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Abstract

Hydrogen embrittlement is an industrial problem involving in environment, loading
mode, materials. Clarifying the mechanisms of hydrogen embrittlement not only makes
economic sense but also academic significance. Although laboratory tests have gained
significant understanding in the research of stress corrosion cracking (SCC), there are
still limitations to study the effects of diffusible-atomic hydrogen on cracking. To get
insights into nano-scale problem, such as the initiation of the micro-cracks, molecular
dynamics (MD) simulation could be a good choice. There are some obstacles in applying
MD simulations to field operations. Firstly, the current MD model is in nano-scale,
however, the classical cracking mechanism is related to micro or centimeter scale plastic
zone; secondly, former theoretical models only consider hydrogen movement during
loading but ignore its movement during unloading. To bridge the nano-scale simulations
with field operations, we are aiming to build a new model, i.e., the hydrogen atoms will
diffuse out or accumulate into the plastic zone based on the stress intensity and hydrogen
concentration gradient. In particular, an annulus region outside the plastic zone in bcc
structure offers or depletes the hydrogen atoms to the plastic zone. Based on this
hypothesis and the simulated results, the model could be used to predict the crack growth

rate in different loading spectra.

To study the crack growth mechanism, we simplify our model to a nano-bcc structure
plate, where the crack is located at one side of the plate or at the center of the loading

direction. The static single loading is applied on the models with different concentration



of hydrogen. By tracing the hydrogen concentration in a nano region ahead of the crack
tip, we found that the atomic ratio of H/Fe would reach 0.4 as ductile to brittle (DTB)
transition happens. The total number of hydrogen atoms to saturate the plastic zone can
be assessed with this critical hydrogen concentration. In addition, the asymmetric

hydrogen diffusion in minor cycles could be quantified in our new model.

In addition, cyclic loading was applied to those models. The purpose of simulations is to
detect the discontinuous crack propagation process. In MD simulations, hydrogen atoms
do not diffuse out during unloading and consequently, form hydrogen-rich region ahead
of crack tip. The hydrogen rich region blocks the dislocation emission and enhances the
brittle cleavage of crack. The crack will propagate during both loading and unloading.
However, as the crack pass through the hydrogen-rich region, the crack will become
dormant. Several cycles of loading will then accumulate hydrogen atoms form new
hydrogen rich region and brittle the crack, again. Moreover, we found the number of
hydrogen atoms accumulated at the crack tip is also linearly related to the number of
minor cycles. In addition, the linear accumulation mechanism could be applied to field

operation and be used to predict the hydrogen accumulation acceleration effects.

This hydrogen-accumulation model had been used to predict critical loading frequency
and could be further modified to predict the crack growth rate. The new model has offer a
combined factor, which consider both stress intensity change and loading frequency

change. The pH and temperature effects have been included in an environmental factor.



The new model has been used to predict crack growth rate in different loading spectra
and steels and show good convergence. It is compared with previous combined factor

and shows a power law relationship, which ensures its predictive capability.
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Chapter I Introduction

1.1 Hydrogen embrittlement and NNpHSCC

Hydrogen embrittlement was first observed when a piece of iron was immersed in acid
and it lost toughness to bending test. And with lapse of time the metal slowly retain it’s
properties in breaking-strain [1]. A universal understanding is that hydrogen
embrittlement is a reversible process in a small range of temperature and strain rate,
which means, if the hydrogen atoms could be removed from the material, the material

could retain its’ properties.

Current research focuses on near neutral pH stress corrosion cracking (NNpHSCC) [2] in
pipeline steel which is a process involved in both corrosion and fatigue [3][4]. Corrosion
makes a contribution to crack growth and generate atomic H along with the cathodic
reactions [5]. Fatigue not only enhances the crack propagation, but also generates cyclic
fluctuations of stress intensity which creates hydrogen-charging condition. To study
NNpHSCC, the hydrogen embrittlement mechanism is deserved to be clarified. Because
hydrogen embrittlement in pipeline steel is a sever degradation mechanism involving in
material, hydrogen charging condition and the loading [6][7] which has the same
proposition with NNpHSCC. Despite decades of research, its mechanisms are still not

fully understood and it continues to be a major threat to oil and gas transmission



pipelines worldwide. The pipeline failures cause significant economic loss,

environmental pollution and/or casualties.

Revealing the hydrogen embrittlement mechanism needs multi-faceted knowledge, e.g.,
the hydrogen source, how hydrogen enters the base metal, diffuses through lattice or
along the grain boundary, what type of microstructures can trap hydrogen atoms. Several
mechanisms of hydrogen embrittlement in metals developed in the last several decades
have been listed as follows.

1.1.1 Hydrogen enhanced decohesion (HEDE)

The hydrogen enhanced decohesion model proposed by Troiano and Oriani [8,9]
suggests that the role of hydrogen is to weaken the inter-atomic bonds in the steel,
thereby facilitating grain boundary separation or cleavage crack growth. It has the same
implication with the surface energy theory proposed by Petch and Stables [10]. Figure
1.1 (a) show some small dispersed fracture planes with dotted line in a specimen without
hydrogen, and fracture plane in specimen (b) is much larger than (a) because of the
presence of hydrogen atoms [11]. The brittle failure is always inter-granular fracture, and
this can be explained in terms of trapping of hydrogen atoms near grain boundaries or
phase boundaries [12,13]. The HEDE is also related to stress intensity, because this
process is dependent upon the activity of hydrogen dissolved in the metal lattice. A very
high local tensile stress leads to nucleation of micro-cracks because of hydrogen
accumulation [14]. In this way, the HEDE theory has some connections with hydrogen

bubble theory [15,16].



Figure 1.1 The fracture surface of broken steel under static loading.(a) is a sepcimen free

of dissolved H atoms. (b) is a specimen charged with hydrogen atoms. [11]

1.1.2 Hydrogen enhanced local plasticity

Various researchers have suggested that hydrogen will reduce the critical stress for
dislocation emission, thereby increasing the amount of plastic deformation near fracture
surfaces. This theory is firstly proposed by Morgan and Mcmohan [17,18]. Lynch later
found the same phenomenon and proposed that this process involved the facilitation of

dislocation emission at crack tip [13,19].

This process is a highly localized plastic failure rather than an embrittlement[20,21].
Hence, one contradictory theory is that H atoms form Cottrell atmospheres, which
generate solute drag and therefore resist the dislocation motion [22] as figure 1.2 shows.
Some experimental results can support this theory that the specimen free of hydrogen
charged has wide-spread and dense slip bands compared with hydrogen supercharged
specimen as figure 1.3 has shown. However, the HELP mechanism is supported as one of
the embrittlement mechanisms. Because dislocations will increase the strain energy near
the grain boundaries where they incorporated and make the inter-granular failure much

likely to happen [23].
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Figure 1.2 Time evolution of the x coordinate for dislocation cores after the application
of stress 400 MPa. The velocity of dislocations decreases as hydrogen concentration is

increased. [22]

(a)

Figure 1.3 Slip deformation behavior near fatigue crack tip in type 304 steel. (a)
uncharged specimen with Cy=2.2 wt ppm.(b) Cy=47.2 wt ppm. 2a=3mm,c=280 MPa.

[23]

1.1.3 Hydride formation and cleavage

The nucleation of hydrides has been firstly observed in titanium alloy. It is postulated by
Gahr [24], however, the hydrides are unstable and may dissolve quickly as the crack pass
through them in steel [25]. This is a stress-intensity based mechanism. At low stress

intensities, hydride formation decreases the local stress intensity at the crack tip and as a



result continued fracture need an increment in external stress. Once the local stress
intensity is increased to exceed the stress intensity needed for hydride fracture, the crack
can proceed by repeated hydride nucleation, growth and cleavage. At high stress
intensities, the failure is by a constrained plastic mechanism in which the stress for

plastic flow is reduced at a higher hydrogen concentration [24,25].

1.1.4 Hydrogen triggered ductile-to-brittle transition

This mechanism is based on large-scale molecular simulations, and developed by Curtin
and his coworkers [22,26,27]. They postulated that hydrogen accumulation in a nano-size
region around crack tip can constrain the dislocation slip bands and make the ductile to
brittle transition happens. In Ni-H case, a nano-hydride can form[28], the model is built
as Eq. [1.1] has shown. This equation can be used to predict the size of the nano-hydride
under specific temperature T and time t. As the figure 1.4 has shown, this size of the
nano-hydride is L and hydrogen atoms will move into this region and saturate it at atomic

ratio 1.

51+ 0)DOF L (1]
1227k,T ) '

where R is the inner radius of crack tip as figure 1.4 has shown, ¢, is the hydrogen

%(L+R)2—§R2 =2.1c0[

concentration far away from crack tip, v is Poisson’s ratio, D is the diffusivity of

hydrogen atom, Q is the partial volume of hydrogen, / is the changing rate of stress

intensity and kg is the Boltzmann constant.



While in Fe, the mechanism is based on the stacking fault energy and free surface energy
deduction[29]. Equation [1.2] can be used to predict the crack growth rate in brittle iron

with high hydrogen concentration.

5/4
1+v)K
; ADQ(Hv)K, f7e, ) s [1.2]
uL ﬂ'kBT 34\’27[ ao

Where( is the crack growth rate, a, is the lattice parameter, and Aa is the crack length
change. Both models are based on hydrogen diffusion and accumulation theory.
Hydrogen movement assessment only involves in the stress intensity change, however,
ignores the hydrogen concentration gradient. The difference is that, in Ni case, hydrogen
atoms will saturate a nano-size annulus region; however, in Fe case, the hydrogen atoms

are saturating two free surfaces at atomic ratio 1 ahead of the crack tip.

Figure 1.4 The geometry of the crack tip. R is the radius of the crack tip and L is the size

of the annulus nano-hydride.[28]

Of these mechanisms, both HEDE and HELP can refer to the inter-granular cracking
mechanism. Trapped hydrogen atoms along the grain boundary can weaken the metal
bonds (HEDE) and incorporated dislocations will increase the strain energy (HELP). The

DTB transition mechanism is related to the diffusible hydrogen atoms saturating free



surfaces ahead of crack tip, which could be related to trans-granular cracking mechanism.
However, all of the mechanisms mentioned above have verified that the accumulated
hydrogen atoms can enhance crack propagation. In current research, we should quantify
the hydrogen accumulation rate under different pressure fluctuations (spectra) before

quantifying the crack growth rate.
1.2 Current Experimental observations in NNpHSCC

The experimental work on X-65 and X-60 pipeline had shown corrosion would occur at
the crack tip as well as on the crack walls; this would turn a crack characteristic of a
sharp tip into a pit [3]. However in the near-neutral pH groundwater, some of the
dormant cracks (about 5%) can grow continuously [30]. Several parallel experiments are
conducted under cyclic load and using C2 and NOVATW as the solutions: the current
understanding is that because of the higher dissolution rate, the hydrogen concentration is
much higher in C2 solutions, and more hydrogen will enhance the crack re-sharpening
process and help the crack grow continuously [4].
A mathematical model is built to predict crack growth rate based on former study and is
shown as
() e Sy (42 s [1.3]
dN fr dN
where o + = 1, Y is a constant representing corrosiveness of the environment. AK is
the stress intensity factor range, which can be related to the pressure fluctuation and the

dimension of existing cracks in the pipeline; K, is the maximum stress intensity factor

corresponding to the maximum pressure and the crack dimension in a given pressure



cycle, C(¢) is a crack depth () dependent function reflecting crack growth rate by

corrosion dissolution[5,6].

\ Predicted crack growth-curve

Crack Diepth (%6WT)
=
T

Mechanically Active

” A - Calibration

| | |
0 ] 10 15 20 25 30
Time (Years)

Figure 1.5 Example of predicted crack growth curve of a crack in X-65 pipeline steel

with a wall thickness of 9.88 mm. (provided by Brett Conrad)

Figure 1.5 shows an example of predicted crack growth curve of a X-65 pipeline with a
wall thickness of about 9.88 mm. The predicted accuracy will certainly depend on the
accuracy of the input data. However, the use of a self calibration process as shown in the
figure 1.8, can be applied to the predicted curve and seek the accurate values of those
constants in Eq. [1.3]. After this initial calibration, the prediction can be revalidated in

the future.

Currently, a series of experiments on X-60 pipeline are carried out to investigate the

effect of cyclic loading, especially the unloading, on crack propagation. These
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experiments not only focus on the frequency of under loading but also the minor cycles
/hold between under loads. The outcomes suggest that minor cycles existing in underload
spectra can enhance crack growth significantly, and hold sections in spectra can blunt the

crack tip and hinder crack growth as Fig. 1.6 has shown.

VY

1E-3

Vv

VA

1E-4 l

Underloads and Constant Underloads
minor cycles amplitude and hold

Crack growth rate, mm/cycle or mm/block

Figure 1.6 Comparison of crack growth rate in different waveforms to show the

importance of minor cycles in enhancing crack growth. [31]

There is a critical loading frequency below which crack growth rate will remain constant
and maximum. This phenomenon could be only detected in the hydrogen charged
specimen and remind that it's related to hydrogen-enhanced crack growth mechanism as

Figure 1.7 shown [32].
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Figure 1.7 Comparison of crack growth rate under different loading frequency for

constant amplitude and underload amplitude waveforms in air and in C2 solution. [32]

These results suggest that hydrogen accumulation and saturation affect the frequency —

dependence crack growth. The crack growth model should be modified to a new form as

Eq. [1.4] has shown, where the (ﬂj 1s the hydrogen assisted cracking rate, which is

HAC

related to loading stress intensity and environmental factors. As the loading frequency f

reach feritical, the hydrogen assisted cracking rate reach maximum.
4 max
(ﬁj — [-f;’ritical j (ﬁ} [14]
dN tot f dN HAC

Current tests also suggests that using minor circles replacing the holding phase, the under
loading phase will produce worse effect on pipeline. This effect has been shown in figure

1.6. And the minor cycles’ acceleration effect is also verified in the figure 1.7.
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Lots of laboratory tests in SCC group has shown the complexity of H effect in
NNpHSCC. Figure 1.8 shows the competition between crack tip blunting and sharpening
for pipeline in NNpHSCC under static load. Experimental works show that a pre-existed
axial crack will remain dormant under static loading. Actually, mild mechanical cycling
would also lead to crack dormancy. This outcome is consistent with the fact that 95% of
crack population whose depth reach to 0.5 mm come to dormant state [7]. Figure 1.9
shows that a predominant factor causing these cracks to be blunt in NNpH environments
do not cause pipeline steels to passivate, and general corrosion happens both at the crack
tip and on the crack walls. Another factor which depends on the type of pipeline steels
and prior loading history of the pipeline steels is low temperature creep (LTC)[8]. LTC

will also happen at stressed crack tip.

