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This dissertation is composed of three papers and related unpublished work that laid

the foundation for the succeeding scientific discoveries. The first two papers detail work

intended to illuminate the atomic-scale mechanisms governing the near threshold fa-

tigue crack growth phenomenon. First, by harnessing a concurrent multiscale approach

and contemporary computational resources, fatigue crack simulations with cycle counts

well beyond those analyzed previously have been performed. The validity of long-

hypothesized material separation mechanisms thought to control near threshold fatigue

crack growth in vacuum is assessed. Results show that fatigue crack growth arrests after

an initial transient period, reconciling reports of crack growth in atomistic simulations at

loading amplitudes below experimental crack growth thresholds. It is also observed that

sustained crack growth in vacuum only occurs when emitted dislocations return to the

crack tip on a slip plane behind its original one, which is resulted from slip trace inter-

section in the 2D simulated system and is expected to occur in 3D crystals by other ad-

ditional mechanisms. Second, building upon the concurrent atomistic-continuum mul-

tiscale modeling framework, the isolated effect of material dissolution on crack growth

is investigated. A series of dissolution simulations are carried out with different loading

conditions and dissolution rates. Simulation results and subsequent quantitative analy-

sis suggest that while dissolution is capable of freeing arrested fatigue cracks, the crack

tip is always blunted under both static and cyclic loading, implying that dissolution has

an overall crack arresting effect, and the dissolution-induced-blunting is found to be

independent of the mechanical loading magnitude. Finally, from a standpoint of how



state-of-the-art engineering and technology can be applied to other applications in an

attempt to directly better the human condition, the third paper details a field work about

the assessment of additive manufacturing for increasing sustainability and productivity

of smallholder agriculture. This study analyzes and compares different manufacturing

approaches from the perspectives of structural performance and cost efficiency and seeks

to provide solutions to the mechanical obstacles encountered by smallholder farmers in

the field. The acquired data suggests that the material extrusion 3D printing technol-

ogy is able to provide functional parts more rapidly, accelerating the design cycle, and

lowering cost relative to local fabrication routes, while traditional means is proved to

be more economical in the case where mechanical performance of the part is the most

critical.
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CHAPTER 1

INTRODUCTION

1.1 Background Information

Designing an efficient, economical and reliable structure is the underlying principle of

the structural engineering discipline across a broad range of applications such as build-

ings, watercraft, aircraft, industrial equipment, and nuclear plants. A successful design

requires careful structural analysis, comprehensive cost analysis and also a thorough

understanding of structural material behaviors. Incomplete knowledge of material prop-

erties, inaccurate modeling or prediction of structural performance, and deficiencies in

many other aspects may lead to catastrophic structural failures. One kind of such fail-

ures, fatigue fracture, is of particular interest to this thesis. It is estimated that fatigue

fracture is accountable for about 80% of all structural failures [3], with a total cost to

the United States economy was $119 billion in 1982, which equates to about 4% of that

year’s gross domestic product (GDP) [4].

In sea based aviation specifically, fatigue failure represents one of the primary struc-

tural failure modes. Despite its importance, the prediction of fatigue in complex marine

environments has remained a substantial challenge, resulting in over-designed sea-based

structures and conservative maintenance processes, and ultimately leading to increased

ownership costs, decreased availability of existing aircraft, unexpected failures, and the

sub-optimum performance of new designs across the fleet.

In order to address this issue, the acquisition of field and laboratory failure data, as

well as a knowledge of how to use the data to predict the failure of deployed structures

are necessary. Considering the complex nature of fatigue failure, these tasks present
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a formidable challenge. Regarding the acquisition of data, fatigue tests are known to

be time consuming, stochastic, and expensive. Additionally, the fatigue behaviour of a

material can be highly dependent upon a vast number of variables such as component

geometry, loading, humidity, and temperature histories. Thus, the fatigue phenomenon

cannot be fully characterized through experimental testing. To build the connection

between available data and the prediction of fatigue, a model that is consistent with the

underlying mechanisms controlling the fatigue process must be established.

A great need of such a bridge motivated a sustained effort to develop fatigue crack

growth models. While there has been significant advancement in this area, models con-

tinue to rely on tunable material separation (crack initiation and growth) rules as input,

e.g. crystal plasticity [5–9] and discrete dislocation [10–14] models. Although these

models shed light on fatigue crack behaviors on different levels, the establishment of

a reliable prediction model must reply on a thorough understanding of the underlying

physics behind these material separation processes. Considering the atomistic nature of

such processes, it requires closer looks at the crack tip on the atomic scale to reveal the

fundamental mechanisms that govern fatigue crack growth.

In this context, an atomistic modeling approach is alluring in that it can serve as a

powerful probe to illuminate the atomic mechanisms. The theoretical atomistic method-

ology is advantageous in two ways. It not only allows monitoring of fatigue crack

growth on the angstrom scale during each loading cycle in real time, which is unachiev-

able in any experiments, but also enables studies of different parameters without the

arduous time and abundant money required to set up and perform actual tests. When

environment comes into play, where multiple factors can act simultaneously, e.g. ma-

terial dissolution, oxide formation, and hydrogen embrittlement, atomistic modeling

provides a means to study the atomic-scale environmentally assisted material separation
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processes under the action of isolated mechanisms.

