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The growth of cracks can be substantially influenced by the environment. Atomic modeling provides a
means to isolate the action of individual mechanisms involved in such complex processes. Here, we utilize
a newly implemented multiscale modeling approach to assess the role of material dissolution on long crack
growth in a ductile material. While we find dissolution to be capable of freeing arrested fatigue cracks, the
crack tip is always blunted under both static and cyclic loading, suggesting that dissolution has an overall
crack arresting effect. Despite observations of plasticity-induced-dissolution and dissolution-induced-
plasticity that are consistent with macroscale experiments, dissolution-induced-blunting is found to be
independent of mechanical loading magnitude. This will simplify implementation of the dissolution-
induced-blunting process into continuum crack growth models.
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The environment can accelerate crack growth rates by
orders of magnitude, leading to unexpected and catastrophic
outcomes. Examples include the role of humidity on aero-
space alloys [1,2], sulfides on pipeline steels [3], and liquid
metals on reactor pressure vessels [4]. Yet, there are
instances where environment acts in the opposite way,
improving structural performance; with examples ranging
from structuralmetals in specific liquid environments [5–10]
to the dissolving action of osteoclasts on bone, which is
essential for maintaining bone fracture resistance [11].
Despite a long documented history of environmental

effects [12], an understanding of the controlling mecha-
nisms remain clouded. At fault are several challenges. First,
multiple mechanisms can act simultaneously, e.g., disso-
lution, oxide fracture, oxide formation, material redeposi-
tion, and hydrogen embrittlement. Second, the scale of the
material separation process on which the environment acts
is atomistic, inhibiting direct observation [1,13–18]. In
light of these challenges, atomistic modeling can serve as a
powerful probe to illuminate the mechanisms governing
environmental effects [19], providing a means to study the
material separation processes under the action of isolated
mechanisms. Here, the focus is directed towards the action
of material dissolution at the tip of a long and intrinsically
ductile crack. Upon increasing load, an intrinsically ductile
crack will first emit dislocations from its tip, plastically
blunting as opposed to cleaving [20,21]; and, a “long”
crack will exhibit behavior that is independent of its length
when the stress intensity factor is held constant [22].
A novel implementation of the concurrently coupled

atomistic-discrete dislocation approach [23] is harnessed to
allow the study of a highly deformed crack tip in a well-
developed crack stress field, better approaching real-world
conditions. The model consists of an edge crack centered in

a [4464b x 4464b] square domain (Fig. S1 [24]), which is
created by removing 3 consecutive planes of atoms. The
[268b x 134b] atomistic region at the crack tip is coupled to
the surrounding continuum region by self-consistent dis-
placement boundary conditions [25]. Mechanical equilib-
rium is obtained using LAMMPS [26] for the atomistic
region and FEniCS [27] for the continuum region. We refer
to this approach as LF-CADD. The continuum region is
governed by 2D plane-strain linear elasticity with elastic
constants chosen to match the interatomic potential of the
atomistic region.
Loads are applied by prescribed displacements at the

outer boundary of the continuum region corresponding to
the solution for a sharp crack in a linear elastic isotropic
material subjected to mode I loading. The prescribed
displacement is a function of the current crack tip position
to avoid artificially inhibiting crack growth. The loading
increment after each mechanical equilibration was
0.015=Knuc

I . Knuc
I represents the mode I stress intensity

factor at which the first dislocation nucleates from the crack
tip under ramped loading. For the interatomic potential and
crack-crystal orientation that was simulated, Knuc

I corre-
sponds to a full edge dislocation on the close packed plane
inclined at 60° from the crack plane. All cyclic loading
simulations had a constant stress intensity range
[ΔK� ¼ ðKmax

I − Kmin
I Þ=Knuc

I ] throughout the simulation
with a load ratio (R ¼ Kmin

I =Kmax
I ) of 0.25.