Opposite to blunting process, crack sharpening can be achieved by developing micro-
cracks ahead the crack tip when hydrogen segregates into the hydrostatic zone, which is
highly deformed area ahead of the crack tip. This process is unlikely to occur under static
loading and when crack depth is at least 1.0mm, the micro-cracks do not link up with

main crack.
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Figure 1.8 A schematic showing the competition between crack tip blunting and crack

tip sharpening in the pipeline steels exposed to near neutral pH environments under

constant loading stresses (situation of stress corrosion cracking). [12]
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Figure 1.9 A schematic showing the competition between crack tip blunting and crack

tip sharpening in the pipeline steels exposed to near neutral pH environments under

cyclic loading condition (scenario of corrosion fatigue).[12]

When cyclic loading is applied, the blunting mechanisms as discussed previously are still
applicable. The difference is that LTC increases with an increment of the applied stress

and creep time. The analysis of the competitive process for blunting and sharpening

under cyclic loading is shown in Figure 1.9.

From experimental observations, when determining the threshold Kszax/f %7 yalue for
long cracks, above correlation will be true for shallow cracks expect that those were

found growing at appreciable rates below the threshold of long cracks. In fact, the cracks

13
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are more likely grow under cyclic load in NNpH environments is a phenomenon in the
field of fatigue. However the fatigue will not be the sole reason as the dormant cracks
representing 95% of total crack population [9]. Hydrogen related sharpening also exist
under fatigue loading, even this sharpening mechanism is more influential under SCC

loading compared with fatigue loading.

As a conclusion, the mechanism governing crack re-sharpening is an interaction of
fatigue loading and H-related effect [10]. Hence, the crack growth rate could be related to
the hydrogen diffusion rate near crack tip under NNpH condition. There are three
available crack growth models listed below, which could be used as reference when we

build a new one.
1.3 Available crack growth model in NNpHSCC

1.3.1 Paris law

As expressed by equation (j—;j:cAK”’ , the Paris Law only considers one basic

parameters of fatigue, i.e., the stress intensity factor range AK. It could well model the
crack growth behavior in inert environments where K,.x and loading frequency have
insignificant influence. However, loading frequency does play an important role in the

crack growth rate in NNpHSCC [12,32].

1.3.2 Superposition model

The superposition model applied in near-neutral pH environments is given as:
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(Z_;)maz = (Z_z) fatigue | ,% (%)SCC [1.5]

where (da/dN) is the total crack growth per cycle in a near-neutral pH solution,
(da/dN)fatigue 1s the crack growth per cycle in air, fis the loading frequency, and (da/dt)scc

is the crack growth in terms of time in a near-neutral pH solution by SCC.

However, the crack growth of pipeline steels under static loading in near-neutral pH
environments (NNpHSCC) has never been observed, except for the crack initiation
resulting from galvanic corrosion [3][12][33]. On the other hand, the loading frequency
in the field is very low, for example, typically about 10° Hz for high pressure gas
transmission pipelines. As a result, 1/f would be very large and could be even larger than
the fatigue term. As shown in figure 1.7, the inverse relationship between the crack
growth rate and loading frequency at frequencies lower than 10~ Hz overestimates the

crack growth rate.

1.3.3 Combined factor

Based on long-term and extensive laboratory crack growth simulations under constant
amplitude cyclic loading in near-neutral pH environments, it is found that the crack
growth rate can be correlated to a combined factor that incorporates both the mechanical
and the environmental driving forces [33][5]as:

da (—AK“KEW)TL +b 1.6
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where a, n, o, f, and y are all constants. (AK “K,ﬁax /f ”) is termed as the combined
factor. The relative contribution of AK and K, to crack growth is represented by « and
p, v is a factor representing the influence of the corrosion environment on the crack
growth rate, which is found to be around 0.1, b is the contribution of stress corrosion
cracking, which was found to be about one order of magnitude lower than the first term
in Stage II crack growth, and it can be ignored. AK and K.« are strongly dependent on
the geometry of the specimen, while y is dependent on the corrosiveness of the
environment. A threshold value of (AK “K,flax /f V) is also determined, below which the

crack will cease to grow [33].

The combined factor model could correlate well with the constant amplitude fatigue
crack growth rate of pipeline steels exposed to near-neutral pH environments. However,
when it comes to the field pressure fluctuations, it may contradict the fact that failure of
pipelines by cracking in the field can occur as soon as a few years after the surface. This
phenomenon raises the possibility that certain loading interactions may enhance crack

growth, and the crack growth model of different spectra should be developed separately.
1.4 The reasons to employ MD simulations

The mechanism for hydrogen embrittlement in atomic level cannot be directly detected in
current available experimental technologies. Considering the urgent need in studying
cracking mechanism and building theoretical model for H effect in growing crack,
molecular dynamics (MD) simulation is a potentially good alternative choice.
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MD simulation is a technique used to compute the equilibrium and transport properties of
a classical many body system which follows Newton’s equation of motion. MD could
compute thermodynamics, atomic structural and kinetic properties; it also enables
scientists to study the motion of individual atoms. MD originated from statistical method
of studying large number of particles by Maxwell and Boltzmann [34], and is firstly
introduced to ensemble hard spheres by Alder and Wainwright [35]. Real materials MD
simulation was first conducted by Gibson et al. in analyzing copper’s radiation damage
[36]. Rahman was the first to employ realistic potential in simulating liquid argon [37].
The advantages of employing this method to study cracking mechanism have been listed

as follows.

1. Interatomic potential function for describing materials and the atomic positions with
initial velocity are the only input required by MD simulation. And MD method
enables exact temperature, pressure control which ensures that it can completely rule
out the human errors in experiments.

2. MD simulation enables an investigation in small spatial scale (nano-meter) and time
scale (nano-second).

3. Compared with experimental tests, MD simulation requires much lower cost.

Despite of all advantages brought by MD, there are limitations to this method. MD

simulations can be only carried on nano-level spatial and time scale, however, the rupture
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of a crack may take several years; the strain rate is many orders higher than that applied
in laboratory tests, therefore, the stress intensity near the crack tip cannot even be
released during unloading simulations; It is impossible to simulate entire plastic zone
using MD simulation. In conclusion, MD and experimental method can mutual

complementary.
1.5 Current outcomes of MD simulations in Fe-H and Ni-H systems

In this section, we will review some of the previous MD simulations in Fe-H and Ni-H

systems.

The hydrogen assisted crack growth process in steel could be simplified to crack growth
in a typical body center cubic model. To introduce hydrogen atoms into the metal, the
type of interstitial sites where the hydrogen atoms can stably stay should be determined,
firstly. Hydrogen atoms will stably stay in tetrahedral sites in Fe and stay in octahedral
sites in Ni [38][39]. Introducing the hydrogen atoms into the model should follow the
stress distribution with the equation listed below [40]. The grain boundaries will trap
hydrogen atoms because of extra volume [41,42] and the dislocation core will bring in
extra stress to trap hydrogen atoms [43—45], too. These retardation factors for hydrogen

diffusion will be only considered in specific simulations.

hyd
€., =C, exp(o- QHJ [1.7]

k,T
The fracture mode in atomic simulation show orientations’ based mechanism, hence

poly-crystal model is needed in studying phase transformation at crack tip in

18



nanocrystalline Fe, where the model is created using Voronoi construction [46]. In this
construction, the crystals are randomly nucleated in a cubic, and the construction of the
boundary structure is similar to what is expected in polycrystalline material. It was found
that plastic deformations near the crack tip are not associated with dislocation emission,
but phase transformation and grain nucleation. At the crack tip, stress is released by bccel
to fcc phase transformation and further released by fcc change back to different

orientation bec [47].

Our previous simulations have revealed the hydrogen induced softening/hardening effect
in single a-iron under uniaxial tensile loading. The model was created with a dimension
5%20x%26 nm and oriented in directions [1 0 0], [0 1 0], [0 O 1] respectively, in which the
[0 0 1] direction was the loading direction. Hydrogen concentration, temperature and
vacancies near dislocation core are the factors affecting the hydrogen induced hardening
effect and three conclusions could be listed as follows: 1) the hydrogen pinning effect
lead to yield strength increasing as hydrogen concentration is increased; 2) de-association
of hydrogen from dislocations is related to the breaking of binding between hydrogen
atoms and dislocations; and 3) the vacancies could enhance Fe-H bond at the expense of
the exiting of Fe-Fe bond, which leads to decohesion [19]. The figure 1.10 illustrates the

first two conclusions.
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Figure 1.10 (a) Yield strength as function of effective hydrogen concentration in
dislocation. A typical stress strain curve is shown in the inset. (b) Yield strength as a

function of temperature in the cases of hydrogen free and 10 hydrogen atoms. [19]

Hydrogen diffusivity was previously determined in bulk, on surface, or in symmetry
grain boundary [48]. The higher activation energy will induce higher barrier for hydrogen
to cross and continue the diffusion process; hence the grain boundary has the trapping
sites for hydrogen. Another significance of this research is quantifying the hydrogen
diffusion in bulk with the hydrostatic pressures which is shown in Fig. 1.11 and confirms
that the difference in diffusivity due to the pressure change could be as large as two
orders of magnitude. This conclusion helps to calibrate the diffusivity we use in the
future model. The corrected diffusivity according to experimental tests is shown as

D=1.585*10"*EXP(-5567.38/8.314/T) [49,50].
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Figurel.11 Diffusion coefficients of hydrogen atoms as a function of hydrostatic pressure

in the bulk Fe. [48]

Pre-charge and dynamical charge methods in Ni-H system [20] show that for H
precharged system, the structure relaxed with a predetermined concentration. While for
dynamically charged system, H was introduced at a desired strain load and diffused
according to the new stress field. In most MD simulations, the dynamically charged
method is used because Chang and Hirth showed that for spheroidised AISI steel [21],
the precharged specimen exhibited ductile failure and the dynamically charged specimen

exhibited failed in brittle fracture.

Curtin and his co-workers’ work has been described in the 1.1.4 section and the details of
their DTB theory are elaborated here. In Fe-H system, hydrogen embrittlement effect
could be summarized in two key parameters, K;° and K;° [51]. Two models with different
orientations (crack plane normal) [crack front direction] of (111) [1 lf] (orientation I) and
(111) [110] (orientation IT) which had dimensions LxxLyxLz of 485 Ax480Ax24A and

480 Ax485Ax28A are studied, respectively. The system is firstly deformed to a constant
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load, then hydrogen atoms are introduced into the tetrahedral sites randomly near the
crack tip at a rate 1 atom per picoseconds. Applying mode I load on the two ends of
loading direction, and the conclusion is that hydrogen decreasing the K;° faster than K;°
which make the material change from ductile to brittle. Hydrogen atoms form a stress
concentrated region near crack tip and block the path of dislocation emission which made

the crack become cleavage.

A parameter A is provided to judge whether the crack is cleavage or ductile as the Eq.

[1.8] shows,
19)2 5(1+v)DQ
NilLe= ok (5 55) 5 (vamearin) [1.8]

Where B is the beta function and a is the lattice constant, v is Poisson’s ratio, T is
temperature, (2 is partial volume of an H interstitial in Fe and c is the concentration of H.
Ay is the single overall parameter that controls the kinetics of H aggregation at the crack
due to any combination of loading, diffusion, concentration and temperature. And For
any value of Ay, Eq. [1.8] predicts the evolution of Ny/Lz as a function of the value of
K;. There is a critical value for Ay which divides the material response into ductile

(dislocation emission) and brittle (cleavage) domains, as shown in Fig. 1.12 [22].
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Figure 1.12 The amount of H in the system normalized along the crack line direction,
Ny/Lz, versus the stress intensity Kj at which either dislocation emission or brittle

cleavage occurs, as found in simulations for orientations I and II. [22]

After the brittle cleavage model is built, they continue to study the motion/mobility of
dislocations and the structure of edge dislocation pile-ups in Fe in the absence and
presence of dissolved H [22]. A total number of H atoms trapped in an edge dislocation

core has been quantified as,

p
[ ef29) |
N,,(cﬂ):ZOIO”IO ¢—co rdrd @ [1.9]

I+c, exp[lfg;j
B

where p is stress distribution in the dislocation core. This calculation helps to quantify

how many hydrogen atoms should be introduced into the model. The conclusion is that H
atoms cause solute drag, therefore resisting rather than facilitating dislocation motion. In

addition, hydrogen atmosphere provides no shielding of dislocation interactions.
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MD simulations can not only simulate single static loading, but also simulate complex
cyclic loading. The loading mode of MD simulations in direction [0 1 0] (1 0 1) is shown
in figure 1.13 (a), after applying 12 rectangular cyclic loadings on the model, there was a
phase transformation from bcc to hcp is observed during unloading portion [52]. As the
dislocations reach grain boundaries, these dislocations began to pile up, and phase
transformation disappear. During the unloading process, the emitted dislocations would
move back to the crack tip. After twelve repeating loading processes, they observed that
cyclic loading not only generates several vacancies around the crack tip because of un-
reversible plastic dislocations, but also enhance the propagation of the crack. The cyclic
loading on orientations <11§> (111) and <OOi> (110) induce brittle cleavage and twinning
and slip bands were observed during crack propagation [53]. The cracks propagation
mechanisms are orientational dependent, and the type of grain boundaries have different
effects on crack growth. In simulations, 23 grain boundary has no effect on blocking
crack growth. However, 25 grain boundary has an effect on releasing strain hardening

and hindering crack propagation.
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Figure 1.13 The sketches of the cracks and the loading modes. [52,53]

MD simulations in Fe alloy which contains Cr, Ni, and hydrogen atoms report the energy
of metal bonds and metal-H bonds is a key factor to brittle cleavage. It suggests that
hydrogen embrittlement is strongly affected by grain boundary structure. The boundary
lacking of gaps and structural irregularities have better resistant to embrittlement. This
theory could be related to crack tip simulation near poly-crystal grain boundary. Another
explanation to the HEDE theory is that the electrons transferred to the H atoms from
metal helped to form the new H- metal bonds and conversely decrease the metallic bonds

near H atoms [26].
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1.6 Outstanding questions

As experiments and simulations have shown, fracture modes are based on the

orientations of cracks. The fracture mechanism for each orientation should be

summarized separately. Loading interactions also has a significance effect on crack

growth. Hence, as movement velocity of hydrogen atoms in steel has been quantified, a

crack growth model to predict hydrogen enhancement in cyclic loading should be

developed. Below are the outstanding questions yet to be answered.

1.1 How to quantify the hydrogen movement velocity in the unloading portion during
cyclic loading.

1.2 Why the crack propagation is discontinuous in cyclic loading?

1.3 As the crack propagates, will the hydrogen atoms diffuse out, trap on free surfaces, or
just accumulate in the deformed lattice?