1.2 Thesis Statement

This dissertation consists of six individual chapters. The first chapter provides a brief

discussion of the background and motivation of the research in investigating the under-

lying mechanisms of the fatigue crack growth, and the rationale behind the utilization

of atomistic modeling tool to conduct related studies.

The second chapter reports some of the prior research efforts that lay the founda-

tions for and ultimately lead to the work that has been submitted for publication. Eight

topics are discussed in this chapter: (1) basic understandings of fatigue; (2) effect of

temperature on fatigue crack growth; (3) material potential development; (4) isolating

the atomistic simulation; (5) multiscale model development and verification; (6) multi-

scale simulation of fatigue crack behavior in materials with different intrinsic ductility;

(7) multiscale simulation of fatigue crack behavior with annealing; (8) multiscale sim-

ulation of fatigue crack behavior under Mode I + II loading. The studies detailed in

these sections along with many other not included research work are carried out with

the common objective of understanding and illuminating the atomic mechanisms gov-

erning fatigue crack growth, and provide contexts and support for the findings presented

in the following chapters.

The third chapter, entitled ”Atomic mechanism of near threshold fatigue crack

growth in vacuum”, has been submitted for publication. I shared the co-first authorship

with Mingjie Zhao on this paper. By harnessing a new implementation of a concurrent

multiscale method and contemporary computational resources, we have been able to (1)

assess the validity of long-hypothesized material separation mechanisms thought to con-
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trol near threshold fatigue crack growth in vacuum, and (2) reconcile reports of crack

growth in atomistic simulations at loading amplitudes below experimental crack growth

thresholds. We find that sustained fatigue crack growth in vacuum requires emitted dis-

locations to change slip planes prior to their reabsorption into the crack on the opposite

side of the loading cycle. This provides a mechanistic foundation to relate fatigue crack

growth tendency to fundamental material properties, e.g. stacking fault energies and

elastic moduli, opening the door for improved prognosis and the design of novel fatigue

resistance alloys. The implementation of the concurrent multiscale methodology was

done by me with the exception of the continuum discrete dislocation component which

was implemented by Mingjie Zhao. High-cycle simulations involving no continuum

discrete dislocations were conducted by me, while the other simulations involving con-

tinuum discrete dislocations were performed by Mingjie. A detailed discussion about

our contributions in the development of this approach is presented in Section 2.5.

The fourth chapter, entitled ”The Role of Dissolution on Crack Growth at the Atomic

Scale”, has been submitted for publication. It reports my recent work focusing on un-

derstanding the crack growth under the influence of material dissolution. The growth

of cracks can be substantially influenced by the environment, and atomic modeling pro-

vides a means to isolate the action of individual mechanisms involved in such complex

processes. Here, a newly implemented multiscale modeling approach is utilized to as-

sess the role of material dissolution on crack growth. While dissolution is found to be ca-

pable 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. De-

spite observations of plasticity-induced-dissolution and dissolution-induced-plasticity

that are consistent with macro-scale 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 fifth chapter, entitled ”Assessment of Additive Manufacturing for Increasing

Sustainability and Productivity of Smallholder Agriculture”, is published in 3D Printing

and Additive Manufacturing. Co-authors include Professor Erika Styger and Professor

Derek Warner. Looking back at the big picture of the ultimate goal of structural en-

gineering, this interdisciplinary work assesses the potential of additive manufacturing

(AM) from perspectives of structural performance and cost efficiency. The study begins

with the identification of the current obstacles encountered by smallholder farmers in

the field. The potential of AM, and especially material extrusion 3D printing (ME3DP),

to assist in overcoming the identified obstacles was assessed for two cases considering

both local prototyping and low-volume production. A simplified cost model was used

to compare to the cost of manufacturing both in the U.S. and locally in the field. The ac-

quired data suggests that in specific cases current ME3DP technology can more rapidly

provide functional parts, accelerating the design cycle and lowering cost by about a fac-

tor of 10 relative to local fabrication routes. In the case where mechanical performance

is critical and dimensional precision and surface finish are not, wire arc metal additive

manufacturing appears promising, but it is not as economical as fabrication by tradi-

tional means in the field. It should be noted at the end that a service work like this

project applies scientific principles across the disciplines to solve actual problems in the

field, which is key to keeping the scientific endeavor going strong.

The sixth chapter concludes the primary achievement of the studies presented in

this thesis, and proposes some future work that would be worth investigating further or

deeper utilizing our knowledge about the discovered mechanisms and the newly imple-

mented modeling tool. The general objective is to gain a more thorough and extensive

understanding of the fatigue crack growth and also connect with more realistic scenarios

to reduce discrepancies between computational simulations and real-world fatigue phe-

nomenon. Ultimately, we hope to bring new insights into the physical mechanisms that
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control fatigue crack growth in real environments, and contribute to the improvement of

prognosis and design of novel fatigue resistance alloys in the everyday world.
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CHAPTER 2

RESEARCH CONTEXT

2.1 Basics of Fatigue

Fatigue is a failure mechanism of materials and structural components when subjected

to loading that varies with time. One of the special characteristics about fatigue is that

cracks can be initiated and propagate at stresses well below the ultimate tensile stress or

even the yield stress of the material, yet still cause catastrophic failure.