Even with the multiscale approach and the utilization of
substantial computational resources, gaps between the
atomistic model and reality still exist. Accordingly, the
atomistic study must be focused towards specific features.
Here, we target the large deformation history associated
with cyclic loading to hundreds of cycles; motivated by the
little understood but technologically consequential process
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of corrosion fatigue, which can induce catastrophic failure
under loads and environments that would be benign if
acting alone [28,29].
The high cycle counts are achieved by simulating a 2D

hexagonal lattice in the athermal limit. The response of the
hexagonal lattice is governed by the intrinsically ductile
interatomic potential of Rajan et al. (potential A in
Ref. [30]). This approach is appealing in that it offers
three dislocation slip systems and glissile dislocation
reactions in two dimensions. In contrast, the alternative
of using thin 3D crystallographies overconstrains plastic
slip relative to real 3D geometries [31–34].
An additional strategy to make the many cycle simu-

lations tractable is to limit the size of the plastic zone,
reducing the need to integrate the motion of many dis-
locations over long distances during each load cycle.
Towards this goal, we investigated the role of dislocation
glide resistance in the continuum domain [35], whereby
greater glide resistances reduce the plastic zone size
making the simulations less computationally demanding.
Examining a wide range of glide resistances, fatigue crack
growth is observed to be independent of this parameter
[36]. This result is consistent with the conclusion of
discrete dislocation continuum modeling [37,38] and
experiments [6,38–43] that have shown dislocation glide
resistance to not directly influence near threshold fatigue
crack growth. The result provides validity for subsequently
presented simulations where dislocation motion was
constrained to the atomistic domain (effectively imposing
a high glide resistance) in order to access high cycle
counts.
For simplicity and consistency with the athermal limit

approximation, dissolution was modeled by the removal of
the highest energy surface atom followed by mechanical
equilibration. In other terms, the simulation cell modeled a
region undergoing material dissolution (e.g., an anode),
with the most weakly bound atom being removed from the
simulation cell. Surface diffusion and material redeposition
(the reverse reaction) were not modeled. The atom removal-
mechanical equilibration process was repeated to simulate
progressive dissolution in the context of the mechanical
equilibration timescale being short relative to the interval
between single atom dissolution events. The sensitivity of
the subsequently presented results to this approach was
investigated by performing a second set of simulations
where atom removal was random. In this case, the
probability of removing a particular surface atom “i”
was chosen to be proportional to eEi=kBT , where Ei
represents the energy of a surface atom i and kBT was
set to 0.0257, corresponding to room temperature. The
results of the simulations with random surface atom
removal did not qualitatively differ from those pre-
sented here.
To begin, the response of long cracks subjected to

dissolution at fixed stress intensity factors is presented.

A representative case at a fixed loading of K� ¼
KI=Knuc

I ¼ 1.96 is shown in Fig. 1. The images depict a
progressive crack opening process due to dissolution,
which is the first key result of this Letter. In coloring
atoms by their energy levels, Fig. 1 illustrates that the effect
of the crack tip stress field is overwhelmed by the
differences in the atomic coordination number of surface
atoms. In most cases, dissolution begins with the removal

FIG. 1. Atomistic domain and crack tip under static loading
with dissolution. Only atoms with a centrosymmetry parameter
not equal to that of the perfect hexagonal crystal are shown in the
left figures, i.e., atoms at the crack surface, continuum-atomistic
interface, and dislocation cores. Figures on the right show
zoomed views of the crack with atoms colored by their energy,
with the exception of the continuum region pad atoms that are
shown in red. (a) Initial configuration at K� ¼ 0.0; (b) after
application of load before atom removal (K� ¼ 1.96); (c) after
removal of 20 atoms (K� ¼ 1.96); (d) after removal of 40 atoms
(K� ¼ 1.96); (e) after removal of 2540 atoms (K� ¼ 1.96).
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of the lowly coordinated atoms at surface steps created by
dislocation emission during mechanical loading. In the
cases where no lowly coordinated atomic steps exist, the
stress field does influence dissolution with atom removal
occurring near a sharp corner of the crack. In this case a
lowly coordinate surface step is formed and becomes the
site for subsequent dissolution. Dissolution at surface steps
does not lead to their removal, but causes step propagation,
as can be seen in Fig. 1(d). Geometry dictates that a
propagating step will either be absorbed into a corner of the
crack tip or eventually propagate away from the crack tip,
acting to open (blunt) the crack.
The dissolution of atoms at a loaded crack tip can cause

