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Abstract

The local hydrogen distribution has significant influences on hydrogen embrittlement.
In this work, mode-l fractures of (010)[100] pre-cracked a-Fe single crystal
containing dissolved and absorbed hydrogen atoms are simulated by molecular
dynamics and the time-stamped force-bias Monte Carlo methods. Statistics show that
when located near the {112} plane, hydrogen atoms accelerate cleavage fracture and
suppress the slip of {112}<111>; when located on the {110} plane, they promote
martensite transformation and increase {110}<111> slip. Most adsorbed hydrogen
atoms are concentrated near the inside of the crack surface and suppress fracture early
by stress relaxation; therein concentrates stresses inside the matrix, and causes

microvoid-coalescence fracture.

Highlights
The hydrogen distribution and crack growth are linked by statistics.
Hydrogen promotes fracture by inhibiting {112}<111> slip in a-Fe.

The hydrogen on the {110} planes can enhance the martensitic transformation.
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Adsorption of hydrogen can promote microvoid-coalescence fracture.

The voids in the matrix can be caused by hydrogen near the crack surface.
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1. Introduction

Hydrogen embrittlement (HE), first reported in 1874 [1], is an accelerated
fracture phenomenon caused by the introduction of hydrogen during the
manufacturing or service process [2-7]. It may be caused by aggregated hydrogen
molecules [8] or brittle hydrides [9-12], or occur suddenly under a low load with very
low hydrogen concentration (Cy) after a long delay. The latter leads to catastrophic
failures in iron, steel, and other structural materials [13-16], especially in service
conditions such as the production, storage and transportation of oil, natural gas and
hydrogen [17-19]. Due to the complexity of the materials and the difficulty in
detecting local hydrogen distribution [3-5,7,20-26], further exploration is necessary.

In previous research [5,20,26,27], the hydrogen-enhanced decohesion (HEDE)
mechanism for HE was proposed. Several studies in support of this view have been
made [23,28-31] but require very high Cy [32-34]. However, in iron and ferroalloys,
more phenomena led by hydrogen have been observed, such as: softening or
hardening [30,32,35,36], different fracture morphologies and shear-slips [21,33,35,37],
void nucleation [33], and concomitant martensitic transformations (MTs) during HE
[3,4,18,38-42]. Such research findings highlight the importance of hydrogen transport,
distribution, and influence on plasticity, and have spawned the hydrogen-enhanced
local plasticity (HELP) mechanism [4,11,21,43,44]. Although no direct reason for HE
has been provided, HELP indicates that hydrogen can promote dislocation emission,
multiplication, and motion; therein accumulates hydrogen atoms in the active slip

system, and resulting in the localization and planarity of the shear slip by migrating



dislocations and suppressing the cross slips.

Since HE can be caused by both the internally dissolved and environmentally
adsorbed hydrogen atoms, Lynch proposed the adsorption-induced dislocation
emission (AIDE) mechanism [6,7]. With AIDE, hydrogen atoms will diffuse to the
internal crack tip caused by stress, or be adsorbed to the external crack tip from the
environment. These atoms enhance dislocation emission within a few nanometers of
the crack tip and are quickly taken away by these dislocations. Due to stresses in this
process, crack propagation and void nucleation can be promoted. Strain, adsorption,
and movement of hydrogen atoms significantly affect each other and fracture [45].
Nagumo noticed the interaction of strain, hydrogen, and vacancies, and proposed the
hydrogen-enhanced strain-induced vacancies (HESIV) mechanism [3,37]. According
to this theory, the combination of hydrogen atoms and vacancies in the plastic zone
reduces their mobility and stabilizes these vacancies, thereby localizing strain and
forming clusters. This is considered to be the origin of microvoids and can also reduce
the stress-bearing capacity. AIDE attempts to provide a unified image of HE, and
HESIV has also been observed in some studies [46,47]. However, hydrogen atoms
sites in different places have different diffusivities [48], and the positions where
hydrogen affects HE most are still under debate [29,30,34,49-51], making previous
findings inconclusive.