The stress state at the tip of a crack is usually characterized by the stress intensity

factor (SIF), K. This concept was developed by Irwin [15] following the investigations

of Westergaard [16]. It is one of the most fundamental and useful parameters in the field

of fracture mechanics. The magnitude of SIF depends on the sample geometry, size and

location of the crack, magnitude and distribution of load, and thus can be described as

K = σβ
√
πa

where σ is the applied stress, a is the crack length, and β describes the relationship

between gross geometrical features to the stress intensity factor. Experiments and sim-

ulations have demonstrated that fatigue crack propagation can be well described by two

related parameters - stress intensity range, ∆K, and the load ratio, R.

∆K = Kmax − Kmin

R = Kmin/Kmax

The process of fatigue failure is a combination of crack initiation and the subsequent
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Figure 2.1: Three regions of the fatigue fracture process.

crack propagation, as shown in Figure 2.1. The initiation of a fatigue crack is considered

to be closely related to localized plastic deformation during cyclic straining due to slip

irreversibility [2, 17–19]. Once initiated, the propagation of the crack can be affected by

so many variables such as the loading condition, material microstructure, and environ-

ment. Accordingly, the rates of crack growth have an extremely wide range from 10−9

to 10−1 mm/cycle [20]. Of the three regions shown in Figure 2.1, it is estimated that

the crack initiation region, i.e. Region I, can take up to 90% of the fatigue life [21–23],

which is governed by the fatigue crack growth near the threshold stress intensity factor,

∆Kth.

It has been reported that fatigue cracks can be initiated from surface defects or in-

ternal sites in the subsurface zone of materials. The subsurface fatigue cracks can grow

at low stress amplitude levels that are below the conventional fatigue limits. While

progression of technology has allowed researchers to directly observe and track fatigue

crack growth in many subsurface materials, the mechanisms by which cracks grow re-

mains elusive in some regimes. One prime example is the fatigue fracture behaviour in
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vacuum near the threshold stress intensity range, ∆Kth, below which cracks remain dor-

mant or propagate at experimentally undetectable rates (i.e. on the order of angstroms)

[24–26]. Nonetheless, cracks with such show growth rates are still of considerable in-

terest, since it can govern failures initiated from subsurface material defects and may

lead to catastrophic failure over design lifetimes [27, 28].

Comparing with fatigue crack growth in vacuum, the presence of different environ-

ments such as moist air, sea water and corrosive liquids and gases can significantly

change the associated characteristics. Adverse effects of the environment, predomi-

nantly from corrosive environments, contribute to the environment-assisted cracking. A

corrosive media may both promote crack initiation and accelerate crack growth rate by

orders of magnitude [29–31]. Despite a number of work has been conducted, there are

still unknowns about the environmental effects on the fatigue crack growth. One of the

challenges is the complex interactions between different factors that can act simultane-

ously on the fatigue crack, such as oxide formation, material dissolution, and hydrogen

embrittlement [32–34]. These processes affect the fatigue crack growth by different

mechanisms and thus require targeted and isolated studies.

Although the applied load on a crack can be arbitrary, any loading state could be

decomposed into three independent stress intensity factors: (1) Mode I - opening mode,

a tensile stress normal to the crack plane; (2) Mode II - sliding mode, a shear stress

parallel to the crack plane and perpendicular to the crack front; and (3) Mode III -

tearing mode, a shear stress parallel to both the crack plane and the crack front (as

shown in Figure 2.2). A crack can be loaded in one mode exclusively, or it can be

loaded in some combination of modes. In this thesis, the emphasis is focused on crack

behaviors under pure Mode I loading, while effort has also been made to study the effect

of mixed loading of Mode I and Mode II.
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Figure 2.2: Schematic drawings of Mode I, Mode II and Mode III loading.

2.2 Effect of Temperature

The complexity of fatigue crack processes can be attributed to numerous parameters af-

fecting the crack behavior at different levels and scales simultaneously. Thus, study of

individual variable is a prerequisite for a thorough understanding of the fatigue cracking

phenomenon. Among all the factors, the effect of temperature is of particular interest

to us for two reasons. First, temperature plays an important role in the specific area of

sea based aviation. Aircraft can experience a temperature difference as large as about

80 degrees Celsius from taking-off to landing. Thus, from a practical point of view, the

effect of temperature must be taken into consideration in the analysis and prediction of

fatigue crack behavior in aircraft. Second, temperature is also an important parameter in

the determination of computational simulation setup. A change in temperature setting

could lead to distinct results and thus bias our understanding of the governing mecha-

nisms. Additionally, studying fatigue crack growth dependency on temperature can also

help us interpret simulation results and/or any discrepancy observed between modeling

and experiments.

A look at the literature focusing on fatigue crack growth in metal materials reveals

that material resistance to near threshold fatigue crack growth increases with decreasing
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temperature in ambient or humid environment. Liaw and Logsdon reviewed the near

threshold fatigue crack propagation behaviors of five materials including aluminum,

copper, steel, nickel and titanium alloys with temperature ranging from 297 K to 4.2 K

[35]. Results showed that decreasing the temperature generally increased the value of

the threshold stress intensity range, ∆Kth, in the five alloy systems investigated, while

also decreased the rates of near threshold fatigue crack propagation. Similar findings

in other materials have also been reported in many other literature [31, 36–41]. There

is evidence showing that decrease in temperature impedes the environmental fatigue

process primarily by retarding the hydrogen environment embrittlement process that is

considered as the governing mechanism of environment assisted crack growth [42, 43].

