simulation was made of the stress-strain
state near the crack tip under plane-strain small-scale
yielding in an elastoplastic material with combined
isotropic/kinematic strain-hardening. Its characteristics
are those of the steel used in the experiments, cf. [12].
The crack was modelled as a round-tip slit with initial
height (twice the tip radius) of 5 um in agreement with
experimental data for fatigue cracks in high-strength
steels [19]. The loading history consisted of ten loading
cycles in accordance with the experimental fatigue
programmes, and rising load corresponding to the HAC
test. The nonlinear finite element code MARC [20] was
used with updated Lagrangian formulation.

Two crack tip plastic zones are of interest: (i) forward
or monotonic plastic zone, defined as the domain
suffering plastic strain at load maxima (K=K.y); (i)
reversed or cyclic plastic zone, region where plasticity
takes place at load minima (K=K,;;=0). The finite
element analysis provides the following estimation of
the depth of the forward (monotonic) plastic zone at the
loading level Kyax:

2
Xy = 0.0335 (Kinax/Oy) (1)

The reversed (cyclic) plastic zone at K,;,=0 is also
dependent on the previous K,x-level (i.e., on the range
AK). Because of the material's hardening, it is natural
to define the plastic flow zone at cyclic loading from

the condition of positive increment of the equivalent
plastic strain (dséﬁl >0). This is the active, really cyclic,
plastic zone. For cyclic loading under given Kyax, the
depth of this reversed (cyclic) plastic zone at unloading
(K=Kjn) may be estimated as:

2
x, = 0.0065 (K ,../0y) #)
Fig. 4 plots the complete evolution of the depth of the
active plastic zone through the whole rising-load HAC
process for two different fatigue precracking regimes
with Kiax/Kic = 0.45 and 0.80.
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Fig. 4. Evolutions of the depths of active plastic zones
in fatigue precracked specimens during rising load HAC
tests: dashed and solid lines correspond respectively to
fatigue regimes with K,,4/Kjc = 0.45 and 0.80, crosses
mark the instants of hydrogen assisted fracture in
experiments at respective levels of K = Kqoyac. Points
represent the results of the finite element calculations
and dotted lines show their approximations by ggs.
xy(K) =0.0335 (K/oy) and x,(K) = 0.0065 (K/oy) .

Fig. 4 allows an analysis of plasticity evolution during
the test, as explained in the following paragraphs
devoted to sequential phases of the mechanical
evolution in the close vicinity of the crack tip:

(1) Initial phase. At the beginning of test loading
applied after precracking, increasing load causes stresses
that, by superposition with the residual stress field after
the final load reversal (unloading) in fatigue, result in
elastic unloading near the crack tip. Therefore, no
plasticity occurs at this phase that lasts up to a certain
applied stress intensity factor level slightly dependent
on Kj,.x. Corresponding average value of the stress
intensity factor for initiation of plastic straining in the
rising load HAC test for the considered range of K;ax
values may be estimated as 0.2Ky,x-

(i1) Intermediate phase. During further load increase in
HAC test, crack tip stress-strain fields evidently evolve



the same way as during previous fatigue load whilst K
< Kpaxs 1-€., plasticity development is identical to that
observed on the forward portions of load cycles during
precracking. So, active plastic deformations detected by
the condition dedy >0 are confined to the shrunk cyclic
plastic zones as described before (path x,(K) in Fig 4).
Neglecting a short interval at the beginning of this
phase where for obvious reasons the plastic zone must
not be K-controlled and self-similar, relation (2) with
Kmax substituted by applied K turns out to be a good
approximation for the plastic zone depth on this stage.
Thus the forward active plastic zgne in this intermediate
phase is x,(K) = 0.0065 (K/oy) . The maximum depth
attained by the active plasticity in this phase is achieved
at K = Kppax with a value x,(Kypax)-

(iii) Final phase. When applied load renders K >
Kmax, the equivalence of the stress-defined domain Geq
> oy and the zone of increasing (active) plastic
deformation ds&l >0 is restored since plasticity extends
over new portions of material which has not experienced
plastic deformation and yields when the initial flow
stress Oy is attained, so that both of them define the
same plastic region. The latter during this stage of the
rising load test coincides with the monotonic plastic
zone. Then eq. (1) becomes valid again to represent the
plastic zone depth. Therefore, when the K value applied
during the HAC test exceeds the fatigue precracking
level K yax the active plastic zone increases in a step-
wise manner (“explodes”) in this loading stage (path
xy(K) in Fig. 4).

As a summary, the evolution of the active plastic zone
where dislocation motion goes on during the rising load
HAC test after fatigue precracking may be described as
follows:

0 at K < 0.2K 4«
X, (K) =9 x,(K)=0.19xy(K) at 0.2Kpax <K < Kppax
xy(K) at K > Kmax

©)

where the active plastic zone is represented now by the
symbol L to indicate the material region associated with
dislocation movement. For low values of the externally
applied K after precracking with K . ., ie., at the
beginning of the HAC test (K < 0.2K,,.), the active
plastic zone is null. Later on (K < 0.2K . < K), the
depth of such a zone is given by x,(K), i.e., it is the
incremental or strain-defined plastic zone. Finally, when
the level of externally applied K exceeds that of the last
stage of fatigue precracking K. (K > K. ) the depth
of the active plastic zone is given by xy(K), i.e., it is
the Mises or stress-defined plastic zone.