As previously reported, hydrogen distribution highly affected the HE
susceptibility in steel [19,48]. To some extent, it determines HE, so molecular
dynamics (MD) and other atomistic simulation methods are widely used to obtain
clearer images [24,25,29,47,51-54]. However, most studies are conducted at high Cy
and high loading rates, which might affect the migration and distribution of hydrogen.
In this work, we statistically discuss the effect of hydrogen atom positions on HE,
using MD simulation of mode-l fracture of a-Fe single crystal under low Cy;
thereafter, HE caused by adsorbed hydrogen atoms is studied combining with MD and
the time-stamped force-bias Monte Carlo (tfMC) method [55], for improving time

scale.



2. Simulation Methods
2.1 MD simulation of the models with dissolved hydrogen atoms

The Cy of the a-Fe single crystal models with dissolved hydrogen atoms was
0.04% (7.14 wppm), 0.06% (10.7 wppm), 0.07% (12.5 wppm), and 0.08% (14.3
wppm). The projection onto the (001) plane for each of the models is shown in Fig.
1(a). With a lattice constant of 2.8664A for stacked unit cells, we generated structures
with a size of 31.2nm (W) x 31.59nm(L) x 3.6nm(B), with each containing about
300,000 atoms. Periodic boundary conditions were available in the [001] direction,
while in [100] and [010] directions, the vacuum layer (in a thickness of 8A) was
applied outside of the simulation region. As shown in Fig. 1(b), hydrogen atoms were
randomly distributed in the tetrahedral interstitials (Tet-sites) with a uniform
distribution by the Knuth-shuffle algorithm [56]. Then, a (010)[100] oriented
semi-elliptical pre-crack was generated, with a length of 10.8nm (marked as a) and an
opening of 0.86 nm (marked as b). Using the Lammps simulator [57] and MD method,
the simulation was carried out under temperature T = 300 K and time step size t; = 0.1

fs. We relaxed the models for 15 ps in an isothermal-isobaric ensemble (NPT) [58,59],
and then gradually loaded them along the [010] direction with a rate of 3.1x10% s,

Each time, both the ends (marked as c) were clamped after adding about 2%o of the
stretch and then run for 15 ps in a canonical ensemble (NVT) [58]. For each model,
the total simulation lasted 450ps, and the stress intensity factor was calculated by
tracking the crack [60]. The Fe-Fe interaction was described by the embedded atom
method (EAM) potential [61], and the Fe-H interaction was fitted by

Ramasubramaniam et al. [62].
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Fig. 1 Sample of the specimen model. (a) Initial structure with hydrogen atoms randomly distributed in the
Tet-sites. (b) Tet-sites in a-Fe. () Coordinates of hydrogen atoms with the origin set at the crack tip. (d) The

piecewise linearity of n; and v; correlation functions.

In this work, the atomic stress is calculated by[63] :
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where Q, is the Voronoi volume of an atom, calculated using voro++[64], m,, v, are
the atom’s mass and velocity, respectively, and ryp, and f,p are the relative position
vector and the force between atoms, respectively.
The stress intensity factor K ip(t) for mode-I fracture at moment t is extrapolated by
its definition[65-67]:
K,(r,t) =2mro,,(r,6 = 0,t)
Kip(®) = limk (r,t) - T
Then the critical value K¢ is:
Kic = maX[KI,tip (t)]#(3)

Since the fracture strength can only be expressed by the value of the crack tip,
we denote Kp as K, below. To determine whether hydrogen promotes fracture, the
crack growth rate was studied. Assuming that the coordinates of the crack tip at time t
are (Sx(Cn,1),Sy(Ch,t)), where x and y represent the [100]a and [010]a directions,

respectively, the instantaneous velocity v; of the crack is:

vi(CHt t) =
From the moment t;, sampling in the window with a width of t,,= 10 ps, the average
value is:
1 trt+tw
wCnt) = [ wilCr e H()
w Jt,.
It is assumed that hydrogen atoms affect the fracture independently of each other.
As shown in Fig. 1(c), the position of the hydrogen atom on the (001)a plane can be

expressed as n(p, ¢). Let:
n1 = p#(6)

_ Y, 9 <90°
N2 = {180" ~ g, >90 *(7)

Then, #;(j=1,2) and v; can be associated to reflect the effects of hydrogen on the
fracture.