Under vacuum or inert environment, on the contrast, a substantial amount of exper-

imental and modeling investigations demonstrate a weak influence of temperature on

fatigue crack propagation and the associated crack tip plasticity at the microstructure

scale [44–49]. For instance, Cotterill and Knott [45] conducted a set of experiments

to study fatigue crack growth in a steel material at elevated temperatures ranging from

298 K up to 898 K. Researchers reported that in vacuum, the fatigue crack growth rates

are practically independent of temperature over the whole range of temperatures tested.

Results from atomistic modeling of cracks in single crystal copper at 77 K, 300 K, and

600 K [50] reconciled the experimental observation, showing no dependence of crack

growth on temperature. It was also concluded that temperature does not change the

mechanisms of plastic deformation around the crack tip, as similar dislocation struc-

tures were found at all examined temperatures. Moreover, the dislocation density and

the vacancy concentration are found to be only slightly influenced by temperature with-

out a general trend. While there is a slight decrease noticed in the SIF required for

dislocation emission from the crack tip as temperature raises, such correlation is driven

by the change in elasticity constants and unstable stacking fault energy [51], which does
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not contradict the statement about the temperature independence of plastic deformation

mechanisms at the crack tip.

The finding of the weak influence of temperature on crack growth rates and crack

tip plasticity in vacuum provides justification for the athermal setting of the simulations

conducted in this thesis, which serves as one of the necessary conditions to make high

cycle count simulations computationally tractable. It also inspires the study of fatigue

crack growth with annealing by implementing the process of annealing into the loading

cycle in order to explore the effect of the microstructural change, and more specifically

dislocation reactions, induced by elevation of the temperature. Details are discussed in

Section 2.7.

2.3 Material Potential Development

It has been discussed previously that atomistic modeling can serve as a powerful probe

to study the near threshold fatigue crack growth considering its atomic nature. Although

atomistic modeling has progressed substantially over the past decades, its application to

fatigue crack growth has remained very limited due to significant obstacles. One of the

most challenging problems is the choice of the interatomic potential, as computation of

atomic forces involves a trade-off between accuracy and computational expense. Mod-

ern electronic structure methods can provide the desired accuracy for many chemically

complex systems, while the associated computational cost limits these methods to sys-

tems of only a few hundred atoms. Alternatively, traditional empirical potential methods

can be used to simulate billions of atoms, but they often struggle to reproduce behav-

iors outside of what they were fit. Thus, to choose an appropriate interatomic potential

with adequate accuracy and acceptable computational expense that can best describe the
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targeted system of interest is one of the most important tasks for atomistic modeling.

In previous work, we used the coupled atomistic and discrete dislocation (CADD)

model and the aluminum potential from Ercolessi and Adams [52] in the atomistic re-

gion, which accurately modeled pure Al crack tip behavior under many conditions in

literature [34, 53, 54]. However, the single slip plane of the simulated 2D aluminum

system with the most favorable orientation made it a challenge to interpret these results

relative to corresponding experiments, suggesting the limitation of this potential associ-

ated with our specific research interest. To address this issue, we determined to create an

atomistic domain composed of 2D hexagonal lattices that offers 3 different slip planes,

and utilize an interatomic pair potential with tunable intrinsic ductility [1].

This potential considering only nearest-neighbour pairwise interactions is character-

ized by the energy function φ(r), where r is the distance between atom centers. The

intrinsic ductility of the potential can be tuned by altering the tail of φ(r) while leaving

the energy well unchanged to ensure that near-equilibrium properties of the material,

such as the elastic constants, remain constant. The specific form of the potential can be

written as

ϕ(r) =



(1 − exp[−α(r − 1)])2 − 1, r ≤ r1

A1r3 + B1r2 + C1r + D1, r1 < r ≤ r2

A2r3 + B2r2 + C2r + D2, r2 < r ≤ r3

0, r3 < r

(2.1)

where the distances (r1, r2, r3), and the cubic spline coefficients (A1, B1,...D2) can be de-

termined under various conditions to describe materials with different ductility. Apply-

ing this potential to a 2D hexagonal lattice system, a number of materials with increased

ductility can be described as plotted in Figure 2.3.
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Figure 2.3: Interatomic potentials with tunable intrinsic ductility in 2D. (a)
Energy; and (b) Force vs interatomic separation distance. Units are normalized
(source [1]).

The study began by reproducing these potentials to fit our model. As a tabulated

potential file is required for the atomistic simulation, different numbers of the interpret-

ing points with different increments of the interatomic distance were examined in order

to optimize the computational performance without sacrificing the accuracy. Two sets

of fatigue crack simulations with materials of different intrinsic ductility (Potential A

and Potential C) were then performed under a range of mechanical loadings (details are

discussed in Section 2.6) to compare the outcomes. To simulate an alloy-like material,

the most ductile potential in this family (i.e. Potential A) was modified so that the new

potential has a 4 times deeper energy well but the same lattice and elastic constant (see

Figure 2.4). Alloy-like simulations were performed with 5% of atoms in the atomistic
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Figure 2.4: Energy vs interatomic separation of Potential A and new potential
with 4 times deeper energy well. Units are normalized. Curve of Potential A is
shifted downwards for better comparison.

box having the deeper well energy potential and the rest atoms described by Potential A.