1.4 What is the relationship between the crack propagation and hydrogen diffusion? How

to quantify them?
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1.7 Research objectives

My research will focus on the loading interactions effects on H movement in the
NNpHSCC with MD simulations. Considering the others” work in SCC group, several
issues required to be resolved are: the under loading effect on fracture mode of crack;
minor cycles effects in enhancing crack growth; overloading-retardation effects; H effect
on fracture energy and stacking fault energy which related to ductile or brittle failure of
steel. More fundamental research will be done to study the hydrogen movement near
crack tip and a model which hydrogen atoms accumulate into plastic zone will be
verified. Furthermore, the purpose of our research is to explore hydrogen embrittlement
mechanisms in NNpHSCC and try to bridge the nano-scale simulations with field
operations. Figure 1.14 shows our research objectives, and the most urgent work is
colored in red, i.e., quantifying the hydrogen concentration gradient’s effects on
hydrogen movement and pressure fluctuations generated from cyclic loading on

hydrogen movement.
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Figure 1.14 Research objectives in the thesis, the most urgent work is colored in red, i.e.,

quantifying the hydrogen concentration gradient’s effects on hydrogen movement and

pressure fluctuations generated from cyclic loading on hydrogen movement.
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Chapter II Simulation methodology

As introduced above, MD method can acquire insights into atomic level process. With
numerical integration of Newton’s equations of motion for each atom, the physical
properties’ change, such as potential energy, stress, structure, can be predicted. The
techniques of applying MD simulations in our research will be described in the following

paragraphs.

2.1 Newton’s equation of motion

Statistic mechanics is the basis for MD simulations. The Hamiltonian H is a sum of kinetic

energy in a set of momentum p and potential energy in functions of coordinates g.

H(p.q)=K(p)+u(q) [2.1]

H=Y) 0.5m; v?+u(q,....qp, [2.2]

where K is kinetic energy, u is potential energy and f'is a degree of freedom, m is mass and ¢
is coordinate, p is momentum. Make differential on both sides for Eq. [2.1] with respect to ¢

(¢ 1s time).

oH o, ov. <,0q du
_:Zf m_v__l+zf _’_’ 2.3
a e T oo og (23]

H is time-independent. If only considering one dimension, employing a; and v; to replace the

differential expression % and %, the expression could be described as
0=mya, +v [2.4]
aq,
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or Newton’s equation FF=m;a;. Eq. [2.1] has shown the inputs needed to conduct simulations.
Especially, the interatomic potential 4 would directly determine the reliability of MD

simulations.

2.2 Potentials

In molecular physics, the Born—Oppenheimer (BO) approximation is the assumption that the
motion of atomic nuclei and electrons in a molecule can be separated. Based on this
assumption, there are two types of potentials for general usage. The first one came from
solving Schrodinger equation for the electrons; the other one depends on the position of
nuclei and usually obtained through fitting experimentally measured data or through more
accurate calculation such as first principle. The latter is so called empirical potential which is
used in current thesis study. There are mainly two types of empirical potentials in modeling

solids: pair potential[54] and many-body potential [55]. Lennard-Jones is a classical pair

N

where ¢ is the depth of the energy well and o is the interparticle spacing when the pairwise

potential [56][57] shown as

12
. o) . . o .
potential equals zero. The term (—J is repulsion part, dominating at short distance when
r

6

. o . . .

atoms are close; and attraction part (—j dominates at large distance. Many-body potentials
r

such as embedded atom potential is much more complicated, however will be better in
describing metal’s properties compared with pair potential. The expression of EAM potential

[58—60] is listed as follows
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U =%i%)#g,(nj)+ZGf(pi);pi =;p7(n,) [2.6]
where 1;(r;;) is pairwise potential between atom 7 and j With separation 7. Gji(p;) represents
the energy required for embedding an atom 7 into uniform electron density p;, while p; is the
spherically averaged atomic electron density at atom site i created by all of the rest atoms in
the system. The potential used in this thesis is based on the Fe potential which is developed
by Mendelev [60], and an extensive database of energies and atomic configurations from the

density functional theory (DFT) calculations have been used to fit the cross-interaction of H

and Fe [59].

There are some other models for specific usage. For example, the materials in chemical
environment may undergo chemical reactions involving the bond breakings and formations,
the Reaxff model [61] which is based on the bonding order could be used; The Adaptive
Intermolecular Reactive Empirical Bond Order potential (AIREBO) [62] for hydrocarbons
has been widely used to study dynamic bonding processes under ambient conditions; the
Tersoff potential [63] which is still based on the concept of bond order: the strength of a

bond between two atoms is not constant, but depends on the local environment.

2.3 Integration algorithms for molecular dynamics

The potential energy is function of atoms’ positions. To integrate the equation of motion,
several numerical algorithms have been developed. They are listed as Verlet algorithm
[64][65], Velocity-Verlet algorithm [66], Leap-frog algorithm [67], Predictor-corrector

algorithm [68]. Since Velocity-Verlet algorithm is one of the commonly used integration
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methods and has been used in our study, only original Verlet and Velocity-Verlet algorithms

will be introduced here. Verlet algorithms are shown below,
r(t+At)=2r(t)—r(t—At)+a(t) A +O(Ar*) [2.7]

While the equation is only related to positions, the truncation error by At is of the fourth

order. The velocity obtained from the position is shown as,

v(t):[r(t+At)2_A:(t_At)j+0(At2) [2.8]

The accuracy of the velocity is on the order of O(Atz) . The Velocity-Verlet algorithms are
in the form of Eq. [2.9]

r(t+Ar)=r(t)+v(r)Ar+(1/2)a(r) A [2.9]
and Eq. [2.10]

V(t+ A t)=v(t)+§[a(t)+a(t+A H] At, [2.10]
This scheme has the same accuracy for predicting positions and predicting velocity. The
accuracy of estimation would be up to Af* for both velocities and positions estimation in

Velocity-Verlet algorithm, while the accuracy of original Verlet algorithm in velocity

prediction is just A7,

2.4 Temperature control

NVT (canonical ensemble) [69] is used in our simulations in which number of molecules,
volume of system and temperature are conserved. Variety kinds of means are available for
maintaining temperature. The approach employed in our simulation could be expressed as

follows.
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The Nose-Hoover method is used in this thesis. This is an extension of Nose formulism and
is upgraded by Hoover in 1985 [70]. This is an extensive method by introducing an extra
degree of freedom that represents the heat bath. The extra degree is dimensionless and is

denoted as s. The potential energy and kinetic energy related to s are displayed as
1 : L
u,=(f+1)k,Tns and K, =EQI ' , where O is the thermal inertia that controls

rate of temperature fluctuations. The extended system Hamiltonian is conserved and the

extended system is microcanonical which means the internal energy is conserved, too.

Velocity rescaling is a method based on velocity-temperature relationship and is used in

equilibrating a system before starting a simulation. The equation is shown below:
1 2 3
<Xi5mvf>=NksT [2.11]

where m 1s the mass; v; is the velocity of it atom; N is the number of atoms in system. The

velocity of atoms at any instance can be controlled through controlling the temperature. The

1

. . . . , T
proportion of the velocity at time 7" and at time 77 can be expressed as \/T: .

2.5 Boundary conditions and loading input

In MD simulations, it is either impossible or necessary to simulate the whole materials
system. Generally we only choose a region in the system to conduct the simulations, which
definitely has certain boundary conditions with surrounding system. Improper sets of
boundary conditions may introduce non-physical influences on the simulation system.
Commonly there are several different types of boundary conditions, e.g., the fixed

boundaries, the periodical boundaries, the flexible boundaries and the free surfaces.
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In our simulations, a typical model is first constructed with x, y and z crystallographic
directions, respectively. If the initial crack is located in the middle of the z direction and
growth along x direction, then this model is built with free surfaces boundary conditions
along the x direction, and periodic grain boundary (PBC) [71][72] conditions along the y
direction. A constant displacement load is applied to several layers of fixed atoms at two

ends of the z direction to correspond to anisotropic elastic mode I stress intensity field Kj.

The system is in plain strain condition and the periodic on y direction is realized by
introducing an infinite space-filling array of identical copies of the simulation region. By
using PBC, each particle i in the box interacts not only with other particles but also interacts
with their images in nearby box. The interactions “go through” box boundaries. In practice,
potentials usually have a cutoff distance where short interaction range is defined. It is called
minimum image criterion which reduced additional complexity introduced by employing

periodic boundary condition.

2.6 Stress calculation

Based on the correlation of hydrostatic stress near the crack tip and hydrogen concentration,

the hydrostatic stress should be quantified firstly. In this thesis study, only normal stress is

. L 1
concentrated as the hydrostatic stress [73] formulation is show as o™ = g( o,+t0,+ O'ZZ) .

The loading condition used in the thesis is displacement loading. Only normal stress along
loading direction should be substituted into following equations as quantifying the loading

stress intensity.
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Figure 2.1 (a) Geometry of a central crack in finite plate, 2a is the length of the crack; (b)

geometry of an edge crack in a plate under uniaxial stress. [71]

If a crack located centrally on a finite plate (d=b), the stress intensity could be quantified as

following [74],
2
P 0.326(“]
2b b

/l_a
b

The stress intensity expression for a edge crack with crack length @, and a/b<=0.6, is shown

K, =o\ra [2.12]

as
a a ? a ’ a *
K, =ora {1.12—0.23[2}10.6(5] —21.7(5) +3o.4(zj } [2.13]

The stress intensity for a edge crack with crack length @, and a/b>0.3, is expressed as

1+3g
K, =ovra b [2.14]
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2.7 Mathematical model

The plastic zone shape under plain strain condition can be approximated to be a circular
region with radius 7, (as shown in Fig.2.2), which is reasonable because when the H
concentration in the circular region reaches equilibrium, its concentration in the plastic zone
also reaches saturation. To reach the dynamic equilibrium of hydrogen concentration in the
plastic zone during cyclic loading, an annulus region with the inner radius r, and the outer
radius R, is needed to supply and deplete hydrogen atoms. The hydrogen concentration
outside of plastic zone is estimated to be c¢. Therefore, the minimum time, ?.c., for H
diffusion in/out of circular region during cyclic load to satisfy the dynamic equilibrium
hydrogen concentration in plastic zone is related to critical frequency through
Jeriticar=1/(2t cririca). Considering equilibrium condition, the hydrogen concentration near crack
tip is related to the hydrostatic stress distribution [74,75]. Here we employ the criteria that

when the atomic ratio reaches 1, the free surface forms and the crack propagates[22,28].

Figure 2.2 The geometry of a crack, where the orange circular region is the plastic zone, and

the blue region is a circle region where the radius is equal to rp. If the blue region is
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saturated, the plastic zone will be saturated, too. The red annulus region is to offer and
deplete the hydrogen atoms. If hydrogen concentration in the red region reached cyitica; and

the loading time t reached teisical, the plastic zone would be saturated in a mode I loading.

The diffusivity of hydrogen atoms outside the plastic zone is assumed to be constant since
these regions are not stress concentrated. As the stress intensity changes from Ky to Kpax in
a range of time t, the hydrogen atoms can diffuse into the plastic zone from a farthest

position rp+Req. The total volume of the annulus red region in Fig. 2.2 which offers hydrogen
atoms to the plastic zone during loading can be estimated as lz[7r(rp+Req)2 —zrrpz ], where
Ree=V, *t and V, is the hydrogen moving rate. There are not a lot plastic deformations
outside the plastic zone, hence the red region is assumed to be in bee structure. And the total
number of Fe atoms contained in the red region is [7(r,+ R, )’ —7r,1/(a’/2), where d’ /2

is the volume taken by each Fe atom. Total hydrogen atoms to saturate the plastic zone is

euqal to atomic ratio of H/Fe (c,) multiplying the number of Fe atoms.
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Chapter III Atomistic simulation of hydrogen-assisted ductile-to-brittle transition in a-
iron

3.1 Introduction

Hydrogen embrittlement (HE) [21,26,76] in iron (or steel) is a phenomenon in which the
material loses ductility and becomes brittle, and is one of the most severe steel degradation
mechanisms. Experimental results and theoretical studies have led to an understanding of
ductile-to-brittle transition from both hydrogen-enhanced local plasticity (HELP)
[20,22,23,44,77] and hydrogen-enhanced decohesion (HEDE) [11,13,23,28,51,78], where
hydrogen atoms not only enhance the motion of dislocations which increases local stresses,
but also diminish the bonding energy between adjacent iron atoms that causes planar failure.
Because of the high mobility of H in Fe [49,79,80], it is natural to postulate that DTB
transition is related to hydrogen diffusivity and accumulation [29,81]. In addition, molecular
dynamics (MD) simulations suggest that HE is related to the accumulation of H atoms in
tensile stress fields. This accumulation effect not only enhances the pinning effect to
dislocations, which harden the material [76], but also decreases the free surface energy and
stacking fault energy simultaneously near the crack tip [10]. The mechanism can be
expressed using two parameters, Ki° and K|°, the stress intensity factors associated with the
first emitted dislocation from the crack and with crack cleavage, respectively. For a given
material, if K° is less than Ki°, it will deform plastically near a crack tip. However, if K;° is
less than K7, it will form cleavage near a crack tip. It is also important to note that a change
in hydrogen concentration would likely change the free surface energy and stacking fault
energy, which would affect the relative values of Ki“and K;°. As a result, it is possible for a
ductile material to have a K;° smaller than its K;°, which results in a ductile-to-brittle
transition [28][29].

A version of this chapter has been submitted to Computational Materials Science and is under review.
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In the current paper, the critical hydrogen concentration required in a steel specimen to have
DTB transition occur in a mode I fracture is quantified using MD simulations. It is found
that the calculated hydrogen concentration is much larger than that measured in a near-
neutral pH stress corrosion cracking (NNpHSCC) environment. Apparently, DTB transition
is not observed in mode I fracture single-loading experiments. However, evidence of DTB
transition has been observed in cyclic loading in NNpHSCC. Therefore, it is reasonable to
expect that a driving force in cyclic loading to accumulate hydrogen atoms in the cracking
plane exists and allows DTB transition to occur. This driving force of hydrogen motion must
be related to hydrogen concentration gradients and hydrostatic stress distribution [32]. Based
on these findings, we expect that HE does not only depend on hydrogen concentration but

also on the loading spectrum [82—-84].

Since quantitative prediction based on hydrogen accumulation has not been clearly proved,
the current work proposes a mechanism of hydrogen saturation in the plastic zone. MD
simulations are employed to perform a mode I fracture in bcc iron over a wide range of
hydrogen concentrations. Based on these simulation results, a theoretical hydrogen
concentration on the crack plane for ductile-to-brittle transition can be estimated using
Griffith's theory[74]. This estimated hydrogen concentration can be further used to calculate
a theoretical hydrogen concentration in specimens. Based on a hydrogen diffusion model we
previously developed to predict the crack propagation rate [85], the theoretical hydrogen
concentration can be used to estimate the minimum number of loading cycles that

accumulate the hydrogen atoms to make a crack’s ductile-to-brittle transition occurs. A good
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agreement between the estimated value and the experimental observation verifies that cyclic
loading has an effect on the accumulation of hydrogen atoms and the facilitation of crack

propagation.

3.2 Simulation methodology

Two single-crystal bec iron models are first constructed with crystallographic directions
[110} [112} [111] and [001][110] [ilOJ in the x, y and z directions, respectively.