As shown in Fig. 1(d), in order to satisfy the linear condition, njand v; are divided into



n groups. Marking the sets with the m-th #; and the k-th v; as #;m and v, respectively,
we can then use the Pearson coefficient R; (m, k) to express the correlation. Setting

n=50 and satisfying Hp, and V:

m+ 1A
g},mz 1,2,3,,n

mA )
{Hm € "f"”IT < H,, —min(7n;) <

(k + 1)B}

kB _
{Vk € vi,k|7 < Vi —min(v;) < Jk=1,23,---,n #(8)

A = max(n;) —min(n;)

B = max(v;) — min(v;)

Rj(m,k) can be defined as below [68,69] :

Rj (m, k) _ Z(Hm B Hm) (Vk B Vk) #(9)

VEHn = Hn)? 5 Vi = Vi)?
We only accept R; when p<0.05, where p is [68]:

1

1—R]2-(m,k) t%f_l 1 tff_l
P(m, k) = f . dt/f -dt #(10)
0 (1-1)2 0 (1-t)2

and f is the degrees of freedom.

In this work, the numerical libraries Shapely [70], Numpy [71], and Scipy [68]
were used for post-processing. Fig. 1(b) was drawn using the data visualization
software VESTA [72]. Using the data analysis software Ovito [73], the dislocations
[74] and the nearby phases [75] within 50A of the crack tip were identified, and
respectively, the blue, green, red, and white colors were used to represent the a, v, €
phases and the disordered structure in snapshots in this paper. Using the built-in
local-weighted regression (LWR) algorithm [76], the statistical library statsmodels [77]

was used to analyze the effect of hydrogen on phase transitions.

2.2 MD+tfMC simulation with hydrogen adsorption

The initial model of pure iron and the boundary conditions shown in Fig. 2(a) are set
to be similar to those of Fig. 1(a). The model was firstly relaxed for 150,000 steps in
the NVT ensemble, T = 300 K, t;=1 fs, and then loaded 30 times. Under each load,
the model was stretched by about 2.5%o, and the MD and the tfMC were performed

for 15,000 steps, respectively. The maximum displacement Ad of an atom for tfMC



was:

V3
Ad = Tpape#(ll)

where p = 0.1, are = 2.8664 A.
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Fig. 2 The model with adsorbed hydrogen atoms. (a) Initial model, pure Iron. (b) Zone Z-H for hydrogen insertion.

The distance between the newly inserted hydrogen atom and its nearest Fe atom should be larger than d,,

The MD+tfMC model for hydrogen adsorption is basically the same as the pure
iron model. As shown in Fig. 2(b), these hydrogen atoms (colored as deep blue) were
newly inserted into the zone Z-H (colored as green) step by step and restricted to dp,
to their nearest iron neighbors.

We set t; = 0.5 fs and then relaxed the model for 30,000 steps in the NVT

ensemble. Assuming that the hydrogen atom was at the Tet-site, Ad was:

V5
Ad = Tpape#(lz)
Subsequently, we ran 15000 steps in tfMC.
Then, tensions were applied n = 45 times, each time with a strain rate of d. =

2.5%0. We define the Cy(t) after inserting hydrogen atoms in the t-th tension as:
Ny (2)
NH(t) + NFe
NH(t) and Nge are the number of hydrogen and iron atoms at moment t, thus:

Cy(t) = #(13)



Cu(t)

Ny (t) = ——N . #(14
NHF
F, = —————#(15)
© " Nyp + Nge

And the final hydrogen atoms Ny is:

Nyp = LNFe#(16)
1-F,
In this work, Fc~ 0.7%o (12.5 wppm) was chosen as the final hydrogen concentration.
The hydrogen adsorption capacity should be increased since the interstitial sites

enlarge with the model’s volume. Suppose the number of insertable atoms is
proportional to the volume; considering the boundary conditions, we obtain:

ACy(t) < 1+ &, - t#(17)
where ;= 2.5%o.
Let:

ACy(t) = (1 +6; - t)f#(18)

In which f is a scale factor. Due to the extremely low Cy in a-Fe, we can write Cy

after the i-th tension as:

Ca(D= ) BC(®
t=0

i
= f+ ) (1 +80f
t=1 #(19)
i
—(i+ 1)f+261f
t=.1
—(i+1) (1 +%81>f
With the total number of tensions n, we obtain:
F¢
f= - #(20)
(n+1) (1 + 761)
Substitute Eqg. (20) into Eq. (18), we have:
1+ 6;t
ACy () = A+ o) F#(21)

(n+1) (1 +%5l)

Then the number of hydrogen atoms that should be inserted in the t-th tension can be



written as:
ANy (t)= ACy(0) - (NFe + NH(t))