These solute atoms inside the domain acted as localized barriers to dislocation motions.

While the barrier strength, i.e. flow strength, was not quantified, it was apparent that

strengthening due to such solute atoms was significant, leading to two limiting cases of

material for us to move forward with, i.e. brittle vs ductile.

To further understand the fatigue crack growth mechanisms and to relate fatigue

crack growth tendency to fundamental material properties, recently we modified the

original potentials to characterize materials with higher surface energies by extending

the interactions to the second-nearest neighbors and superimposing a tuned embedded

atom method (EAM) potential on it. The original Potential A is the most ductile material

potential that can be achieved under the constraint of considering only nearest-neighbor

pairwise interactions, yet there is still disconnection between it and real metal materi-

als [55]. By extending this potential to include the next nearest neighbor interactions

(Figure 2.5), we were able to improve the intrinsic ductility of the current potential by

mitigating this discrepancy. Built on the extended potential, an addition of an embedding
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Figure 2.5: Energy vs interatomic separation of original Potential A and the
extended Potential A with next nearest neighbor interactions included. Units
are normalized. The two potentials have the same properties. Different numbers
of counted bonds and different equilibrium atomic spacing lead to shifting of
the energy curve.

energy can increase the surface energy of the potential, enabling the study of isolated

effect of surface energy. The new superpositioned energy, shown in Figure 2.6, has a

higher surface energy compared with Potential A with all the other properties, such as

the lattice spacing, elastic constant and stacking fault energy, being held constant. Sim-

ilar method was applied to Potential C where the same EAM energy was added on the

original Potential C. The added EAM energy was tuned so that the ratio between the

surface energy of the original potentials and the new potentials is the same as the ratio

between the unstable stacking fault energy of original Potential A and Potential C.

Based on our current understanding of the fatigue crack growth, simulation results

with the new potentials that have higher surface energies are expected to be similar to

the results with original potentials, because the surface energy is considered as a less

controlling parameter during the crack growth processes. For testification, the critical

stress intensity factor when the first dislocation emits from the crack tip under Mode I

loading, KIe, was tested for new and original potentials under both sharp and blunt crack
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Figure 2.6: Decohesion energy vs nominated interatomic separation (by equi-
librium atomic spacing) from Potential A, extended Potential A, EAM potential
and the new potential by superposition. Units are normalized.

tip conditions. The comparison shows similar results for modified and original Potential

C, but the crack behavior with modified Potential A seem to differ from that with the

original potential, i.e. increase in the surface energy changes the dislocation nucleation

activity significantly. Multiscale fatigue loading simulations with new potentials were

also conducted, and preliminary results show distinct differences in the crack growth

behavior when compared with the original results. Although application of the potentials

and interpretation of the current results may need further investigation, the development

process of these potentials is still valuable for future studies.

2.4 Isolating the Atomistic Simulation

It is acknowledged that material separation process at the crack tip under fatigue loading

is complicated, as it involves intensive dislocation activities such as dislocation nucle-

ation, glide, interaction, absorption, and annihilation. Due to the spacial and time scale
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limit, observations of these activities are not easily accessible by experimental means.

Atomistic simulation techniques, such as molecular dynamics (MD), are promising and

can provide new opportunities and perspectives for studying and understanding crack

tip processes occurring at the atomic scale, which governs the behaviors of materials

and structures on larger scales.

Inspired by crack tip behaviors previously simulated using the CADD modeling, and

the lack of sustained crack growth observed in all simulations performed by then, a set

of purely atomistic simulations isolated from the multiscale framework were performed

using an open source MD software, Large-scale Atomic/Molecular Massively Parallel

Simulator (LAMMPS) [56]. The aim of this study was to test the contribution of dis-

location motion to the crack growth in a simple setting. A purely atomistic specimen

composed of 2D hexagonal lattices was created with Potential A [1] offering 3 different

slip planes. Edge dislocations were continually inserted into the system at random loca-

tions and with random orientations followed by mechanical relaxation of the atomistic

domain. Systems with and without preexisting crack were explored under conditions

with and without static loading. Another set of simulations were performed with 5%

of atoms serving as solute atoms with modified potential A (as detailed in Section 2.3).

These solute atoms provided localized barriers to dislocation motion, and thus allowed

for us to simulate an alloy-like material in a simple way.

In an unloaded material without preexisting crack, the inserted dislocations quickly

exit the material to reduce strain energy during mechanical relaxation. One might ex-

pect this to eventually lead to no net change, or at most an evolution to a hexagonal or

circular shape in order to reduce surface energy. For no-crack specimen under tensile

load, the motion of the inserted dislocations would be biased and may lead to plastic

deformation of the material. Simulation results are consistent with this hypothesis. Re-
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Figure 2.7: Specimens under static Mode-I loading showing only atoms with
a centrosymmetry parameter not equal to that of the perfect hexagonal crystal,
i.e. atoms at the crack surface, boundaries, clusters around alloy atoms, and
dislocation cores. (a) Potential A simulation with no dislocation insertion; (b)
Potential A simulation after 38 dislocations inserted; (c) Potential A simulation
with solute atoms after 38 dislocations inserted. Insertion of dislocations is
shown to promote the plastic deformation and crack growth.

garding cases with preexisting cracks, arrested cracks under static loading are observed

to grow with random insertion of dislocations in both the ductile and brittle materials as

seen in Figure 2.7. Under the same static loading condition and at the same loading step,

specimens with random dislocation insertion experience larger deformation and crack

growth than the reference simulation with no dislocation inserted. The deformation in

the ductile material is more significant compared with that in the alloy-like material,

which is reasonable considering atoms with deeper energy well functioning as barriers

to the motion of inserted dislocations. Different domain sizes of the simulation were

also tested and found to not affect the conclusion.