load redistribution of sufficient magnitude to induce dis-
location emission, as seen when comparing Fig. 1(c) with
Fig. 1(b). In laboratory experiment, such bursts of dis-
location emission due to dissolution may be detectable via
acoustic emission. Relative to the vast literature on envi-
ronmentally induced plasticity [29,44–47], this result is
noteworthy in that it shows the induction of plasticity
without a change in surface energy, surface step energy, or
surface film structure. While dissolution is not focused at
the crack tip, the resulting dislocation emission is most
prevalent at the crack tip due to the load redistribution being
most significant at that location. Subsequently, surface step
formation occurs most frequently at the crack tip. However,
the generation of surface steps at the crack tip does not
sufficiently focus subsequent dissolution to the crack tip
(such that crack growth dominates blunting) due to the
propagation of the surface steps away from the crack tip.
On the whole, these simulations together with the long-

established laboratory trend of plasticity induced dissolu-
tion [48,49] suggest that dissolution induced crack propa-
gation (if it exists) must occur via a mechanism not
included here, such as surface film rupture or hetero-
geneous phases [29,46,47,50,51].
Next, the results of simulations that examine the action of

dissolution under cyclic mechanical loading are presented,
i.e., fatigue loading. To provide a baseline for comparison,
cyclic loading simulations without dissolution were also
performed. The progression of crack geometry without
dissolution is shown in Fig. 3(a). From these curves it is
clear that the crack arrests after an initial growth stage, with
all dislocation activity becoming fully reversible over
the course of the loading cycle (Supplemental Material,
Fig. S2 [24]). As discussed in Ref. [36], this result is not
thought to be attributable to simulation artifacts, but instead
result from the inaction of the mechanisms required for fati-
gue crack growth in vacuum. As such, we consider the load-
ings to be below the vacuum fatigue crack growth threshold.
Similar to the static loading simulations, dissolution was

simulated by successively removing the highest energy
atoms then mechanically equilibrating at the peak of each
loading cycle. Comparing simulations with and without
dissolution, the dissolution processes unlocks cracks from

arrested states. In this way the dissolution process is found to
be capable of promoting crack growth under cyclicmechani-
cal loading, which is the second key result of this Letter.
A detailed example of this process is shown in Fig. 2 for

ΔK� ¼ 1.47 and a dissolution rate of 10 atoms per
mechanical loading cycle. The crack arrests at cycle 78
as emitted dislocations during loading are absorbed back to
the crack during unloading, resulting in a reversible state. In
cycle 83, the dissolution process is solely focused on a
surface step at the crack face away from where dislocation
emission and absorption occur. As such, the crack remains
in the arrested state. However, in cycle 84, the propagating
surface step is absorbed into the boundary of the atomistic
domain. Subsequent dissolution then occurs at the corners
of the crack tip, causing a redistribution of load that is
sufficient to induce dislocation emission. Ultimately, the
action of dissolution and the induced dislocation emission
advance the position of the crack tip at the peak of the next
loading cycle, unlocking the crack from its reversible
arrested state.
Increasing the per cycle dissolution rate decreases the

time between crack tip atom removal events. This shortens
the time that a crack resides in arrested states, which can
consequently increase the average crack growth rate. The
behavior is shown in Figs. 3(g) and 3(i), which display the
results of simulations at ΔK� ¼ 1.47 with differing dis-
solution rates. The enhancement of crack growth with
dissolution plateaus, in correspondence with the elimina-
tion of arrested states to be unlocked. On this point, arrested
states are less common at higher cyclic loading amplitudes,
e.g., ΔK� ¼ 2.21; and thus, the enhancement offered by
dissolution is saturated to a lower value of dissolution rate
[Figs. 3(d) and 3(f)].
An increase in the dissolution rate also accelerates the

rate of atom removal at the crack faces through increased
surface step propagation. As in the static loading case,
increasing the dissolution rate increases the crack opening
under cyclic loading [Figs. 3(e) and 3(h)]. Consistent with
the process not depending on the number of surface steps
(but the collective distance that steps have propagated), the
relationship between crack opening and dissolution rate is
found to be linear and insensitive to loading amplitude
[Figs. 3(c),3(f), and 3(i)]. Also consistent with the process
not depending on the number of surface steps is the
insensitivity of the simulation results to the randomness
of the surface atom removal procedure mentioned earlier.
In total, the preceding indicates that while dissolution