) (14 -Cn®_
=1 +8t)f <1 Tz CH(t)) Nre #(22)

(1 + §;t)F
- 81n NFe

(1-Cy(@®)n+ 1) (1 + T)

The density functional theory (DFT) results show that in an equilibrated a-Fe
lattice [54], the distance between hydrogen atoms is dwy > 2.1A; thus, we choose tyy
= 0.75 ps as the minimum interval of hydrogen insertion to ensure sufficient
movement. Since tfMC can improve the time scale, but the interval of each step is
inequality [55], each tension’s process was divided into two stages. The first stage
included 30 sections, each of which comprises two parts. In the latter stage, a
15000-step tfMC simulation was performed after tension. The first part of the
previous stage was a tfMC calculation for 5000 steps if there were adsorbed hydrogen
atoms, and the second part contained ten cycles. Each cycle included a hydrogen
insertion process and 100 steps of full MD relaxation. Before confirming whether to
accept a new randomly insertion, the number of inserted hydrogen atoms AN and the
interval At to the last insertion were detected to ensure that AN < ANy(t) and At > Atyy.
Hydrogen atoms were randomly distributed along the [001] direction, and then tfMC
calculation was performed on these atoms.

We use the partial pair-coefficient function (PCF) to check the distance between

two hydrogen atoms [78]:

1
90) = ZS(r —|R; - R,|) | #(23)

i)
where py and Ny are the average atomic density and the number of hydrogen atoms
respectively, and R;, R; are the position vectors.

The averaged atomic stresses ¢ in different zones are used for stress analyzing.

According to the definition of stress invariants[79]:
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the maximum principal stress omax and the maximum shear stress tyax are calculated
by:

03 —Lo*+Lo—13=0

Omax = Max(o) #(25)

Tmax = 2 (max( o) —min( o))

3. Results and discussion
3.1 The influences of dissolved hydrogen atoms on mode-I fractures of a-Fe single
crystal
3.1.1 Crack propagation
Fig. 3(a,b) shows Sx and K, with the pure iron data from our previous work [60].
HE occurs only with Cy = 0.07%, and the unstable crack propagation starting from
194 ps, is 36 ps earlier than that of pure iron. Later, K, remained at lower values, and
the crack length (L.) was longer. However, all K cs listed in Tab. 1 with Cy> 0 were
obtained earlier than Cy = 0 and had lower values, which indicates that the
dependence on the continuously decreasing K,c promotes fracture, and implies the

importance of hydrogen distribution.
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Fig. 3 Crack propagation. (a) Propagated cracks along the [100] direction. HE occurred when C=0.07%. (b) The
stress intensity factor for mode-I fracture. (c) The oscillation of the instantaneous velocity v; of the crack. (d) The
decrement of averaged velocity v,, by dissolved hydrogen, and the earlier crack extension with a longer unstable
duration at C4=0.07%.

Table 1 Critical stress intensity factors

Cu (%) Kic (MPa-m*?) Time (ps)
0.0 3.354 230
0.04 3.273 230
0.06 3.243 215
0.07 3.097 194

0.08 3.264 209.5




Fig. 3(c) shows the high-frequency oscillation of v;, representing the opening and
closing of cracks that occur alternately, due to the elasticity and the interaction
between neighbors. To observe the effect on crack propagation clearly, we sampled v;
to vy. Fig. 3(d) shows that, if v,, approaches the sound speed in the air, it will be
maintained during the crack’s unstable propagation. Dissolved hydrogen can suppress
the crack’s rapid growth by decreasing the maximum of v,,, but it can also advance or
delay the acceleration ( as shown as Cy = 0.07% and Cy = 0.04% in Fig 3(d),
respectively ), or extend the duration of unstable propagation ( as shown as Cy = 0.07%

in Fig 3(d) ), as HE occurred at Cy = 0.07%.

3.1.2 Structural evolutions

Hydrogen-enhanced dislocation emission [6,7,21,32,52] is also observed in this
work. However, it had little impact on fractures. Fig. 4(a) showed that 1/2<111>
dislocations emitted earlier at Cy > 0, but were still later than the crack’s unstable
propagation or slight closure (with Cy = 0.04%), as shown in Fig. 3(a). Therefore,
these dislocations only relax the cracks. The <100> dislocation should accelerate the
fracture, which contributes little to plasticity [80]; however, it only strengthens at 23.5
ps when Cy= 0.07% as a result of pinning the crack by a nearby hydrogen atom, and
not even occurs when Cy = 0.08%, such emission has little help for fracture; see Fig.