The described behaviour of the active plastic zone and
of the dislocation movement region during rising load
HAC affected by fatigue precracking (Fig. 4) provides
the required tool for further analysis of the hydrogen-
plasticity interactions during the test, as discussed in
the following section of the paper.

4. DISCUSSION

To analyse the results of the performed HAC tests on
the basis of the described simulation of the crack tip
mechanics, it is useful to compare in each experiment
the two characteristic distances: (i) the computed depth
of the active plastic zone x; and (ii) the measured
extension of the hydrogen-assisted damage area ahead of
the crack tip (the TTS depth), both at the point of
hydrogen assisted fracture of the specimen. To define
the former distance, the critical value of the stress
intensity factor for HAC, Kgpyac, is evaluated from the
ratio of the fracture load in hydrogen Fysc to the same
in air F¢ (Fig. 1) as follows:

Konac = Fuac/Fe) Kic ©)

Neglecting subcritical crack growth, Kgpac may be
considered as an upper bound estimate for the threshold
stress intensity factor for HAC.

The definition of Kqpac allows a complete analysis of
Fig. 4, where the yielding history is represented for
HAC tests after precracking with K /K~ = 0.45 and
0.80. As indicated above, there is a change in the
plastic zone from strain-defined (incremental) to stress-
defined (von Mises) and this fact produces a kind of
sudden increase (an “explosion”) of plastic zone size.
This sudden increase takes place when the maximum
fatigue precracking level is exceeded during the rising-
load HAC test, and thus it happens earlier in the lower
precracking regimes (K, /K- = 0.45) than in the
heavier precracking regimes (K ,./K;- = 0.80), as
represented by the vertical lines in Fig. 4 (dashed for
K hax/Kic = 0.45 and solid for K, /K- = 0.80).

For each experimental fatigue precracking regime, Fig.
5 summarizes the computational results (obtained by
the high-resolution finite element analysis described
above) in the matter of plasticity spreading. It presents
the computed plastic zone sizes during fatigue
precracking (forward or monotonic Xy at the level
K=Kpax and reversed or cyclic x, at the level K=K
=0, for a given fatigue precracking intensity Kmax)-
The active plastic zone depths x; at fracture in the
rising load HAC test are also presented in Fig. 5. These
latter regions are defined for corresponding experimental
value of K = Kgyac according to the numerical results
given by relations (3) and represent the physical domain
where dislocation motion does take place in the material
up to the fracture instant in the HAC test. For the
lowest precracking level Ky, = 0.28K, the points in
Fig. 5 were obtained by extrapolation of the numerical
simulation data using relations (3), i.e., supposing a
(K/Gy)z—similitude of the near tip domain.

For lower precracking K,.x-levels, the corresponding
critical values are Kgpac > Kmax, and the active plastic
zone at fracture x;(Kgpac) corresponds to the
monotonic one Xy(Kqpac), whereas for the strongest
fatigue precracking regime at K;,x = 0.80 K¢ the
critical value Kgpac floes not exgeed Kmax and the
advancement of plastic straining is confined to the



Smaller CyCliC p]astic zone, XJ_(KQHAC) = XA(KQHAc), Cf
respective fracture points shown in Fig. 4. Just when
the applied K level in a HAC test overpasses the fatigue
precracking level (K>K;,.x), the active plastic zone
changes from strain- to stress-defined, i.e., from cyclic
to monotonic (or from reversed to forward), and this
change produces a sudden increase of plastic zone size
(an "explosion") of the active plastic plastic zone X
where plastic flow goes on, i.e., defy /dt > 0.

0.2 X

0.15 [ I}

o
il
e

0.05 [

Characteristic depths, mm

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Kma>< /KIC

Fig. 5. Comparison of the scales of plasticity spreading
and the sizes of the hydrogen-assisted microdamage
region (TTS zone) near the crack tip depending on the
fatigue precracking regime: dashed lines (with circles)
show the sizes of the active cyclic and monotonic
plastic zones x)(Kmax) and xy(Kyax); dashed-doted line
(with squares) represents the measured TTS depth xprg;
solid line (with crosses) marks the depth of active
plasticity and dislocation movement at the instant of
hydrogen assisted fracture in the tests (K = Kqpac)-

To analyze the coupling between plasticity and
hydrogenous effects, Fig. 5 offers the comparison of the
calculated extensions x; of the active plastic flow (the
scales of dislocations mobility) up to the hydrogen
assisted fracture event at K = Kgyac and the measured
depths xprg of the hydrogen-assisted microdamage
region (TTS) obtained after the HAC tests. With regard
to the most forceful fatigue precracking programme with
Kmax= 0.80Kjc, this K, ax-level is not surpassed during
the HAC experiment because the test terminates just at
that level, Kouac = Kmax, only. Obviously, due to
measurement errors this latter experimental value of
Konac may differ from K, within some scatter band.
Nevertheless, even if HAC really takes place at Kqyac
slightly higher than K,«, and so the active plastic zone
may have the "burst" size at fracture, xy(Kqnac) but not
Xa(Kguac) according to expression (3), it must not
seriously affect the subsequent deductions from the
comparisons of the x; (Kquac) and the TTS depth xTTS
as far as during the main part of this test the plastic
flow is confined to its reduced cyclic dimensions x,(K)

out of which insignificant plastic straining can proceed
after exceeding K.« till soon test termination by HAC.