can enhance fatigue crack growth by freeing arrested
cracks, dissolution will always enhance crack opening.
Given the nature of crack tip stresses, this combination of
actions is predicted to lead to crack arrest at real-world
engineering scales (millimeter) [52]. Characterizing crack
opening as crack tip radius, ρ, and acknowledging that this
value is orders of magnitude less than the crack length a,
Inglis’s solution [53] gives near tip stresses that scale as
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σcrack tip ∝
ffiffiffi

a
ρ

r

: ð1Þ

Considering (i) an initial crack with length a ¼ a0 and a
crack tip radius ρ ¼ ρ0, (ii) an increment of dissolution that
changes the crack dimensions by Δa and Δρ, and (iii) a
relative change in crack length that is much smaller than the
relative change in crack tip radius, a0=Δa ≫ ρ0=Δρ, the
near tip stresses scale as

σcrack tip ∝

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a0 þ Δa
ρ0 þ Δρ

s

≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a0
ρþ Δρ

r

; when
a0
Δa

≫
ρ0
Δρ

:

ð2Þ

Thus, while an increment in dissolution may result in a Δa
and Δρ of different magnitudes, the dominance of the a0
length scale implies a decrease in the crack tip stresses with
dissolution. For example, a crack of a0 ¼ 100 μm and ρ0 ¼
1 nm that undergoes 10 nm of dissolution induced advance

FIG. 2. Atomistic domain and crack tip in cyclic loading simulation (ΔK� ¼ 1.47) with dissolution rate of 10 atoms/cycle. Only atoms
with a centrosymmetry parameter not equal to that of the perfect hexagonal crystal are shown in the primary images, i.e., atoms at the
crack surface, continuum-atomistic interface, and dislocation cores. Inset images give zoomed views with atoms colored by their energy.
(a) Crack growth in the x direction as a function of loading cycles with (in red) and without (in gray) dissolution; (b) peak of the 83rd
cycle before dissolution; (c) peak of the 83rd cycle after dissolution; (d) peak of the 84th cycle before dissolution; (e) peak of the 84th
cycle after dissolution; (f) peak of the 85th cycle before dissolution; (g) peak of the 85th cycle after dissolution.
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and opening would experience a decrease in near tip
stresses of 70%.
In total, the results presented here predict that dissolution

induces crack arrest via a dissolution induced opening
(blunting) phenomenon, independent of any dissolution
induced crack growth. This motivates the question of
whether dissolution induced opening might eventually
cease while dissolution induced crack growth remains
active, which would ultimately equate to dissolution
promoting crack growth at the engineering scale. The
simulation results of Figs. 3(a)–3(c) which extend to 400
cycles do not show any indication of a trend towards this
behavior; nonetheless, the results here do not preclude it.
The inhibition or even arrest of cracks due to environ-

ment has been widely observed in the laboratory. In some

cases involving structural alloys in aqueous and liquid
metal environments, the behavior has been attributed to
crack blunting via dissolution [5–10]. However, in no cases
could the dissolution mechanism be isolated from other
potential mechanisms, e.g., the progressive buildup of
corrosion products [54,55]. Thus, the modeling outcomes
presented here together with the available experimental
data support the assertion that dissolution can inhibit and
even arrest crack growth (in the face of the observed
dissolution induced plasticity and plasticity enhanced
dissolution). As such, this work motivates the incorporation
of dissolution blunting mechanisms into crack growth
prognosis (as done by Ref. [8]), and suggests that such
a mechanism can be included in a load independent
formulation.

FIG. 3. Crack growth and opening for a range of loadings and dissolution rates. In (a) and (b) cyclically loaded simulations with
dissolution of 10 atoms per cycle are compared to a corresponding set of simulations with no dissolution with respect to the number of
loading cycles. These simulations are also compared to a corresponding set of statically loaded simulations with respect to the number of
atoms removed due to dissolution. In (c) the dissolution enhanced crack growth and opening for the cyclically loaded simulations is
shown to be independent of loading amplitude at 170 cycles. In (d) through (f), and (g) through (i) the effects of dissolution rate are
shown for two cyclic loading amplitudes, i.e.,ΔK� ¼ 2.21 andΔK� ¼ 1.47, respectively. The units of the y axes are normalized by b. In
(f) and (i) the gray region represents a regime where increasing dissolution rate will increase crack blunting and the frequency by which
arrested cracks are freed. In the gray region, crack arrest is not common so increasing the dissolution rate will only increase crack
blunting.
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