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Abstract

This paper analyzes by numerical methods the plastic zone evolution in the vicinity of a crack
tip in a high-strength pearlitic steel subjected to cyclic (fatigue) precracking and posterior
hydrogen assisted cracking (HAC). The plastic zone extent is compared with the tearing
topography surface (TTS) or hydrogen-assisted micro-damage region in the experiments.
Results demonstrate that the TTS depth has no relation with the active plastic zone
dimension, i.e., with the size of the only region in which there is dislocation movement, so
hydrogen transport cannot be attributed to dislocation dragging, but to random-walk lattice
diffusion in which the hydrostatic stress field plays a relevant role.

Introduction

In hydrogen assisted cracking (HAC) processes, a basic issue is to elucidate the main
hydrogen transport mechanism. Two main types of hydrogen transport in metals have been
proposed: (i) lattice diffusion or random-walk diffusion, described by Troiano [1], Van
Leeuwen [2] and Toribio and Kharin [3]; (ii) dislocation sweeping or dislocation dragging,
described by Tien et al. [4]; Johnson and Hirth [5] and Nair et al. [6]. This second mechanism
is associated with hydrogen-plasticity interactions.

Diffusion is a transport mode by which hydrogen moves towards the points of minimum
concentration through the crystalline lattice in the form of random-walk governed by the
(DY) term which controls the penetration distance [1]. When stress-assisted diffusion is
considered [2,3] hydrogen movement is driven by the gradients of both concentration and
hydrostatic stress. A mechanism of hydrogen transport based on lattice diffusion is consistent
with the results of slow strain rate tests under cathodic polarization environmental conditions,
since it predicts maximum embrittlement at the slowest strain rates. On the other hand,
diffusion is usually a slow transport mode and penetration distances are rather small.

Dislocation sweeping is a transport mode by which hydrogen is dragged by dislocations as
the plastic zone spreads. This may be associated with the average velocity of dislocations and
expressed in terms of the plastic strain rate. There are two main models to evaluate the
possible supersaturation or enrichment of hydrogen at specific sites in the material as a result
of a dislocation sweep-in of hydrogen: the stripping model by Tien et al. [4] and the
annihilation model by Johnson and Hirth [5] both reviewed by Nair et al. [6]. The first
estimates a significant build-up of hydrogen, while the latter concludes that the Kinetic
supersaturations are extremely small in all real situations. The weakest point of the two
models is their inconsistency with the well known experimental evidence of the inverse
dependence of hydrogen embrittlement upon strain rate. The stripping model predicts
maximum hydrogen embrittlement at an intermediate strain rate, whereas according to the
annihilation model the kinetic supersaturation is proportional to the strain rate.
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This paper tries to provide more insight into this fundamental question related to
hydrogen-plasticity interactions. To this end, tests with precracked specimens of high-
strength pearlitic steel are analyzed in combination with a high resolution numerical
modelling of the plastic zone evolution in the vicinity of the crack tip subjected to fatigue
precracking and subsequent monotonous loading up to the points of fracture in the HAC tests.

Experimental

A high strength eutectoid steel was used in this work. The chemical composition is given in
Table 1 and the mechanical properties in Table 2. To evaluate the HAC behaviour of the
steel, slow strain rate tests were performed on transversely precracked rods immersed in
aqueous solution under electrochemical control, as described by Toribio and Lancha [7]. The
electrochemical potential (constant during the tests) was E = —=1200 mV SCE (cathodic) to
promote HAC in the metallic specimens.

TABLE 1. Chemical composition (wt %) of the steel.

C Mn Si P S Cr Ni Mo

0.74 0.70 0.20 0.016 0.023 0.01 0.01 0.001

TABLE 2. Mechanical properties of the steel.

E (GPa) oy (MPa) |Kic(MPami2)| P (MPa) n| P (MPa) Ny

195 725 53 2120 5.8 2160 17

E: Young’s modulus; oy: Tensile yield stress; Kc: Fracture toughness
Ramberg-Osgood curve = o/E+(c/P)"; Part I: ¢P<1.07; Part I1: €P>1.07

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, cf. [7]. The maximum
stress intensity factor (SIF or K) levels during fatigue (last stage) were Kmax = 0.28, 0.45,
0.60 and 0.80K.

Fig. 1 shows the experimental device (three-electrode assembly) and the main results
expressed in terms of the failure load in a hydrogen environment Fyac (divided by the value
in air F¢) as a function of Kmax/Kic. The effect of fatigue precracking is beneficial for the
HAC resistance, since Fyac is an increasing function of Kmnax. This may be caused by the
cyclic plastic zone or the compressive residual stresses near the crack tip which 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 the hostile environment.

The fractographic analysis showed a special fracture mode between the fatigue precrack
and the final cleavage fracture: the tearing topography surface or TTS describe by Thompson
and Chesnutt [8] and Costa and Thompson [9] and shown in Fig. 2. It can be considered as
the hydrogen-assisted micro-damage region, as shown by Toribio [10]. Its depth was
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measured at the deepest point of the crack, in direction perpendicular to the crack front over
the fracture surface (crack plane). Results are given in Fig. 2, showing an inverse relationship
between the TTS depth and the maximum stress intensity level during the last stage of fatigue
precracking (Kmax), i.€., the stronger the fatigue precracking, the shallower the TTS region in
the vicinity of the crack tip.
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FIGURE 1. Experimental device consisting of a three-electrode assembly with a working
electrode (steel precracked wire), a reference electrode (saturated calomel electrode: S.C.E.)
and a platinum counter-electrode (Pt), together with the main experimental results given in
terms of the failure load in a hydrogen environment Fyac (divided by the value in air F¢) as a
function of Kmax/K|c.

o
= o
o1 ()
. R

TTS zone depth, mm
=
[EEY

0.05 |

0: n 1 n 1 n L 1 n 1 n n
02 03 04 05 06 07 08 09

Kmax/KIC

FIGURE 2. Fractographic appearance (left) and depth (right) of the TTS zone.