4(b-d).
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Fig. 4 Dislocations emission and structural evolutions. (a)Hydrogen enhanced the 1/2<111> dislocations emission.
(b) Hydrogen influences the <100> dislocations emission. (c) Pinning the crack caused the [010] dislocation when

Chx=0.07% at 23.5 ps, by the nearby H atom. (d) The crack tip at 23.5 ps when Cy, = 0.08%. (e) The orientation



relationship (OR) of the y and the o phases with C; = 0.07% at 215ps, and the formed structure like the £33[011](8

11) grain boundary (GB). (f) Hydrogen influenced the strain-induced MT and enhances the formation of y and &
phases, except for Cy = 0.07%.

The orientation relationship (OR) between the o and y phases was [001]a//[011]y

and (110)a//(111)y, subjected to Nishiyama-Wassermann (N-W) OR [81]. This is the

same as found in our previous work [60], but structures like grain boundaries (GBs)

form continuously when Cy = 0.07%. For example, a X33[011](811)y GB-like
structure was formed with & = 20.05° and y = 90° at 215 ps, as shown in Fig. 4(e).
Since hydrogen segregation [82] and migration [83], and fracture tend to occur along

GBs [18,26,82,83], the resulting structures promote HE and may lead to AIDE
favorable for hydrogen adsorption [7]. When Cy > 0, the y—¢ transformation was

also observed, following the Olsen-Cohen model [84-87]. As shown in Fig. 4(f),
using LWR [76] to fit the curves in most models, the y and ¢ phases increase with Cy,
while the promoted HE suppresses the phase transformation at C; = 0.07%. A debate
about whether the dissolved hydrogen can stabilize the € phase continues [38,41], and
our scattering results in Fig. 4(f) show that the & phase increases faster, but is still

unstable.

3.1.3 Fracture and hydrogen distribution

Fig. 5(a,b) shows the cracks and phases affected by internally dissolved hydrogen
atoms at 242 ps. In the model of Cy > 0, the planarity of slips and stress concentration
occurred, in which {112}<111> slip was suppressed, and the y phase grew along the
{110} plane. In the model with Cy = 0.07%, the area with the highest concentration of
stress is the smallest, and the crack is the longest. The relaxation in the larger area in

the model also reduces the phase transition.
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Since high loading rates affect dislocation emission and hydrogen migration
[88-90], cracks in MD simulations are mainly affected by nearby hydrogen atoms.
Tab. 2 shows the effect represented by the combination of v; and R;, where R;
represents the Pearson coefficient of v; and n; [68,91]. R; > 0 or R; < 0 indicates
whether the crack is promoted or suppressed, and v; > 0 or v;< O indicates that the

crack grows or closes.
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Table 2 Crack extension and closure with v; and R;

Vi R; Influence on crack
>0 >0 Promote extension
>0 <0 Suppress extension
<0 <0 Promote closure
<0 >0 Suppress closure

Fig. 5(c) shows the effect of hydrogen on the fracture at different distances from
the crack tip, as the most relevant area is at 0-40A from the crack tip, which is more
pronounced in the three intervals: when 1y < 10 A, hydrogen suppresses crack
propagation and promotes closure, due to hydrogen dissolution induced stress
relaxation; for n1€(10,20) A, hydrogen inhibits crack propagation and closure by
relaxing stress and causing decohesion, respectively; for 1€ (20,30) A, hydrogen
promotes crack propagation and closure, because the same slip system can be
activated in opposite directions by different crack motions. Song and his colleagues
reported that HE could be induced by stress concentration with inhibited dislocation
emission [25,54]. Their results are consistent with HEDE, which were caused by
hydrogen atoms inserted 10 A near the crack tip and the high local Cy. Our work
differs from theirs with much lower Cy. We surmise that HELP relates to both HE and
MT. It is well known that {112}<111> and {110}<111> are the preferred slip systems

activated at low and room temperatures, respectively [33,92]. We observed that their

activation had induced a-y MT [60]; however, Fig. 5(d) shows that they also relate