Despite the simple setting, results from these early atomistic simulations clearly

demonstrate the irreplaceable role of dislocation activities in the crack growth process,

suggesting dislocation emitted from sources away from the crack tip might be key to

sustained fatigue crack growth. These findings along with other work motivated the

development of the multiscale modeling tool in order to perform more comprehensive
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investigations of fatigue crack growth in vacuum, and laid foundation for the discovery

of the mechanism presented in Chapter 3.

2.5 Multiscale Model Development and Verification

Although atomistic modeling allows the examination of fatigue crack growth at the

atomic scale, limitations of purely atomistic simulation do exist that hinder the capa-

bility of such models to fully capture true fatigue crack growth in real alloys. One of

the largest challenges is the limited spacial domain which could ultimately lead to bias

in crack tip behavior. To resolve the shortcomings of traditional atomistic simulations,

multiscale modeling has been developed to accommodate a much larger spacial domain

while still focusing on exploring the atomic-scale mechanisms occurring at the crack tip

[57–63]. The CADD model, in particular, offered a unique solution to this problem and

has been used to study fatigue crack growth in many literature [34, 54, 61, 62].

The CADD model consists of an atomistic region and a continuum region coupled by

self-consistent displacement boundary conditions. An edge crack is created by removing

multiple layers of atoms. The atomistic region around the crack tip allows the simulation

to capture the atomic nature of crack tip process, and the continuum region outside the

atomistic region accommodates a much larger spatial domain to mitigate the artificial

influence on the dislocation movement due to small spatial domain. The two regions

are coupled together by interface nodes and pad atoms. Displacements of the interface

nodes computed from the atomistic simulation serve as part of the boundary conditions

for the finite element analysis of the continuum region; results from finite element anal-

ysis are passed to the pad atoms which are then fixed during the following atomistic

simulation. While previous work utilizing this model successfully addressed their re-
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search questions, our attempts with CADD at the beginning of the project exposed some

limitations of the model in regards to our specific research objectives, i.e. unrealistic

crack tip behaviors were observed and no sustained crack growth was achieved in all

simulations.

Specific issues that restricted further adoption of the CADD model include small

loading range that can be successfully applied to the simulation system, and single slip

plane presented in the examined crystal orientations, which may constrain the growth

of the crack. To overcome these limitations, and also motivated by previous atomistic

simulations results, we implemented a new version of the multiscale modeling tool built

upon the concept of CADD. In specific, we built a framework to utilize highly efficient

open source software LAMMPS [56] to conduct the molecular static simulation for the

atomistic region, and a popular open-source computing platform named FEniCS [64]

for the finite element analysis of the continuum region. This method is thus referred

to as LF-CADD. The atomistic simulation box is composed of 2D hexagonal lattices

with 3 different slip planes and a simple ductile interatomic potential with only nearest-

neighbour pairwise interactions considered was utilized [1]. The integration of the two

powerful packages enables us to simulate fatigue crack growth with large amount of

dislocation motion to high cycle counts.

Development of the code was done in collaboration with Mingjie Zhao, another

student from the group. My contribution to this work started by the creation of the

overall framework in Python to accommodate successful operations of LAMMPS and

FEniCS and smooth communications between the two software. This model was then

improved to take advantage of parallel computing, enabling more efficient simulations.

A number of ancillary functions were created to assist in the operation of the model and

succeeding data processing. For the sake of computational cost, non-uniform mesh for
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the continuum region was predefined with more precise elements around the atomistic

region and coarser ones near the outer boundary. Atoms in the atomistic region were

also produced and labeled prior to the beginning of the simulation in order to guarantee

accurate data transferring during parallel computing and communications between the

two regions. Crack tip tracking function is another example of the ancillary functions

that is created to fulfill the tractability of the fatigue crack growth simulations in real time

and for easier post-processing. The implementation of the discrete dislocation (DD)

algorithm was completed by Mingjie Zhao, which allows dislocations emitted from the

atomistic region to be passed into the continuum region, and activated dislocations from

sources in the continuum region to be passes into the atomistic region.

Convergence studies were conducted afterwards to ensure the accuracy and effi-

ciency of the model. Such studies included testing of the loading increment magnitude,

potential interpreting points and so on. To optimize the utilization of computational re-

sources, simulation running time as a function of the number of CPU cores used was

also examined to make sure an optimized number of simulations can be conducted si-

multaneously and also complete in a timely manner.

Analytical and numerical solutions of the displacement field and stress field were

analyzed and compared for the verification of the coupling of LAMMPS and FEniCS.