Simulation cells comprised of 420000/570000 Fe atoms are 40x2.1x60nm / 40x2.8x60nm in

three dimensions. The initial crack is located in the middle of the z direction with [crack

front](crack plane normal) directions of [ilOJ (111) and [001] (110). The initial crack

length is approximately 100A and the width of the open mouth is 20A. A typical model is
shown in Fig. 3. 1 (a) with free surfaces boundary conditions along the x direction, and
periodic grain boundary conditions along the y direction. A constant displacement load is
applied to several layers of fixed atoms at two ends of the z direction to correspond to

anisotropic elastic mode I stress intensity field K.

]

600 A
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Figure 3.1 (a) The geometry of the crack in single crystal bee iron, (b) The hydrogen
distribution near crack tip that is determined by hydrostatic stress or stress intensity. The red

lines are free surfaces.

MD simulations are performed using a canonical ensemble (NVT)[86], where constant
temperature is maintained through the Nose-Hoover method [87,88]. Atomic interactions are
described using the embedded atom method (EAM) [89]. The potential is based on the Fe
potential from Mendelev [60], and an extensive database of energies and atomic
configurations from the density functional theory (DFT) calculations have been used to fit
the cross-interaction of H and Fe [59]. All simulations are carried out using LAMMPS code
[90]. Based on the literature, the hydrogen atoms are stably located at the tetrahedral sites in
bee iron [91], and the distribution of hydrogen atoms depends on hydrostatic stress, which is
shown in Fig. 3.1(b). Hence, hydrogen atoms are introduced into the tetrahedral sites to

comply to the hydrostatic stress distribution as following equations show [40]:

¢ exp 4(1+v)K,Q, <)
’ 3k, T\27r T 3.1]

Cyy
4(14v)K,Q

co exp M ’r>ro
3wk, T\ 2rr,

where ¢, 1s the equilibrium hydrogen concentration, ¢, is the hydrogen concentration away
from the crack tip without hydrostatic stress, v is Poisson’s ratio, K; is the stress intensity, Qy
is the partial volume of hydrogen in a-iron, kz is the Boltzmann constant, 7 is the
temperature, » is the distance from a specific position to the crack tip, and r, is a critical
distance value beyond which the hydrogen concentration remains constant in the model. In

the current study, we chose ¢, from 1x10™ to 0.1 atomic ratio to investigate the appropriate
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hydrogen concentration that leads to hydrogen accumulation in our model, where ¢, falls
into the typical hydrogen concentration range that has been used in previous studies
[18][33]. Our simulation results suggest that hydrogen concentration fluctuations over a
distance from 0-15nm are much larger than those from 15-30nm. Therefore, we chose 15nm
as the r, for our current simulations. The system is initially deformed to a load 0.8MPa*m"’,

which offers the driving force for hydrogen accumulation. As the hydrogen atoms are

introduced into the system by hydrostatic stress, the systems are relaxed for 4ns at 7= 300K.

3.3 Results and discussion

3.3.1 Plastic deformation and cleavage in a-iron
In Mode I fractures of ductile materials, dislocations will emit before cracks propagate as

stress intensity increases. In bcc iron, partial dislocation nucleation will generate stacking
faults, which will lead to the formation of full dislocations or twinning partials. Based on the
Rice model [29,30], Ki° depends on the unstable stacking fault energy Y. On the other
hand, Griffith's theory predicted that K;° is related to the free surface energy Y; [31].

Therefore, we firstly examine how hydrogen concentration affects the Y;sand Y5 values.

To calculate the free surface energy, a perfect a-iron single crystal is chosen to contain a
concentration (c) of H atoms occupying tetrahedral sites between two planes along which the
fracture will occur. The system is then separated into two parts along the plane, where each
free surface contains an equal number of hydrogen atoms. The ratio of the energy difference
between the intact and separated states to the free surface area yields the free surface energy

Y5 [32]. Since cleavage stress intensity is related to the free surface energy, which is a

function of hydrogen concentration and the shear modulus, K; =\/7S /A4, (c,1,c,,c0) [10],
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the reduction in the free surface energy results in a reduction in cleavage stress intensity. In
Fig. 3.2, simulation results show that the free surface energy of a more closed packed plane
{110} is much smaller than that of {111}. As the hydrogen atoms are introduced between
two planes, the free surface energy reduces in both planes and the change along the {110}

plane is more significant than that of the {111} plane.
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Figure 3.2 Free surface energy Ys as a function of H concentration for {111} and {110}

crack planes.

The two slip systems (i.e., [slip direction](slip plane)) in the current models are [Tl 1](1 10)

and [111](TT2), and the corresponding stacking fault energies are calculated as shown in

Fig. 3.3. To calculate the stacking fault energy, a perfect a-iron single crystal is chosen to
contain a concentration (c¢) of H atoms occupying tetrahedral sites between two planes along
which the slip will occur. The ratio of the energy difference between the intact and slipping
states to the free surface area yields the stacking fault energy [95]. The lattice energy

changes as a function of slip distance are listed in Figure 3.3(a) and (b) for two orientations.
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Figure 3(c) is the stacking fault energy and shows that the hydrogen atoms tend to enhance

the dislocation movement in the [Tl 1](110) slip system, while hindering motion in the

[111](TT2) slip system. These results suggest that it is possible to observe both the HELP

phenomenon and hydrogen constraining slipping bands phenomenon [96] in laboratory tests,

and hydrogen effects on dislocation emission are somehow orientation-dependent.
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(C)Figure 3.3 (a) Lattice energy versus slip displacement on [111](TT2) slip system; (b)
Lattice energy versus slip displacement on [Tl 1](110) slip system; (c¢) The unstable

stacking fault energy as a function of atomic hydrogen concentration

3.3.2 Hydrogen effect on cleavage and dislocation emission
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We next examine the crack cleavage for two geometries with orientations of [il 0} (111) and

[001] (110). Each orientation corresponds to a specific dislocation slip system, [Tl 1](1 10)

or [111](TT2), respectively. The systems are initially deformed to a stress intensity of

0.8MPa*m"?, which creates a hydrostatic stress field around the crack tip and provides the
driving force for hydrogen accumulation. As hydrogen atoms are introduced into the system
by hydrostatic stress, we performed a 4-ns relaxation to ensure the hydrogen reaches
equilibrium. Then, the crack response to further loading is tested, as both orientations of
cracks exhibit a transition from ductile to “brittle” as the hydrogen concentration reaches a
critical value. Here, brittle is defined as crack initiation before dislocation emission. The

theoretical stress intensities can be calculated using the following equations [92,94]:

e _ 1 2G B ,
= Cos2(0/2)sin(¢9/2)\/ — [1+(1-v)tan’ ¢ | [3.2]

and

K= |y {V;ﬂ 26, + 26, +c44} [3.3]

where G is the shear modulus that equals to (c1-ci2 +caq )/3, O is the angle between the
dislocation emission direction and crack front direction, ¢ is the angle between the Burgers

vector and the vector perpendicular to the crack front direction, and c;; is the elastic modulus.

As both equations have shown, K° is positively related to [y, and K| is positively related
to [y, in specific orientations. For both orientations, K is always smaller than K;° when no

hydrogen is present, suggesting a ductile deformation. In orientation I, both free surface

energy and stacking fault energy decrease as hydrogen concentration increases. Since the
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free surface energy changes faster than stacking fault energy, it is expected that K;° becomes
smaller than K;° when hydrogen concentration is higher than a critical value. In orientation
I, the free surface energy and stacking fault energy have an opposite trend with hydrogen
concentration, suggesting that K;° will be smaller than K;° beyond a critical H concentration.
Therefore, for both cases, it is expected that a ductile-to-brittle transition (K| is smaller than

K1%) will occur if the hydrogen concentration is high enough.
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Figure 3.4 The stress intensity versus hydrogen concentration where c, is the overall
hydrogen concentration in the system. The black circles are the K|° (dislocation emission
firstly) and red circles are K|° (crack propagate firstly) values of first orientation, the black

triangles are the K;° values and red triangles are the K;° values of 2™ orientation.
Simulation results show ductile-to-brittle transition in both orientations, as shown in Figure
3.4. It can confirm K| fluctuates based on Egs. [3.2] and [3.3]. In Figure 3.5, a hydrogen-rich

region forms ahead of the crack tip in nano-level size when c, increases. However, in Fig.
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3.5 (a) where ¢, is equal to 0.0035, the cracks are arrested and become blunt again as cracks
propagate beyond the hydrogen-rich region. Apparently, a further increase in hydrogen
concentration ensures hydrogen-assisted cracking growth, as demonstrated in Fig. 3.5 (a)
where c, is equal to 0.005. However, the crack is classified as “brittle” if it initiates before

dislocation emission.

In orientation II, when the hydrogen concentration is very low, the hydrogen atoms diffuse
to the free surfaces, which make initiation of a crack very difficult. As the hydrogen
concentration increases, the hydrogen-rich region starts to cover the slip systems in the crack

front. Then, the crack initiates from the two edges and begins to propagate, as shown in Fig.

3.5(b).
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Figure 3.5 (a) Atomistic configurations of crack geometry [ilO} (111). The side length of

the curvature R is 5 nm, the blue atoms represent hydrogen atoms and the red atoms are iron.

(b) Atomistic configurations of crack geometry [001] (110). The radius of the curvature R is

5 nm.

To further confirm that DTB transition in MD simulations requires the local hydrogen

concentration to reach a critical value, we examined the hydrogen atomic concentration in a
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nano-sized region ahead of the crack tip in a function of simulation time. The simulation
results in Fig. 3.4 suggest that in orientation I, DTB transition occurs when the overall H
concentration (c,) is greater than 0.002. In Fig. 6 (a), we observe that the local atomic
hydrogen concentration reaches 0.3-0.4 before the cracks become cleavage in all cases. For
orientation II, Fig. 3.4 suggests the critical overall concentration is approximately c,=0.007.
In Fig. 3.6 (b), when c,=0.007, the crack becomes “brittle” as the hydrogen concentration
approaches 0.4 at the crack front direction. When ¢,=0.015, the hydrogen concentration
ahead of the crack tip is 0.5 and the crack is always brittle. When ¢,=0.003, the local H

concentration cannot reach the critical value, so it stays ductile.
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Figure 3.6 Fluctuations of hydrogen atomic concentration in a nano-size region ahead of
crack tip versus time. The hydrogen fluctuations show the DTB transition tendency and

mark the threshold of hydrogen concentration.

The local critical H concentration that leads to DTB transition can also be estimated using
Griffith's theory. Griffith’s theory applies the energy balance idea to the formation of a crack
as a plate subjected to a constant stress, i.e., the increased potential energy II should be

converted to the energy required to open the crack [25]. The total energy is conserved, while
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the applied elastic energy becomes the free surface energy as the material is brittle. That
being said, Griffith's theory could, therefore, be applied to predict Ki° values as the H-

charged crack becomes brittle by using Eq. [3.4]:
K; =\2Ey, [3.4]

where E is Young’s modulus (varies with orientation). For instance, we apply Griffith's
theory to the geometry in orientation I, as shown in Fig. 3.6 (a). The Ki° value corresponding
to the initiation of a nano-sized crack is 0.92MPa*m®> and E is equal to 250GPa in this
orientation. Using Eq. [3.4], when the transition occurs, the free surface energy Y
corresponds to ¢ ~ 0.4, as shown in Fig. 3.2. It is consistent with all the observations
presented above. For further calculations, we choose ¢=0.4 as the critical value for DTB
transition in iron.

3.3.3 Critical hydrogen concentration in the specimen and total number of hydrogen
atoms required to saturate the plastic zone

The local hydrogen concentration on the crack surface beyond which the crack will
propagate by cleavage is an atomic ratio of approximately 0.4. It has been calculated from
MD simulations. If the value of r, or the size of the hydrogen-rich region, is taken as 1nm in
Eq. [3.1], the ¢, value, which is the critical hydrogen value in a specimen required to cause
DTB transition in Mode I loading, is estimated as 244 ppm. Furthermore, the number of

hydrogen atoms required to saturate the plastic zone can be estimated using Eq. [3.5] [14,

33].
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2(1+V)K o [3.5]
—_—— COS — .
32z T2

where N, is the number of hydrogen atoms required to saturate the hydrostatic stress

" (r,0) = %(aﬂ +0o, +Uzz) -

concentrated zone, 7}, is the size of the plastic zone, /, is the thickness of specimen, a, is the
lattice parameter and r is the radius to crack tip. Note that the value N, is underestimated
because of the pinning effects of dislocation cores [76], and the free volume in GBs also aids
in the trapping of hydrogen atoms. If we consider the hydrogen atoms trapped in dislocation
cores as the dislocation density, which is taken to be approximately 10™°/m? [98], then extra

hydrogen atoms required to saturate the plastic zone can be calculated as follows [7]:

pQ
d/2 ccritical exp[ k ;jzﬂ.rlz (1+V) Gb S]ne
Nd=1015*7r*rp2j — dr,P(F,9)=—3 1
0 a, 72'( _v)
2

[3.6]

where Ny is the number of hydrogen atoms trapped by dislocation cores, P is the stress field
of dislocation, d is the size of the dislocation core, which is approximately 9A, b is equal to

Ja,/2 and r is the distance from a specific position to the dislocation core. Calculations

suggest that 15% more hydrogen atoms are required to saturate these dislocation cores,
compared with those required to saturate the concentrated hydrostatic zone. Therefore, the
corrected critical hydrogen concentration in the whole system that causes DTB transition is
~280ppm. Using this value to represent the criica; In Eq. [3.5] and [3.6], the total number of
hydrogen atoms that are required to saturate the plastic zone can be calculated. Note that this
value is still underestimated because the minor cycles will generate plastic deformations and
defects in the plastic zone, which can trap hydrogen atoms with the increments of minor

cycles [99][100] .
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Figure 3.7 Experimental (a) surface treated compact tension specimen; (b) compact tension
specimen with covered crack which ensure no corrosion happens during loading; and (c)
variable amplitude waveform: Kmax=33 MPaVm, R ratio of minor cycles=0.9, R ratio of
underload=0.5, frequency of minor cycles=0.00538 Hz, frequency of underload=0.0000278

Hz (10h/cycle), number of minor cycles per block n=1000. [24]

Based on experimental observations, hydrogen concentrations in a near neutral pH (NNpH)

environment can only reach up to 2ppm outside of the plastic zone [26]. It seems impossible
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to have a ductile-to-brittle transition in NNpH environment due to the overall low hydrogen
concentration. However, evidence of ductile-to-brittle transition has been observed in recent
cyclic loading laboratory tests using X65 steel compact tension (CT) specimens with a
thickness of 9+0.2mm. The CT specimens are ground to a 600-grit finish and then pre-
cracked by fatigue in air to produce a crack tip that shows a similar microstructure in MD
simulations. The notch and crack region of the specimen are shown in Fig. 3.7(a) [38]. These
specimens are exposed to a near-neutral pH solution (C2 solution) during tests, which
ensures the hydrogen concentration in the specimen is 2ppm [39]. Corrosion would likely
destroy the crack plane structure (striations) as the loading time is long (» is large). Parallel
tests using a covered crack, shown in Fig. 3.7 (b), were also carried out to inspect the crack
plane structure at n=1000. A bare specimen is also tested in air for the purpose of

comparison.