to HE. For m; < 15° hydrogen near the cracking direction inhibits fracture by
suppressing crack propagation and promoting its closure. For n; € (20°,40°) U
(50°,65°), hydrogen promotes crack propagation and inhibits its closure. Since the
intersections of some {112} planes with the (001) plane form angles of about 26° with
the [100] or [010] direction, hydrogen atoms near the {112}<111> slip system will

promote fracture. Similarly, for n, ~45°, caused by hydrogen atoms on the slip system



of {110}<111>, crack propagation is suppressed, and closure is promoted. With the
increment of Cy, the unstable stacking fault energy (yys) increases in the {112}<111>
slip system but decreases in the {110}<111> slip system [93]; therefore the activated
slip system and stress relaxation will affect the fracture together. As we observed,
hydrogen in the {112}<111> slip system promotes HE by suppressing the {112}<111>
slips, and in the {110}<111> slip system promotes MT by promoting the {110}<111>

slips.

3.2 The influences of adsorbed hydrogen atoms on mode-I fractures of a-Fe single
crystal

3.2.1 Crack propagation and the structure evolution near the crack tip

Fig. 6 shows the crack growth of pure iron through MD+tfMC. As shown in Fig.
6(a), when the simulation starts, the pre-crack closure occurs accompanied by
swallowing the disordered structure at crack front. This is because the loading rate
decreases with the increasing time scale of tfMC [55], thereby reducing the stress
concentration near the crack tip. As shown in Fig. 6(b), the crack did not extend
apparently until the 11th loading, but then propagated rapidly to its initial length with
the formation of the y phase and stabilized with a strain g = 2.519% along the [010]a
direction. Fig. 6(c) shows that, until the 14th loading, the cracks slowly propagated

again and continued until the end of the simulation.

Deform: Deform: 11 Deform: 14
Strain: . Strain: 2.519% Strain: 3.527%
Step: : Step: 301000 i i Step: 419000

Det:orm:- | Deform: 11 Deform: 35
Strain: 2.519%o Strain: 2.519% SR RRRPR e Strain: 9.068%
Step: 30000 Step: 311000 *Step: 1050000

Fig. 6 Crack propagation of pure iron by MD+tfMC simulation. (a) Initial state and closure of the crack. (b) The

crack state and MT under the 11-th loading. (c) Slow propagation of the crack, until the 14-th loading.



Fig. 7 shows the a-Fe model tensioned with adsorbed hydrogen atoms (colored
in pink). As shown in Fig. 7(a), the crack did not propagate obviously until the 12th
load, but thereafter the y phases were formed and quickly disappeared alternately.
However, when g = 3.527% and at the 14th tension shown in Fig. 7(b), the structure
changed rapidly in front of the crack. At step 2,668,000, a large amount of
amorphization occurs, which rapidly expanded in a zone in front of the y phase in
[110]a direction (marked as Z-A), and engulfed the crack tip until the subsequent step
2,671,000. Fig. 7(c,d) shows the evolution of voids. In step 2,676,000, the void
nucleated and grew rapidly in Z-A, and had shortly formed y and € phases. This
growth stopped at step 2,715,000, and the structure was converted back to the o phase
between the crack tip and the void (marked as Z-1). Then, the atoms in Z-1 remained
ordered until the 25th load, and, from step 4,733,000, with the change of the crack

propagation direction to [110]a, the void grew again. From step 6,034,000, after g =
8.061%, rapid crack growth occurred in connection with the void, and the activated (1

10)[111] and (110)[111] slips led to the changes in the [110]o direction, with (1

10)N(001)=[110].
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Fig. 7 Crack propagation with adsorbing hydrogen atoms. (a) Initial status and propagation of the crack, with the

formation and disappearance of the y phases from the 12th loading. (b) The Z-A zone with amorphization and

disappearance of the y phase. (c) The nucleation and growth of the void happened in Z-A. (d) The equilibrated void

grew again and the rapid crack propagation with a changing direction.