Fig. 5 demonstrates that plastic zone development does
not seem to be a key item in the HAC process, due to
the two fundamental experimental facts:

(i) In most experimental fatigue programmes (those
with Kax/Kic = 0.28, 0.45 and 0.60), the TTS depth
is greater than the active plastic zone size associated
with the movement of dislocations in the vicinity of the
fatigue precrack tip during the HAC test.

(1) The trends of evolution of the TTS and plastic zone
sizes with the level of fatigue preloading Kmax/Kjc is
opposite. Whereas the size of the hydrogen-assisted
micro-damage region decreases with K.y, the plastic
zone dimension increases with it.

On the basis of (i), it is possible to say that, in the
majority of cases, the hydrogen affected region exceeds
the plastic zone, i.e., the only region in which there is
dislocation movement, so that hydrogen transport
cannot be attributed to dislocation dragging, but only to
a random-walk diffusion. It is not, however,
conventional diffusion according to classical Fick's
laws, but stress-assisted diffusion in which the
hydrostatic stress field plays a very important role in
accelerating or delaying the diffusion as a function of
the sign of its gradient (cf. [3]).

The proposed mechanism of transport by stress-assisted
diffusion is consistent with the fundamental
experimental fact shown in Fig. 1 of improved HAC
behaviour for stronger fatigue precracking regimes. The
higher the cyclic load level, the larger the plastic zone
and the higher the compressive residual stresses
generated near the crack tip after unloading. These
compressive  stresses are generated by  strain
compatibility in the plastic near-tip area surrounded by
an elastic domain which compresses the former and they
produce also negative hydrostatic stress in the vicinity
of the crack tip, thus delaying the hydrogen entry and
diffusion.

According to (ii) the TTS has no relationship with the
plastic zone, and the opposite trend which exhibit these
two magnitudes seems to indicate that the role of
dislocations in hydrogen transport is reduced by
enhancing the trapping of hydrogen instead of
transporting it over long penetration distances. This is
consistent with experimental observations of the effects
of plastic deformation on hydrogen transport in iron,
nickel and stainless steel [21] which did not support the
assumption that moving dislocations accelerate
hydrogen transport because of the two competing effects
of enhanced transport and enhanced trapping.

The assumption of increasing trapping of hydrogen as a
consequence of fatigue pecracking is consistent with the
predamage in the plastic zone created by fatigue (cyclic
plastic zone Axp,) which delays the hydrogen entry by
an increase of the dislocation density an thus of the



number of potential traps for hydrogen. The
experimental fact of better HAC performance for
increased K.« level (Fig. 1) can also be explained by
this phenomenon of trapping. The higher the Kmax-
level, the higher the density of traps and the lower the
hydrogen entry.

5. CONCLUSIONS

It is shown that cyclic crack-tip plasticity improves the
HAC behaviour of the steel, since the failure load in
hydrogen is an increasing function of the maximum
stress intensity factor during the fatigue precracking.

Fractographic analysis showed that the micro-damage
produced by the hydrogen was clearly detectable by
scanning electron microscopy, through a specific
microscopic topography associated with hydrogen
effects: tearing topography surface or TTS.

High-resolution numerical modelling demonstrated that
both the monotonic and the cyclic plastic zone sizes in
the fatigue pre-cracking period (numerically computed)
stabilise after a few cycles and remain almost constant
during fatigue, in spite of the constitutive equation of
the material which includes strain hardening.

When cyclic (fatigue) loading is applied during
precracking, the active plastic zone changes from the
forward or monotonic one (stress-defined) at the
maximum load to the reversed or cyclic one (strain-
defined) at the minimum load. When the applied level
of loading exceeds the historical maximum, a sudden
increase ("explosion") of the plastic zone takes place.

In the majority of cases, the hydrogen affected region
exceeds the plastic zone, i.e., the only region in which
there is dislocation movement, so that hydrogen
transport cannot be attributed to dislocation dragging,
but only to a random-walk diffusion. It is stress-
assisted diffusion, according to which hydrogen is
driven by the hydrostatic stress gradient.

The beneficial effect of crack tip plastic straining over
the HAC the delay of hydrogen entry caused by
compressive residual (hydrostatic) stress after pre-
cracking and by enhanced trapping of hydrogen as a
consequence of plastic straining, which increases the
dislocation density in the vicinity of the crack tip.
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