An underload-minor cycle-type variable amplitude cyclic loading waveform, as shown in
Fig. 3.7 (c), is designed to simulate actual pressure fluctuations during pipeline routine
operations. The starting mechanical loading conditions are as follows: the maximum stress
intensity factor, KmaX=33MPa\/m, R ratio (minimum stress/maximum stress) of minor
cycles=0.9, R ratio of underload=0.5, frequency of minor cycles=0.00538Hz, frequency of
underload=0.0000278Hz (10h/cycle), and number of minor cycles per block n ranged up to
1000. Minor cycles with a large R ratio will generate few free surfaces, and these cycles
simulate not only the actual loading condition, but also the hydrogen-saturation condition in

MD simulations.
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(©) Bare specimen in C2, n—lOOO (d) Co ated spec1men in C2, n= lOOO

Figure 3.8 Fracture surfaces images near the crack tip after tests (crack propagation from left
to right). The inset is a magnified view of the fracture surface. Large spaced striations can be

detected in the coated specimen and in the bare specimen (n is small) in C2 solution. [24]

Fractured surfaces in the middle section of specimens are examined and shown in Fig. 3.8.
Mini-striations are observed over the entire surface for the bare specimen tested in air as
n=1000, which confirms that crack advancement is caused by the mechanism of fatigue
alone. On the other hand, the fractured surface of the specimen tested in C2 exhibits a
combination of quasi-cleavage, where large-spaced striations and mini striations are

alternatively arranged. When the number of minor cycles # is small in C2 solution, there are
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only large-spaced striations (beginning of DTB transition), as shown in Fig. 3.8 (b) (bare
sample). There is a critical value of n (around 700), shown in Table 1 and Fig. 3.9, beyond
which the crack growth rate per block will be maximized. This critical value marks the
saturation of the plastic zone with hydrogen atoms after the accumulation of 700 minor
cycles and the appearance of a DTB transition. If n further increases, not so much change
will occur in the length of the large-spaced striations, as shown in Fig. 3.8 (d), nor will the

crack growth rate.

In Mode I loading, ductile-to-brittle transition is impossible because the overall hydrogen
concentration is very low in NNpH environment compared with the local critical hydrogen
concentration. However, it is possible that hydrogen atoms are able to accumulate in the
plastic zone during cyclic loading and form a hydrogen-rich region. The cracks stay dormant
during minor cycles which offer a stable zone for hydrogen accumulation. At the beginning
of loading, the hydrogen concentration at the crack tip is low and the hydrogen concentration
gradient can be neglected. Hence, the movement velocity of hydrogen atoms is only related

to stress distribution, as Eq. [3.7] describes:

DK cosg
o DE_(4v)Q T o Vy=—Qveh [3.7]

kT kT2 S

where u is the chemical potential of hydrogen atoms in iron, and 7 is the size of the plastic
zone. With the increments of minor cycles, the hydrogen atoms accumulate near the crack
tip, however, the hydrogen concentration is much smaller than the equilibrium value as
number of minor cycles (n) is small. The tensile stress field still accumulates hydrogen

atoms. However, as n reaches a critical value where the plastic zone is saturated, the
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hydrogen atoms may diffuse out and the moving rate is related to both the hydrogen
concentration gradient and the stress field. The hydrogen-moving rate related to
concentration gradient as hydrogen concentration reaches equilibrium is shown in Eq. [3.8].
During the unloading, the positive stress intensity will still provide driving force for

accumulating hydrogen atoms because hydrogen concentration has not reached equilibrium.

Ve =—pVin| Lo |- P Ve, = Lys [3.8]
ceq(l—ceq)

l-c, l-c,

However, ceq is much smaller than 1 near the boundary of plastic zone, hence, the V,® has
similar amplitude with the Vr° but in opposite directions (The derivations of both velocities
have been included in the Appendix). Hydrogen atoms are very difficult to diffuse out even
reaching equilibrium. Therefore, the number of hydrogen atoms in the plastic zone increases
in each minor cycle until a brittle cleavage occurs. As the crack grows through the hydrogen-
rich region after brittle cleavage, it becomes ductile and dormant again, a new hydrogen
accumulation process restarts. The seperated large-spaced striations (quasi-cleavage) on the
cracking planes in Fig. [3.8] verify this discontinuous crack-propagation mechanism.

3.3.4 Calculation of the number of minor cyles to achieve a ductile-to-brittle transition
A comparison of the crack plane in air and in C2 solution, which is shown in figure 3.8,
suggests that the cracks change from ductile to brittle as the number of minor cycles
increases. Furthermore, a critical value of minor cycles under a specific stress intensity and
hydrogen concentration was found in experimental tests, and ductile-to-brittle fracture
surfaces (large-spaced striations seperated with minor cycles) can be observed in tests if the
number of cycles exceeds this critical value. As shown in Section A, the overall hydrogen
concentration required to make DTB transition occur in Mode I loading can be estimated

using MD simulations. Applying this estimated hydrogen concentration value to laboratory
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tests’ loading conditions, the number of hydrogen atoms required to saturate the plastic zone

and make the transition occur can be calculated with Eq. [3.5] and [3.6].

The actual value of hydrogen atoms diffusing into the plastic zone in one minor cycle
(R=0.9) is approximately equal to the number of hydrogen atoms diffusing into the plastic
zone during loading, as the hydrogen escaping rate is very small in comparison to the
hydrogen accumulation rate as described in section C. Then, the number of hydrogen atoms

diffusing into the plastic zone in one minor cycle can be expressed as

Kﬂ\ZIX
c lz[lr(r +7*t)2—ﬂ'l’p2:| — IK v Vr(KJan)dKI
N;x]linor@z’le — N Vr R ——— [3.9]
ap Ko =K

max min

where V. is the average hydrogen-movement velocity at the boundary of the plastic zone. As

R=0.9, fuiticat 1S 0.0032Hz and fciticar Of the minor cycle is 154s, which is longer than the
laboratory test loading time of ~ 93s. The details of the assumptions in calculating the
hydrogen diffusion in plastic zone in each minor cycle and an alternative method to calculate
the hydrogen atoms required to saturate plastic zone have been described in the Appendix. In
laboratory tests, if the loading time is less than #sica;, the number of accumulating hydrogen
atoms can be related to time ¢. Hence, the loading time ¢ used in Eq. [3.9] is 93s and c, is
2ppm [101] in the specimen. To make an accurate prediction, we also need to consider the
number of hydrogen atoms that diffused to the formed free surfaces. In laboratory tests, the
propagation distance, Aa, for large-spaced striations is approximately 1*10°m. The atomic
ratio (H/Fe) of hydrogen concentration on the free surface is approximately 1 [22], and the

number of hydrogen atoms diffusing to the free surface is as follows:
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which appears to be very low compared with Nz (N;+N,) and can be neglected in
calculations. This suggests that as the crack grows beyond the hydrogen-rich region, more

hydrogen atoms can diffuse out or stay in the lattice compared to those on the free surfaces.

Hence, the predicted value of minor cycles required to make the ductile-to-brittle transition

. Ntotal
occur is equal to W, or 657 cycles.
H

Crack growth rate in C2 solution
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Figure 3.9 Crack propagation rate in terms of millimeter per block versus number of minor
cycles. The shaded region is corresponding to the state, where hydrogen concentration in the
plastic zone reaches saturated, leading to DTB transition and maximize crack propagation
rate. To reach the state, the number of minor cycles should be larger than 657 by calculation,

which is close to the experimental result, 697. [24]

The fracture morphologies displayed in Fig. 3.8 confirm the DTB transition along the

cracking plane. If the number of minor cycles reaches 657, the plastic zone becomes
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saturated and the crack growth rate is maximized. An increase in the number of minor cycles

beyond this value will only make a small contribution to crack propagation based on Paris'
law, (da dN) =CAK"™ . But it will not enhance the hydrogen accumulation effect. Hence,

there is a threshold for cracking rate (da/dN)peck, as the number of minor cycles # in each
block reaches this value. Fig. 3.9 shows the number of minor cycles corresponding to the

threshold detected in laboratory tests, which agrees with our theoretical prediction.

Table 3.1 The crack growth rate per block versus number of minor cycles [24]

Number of Measured crack
minor cycles growth rate
per block, n (mm/block)

1 3.44E-04

1 3.20E-04

10 3.35E-04
100 7.09E-04
100 5.81E-04
300 1.24E-03
300 1.44E-03
697 1.92E-03
1000 2.10E-03
1000 1.96E-03

3.4 Conclusion
In this study, we firstly perform MD simulations to determine the free surface energy and

stacking fault energy as a function of H concentration. Two ductile orientations, [il 0} (1 1 1)

and [001] (110), of cracks in a-iron were tested, as hydrogen atoms were introduced into the

tetrahedral sites of a cubic bcc model. The simulations show that hydrogen embrittlement

effects depend on the crack orientations. In orientation I, the hydrogen atoms enhance the
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emission of dislocations by decreasing the stacking fault energy. It also enhance crack
cleavage by decreasing the free surface energy. However, the changing rate of free surface
energy versus the increasing hydrogen concentration is much faster than that of the stacking
fault energy. Therefore, there is a cross-over of K|° and K|° as hydrogen concentration
reaches a critical value, and cracks propagate before dislocations emit. In orientation II,
hydrogen atoms increase the stacking fault energy as well as decrease the free surface
energy. At the critical value of hydrogen concentration, K;* becomes smaller than K;° and the
crack becomes brittle. Regardless of the orientation, hydrogen embrittlement effects can be

expressed as a transition from ductile to “brittle”.

The critical hydrogen concentration which is estimated from Mode I loading simulations can
be applied to calculate the number of hydrogen atoms required to saturate the plastic zone

under specific Kiax, AK, loading frequency and in a specific steel (corresponding to specific

oys). If cyclic loading is applied to a specimen, the hydrogen atoms accumulate in the plastic
zone during cyclic loading and induce a DTB transition. We examined the number of minor
cycles required to make this transition occur using the stochastic procedures described above.
The calculated value is consistent with experimental tests and confirms our conclusion that
DTB transition, which is enhanced by hydrogen accumulation, is not only related to the
hydrogen concentration, but also the pressure fluctuations generated by the loading
spectrum. Therefore, the model validated in this paper can be further developed to predict
the long-ignored hazard pressure fluctuations in routine operations, such as minor cycles,

and it can help to prolong the life of steel.
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Chapter IV Atomistic study of hydrogen embrittlement during cyclic loading:

quantitative model of hydrogen accumulation effects

4.1 Introduction

The fatigue behavior of metallic materials is an important issue in fracture mechanics. Near
neutral pH stress corrosion cracking, which is a combination of corrosion and fatigue failure,
is recognized as one of the most severe degradation mechanism in pipeline steel and cause
tremendous losses in North America [32,100,102,103]. Many mechanisms have been
proposed to illustrate the hydrogen induced ductility loss of steel (hydrogen embrittlement),
including high hydrogen pressure bubble[104][7][105], hydrogen induced reduction in
cohesive strength [hydrogen enhanced decohesion (HEDE)] [11,40,78,79,106], hydrogen
enhanced local plasticity (HELP) [6,11,20,26,107], and hydrogen assisted vacancy
production[107][108][109]. In general, the presence of atomic hydrogen in steel intends to
enhance crack propagation. Current research also implies that hydrogen atoms have more
significant effects on crack propagation as cyclic pressure fluctuations are applied to the
steel [22,33,97]. Hence, hydrogen embrittlement is not only an issue of hydrogen effect on
material, but also a matter of the loading condition. For instance, hydrogen diffusivity
increases as steel is subjected to tension, and a bigger strain is beneficial for hydrogen
charge. Molecular dynamics (MD) [110,111] with advanced characterization methods can
help in uncovering atomic level mechanisms of hydrogen movement and crack
advancement. MD simulation can reproduce phase transformations, twinning and dislocation
generation processes which can be commonly observed in experiments [18,107]. In

particular, the diffusivity of hydrogen atoms in steel lattice can be estimated and hydrogen
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movement in steel can be quantified, which is non-trivial in experiments. Recently,
predictive nano-scale mechanisms of HE have been quantified both for HEDE, in which the
aggregation hydrogen atoms can induce a local “ductile to brittle” transition [28,29], and for
HELP, in which hydrogen atoms form Cottrell atmospheres around moving dislocations and
cause solute drag [22]. Unfortunately, all the nano-scale models developed so far are based
on the single-static loading condition, however, hydrogen embrittlement has been proved to
be not only related to hydrogen concentration, but also to the pressure fluctuations near crack
tip [32,112]. Therefore, hydrogen embrittlement mechanism is necessary to put into a
content of different loading spectra. In current work, we are aiming to reveal the atomistic
mechanisms of hydrogen embrittlement in the most common pressure fluctuations in steel,

such as in the minor cycles and unloading spectra [3,31].

Minor cycles (Kuin/Kmax™> 0.9) are very common in the loading spectra of pipeline steels.
However, based on the Paris law (i.e., da/dN=cAK™), the effects of minor cycles on crack
propagation are expected to be negligible [85,113]. Recent experimental results have
demonstrated that minor cycles, even with large R ratios as high as 0.9, can contribute to
crack growth rate in underload spectrum [85]. Further investigations have shown that crack
growth rate is dependent on the number of minor cycles and there is a threshold for the
number of minor cycles that maximizes crack propagation in one loading block [85]. Since
minor cycles can play a much more decisive role in NNpHSCC condition, it is natural to
expect that minor cycles can accumulate hydrogen atoms and accelerate crack growth in

hydrogen enhanced decohesion mechanism [29].
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Crack propagation is not a continuous process during cyclic loading, and the loading rate and
unloading rate both affect the crack growth rate. The current understanding is that increasing
the loading rate or decreasing the unloading rate will enhance crack propagation. However,
the atomistic crack growth mechanism and hydrogen diffusivity mechanism during cyclic
loading still remain physically uncovered. In current study, MD simulations will be
employed to study the propagation mechanism of single edge cracks and hydrogen
accumulation mechanism of central cracks during cyclic loading where the R ratios of stress
intensities range from 0.4 to 0.9. The simulation results clearly demonstrate the nature of
discontinuous crack propagation during cyclic loading, and show the hydrogen accumulation
near crack tip is linearly related to the number of minor cycles. Based upon these
observations, a theoretical model was provided to quantify the hydrogen accumulation

effects on crack growth in cyclic loading with minor cycles.
4.2 MD simulations in cyclic loadings

A single crystal bee iron model is firstly constructed with crystallographic directions [il O}

[112} [111] in the x, y and z directions, respectively. The simulation cell comprised of

420,000 Fe atoms is 40x2.1x60 nm along the X, y, and z directions. The crack is located in

the middle of the z direction with [crack front direction](crack plane normal) [110] (1 1 1).

The initial crack length is about 100 A and the width of the open mouth width is 20 A. A
typical model is shown in Fig. 4.1 (a) with free surface boundary condition along the x
direction, periodic grain boundary condition along the y direction, and several fixed layers of
atoms to apply displacement loading along the z direction to correspond to anisotropic

elastic mode I stress intensity field K.
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Figure 4.1 (a) The geometry of the crack. (b) Loading spectra used in the simulation, where

R (Kmin/Kmax) = 0.4.