Fig. 8(a) shows the simulation results of o-Fe MD (marked as Fe-M), a-Fe

MD+tfMC (marked as Fe-t), and MD+tfMC (marked as H-t, in which gradually

inserting hydrogen as the adsorbed atoms in a-Fe). It can be seen that under Fe-M, the

crack started to propagate rapidly from the strain ¢ = 3.7785% and exhibited brittle

cleavage characteristics, while in the other two cases, the growth was very slow, and

closure even happened at the beginning of the crack under Fe-t. With H-t, the
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pre-crack closure was suppressed, but the crack hardly propagated until g = 7.557%.
Although the fracture was promoted in the case of small loads with very few
hydrogen atoms before the strain reached &= 3.527%, it was inhibited with higher Cy
thereafter. The closure of the crack at the strain g € (3.527%, 3.7855%) caused the
crack propagation to lag behind that under H-t, which shows that the locally increased
Cy suppressed the fracture. Fig. 8(b) and Fig. 7(c) show that the nucleation and
growth of the void in Z-A also suppressed the fracture at g = 3.527%. The void
maintained its volume after quickly equilibrium until & = 6.298%, but eventually
results in the sudden rupture when g_= 7.557%, with microvoid-coalescence (MVC)

by connecting the void and the crack.

Strain (At.1)

Fig. 8 Crack propagation and volume evolution of voids. (a) Crack propagation with Fe-M, Fe-t, and H-t. The
addition of hydrogen inhibited the crack closure and propagation at an early stage, until the strain increased to
7.557%. (b) The void volume with H-t.

Fig. 9 shows the counting of different phases with Fe-t and H-t. At the beginning,
the gradually inserted hydrogen atoms might decrease the tensile stress near the crack
tip, thereby inhibited the disordering and structural transformation. At g = 3.527%,
the y, & phases and disordered structure increased, and the disordered structure
accounted for the largest proportion. After g = 3.7785%, count of the y and & phases
suddenly dropped, which happened with the nucleation of the void.

This amorphization which occurs with strongly localized plasticity and promotes



_ Fe atoms in the y phase (x10°)

the latter's void nucleation. As shown in Fig. 8 (a), this is due to the cumulative
tension in the [110]a direction, caused by suppressing the crack propagation by

hydrogen atoms near the crack tip.
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Fig. 9 Counting iron atoms for different phases with Fe-t and H-t. The formation of vy, € phases and the disordered
structure were all suppressed until €= 3.527%, and they were suddenly dropped at €_= 3.7785% . (a) Count for

the y phase. (b) Count for the € phase. (c) Count for the amorphization structure.

3.2.2 Hydrogen distribution and stress

Plasticity phenomena usually occur with HE, for example: MVC fracture [21],
voids and the symmetrically distributed micro-cracks on both sides of the slip band in
a-Fe [33], significantly enhanced strain-induced vacancies [46], and voids nucleation
in front of the crack tip before cracks propagate in pipeline steel [49]. As similar
phenomena were observed in this work, to discuss their relationships, we analyzed the
hydrogen distribution and stress changes.

The first peak of g(r) from Eq. (23) represents the distance between the nearest
neighbors [94]. Fig. 10(a) shows that d, > 2.1 A, until the 14th load; and d, > 1.8 A,
with the lattice relaxed due to the void nucleation and growth. As shown in Fig. 8 (b),
after the 24th load, dn, returned to about 2.1 A, consistent with the DFT results [54]
and caused by the resumption of void growth. There is no consensus on the location
of hydrogen atoms distributed. Hashimoto et al. believed that internal C was more
important for HE [30]. Hancock et al. believed that fractures were affected by
hydrogen atoms on the crack surfaces [34,50], and Lynch believed that hydrogen

atoms near the crack tip could cause micro-voids [6,7]. The statistical hydrogen




distribution fy in Fig. 10(b) shows that most hydrogen atoms are located within 6.4A
(about four times the distance between a Tet-site and an iron atom) of the fracture
surface, which indicates that hydrogen diffusion mainly occurs near such a surface. As
described above, fractures will be suppressed when n; < 10 A, which explains why
fractures are suppressed when €1 < 7.557% with H-t, as shown in Fig. 8(a). Due to
local expansion, a small number of hydrogen atoms diffused to a further location after
the 17th loading and g_> 4.282%, which shows that the amorphization is indeed
caused by the hydrogen-induced strain localization [3,37]. However, voids formed in
this work have little relationship to the hydrogen-vacancy recombination effect.