As loads in this model are applied by prescribed displacements at the outer boundary

of the continuum region based on given stress intensity factors at the crack tip, the first

verification involved comparing the modeling displacement field to the analytic sharp

crack asymptotic solution. Nodes on the interface, outer boundary and from the inner

continuum region were selected for inspection. Results are shown in Table 2.1. The

second verification involved a rampped loading simulation to assess the critical stress

intensity factor at which the first dislocation nucleates from the crack tip. The observed
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Table 2.1: Results of code verification of the displacement field. Units are nor-
malized. The remaining error (which is deemed acceptable) is due to the ana-
lytic solution not accounting for the actual shape of the crack tip, and the linear
shape functions used in the finite element analysis in the continuum domain.

value was very close to Rice’s analytic solution of crack tip dislocation nucleation [55].

The LF-CADD code was also verified for discrete dislocation capabilities by Mingjie

Zhao. Specifically, a simulation was performed that involved (1) a dislocation nucleating

from the crack tip and gliding to the edge of the atomistic domain, (2) being passed from

the atomistic domain to the continuum domain, and (3) moving within the continuum

domain. The force on passed dislocation in the continuum domain was compared to

the analytic sharp crack asymptotic solution, noting that computing this force correctly

requires all aspects of the code to function properly due to the elastic interaction between

the dislocation and the crack.

It should be noted that for subsequent multiscale modeling work presented in this

chapter and Chapter 4, the concurrent multiscale approach was utilized without the im-

plementation of the DD algorithm. Early investigation on the role of dislocation glide

resistance in the continuum domain shows that while greater glide resistances reduce

the plastic zone size in front of the crack tip, fatigue crack growth is observed to be in-

dependent of this parameter. This result is consistent with the conclusion of discrete dis-
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location continuum modeling [65, 66] and experiments [28, 66–71]. The result provides

validity for subsequently presented simulations in this chapter and Chapter 4 where dis-

location motion was constrained to the atomistic domain without the help of the DD

algorithm (effectively imposing a high glide resistance) in order to access high cycle

counts.

2.6 Multiscale simulation of fatigue crack behavior in materials

with different intrinsic ductility

By harnessing the novel implementation of the concurrently coupled atomistic - discrete

dislocation approach detailed in the above section and contemporary computational re-

sources, we are able to perform a number of fatigue crack simulations under different

conditions to high cycle counts. Considering the generality existed in the fatigue frac-

ture across different materials, here we focused on two potentials with tunable intrinsic

ductility, which enables the general principles of material deformation and fracture to

be elucidated without confining attention to a particular material system.

Intrinsic ductility of a material describes the competition between the brittle and

ductile modes of deformation in a material with a crack, which can be characterized

by the energy required for Griffith cleavage, GIc, and energy required for dislocation

emission from the crack tip, GIe [72]. The two investigated potentials here - Potential

A and Potential C as mentioned in Section 2.3 - have tuned GIe that is independent

of GIc. Preliminary simulations with monotonic loading show that the critical stress

intensity factor for nucleation of the first dislocation from the crack tip, Knuc, is 6.8 for

Potential A, and 8.4 for Potential C. For fatigue crack simulations, a range of cyclic

mechanical loadings with load ratio R = 0.25 were applied, and the load increment after
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each mechanical equilibration was 0.1. The effect of atomistic window size were also

studied for Potential A. Simulations were carried out in the athermal limit to hundreds

of cycles.

Here the results of fatigue crack simulations under a wide range of cyclic mechan-

ical loading with Potential A are presented in Figure 2.8. Crack arrest is observed in

many cases. The arrest of cracks is due to dislocation activities including emission and

absorption being completely reversible during the loading and unloading processes. In

simulations with larger loads (i.e. ∆K > 17), sustained crack growth is shown in some

cases throughout the duration of the simulations, where dislocation activities remain

irreversible over the course of individual loading cycles. Interestingly there are some in-

stances where dislocation activity appears reversible for 10’s of loading cycles but then

suddenly becomes irreversible again, spurring fatigue crack propagation. Effect of dif-

ferent domain sizes is not observed to be significant. To better understand the behavior

in the ∆K > 17 loading regime, a number of phenomena were examined, e.g. anti-

shielding dislocation creation and annihilation, dislocation annihilation on slip planes

that do not intersect the crack tip, dislocation-dislocation reactions, dislocation crossing

of the crack plane, dislocation creation on unloading, dislocation density over the course

of the loading cycle, crack tip opening distance, and crack tip opening angle. Sustained

crack growth occurred in these simulations is found to require:

− The creation of dislocations on planes that do not intersect the crack during the

loading part of the cycle;

− The emission of anti-shielding dislocations during the unloading part of the cycle;

− Dislocation reactions.

Examination of these dislocation activity and the preliminary findings inspired the sub-

sequent more targeted simulations using the LF-CADD model with the implemented
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Figure 2.8: Plots of crack growth vs loading cycles from hexagonal lattice sim-
ulations for a range of atomistic window sizes with Potential A. Curves in dif-
ferent colors represent results from simulations with different atomistic domain
sizes. The applied stress intensity range, ∆K, varies from 9.0 to 21.0. Cracks
arrest at lower loads, and tend to grow as load increases. The effect of window
size is shown to be not significant.

DD algorithm, and led to the reveal of the atomic mechanism governing sustained fa-

tigue crack growth in vacuum, which is presented in Chapter 3.

With Potential C applied, cracks shows distinct behaviors under similar mechanical

loadings. As no significant effect of atomistic window size on fatigue crack growth is

found, the size of the atomistic region for simulations with Potential C was adjusted

to accommodate potential cleavage fracture due to the more brittle material property.