MD simulations were performed using the microcanonical ensemble (NVT) [86] where the
constant temperature is maintained by the Nose-Hoover method [87,88]. The atomic
interactions are described with Embedded Atom Method (EAM) [89]. The potential is based
on the Fe potential from Mendelev[24], and an extensive database of energies and atomic
configurations from density functional theory (DFT) calculations have been derived from the
cross interaction of H and Fe [59]. All simulations are carried out using LAMMPS [90].
Based on the literature survey, the hydrogen atoms would be stably located at the tetrahedral
sites in BCC iron[27], and the distribution of hydrogen atoms will depend on hydrostatic
stress. Hence, hydrogen atoms have been introduced into the model according to the

following Eq. [4.1] [40].
o 4(1+v)K,Q, s
o P 3nk,T\27r | °

eq
4(1+v)K,Q
¢, exp —( V) Ky N
3rk,T\27r,

[4.1]
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where ¢, is the hydrogen concentration when stress = 0, v is Poison’s ratio, Qy is the partial
volume of hydrogen atom in BCC iron, kg is the Boltzmann constant and 7 is the
temperature. The model is initially loaded to K=0.8 MPa*m"> which offers stress field for
hydrogen accumulation. After the hydrogen atoms were introduced into the system
according to hydrostatic stress, the systems were relaxed for 4 ns at 7 = 300 K. The further
cyclic loading spectrums are shown in Fig. 4.1 (b). The maximum of loading stress intensity
equals to 1.25 MPa*m”’. The propagation of cracks, the hydrogen distributions at the crack
tips and stress distribution near crack are shown in Fig. 4.2. After four ns relaxation, the
hydrogen atoms have accumulated at two sides in the crack front direction, as Fig. 4.2 (a)
shows. The wedge-shaped H-rich region has induced extra tensile stress that makes the crack
propagation easier. This was observed in previous work and was induced by the energy
interaction of the H-Fe atoms’ misfit and high tensile stress field [29]. Since the hydrogen
concentration in the crack front is very high, the crack initiates in the first cycle of loading
and continuously propagates during unloading in the second cycle, as Fig. 4.2 (b) shown.
The stress field near crack tip during cyclic loading is always tensile. After the crack passes
through the H-rich region, the crack becomes dormant and hydrogen atoms begin to
accumulate in the crack front direction during unloading and loading sections because of
tensile stress field, as Fig. 4.2 (c¢) and (d) shown. After the hydrogen cluster forms, hydrogen
atoms will increase the local stress and diminish free surface energy [9], which enhance
crack propagation. Because creating free surfaces will release the strain energy, the stress
intensity will drop tremendously from 1.19 to 0.89 MPa*m®” after crack growth, as (d) and

(e) show.

65



Figure 4.2 The crack tip geometry (first column), hydrogen distribution (second column),
stress field distribution (third column) and loading spectrum (fourth column) under different

stress intensity, as Kpn.x=1.25 MPa*m®> and R (Kmin/Kmax) = 0.4. Blue atoms are hydrogen
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atoms and pink ones are iron atoms in crack tip geometry and hydrogen distribution figures.
The corresponding stress intensity of each geometry is listed as follows, (a) K=0.8034
MPa*m”’; (b) K=1.25 MPa*m®’; (c) K=0.61 MPa*m>’; (d) Ki=1.19 MPa*m,"’; (e)

K=0.89 MPa*m,">.

The previous study suggests that the increase of hydrogen concentration will diminish the
free surface energy; as a result, K|° values decreases [51]. During cyclic loading, as
hydrogen-rich region forms, the stress intensity that requires to initiate crack propagation
will be lower than that requires to induce crack-cleavage in air. The moving rate of hydrogen
atoms should be related to hydrostatic stress distribution and the hydrogen concentration
gradient. At the beginning of accumulation, hydrogen concentration is small and the
hydrogen concentration’s gradient can be neglected. The equation that could be used to

predict the hydrogen movement velocity under this condition is described as Eq. [4.2],

o
o_ DQ_ . (147)Q DK, % [4.2]
Vo= Vo™ = 3
kyT k,T3\2x

where O is the angle between a line from specific position to crack tip and the crack front
direction, and o™ is the hydrostatic stress. However, if the hydrogen atoms have saturated
the crack front direction and reach equilibrium, the reduction of hydrogen concentration
along axial direction will drive the hydrogen atoms out and the concentration-related

diffusion rate is shown as:

Vf:—DVIn( ¢ j: —D vc:LV;’ [4.3]
I-c) c(l-c) 1-c

where ¢ is the hydrogen concentration near the plastic zone. The stress-driven H

accumulation and the density gradient induced H diffusion will both occur as the hydrogen
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concentration in the plastic zone is high. However, the V" and V;° would become
comparable because the local hydrogen concentration ¢ outside the plastic zone is low. It
means that the trapped hydrogen atoms are difficult to move out and hydrogen atoms are

forced to accumulate into plastic zone during cyclic loading, as illustrated in Figure 4.3.

(H
(H

0006
00 0

Figure 4.3 Competitive process of hydrogen accumulation as hydrogen concentration is low

or high in the crack front direction.

4.3 MD simulations on minor cycles

The R=0.4 cyclic loading simulations verifies that hydrogen movement is asymmetric and
hydrogen atoms are prone to accumulate into the plastic zone during cyclic loading.
However, the crack growth rate in MD simulations is high, and the hydrogen-rich region is
much easier to pass through as cracks begin to propagate. These simulations cannot be used
to predict experimental tests or field operations due to the low loading rate. If the R ratio is
increased to 0.9 (minor cycles), the cracks will stay dormant both in simulations and in
experimental tests [85]. The minor cycles loading simulations may provide predictive

capability in the way of hydrogen accumulation.
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In order to reduce surface effect in x-direction (because of its tendency to segregate
hydrogen atoms), the simulation model was modified to include a smaller central crack

located at the center of X-Z surface [114]. A single crystal BCC iron model is constructed

with crystallographic directions[001][110] [110] in the x, y and z directions, respectively.

The simulation cells comprised of 600,000 Fe atoms are 50x2.8x50 nm along the x, y, z
directions. The initial crack length is about 50 A and the width of the open mouth is 5 A. A
typical model is shown in Fig. 4.4 (a) with free surface boundary condition along the x
direction, with periodic grain boundary condition along the y direction, and with several

fixed layers of atoms to apply constant displacement loading along the z direction.

(a) (b)

Figure 4.4 (a) The geometry of the central crack model, (b) the initial size of the crack in a

10 nm curvature circular region.

The maximum stress intensity Kpyax 1s 0.65 MPa*m®? and the R ratio of the minor cycles is
0.9 which ensures no crack propagation. The ¢, is decided to be 0.001, which is ten times

larger than the hydrogen concentration in steel under field operation [115]. The typical
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model is firstly loaded to the maximum stress intensity. Hydrogen atoms are introduced into
the model according to Eq. [4.1]. The hydrogen distribution and the geometry of the crack
are shown in Fig. 4.5 (a). The hydrogen atoms will further diffuse to the central crack’s free
surfaces as Fig. 4.5 (b) shows. The maximum stress intensity for each minor cycle will stay

the same around 0.65 MPa*m®”.

(b)
Figure 4.5 (a) Crack geometry after energy minimization, at first there are almost no
hydrogen atoms on free surfaces; (b) hydrogen atoms’ distribution after 2 minor cycles.
There is no crack propagation or crack geometry change during minor cycles loading, and

hydrogen atoms will saturate on the free surface.

70



Number of minor cycles

0 1 2 3 4 5 6 7 8 9 10
0.015 T T T T T T T T T

= Increment of hydrogen atoms near crack tip

foat
= AL,

l'l#-ll. .

0.010 4

H/Fe, atomic ratio

0.0 0.5 1.0 1.5
Time, ns

Figure 4.6 Hydrogen concentration in atomic ratio (H/Fe) near crack tip. There are ten minor
cycles applied to the model. The initial two cycles will accumulate hydrogen atoms and most
of them capture free surfaces. After that, the following cycles will continuously accumulate

hydrogen atoms and the hydrogen concentration increased linearly.

The hydrogen atomic ratio around the crack in a circular region with the radius » = 10 nm is
calculated, shown in Fig. 4.6. Only the hydrogen atoms in the body are considered and the
ones on the free surfaces are neglected. Because the hydrogen atoms initially tend to diffuse
to the free surfaces and saturate the surface area, there will be a drop of the H/Fe atomic ratio
at the beginning of the loading. After the initial transition, the hydrogen concentration
increases linearly with each increment of minor cycles. This linear relation can be described
as,

n*Ac+c,=c [4.4]

where 7 is the number of minor cycles, Ac is the hydrogen concentration increment, ¢, is the
original hydrogen concentration, and c is the hydrogen concentration after » minor cycles

accumulation. In the experimental tests, it was observed a critical value of minor cycles that
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maximizes the crack propagation and suggested that c.iicar Should exist in Eq. [4.4], i.e.,

n,... Ac+c, =c

critical *

The critical corresponds to 7griticat Which is a critical number of minor

critical
cycles and maximize the crack propagation in the hydrogen-assisted crack propagation
mechanism. The crack growth model based on hydrogen-assisted decohesion mechanism can

be shown as Eq. [4.5][97],

(ﬂj :{ 1 } S [4.5]
dN )y | In(1/c) ( £ ”_n.m[)'

) c...—cC ) .. . ) )
where ¢ is p*—citical "o +c, , feitical 18 the critical loading frequency, and 4 is the combined

ncritical

factor of loading. Since critica 1s much larger than c¢,, then Eq. [4.5] can be modified as,

2

[4.6]

da) _ ! LAk, 1.1
dN ‘ c .. ( f )0.] E
block ln(l / n sk “critical + co ) J critical

If n is equal to zero, the crack growth rate in static loading is only related to ¢,. The cqiticar 18
assumed to be the hydrogen concentration, which induces ductile-to-brittle transition and

equals 280 ppm, based on our previous simulation [116]. The nitica can be estimated from

equation
Kipax p Ghyd
Il A5¢,,ica €XP 27rdr
£ 0 ' k,T
critical [4‘7]

¢, [7(r,+ V%) — 7zrp2]

4(1+v)

327y

Kmax
jK V.(K,.t,)dK,
K _-K

max min

where o”?is hydrostatic stress near crack tip that is equal to o™’ (r) = K,, and

V_is the average velocity of hydrogen atoms that is equal to V= The
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predicted value of nitica 1S €qual to 657, which is consistant with the experimental tests, 697

[85].

The minor cycles’ acceleration factor can be quantified with a ratio of Eq. [4.6] divided by
2

In(1/c,) _ The

hl( ncritical )
nc

critical

itself as n is equal to zero, or can be simplified as Ao (1) =
predicted acceleration factor is compared with the experimental tests and agree with each
other quite well. When the number of minor cycles is smaller than the threshold, each
increment of minor cycles will increase crack growth per block significantly. However, as n
is above the threshold, crack growth rate will not be enhanced by further increment of ».
This fact verifies that the enhancement of crack growth is induced by hydrogen
accumulation of minor cycles. As the plastic zone is saturated, the further increment of
minor cycles will only acuumulate more hydrogen, therefore, crack growth reaches

maximum.

73



acceleration factor

. = Estimated acceleration factor
* Actual acceleration factor in C2

T T T T J T T
0 200 400 600 800 1000

number of minor cycles,n

Figure 4.7 The estimated acceleration factor compared with the experimental factor in X-60

steel. Both reach the same threshold.

4.4 Conclusion

In current study, MD simulations show that hydrogen-assissted crack growth mechanism is
an interaction of hydrogen atoms’ effects on the behavior of metal and the pressure
fluctuations effects on movement of hydrogen atoms. Cyclic loading has an effect on
accumulating hydrogen atoms and make the planar fracture easily occur both in loading and
unloading sections. After a crack propagates through the hydrogen-rich region, several
cycles are required to accumulate enough hydrogen atoms. Hence, the crack propagation is
not continuous. Minor cycles have no direct enhancement on crack growth; however, they
have significant effects on accumulating hydrogen atoms and enchancing the crack growth.
The predictive model of minor cycles’ acceleration effect on crack growth agrees well with

experimental tests.

The mechanism proposed and validated here is related to hydrogen enhanced decohesion.

The interaction of hydrogen and cyclic loading effects is quantitatively descrived as a
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mathematical model in current work and this model has been verified to have quantitative
predictive capability. This model revealed the nature of hazard operating spectra such as
minor cycles and can be used to modify the loading spectra in pipeline or other steels. This

research will be helpful as a basis for other studies to prolong the life of steel.
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Chapter V The effects of pressure fluctuations on hydrogen embrittlement in pipeline

steels

5.1 Prediction of crack propagation under cyclic loading based on hydrogen diffusion

5.1.1 Introduction

Hydrogen embrittlement has been well accepted as one of the most severe steel degradation
mechanisms [51,76,117,118]. There are several theories to illustrate hydrogen embrittlement
in steel. Hydrogen Enhanced Local Plasticity (HELP)[119] postulates that hydrogen would
not lock dislocations in place and instead it would enhance the movement of dislocations.
The increased local plasticity is believed to cause an increase in local stress so that crack can
be initiated easily [82,120]. Hydrogen Enhanced Decohesion (HEDE)[106,121] postulates
that H atoms in steel would diminish the bonding energy between adjacent iron atoms and
this mechanism causes an easier planar failure[122]. Lynch’s theory which involves H
promoting dislocation nucleation, and facilitating the link up of cracks with voids ahead of
cracks is also reasonable in explaining material changing from ductile to brittle as H

concentration increases[13].