As the location of the crack tip is (X, YA, the area XxE[x;, x+10 ]A, yE[y:-5,
yi+5]A is marked as Z-t, which is the area closest to the crack front. The area x €
[x+20, x+35]A, y € [yi+10, yi+36]A is marked as Z-11, which is the forming area of
voids. After defining these two areas, we mark the area between the crack and the
void as Z-1. Fig. 10(c,d) shows the results of omax and tmax in different regions of Fe-t
and H-t. As shown in the figure, hydrogen significantly reduces omax and tmax Of Z-t
and Z-Il regions under small loading conditions. As mentioned above, low Cy
hydrogen atoms relaxed the stress field near the crack tip, which temporarily
suppressed shear slip and crack propagation. This relaxation caused stress
concentration and shear slip localization at farther locations. When loading continued,
it caused a linear increase of stress in Z-11, and quickly exceeded the results of Fe-t.
Therefore, when g = 3.527%, nucleation and growth of the void occurred. The void
relaxed structures in Z-11, but the stress was still highly concentrated in Z-I (for Gmax,

even increasing to 9 GPa), which provided a driving force for the rapid growth of
voids, and suddenly relaxed after equilibrium. Omax and tmax in Z-1 increased with the

subsequent loading. When oax again increased to around 9 GPa, the crack extended
and void growth resumed. Since hydrogen enhanced tmax In Z-t, the plastic
localization was enhanced. When ¢ = 7.557%, voids and cracks were suddenly
connected, and Z-1 and Z-t were significantly reduced. It can be seen from Fig. 10(b,c)

that a small number of hydrogen atoms were able to diffuse deeper in the matrix only



when the tensile stress in Z-1 is large enough. The hydrogen atoms in Z-t caused the
nucleation and growth of voids in Z-11 before they diffused into the matrix. Fig. 10(d)
shows the cause of amorphization and void formation. With the influence of hydrogen
on Tmax, the plasticity of Z-t was initially suppressed, but the plasticity of Z-11 was
enhanced after a few loadings. We observed hydrogen-induced strain localization and
void nucleation and growth, which was similar to HESIV, with the exception of the
hydrogen-void combination. In our work, MVVC was caused by the strain localization
and the accumulated tensile stress in the matrix. This is because the hydrogen

absorbed in crack front inhibits crack propagation.
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Fig. 10 Hydrogen distribution and stresses in different regions. (a) PCF of hydrogen atoms. The first peak denoted
i, is mostly higher than 2.1A. (b)The distances from the hydrogen atoms to the crack surface. Most of which are

less than 6.4 A. (c) The average maximum principal stress. o, is linearly increases in Z-Il at the beginning, and



concentrates in Z-1 when void nucleated. Which promotes the void growth by consuming itself; therein lies the
following slowly growth of the void until the crack connecting. (d)Average maximum shear stress Tpax. Which is

similar to Gpax,

4. Conclusions

The (010)[100] pre-cracked models of the a-Fe single crystal specimen were
simulated, in which dissolved hydrogen atoms were in four low Cy (maximum 14.3
wppm). Through the analysis of crack propagation and structure, the statistical results
were used to study the effect of hydrogen atom distribution near the crack tip on
fracture. Then, the local structure, hydrogen distribution and stress effects of the
mode-| fracture with adsorbed hydrogen atoms were analyzed by MD+tfMC. Here we
draw the following conclusions:

(1) The local hydrogen distribution influenced on the HE of a-Fe single crystal, and
the dissolved and adsorbed hydrogen atoms can partially cause HE, which, in
turn, is partly based on HELP and HESIV.

(2) In the (010)[100] fracture of a-Fe single crystal, the internal hydrogen atoms
will localize the shear and slip. This phenomenon will promote or inhibit the HE,
depending on where the hydrogen atoms are located.

(3) The hydrogen atoms located on the {112} plane suppress the {112}<111> slips,
and then promote HE by generating GB-liks microstructures, which is beneficial
to the fracture and possibly to AIDE.

(4) Hydrogen atoms located on the {110} planes promote the {110}<111> slips,
and then inhibit HE by competing with the fracture to enhance MT.

(5) Hydrogen atoms located in front of the (010)[100] crack and within the range
of 10 A around the crack tip suppress HE.

(6) Hydrogen atoms adsorbed from the outside of the crack will promote HE with
MVC by causing nucleation and growth of voids on the {110} planes. Strain
localization and the void formation are similar to HESIV, except that the voids

are caused by tensile stress accumulated in the matrix, because the accumulated



hydrogen suppresses early crack propagation and shear through the stress

relaxation near crack front.
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