Numerical modelling

A numerical simulation was performed 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. Table 2). 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. The loading history consisted of ten loading cycles in accordance with most
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experimental fatigue programmes (Kmax /K;c = 0.45, 0.60 and 0.80K,¢), and rising load
corresponding to the HAC test. The nonlinear finite element code 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=Kmax); (ii) reversed or cyclic plastic
zone, region where plasticity takes place at load minima (K=Kpijn=0). The finite element
analysis provides the following estimation of the depth of the forward (monotonic) plastic
zone at Kmax (defined by the equivalent von Mises stress ceq > oy, Where oy is the tensile
yield stress, cf. Table 2):

Xy(Kmax) = 0.0335 (Kmax/cy)? (1)

The reversed (cyclic) plastic zone at Kmin=0 is also dependent on the previous Kmax-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 (deeq,” >0). This is the active, really cyclic, plastic zone. For cyclic loading under given
Kmax, the depth of this reversed (cyclic) plastic zone at unloading (K=Kmijn) may be
estimated as:

XA(Kmax) = 0.0065 (Kiax/oy)? (2)

The rising load HAC test after fatigue precracking involves three phases, each of one
characterised by its K-level and the active plastic zone (APZ) size: (i) initial phase associated
with elastic unloading in the near-tip region and no plasticity; (ii) intermediate phase
beginning at K ~ 0.2Kmax and finishing at K = Kyax during which the APZ is the strain-
defined one (reversed or cyclic plastic zone of depth x,); (iii) final phase K > Kmnax during
which the APZ is the stress-defined one (forward or monotonic plastic zone of depth Xxy).
Thus the APZ depth x| is:

x1(K) = Fel! (3)
and this evolution of APZ is given in Fig. 3 after precracking with Kmax = 0.60K|c.
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FIGURE 3. Sudden increase ("explosion”) of the active plastic zone (APZ) caused by the
change from the reversed or cyclic plastic zone (strain-defined one of depth x,) to the
forward or monotonic plastic zone (stress-defined one of depth xy) when the applied K-level
exceeds the historical maximum K., (fatigue precracking with K.« /K. = 0.60).

Discussion

The critical SIF for HAC is Konac = [FHAac/Fc] Kic(air), cf. Fig. 1 and Table 2. Fig. 4 offers
the computed plastic zone sizes during fatigue precracking (monotonic at K=Kmnax and cyclic
at K=Kmin=0) and at the end of the HAC tests. For lower precracking Kmax-levels, Konac >
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Kmax and the active plastic zone at fracture is the monotonic one Xy, whereas for the
strongest fatigue regimes (higher levels of Kmax = 0.80 Kic) Kgnac does not exceed Kmax
and the advance of plastic straining is confined to the cyclic plastic zone x, (where cyclic
plastic flow takes place). Just when the applied K level in a HAC test overpasses the fatigue
precracking level (K> Kmax), the active plastic zone changes from strain- to stress-defined,
i.e., from cyclic to monotonic, and this change produces a sudden increase of plastic zone
size (an "explosion” of plastic zone).
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FIGURE 4. TTS zone depth and sizes of the monotonic (K=Kmax) and cyclic (K=Knin=0)
plastic during fatigue and at the end of the HAC tests K= Kgnac™~ (left-limit) and K=Kgnac™
(right-limit). Only for tests after precracking with Kmax=0.80 Kc there is a difference
between KQHAC_ and KQHAC+-

In the plot of Fig. 4 the afore-said "explosion™ of the plastic zone is represented by two
curves of x; at Kgnuac™ (the level Konac is approached from the left, i.e., K tends to Kgnac
but does not exceed it) and Kouac™ (the level Konac is approached from the right, i.e., K just
exceeds Konac). This difference only applies to the tests with the strongest fatigue
precracking programme in which the fatigue precracking level is not surpassed during the
HAC test, since this finishes just at that level, i.e., at the moment of the sudden increase of
plastic zone size, and thus the final plastic zone could be associated with Kqonac™ or with
Konac®, (experimental scatter) although in the main part of the test the plastic zone is
confined to its reduced cyclic value x, associated with the fatigue precracking period.

The TTS has no relationship with the plastic zone, and the opposite trend which exhibit
these two magnitudes seems to indicate that the potential 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 by
Zakroczymski [11] of the effects of plastic deformation on hydrogen transport in iron, nickel
and stainless steel which did not support the assumption that moving dislocations accelerate
hydrogen transport.

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 of
the size x,) 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 Kmax level (Fig. 1) can also be explained by this phenomenon of

trapping.
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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 last stage of 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.

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 active 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 is due to the delay of
hydrogen entry caused by compressive residual (hydrostatic) stress after precracking 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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