This paper aims to build a theoretical model of crack propagation in pipelines based on
current laboratory results and Paris law. According to Paris law, the crack growth rate is
related to maximum loading stress intensity Kmax, the range of loading stress intensity AK
and loading frequency f[12]. However laboratory tests in NNpHSCC find that the cracking

rate remains constant below a specific loading frequency. This loading frequency has been

A version of section 5.1 in this chapter has been published: X. Xing, et al. Mater. Lett. 152 (2015) 86—-89.
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defined as a critical loading frequency fuiiical [32]. Since previous studies suggested that
hydrogen distribution is dependent on hydrostatic stress [91][40] and hydrogen movement is
dependent on stress intensity [28], it is reasonable to conclude that f.iica; should be related to
hydrogen diffusion and should depend on fracture mechanics and hydrostatic stress. A crack

propagation model based on hydrogen diffusion can be rewritten as follows:
[%j _(foa | (ﬂjm [5.1]
dN tot f dN HAC

where (da/dN)pac 1s the crack propagation rate due to hydrogen-assisted cracking. The
(da/dN)y4c term takes into account both the HEDE theory and Lynch’s theory, where the
former expects the accumulation of H at the crack front direction to diminish the free surface
energy and cause crack propagation [29,101] and the latter considers the coalescence of the
minor defects with cracks due to H effects [16,23,109]. As hydrogen atoms saturate in the
plastic zone, two mechanisms will enhance the crack propagation rate to reach the maximum
rate, as suggested by the recent experiments [32]. Since both mechanisms are related to
hydrogen diffusion, the total hydrogen-assisted cracking rate is naturally expected to have a
power law relationship with the cracking propagation rate based on HEDE. Hence, the main

task in this model is to develop the crack propagation rate based on the HEDE mechanism.
5.1.2 Cracking model based on hydrogen diffusion

Based on the equilibrium condition, the hydrogen concentration near the crack tip is related

to the hydrostatic stress distribution [74,75] and can be expressed as:

hyd
c=c, exp(o-k ;)] [5.2]
B
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where ¢y is the atomic ratio of H/Fe away from the crack tip, Q is the partial volume of

hydrogen, k5 is the Boltzmann constant, and 0™ is the hydrostatic stress which is shown as:

y 1 2(1+v 0
o (r,g):§(O'H+GW+Gzz)=3(T\/7r)K,COSE [5.3]

where v is Poisson’s ratio, K is stress intensity, 7 is the distance from any specific position to
the crack tip, and O is the angle between the crack front direction and the line from the
specific position to the crack tip. Here we employ the criteria that when the atomic ratio
reaches 1, the free surface forms and the crack propagates [22,28]. Hence, the length of the

saturated zone can be estimated as:

4(1+v)Q [5.4]

3ﬂk8T\/2ﬂln( j

L(K,):
1
S

K}

Therefore, the maximum (da/dN)gepe is the difference of L(K)) as K; changes from K, to

K..or and the value can be shown as:

2

So

. [5.5]
(daj""“ . L - 4(1+v)Q (1+RJAK2
AN J e 37szT\/27rln[L] =R

where L, is the saturated length at K., Lmax 1S the saturated length at K., and the R ratio
is equal to K,/Kunax. The (da/dN)uepe 1s the crack propagation rate related to hydrogen
diffusion. When f < fiitical, the da/dN = (da/dN) y.x, however, when f> feiical, the da/dN value

will vary with loading frequency, i.e.:

[ﬂ] _ [dijmax fcrin‘cal ’ [56]
AN J yepe AN ) yzpe S

The power of loading frequency Y can be fitted from experimental results, which are
expected to be related to hydrogen diffusion. The hydrogen concentration in the steel is

difficult to quantify and could range from 0 to 5*10 atomic ratio [40]. To simplify the
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calculation, the ¢y here is taking a constant at 2 ppm, which is a reasonable amount around

crack tips in steel [29,101].

Plastic zone

Figure 5.1 The schematic of the H enhanced crack propagation model. The pink region is the
plastic zone, in which the size is equal to r,. The annulus region in which the inner radius
equals r, and the outer radius equals R,, is the zone that supplies and depletes hydrogen
atoms to and from the plastic zone during cyclic loading. L(K)) is the length of a free surface

(the distance that the crack propagates) covered by hydrogen atoms.

The plastic zone shape under the plain strain condition can be approximated to be a circular
region with a radius 7, as shown in Fig. 5.1, which is reasonable because when the H
concentration in the circular region reaches equilibrium, its concentration in the plastic zone
also reaches saturation. To reach the dynamic equilibrium of hydrogen concentration in the
plastic zone during cyclic loading, an annulus region with the inner radius r, and the outer
radius R, is needed to supply and deplete hydrogen atoms. The hydrogen concentration
outside of the plastic zone is estimated to be ¢y. Therefore, the minimum time, 7.1, needed
for H diffusion in/out of the circular region during the cyclic load to satisfy the dynamic

equilibrium hydrogen concentration in the plastic zone is related to the critical frequency
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through feiticar=1/(2tcriricar). Hence, the number of hydrogen atoms needed to saturate the

plastic zone can be calculated as follows:

["Msz 1
r, €, €Xp| ———— |27rl, )
N(K)= | /zBT dr+4L(1<;) L. [5.7]
a a;
L(K;) 02 0

2
where r, is the plastic zone size based on plain strain conditionL[Kmax] , dyp 1s the lattice
6r

O
parameter, /, is the thickness of the specimen and L(K)) is the free surface length where
hydrogen concentration is equal to one. As K; changes from K, to K., the hydrogen
numbers change in the circular region in which the radius r, is N(Kya)-N(Kpin). This
difference could be calculated by changing K; in Eq. [5.7] from K, to K. The
exchanging of H atoms in the plastic zone then be supplied to or depleted by an annulus
region in which the inner radius equaled r, and the outer radius equaled R.,. Hence, the

increase of H atoms in the plastic zone during one single cycle of loading should still be

equal to the H numbers in this annulus region as Eq. [5.8] shows.

3

o

N(K o)~ N (Ko ) = 27c,. (R,-r) [5.8]

The average velocity of the hydrogen movement J7 , over position and stress intensity can be
estimated from the hydrogen chemical potential deduced force and the motivation [29,50].

The hydrogen chemical potential can be shown as:

p=p +kBT1né+o-”de [5.9]

and the velocity can be expressed as:

0
DF. (1+v)Q DK,cosE [5.10]

TkT kT3N2 5
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As hydrogen atoms flux into the plastic zone during loading, the hydrogen concentration
outside the plastic zone is assumed to be a constant c,, hence F. =-Vu=-QVo™. Then

the average velocity is:

I LT aor [5.11]

B ”(Req _rp)(Knm _Kmin)

The t.itical Value is equal to the size of the zone which supplies or depletes the hydrogen

1

atoms over the average velocity, i.e., , then:

critical —
2¢

critical

1 1
(1+v)QD(K,,, +Kmm)[\/z‘\/a] [5.12]
”(Req " )2 k5T3J2_ﬁ

f;ririml -

In Eq. [5.12], the fuitical 1S proportional to hydrogen diffusivity, and D is about 2%107'! m%/s
[80] when the strain of the specimen is equal to zero. However, molecular dynamics (MD)
simulation shows that there is an excess volume for hydrogen atoms as the specimen is under
tensile strain. Hence, the diffusivity of hydrogen can be almost two orders higher than that
value and can reach 1.7%¥10° m?%s [48]. Therefore, this D value is used in the current

calculation and the HEDE propagation rate can be shown as:

2

(ﬂ) | 4eve [MJL ror [5.13]
AN ) yzpe 37rkBT«/ﬁln(iJ 1-R (f/fcm“‘a/)y critica

S
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Figure 5.2 (a) A comparison of the experimental measured crack propagation rate and the
calculated rate using Eq. [5.13] in C-2 solution, and (b) a comparison of the experimental
measured crack propagation rate and the calculated rate using Eq. [5.13] in NOVATW
solution. The (da/dN)tot (solid symbols) show a stronger AK dependence compared with the

calculated (da/dN)HEDE (open symbols). [33][123]

Fig. 5.2 compares the estimated HEDE crack growth rates with experimental results in C-2
and NOVATW solutions [33]. The hollow symbols (HEDE) and the solid symbols
(experimental values) have the same trend. The predicted HEDE crack propagation rate and
the total crack propagation rate from experiments both show a power law with AK. This
suggests that the estimated HEDE propagation rate based on hydrogen diffusion and critical
loading frequency could be related to the Paris Law and could provide physical meaning for
this empirical model in NNpHSCC. The deviation of slop in predicting the HEDE
propagation rate is proportional to the deviation of the experimental crack propagation

results. This relationship can be simply related by a power law:
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log(daj /log(daj =n [5.14]
dN tot dN HEDE

where 7 is the constant for specific steel. Hence, the overall crack propagation rate should be

proportional to the stress intensity and frequency as Eq. [5.15] shows:

2n

(daj | a0 {[1+R] AK? J ros
—_ = — y s critical
N o | smp 1 \/ﬂzn[ ] VRIS foe)

1
=)

[5.15]

Therefore, a new crack propagation model in the form of the Paris Law can be simplified as:

do) (k) _ac | [5.16]
(dNJmt A{(I_RJ(-}(/ﬂritim] )/] ’f>f;ritical

where A and n are constants and A is proportional to 1/7 and In (I/cp). The term

(1+R j AK®  is a combined factor of loading and hydrogen diffusion, and the 1" value
1-R (_f/,]:'ritical );/

can be fitted from experimental results. Figure 5.3 shows a crack propagation rate of X-65
steel in C-2 and NOVATW solution [33] in NNpHSCC and X52 steel in C2 solution [123]
in terms of the new combined factor, where we take Y as 0.1 and all the data show

reasonable convergence.
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Figure 5.3 The combined factor fits with the crack length from experimental results. All of

the cracking rate data in different loading frequencies and stress ratios fit very well with the

single Y"value, 0.1. [33][123]
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Figure 5.4 The correlation between the two combined factors based on the empirical model

in the previous study and the theoretical prediction on hydrogen diffusion.
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In Fig. 5.4, we plot the combined factor (1+R] AK® based on current model against
l_R (f/f;ririm[ )0.l

2
max

the previous combined factor o

, which was successfully used to predict the

durability of pipeline steel [33]. The power law relationship between the two combined

factors suggests they are correlated and that both are based on the same mechanism.

5.1.3 Conclusion

The new model, which includes a hydrogen accumulation factor, can be used to predict
crack growth and rationalize the model based on X-65 steel experimental tests. Furthermore,
it can be used to predict the crack propagation rate in other steels with fitted 4 and » values

in equations. The crack propagation rate can be easily correlated to a combined factor

(1+RJ AK? . This factor has combined the hydrogen diffusion, critical loading
l_R (4f/<f;‘ritical )OAI

frequency, and cyclic loading. It has a power law relationship with the previous combined

2

factor Tmax , suggesting that both factors are based on the same mechanism. Therefore,

current study provides a strong theoretical foundation for the Paris Law and previous

empirical model in the NNpHSCC.
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5.2 Application of the crack model

The mechanisms for crack growth in pipeline steel of different loading spectra such as
overloading and minor cycles are well established. However, if hydrogen atoms were
introduced into a specimen, these mechanisms may not work because of hydrogen
asymmetric diffusion during cyclic loading. In our assessments, hydrogen atoms will
accumulate into the plastic zone in each cycle of loading because of hydrostatic stress
distribution and the hydrogen concentration gradient [28]. This hydrogen accumulation
effect will enhance the crack propagation of pipeline steel, notably in near neutral pH stress

corrosion cracking (NNpHSCC).

Overloading has a retardation effect for crack propagation in air, and the mechanisms can be
clarified as follows: 1. The overloading blunts the crack tip and further resharpening of crack
tip needs more time, 2. Compressive residual stress in the front of crack tip caused by
overload retards the crack growth, 3. Residual stress behind the crack tip leads to plasticity-
induced closure [124—-127]. However, overloading introduces a cycle with bigger AK and
Kmax into the loading spectra, which will induce initial crack growth acceleration and
enhance in hydrogen accumulation. The accumulated hydrogen atoms can enhance the crack

propagation and might be able to eliminate the aforementioned retardation effects.

The same scenarios can occur in spectra containing minor cycles. Since the R (Kin/Kmax)
ratio of minor cycles is very large, the Paris model predicted that minor cycles could only
make small contributions to crack propagation. Some laboratory results also show that there
is a threshold of AK, below which the crack growth rate will drop to zero [33]. However,

current studies in NNpHSCC have shown that compared to tests without minor cycles, there

A version of section 5.2 in this chapter has been published: X. Xing, et al. IPC 2016-64478.
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is an increase in the crack growth rate by a factor of 3 to 5 as some minor cycles are added to
the underloading spectra [85]. Compared with underloading, a single minor cycle cannot
significantly accelerate crack growth. However, a significant number of minor cycles can
gather hydrogen atoms and change cracks from ductile to brittle as the hydrogen
concentration increased in the crack front direction. These aggregated hydrogen atoms
highlight the role of minor cycles in crack growth. A new model has been developed to
predict crack propagation rate based on the HEDE mechanism. Afterward, the new model
combined with the hydrogen accumulation theory can be used to quantify hydrogen effects

in the crack growth of overload and minor cycles.

5.2.1 Overloading retardation

.

Figure 5.5 The schematic of the overloading plastic zone. The red region is the plastic zone
produced by the 1 cycle of constant loading, in which the size is equal to 7,;. The pink region

is the plastic zone produced by overloading, in which the size is equal to 7.
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The overloading retardation effect in the current model can be approximated by a ratio of
two feiritial Values which are related to the plastic zone created by the constant loading K,
and overloading K,.x°. The overloading retardation is dependent on plastic deformation and
tensile stress in the plastic zone as the specimen is loaded in the air. However, the hydrogen
accumulation in the crack tip will also be contributing to crack propagation as the specimen

is loaded under NNpHSCC conditions. The retardation factor is shown below

0.15

1 1
R,,~7,) [,— —,—J
constrainzone 1 ! 7 v, = Aa R: [5 . 1 7]
¢I‘H = [f;"‘i 1 j = ’ ’ i
(Req - ro + A a) [ r}fpi - 'Reql_ J

where ryp; is the size of the plastic zone produced by the i cycle of constant loading, 7,is the
plastic zone created by overload, and Aa is the crack length change. The constraint zone size
is the difference of r,and Aa, and R.q-7, is the size of an annulus region that depletes and

offers hydrogen atoms to the plastic zone and can be calculated with Eq. [5.8].

Stress Intensity factor,

K (MPavm)
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Figure 5.6 (a) Variable amplitude waveform: K,;;=16.5 MPa*m®?> , Kinax for constant loading
is 33MPa*m’’ and the R ratio of minor cycles is equal to 0.9. (b) A comparison of the

predicted overloading retardation factor for 10%, 20% and 30% overloading with Eq. (17).

As Fig. 5.6 shows, overloading has a beneficial effect in retarding crack propagation as ¢, 1s
smaller than one. A larger K. in overload will generate a larger plastic zone, and more
hydrogen atoms should be needed to saturate the plastic zone before the hydrogen atoms
could diffuse to the crack front direction. As cracks propagate to a position where the
constant loading plastic zone can exceed the boundary of the overloading plastic zone, the

retardation effects will be removed and ¢, will return to one.
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Figure 5.7 (a) A comparison of experimental acceleration factors for different overload ratios
ranging from 0%~30%; (b) A comparison of predicted acceleration factors for different

overload ratios ranging from 0%~30%;

Experimental tests in C2 solution shows that as the K,,x of overloading increases, the crack
propagation accelerates. Fig. 5.7 shows a comparison of the acceleration factors for different
ratios of overloading. In particular, 30% overloading does not lead to a larger retardation
factor than 10% overloading. The acceleration may be attributed to the initial overloading
acceleration. If neglecting the crack propagation of the minor cycles, the crack growth rate
of each block is divided into two parts: crack growth during underload and crack growth
during overload. The crack growth rate has a relation with the range of stress intensity which
is roughly expressed as (da/dN)~AK®. Hence the acceleration factor of overload can be

described as follows

¢ _ ¢r1-1 (nlAanderload + n2AK3V€V10ad ) [5 18]
aH '
nAK’

underload
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where 7 is the number of underload cycle in each block and n; is the number of overload
cycle in each block. The predicted values show good convergence with laboratory tests. As
overload ratio is near 5%, the initial overload acceleration is very small. However, 5%
overloading bring in significant retardation effect because of the plastic zone size change. As
overloading is increased, the overload acceleration overcome it’s retardation effects and

enhance crack growth.

5.2.2 Minor cycle acceleration

Based on current experimental results, there is a critical number of minor cycles which
maximizes the crack growth rate for the underload spectrum [85]. This critical value can be
assessed based on the following arguments: 1) an equilibrium hydrogen concentration
(maximum) could maximize crack propagation and saturate the plastic zone; and 2) minor
cycles affect the accumulation of hydrogen atoms. Furthermore, the critical number of cycles
is equal to the number of hydrogen atoms required to saturate the crack tip divided by the
number of hydrogen atoms that can be accumulated at the tip in each minor cycle. The
loading spectrum is shown in Fig. 5.8, where K, 1s equal to 33 MPam, the R ratio of the
underload is 0.5, the the R ratio of minor cycles is 0.9 and # is the number of minor cycles in

each block.
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Figure 5.8 Variable amplitude waveform: K;.x=33 MPa*m®? , the R ratio of minor
cycles=0.9, the R ratio of underload=0.5, the frequency of minor cycles=0.00538 Hz, the
frequency of underload=0.0000278 Hz (10 h/cycle), the number of minor cycles per block n
=1000.

There is a theoretical hydrogen concentration outside the plastic zone which can affirm the
ductile-to-brittle transition in mode I loading. This value has been estimated using the MD
simulations and is equal to 280 ppm [116]. The number of hydrogen atoms needed to

saturate the plastic zone could be calculated using the equation shown below:

K
“V(K,,r,)dK
where j7 - u

C B[”(rp+ I7r *tcritieal)z _ﬂrpz]
a2 K _—-K_

Ntuta[ __ critical
H =

[5.19]

V. is the average moving velocity of hydrogen atoms at r = 7, as stress intensity ranges from

Kinin to Kinax. A linear summation of the crack growth rates of each cycle with the Paris Law
is the most common method to calculate the crack growth rate. Although each minor cycle
can only make a small contribution to crack growth, a significant number of minor cycles
have effects in accumulating hydrogen atoms and only generate a small distance of free
surfaces. Hydrogen atoms diffusing out from these free surfaces can be neglected unlike

those accumulating into the plastic zone. If minor cycles accumulate enough hydrogen atoms
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and saturate the plastic zone, the crack growth rate will be maximized. Hence, the number of

total
H

minor cycles needed to saturate the plastic zone is equal to ————-.
N]r-rlnnorcycle

The theoretical value of minor cycles needed to maximize the crack propgation is equal to
676 cycles, which is consistent with the laboratory tests shown in Fig. 5.9. The correlation of
the theoretical hydrogen accumulation model and experimental results verifies the minor
cycles’ effect in accelerating crack propagation in NNpHSCC. Hence, an accelerating factor
should be added to modify the Paris model [74][128] when minor cycles exist in the loading
block. In a theoretical model, the crack growth rate is expresssed in a relationship with the

hydrogen concentration as Eq. [5.20] shows:

(ﬁj { 1 } 1 T AAK, f,T) [5.20]
dN constload ln(l / CO) ( f; rit[m]) -

As ¢, becomes larger, the crack propagation rate is enhanced. Furthermore, if c, can reach
the theoretical critical concentration, the crack propagation rate should be maximized. The ¢,
is a constant and will not change with increments of minor cycles. However, each increment
of minor cycles will increase the number of hydrogen atoms that accumulate into the plastic
zone, generating the same effects as each increment of ¢,. The crack growth rate for one

block with n minor cycles can be estimated with the following equation:

2

[5.21]

(Z_]L\l]j - Il1 1 0.1 A(AK’f’T)
neycles ]H(M) (fz‘:ririca[ )

n C(rritical

where 7riticar 18 the critical value of minor cycles which maximize the crack propagation, # is

the number of minor cycles in one loading block, and cgitical 1S the hydrogen concentration
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which can saturate the plastic zone in one single cycle. The acceleration factor of minor

cycles is a ratio of Eq. [5.21] and Eq. [5.20].

In(1/c,) [5.22]
ln( ncrilical )
nc

critical

6xacceleration (}’l) =

Fig. 5.9 shows a linear summation of the crack growth rate of each cycle with the Paris
model j—; =2.93E—4*(1-R)*” in one block. Introducing the acceleration factor into this

Paris model could predict the crack growth rate in NNpHSCC conditions.
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Figure 5.9 The number of minor cycles versus the crack growth rate in one block. The circle
symbols are predicted with the original Paris model, the red ones are the predicted values as
the acceleration factor was added to the model and the square symbols are the values from

the experimental tests.

As Fig. 5.9 shows, although the acceleration factor is considered in assessments, the

experimental crack growth rates are larger than the predicted ones, as n is small because the
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minor cycles will not only assemble hydrogen atoms but also generate plastic deformations.
According to Lynch’s theory, the hydrogen atoms can facilitate the linkage of cracks and
minor cracks or voids ahead of the crack tip [13,96]. These extra plastic deformations
generated from minor cycles had not been considered in previous calculations. For that
reason, the difference between the theoretical calculation and laboratory results is reasonable
in this case. As n is increased, the difference becomes much smaller. Furthermore, as »
reaches the predicted critical value, the predicted crack growth rates are well-matched with
the rates from the laboratory tests. The comparison of predicted crack growht rates and
experimental results verify the ductile-to-brittle transition which is detected in the laboratory
tests. As n is small, the accumulated hydrogen atoms could not saturate the plastic zone and
the cracks are ductile. Along with an increase in the number of minor cycles, the cracks
become brittle and the crack growth rate would be more dependent on the hydrogen atoms’
acceleration effect. In summary, hydrogen diffusion and accumulation in the plastic zone
play a decisive role in crack growth.The predicted ngitca can be used to quantify the

acceleration factor and matches well with laboratory tests.

5.2.3 Conclusion

Hydrogen plays a decisive role in crack growth in NNpHSCC. Hence, the hydrogen
acceleration effect should always be quantified in crack growth prediction. The minor
cycles’ acceleration factor is quantified using MD simulations and experimental works. The
follow-up work quantifies the acceleration factor in other loading spectra based on hydrogen
accumulation effects. The loading spectrum makes it easier to assemble hydrogen atoms,
such as a loading block consisting of minor cycles. Such a loading spectra will always

generate a larger crack growth rate.
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Chapter VI  Conclusions and recommendations

6.1 Conclusions

Our research objective is to enhance our understanding of crack propagation in pipeline steel
exposed to near neutral pH under cyclic loading pressure fluctuations. The molecular
dynamics simulations are employed in current study. To simplify the problem, a single
crystal bcc model is built to simulate the steel, and the dynamic charged method is used to
simulate hydrogen accumulation which is induced by pressure fluctuations. The single-static
loading is firstly applied to the models with different concentration of hydrogen and different
orientations. The results suggest that the crack propagation mechanism is somehow
orientation dependent. However, the atomic ratio of H/Fe which leads to brittle cleavage is
almost the same for different orientations. Simulations on complicated cyclic loading spectra
could be simplified to simulations on constant loading and minor cycles, separately. The
crack propagation mechanism in constant cyclic loading could be divided into brittle
cleavage and accumulation of hydrogen as dormant crack. Minor cycles accelerate the
hydrogen accumulation and reduce the interval between two brittle cleavage statuses. Based
on hydrogen accumulation theory and discontinuous crack propagation mechanism, a

prediction model of crack growth is developed and validated in our research.

6.1.1 Asymmetric hydrogen diffusion
At low hydrogen concentration, the concentration gradient can be neglected and hydrogen
atoms can accumulate into plastic zone because of tensile stress and plastic deformation

trapping effects. After hydrogen atoms accumulate into the plastic zone, the concentration
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gradient will hinder hydrogen atoms’ movement to crack tip, however, tensile stress still
provide motivation to accumulate more hydrogen atoms. These competition forces have
similar values, but have opposite directions. Hydrogen atoms will continuously accumulate

into plastic zone during cyclic loading.

6.1.2 Discontinues crack growth

As hydrogen concentration near crack tip reach a critical value, the crack will become
cleavage and propagate rapidly. A small amount of accumulated hydrogen atoms will diffuse
out from the free surfaces. Most of the accumulated hydrogen atoms will stay just behind the
fracture surface. The crack will become ductile after pass through the hydrogen-rich region.
The hydrogen accumulation process will restart again before another brittle cleavage can

ocCcur.

6.1.3 Hydrogen accumulation during minor cycles

Minor cycles are cyclic loading with a large R ratio (Kpin/Kmax) Which is up to 0.9 in our
simulations. The nature of these minor cycles is small stress intensity fluctuation. One minor
cycle will not contribute to crack propagation (or very small contribution) that offer a stable
plastic zone to accumulate hydrogen atoms. The small stress change determines that only a
small amount of hydrogen atoms can accumulate into the plastic zone in one minor cycle. In
our simulations, we found that hydrogen atoms will increase linearly around crack tip as
minor cycles are applied to the models. The linear increment of atomic hydrogen
concentration near crack tip help to quantify minor cycles’ acceleration factor in underload-

minor cycles spectra.

97



6.1.4 Crack propagation model

Dr. Curtin bridges hydrogen diffusion velocity with crack propagation in a condition which
atomic hydrogen exists in bce structure material (iron). The chemical-potential-determined
hydrogen moving velocity affects the velocity where hydrogen rich region forms. As atomic
ratio (H/Fe) reaches one ahead of crack tip, the crack will propagate by opening two free
surfaces (brittle cleavage). However, hydrogen atoms will saturate the plastic zone before
saturate the crack tip. Hence the number of hydrogen atoms saturate the plastic zone should
also be considered into determining crack growth rate. Based on this hypothesis, a model
that involves in hydrogen diffusivity, stress intensity fluctuations, pH changes, and

temperature changes has been developed to quantify crack growth.

6.1.5 Modification of model

The model is based on hydrogen diffusion and could be used to predict crack propagation.
This model has successfully predicted critical loading frequency in constant cyclic loading
and the number of minor cycles which maximize crack growth in underload spectra. A
comparison of this model with classical model (Paris law) has verified its predictive
capability in crack growth. The correlation with the combined factor which is developed by
Dr. Chen has proved that this model has considered loading frequency and critical loading
frequency value. This model could be further modified to predict the minor cycles’
acceleration factor to underload and the crack growth rate of complicate loading spectra such

as under-overload cycles.
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6.2 Recommendation

1.

The improvement of the accuracy of prediction involves in accurate diffusivity (D) in
steel, and quantifying the relation of hydrogen concentration with temperature. The
fitting parameter in the model should be determined separately in different steels. Since
crack growth is not only related to hydrogen concentration but pressure fluctuations, the
acceleration factor or retardation factor in different spectra should also be determined

separately.

The semi-brittle theory has illustrated ductile to brittle transition as a process trans-
granular cracking change to inter-granular cracking. The grain boundaries in steel will
hinder dislocation movement which will increase the local strain energy and make the
inter-granular cracking occur. Hydrogen atoms will accumulate near grain boundaries
because of trapping effects of grain boundaries. Hydrogen atoms could further change
the grain boundaries’ ability in hindering dislocation motion and in this way enhance
brittle cleavage. This effect is somehow related to grain boundary energy change and

awaits to be quantified.
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Appendix

Calculation of hydrogen-moving rate

Chemical potential driven hydrogen diffusion is expressed by Eq. (1) [28]

=1 +kBT1né+0'hde (1)

where L1, is constant and the meaning of other parameters can be checked in the manuscript.
And the axial hydrogen moving rate is shown as Eq. (2)

DF
V=" po (v 2
et (Vu), 2)

and the stress distribution related moving rate Vr° is expressed as Eq. (3) [29]

hyd
Ve Z—D—Q(Vahyd) ,aay =—(1+V)I3<' cos(%) (3)
kT ror 322

and the hydrogen concentration gradient related moving rate as the hydrogen concentration

reach equilibrium is expressed as,

o ¢y || __-D
V= D(Vln[l_zeqﬂr —ceq(l_ceq)(chq),,

0 1 K
ﬁ — _ce i%cos(gj (4)
or "k, T 3 27”,5 2

Calculation the value of accumulated hydrogen atoms
There is another method to calculate the number of hydrogen atoms required to saturate the

plastic zone. Under experimental condition, for a max stress intensity, Kmax=33MPa*mO‘5,
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R=0.5, and in X-65 steel, the critical loading frequency corresponding to the loading

condition is 10°Hz and the critical loading time, ¢, = % , of one cycle is 500s [32].

f;’r[ tical

1 1
(] )

ritical — ”(Req _ rp )2 kBT3\/Z

Critical loading frequency is corresponding to the minimum time that hydrogen atoms
require to diffuse and reach momentum equilibrium in the plastic zone. If ¢, is increased, the
number of hydrogen atoms required to achieve the equilibriun is increased. And if ¢, could
further increase to the critical value ccritical, the plastic zone can the saturated and the crack

growth rate should be maximized.

Hence, as the loading time is larger than tgisca, the crack propagation rate will reach a
maximum and remain constant [32]. The number of hydrogen atoms required to saturate the

plastic zone and allow for DTB transition to occur is

— 2
% _ 2
Ccriticallz |:ﬂ- (rp + I/r t(‘ritica[) ﬂ-rp :|
3
a, / 2

(6)

total __
N;“ =

where citical 18 the theoretical value, which is previously determined to be equal to 280ppm,

feritical 18 the loading time corresponding to the critical loading frequency, 1, is the thickness
of the specimen, and V. is the average hydrogen-movement velocity at the boundary of the

r

plastic zone.

This calculation based on the same assumptions as calculating hydrogen atoms accumulate
into the plastic zone in each minor cycle. The diffusivity of hydrogen atoms outside the

plastic zone is assumed to be constant since these regions are not stress concentrated. As the
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stress intensity changes from K, to Ky.x in a range of time t, the hydrogen atoms can
diffuse into the plastic zone from a farthest position rp+V . *t. The total volume of the annulus

red region in Fig. 2.2 which offers hydrogen atoms to the plastic zone during loading can be
estimated as [[z(r,+V, *t)* —7zr.]. There are not a lot plastic deformations outside the
plastic zone, hence the red region is assumed to be in bece structure. And the total number of
Fe atoms contained in the red region is lz[ﬂ(rp+l7r *1)° —7zrp2 1/(a / 2), where @’ / 2 is the

volume taken by each Fe atom. If the atomic ratio of H/Fe reached the critical value and the
diffusion time was bigger than t.;ical, the plastic zone can be saturated and the number of H

atoms required is calculated with Eq. (2). Hence, the predicted value of minor cycles

Ntotal

required to make the ductile-to-brittle transition occur is equal to - or 676 cycles.

__H
minorcycle»
H

This value is consistant with the critical number, which the value of hydrogen atoms is
calculated according to hydrostatic stress and dislocation stress distribution. The assessment

process verifies the hydrogen accumulation theory.
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