Results are presented in Figure 2.9. It can be noticed that cracks arrest much faster in

these simulations compared with results with Potential A, generally within the first 10

cycles. No sustained crack growth is achieved under the tested loading conditions. Burst

of crack growth is observed in 2 of the 25 simulations in the manner of cleavage, where

crack propagation occurs through planar sectioning of the atomic bonds between atoms

at the crack tip during the loading process. Under higher loads, crack closure appears
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Figure 2.9: Plots of crack growth vs loading cycles from hexagonal lattice sim-
ulations with Potential C. The applied stress intensity range, ∆K, varies from
12.0 to 24.0. The size of the atomistic window is [357 b x 87 b]. Crack arrest,
cleavage and closure are observed.

due to the formation of artificial defect from dislocation pile-up.

Arrest of cracks after an initial transient period observed in both sets of simulations

reconciles the standing discrepancy between model and experiment, whereby reports of

crack growth in atomistic simulations occurs at loading amplitudes well below the cor-

responding experimentally thresholds for fatigue crack growth in vacuum [73]. Compar-

ison between the two sets of results demonstrates different behaviors of fatigue cracks

in materials with different ductility, implying different mechanisms governing the mate-

rial separation processes at the crack tip in ductile and brittle materials. For subsequent

studies of fatigue crack simulations in this thesis, Potential A was used to investigate the

mechanisms of fatigue crack growth in ductile metal materials. It should be emphasized

that the most primary results associated with these simulations are presented in Chapter

3. The discussion above aims at providing more context of the work that is essential for

the arrival of the published work.
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2.7 Multiscale simulation of fatigue crack behavior with annealing

The current setting of the fatigue crack simulation with a 2D hexagonal lattice and the in-

trinsically ductile interatomic potential offers three dislocation slip systems and glissile

dislocation reaction, providing a beneficial environment for dislocation motion and in-

teraction that accompany the growth of crack. Preliminary finding presented in Section

2.6 indicates the important role of dislocation reactions in facilitating sustained crack

growth, which inspired us to further examine it by introducing annealing at certain step

of the loading cycle. Additionally, dislocation pile-up might lead to defect formation

inside the atomistic region (see Figure 2.10 for an example). Such defect could have ar-

tificial influence and thus impede the growth of crack in an unnatural way. The addition

of annealing may help solve the issue by inducing redistribution of atoms at the elevated

temperature.

Figure 2.10: Atomistic domain in cyclic loading simulation with Potential A
(∆K = 19.5). 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. An
artificial defect is formed near the bottom interface due to dislocation pile-up.

The annealing process consisted of heating the atomistic region to half of the melt-

ing temperature over 100,000 time steps and then cooling back to zero temperature over
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Figure 2.11: Plots of (a) temperature, and (b) pressure of the system during the
annealing process. Units are normalized. Pressure of the system was main-
tained throughout the process.

100,000 time steps. To avoid complicating artifacts, the total pressure of the system was

maintained during this thermal treatment 2.11. Two sets of 2D hexagonal lattice simu-

lations with Potential A were conducted with annealing added at the peak and bottom

of each loading cycle respectively (i.e. at Kmax or Kmin).

Figure 2.12: Plots of crack growth vs loading cycles from ductile hexagonal
lattice simulations with annealing introduced at different steps of each loading
cycle. The applied stress intensity range, ∆K, varies from 9.0 to 16.0. Anneal-
ing is shown to promote crack growth.
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The intent of the annealing treatment is to facilitate more dislocation reactions. Re-

sults of the annealing simulations are presented in Figure 2.12 along with the reference

simulations without annealing. There is a general trend observed that the annealing pro-

cess promotes crack growth no matter where it occurs, and annealing at the peak of the

loading cycle has a greater impact on the progression of the crack tip. By comparing

the atomistic domain around the crack tip before and after annealing, it is suggested that

the density of dislocations and the shape of the crack tip for the specific load are not

substantially changed by the annealing process; and thus, it is solely the boost of dislo-

cation reactions that facilitates the enhanced crack growth. The more prominent effect

of annealing at the peak of the loading cycle could be attributed to higher dislocation

density under a larger load of the cycle, which offers more opportunities for dislocation

reactions that lead to sustained crack growth.

It must be reemphasized that studies like this guide our understanding of the fatigue

crack behaviors and possible underlying mechanisms from different perspectives. It is

the accumulation of the work discussed here along with those in other sections that lays

the foundation for and finally leads to the primary thesis results presented in Chapter 3

and Chapter 4.

2.8 Multiscale simulation of fatigue crack behavior under Mode I

+ II loading

Structural components in real life are often subjected to variable, multi-axial loading

during the service life. To understand the fatigue crack propagation in practical load-

ing conditions, analytical and experimental studies have been conducted under one, or

any combination, of the three loading modes [74–79]. Since cracks may change growth
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direction when subjected to mixed-mode loading conditions, emphasises of these stud-

ies have been placed on not only the crack growth rate measurement but also the crack

growth path prediction. However, it remains a challenge for experimental researchers

to understand mixed-mode crack tip behaviors, as the complexity of the loading condi-

tion makes it hard to analyze the mode mixity and the associated stress intensity factor

components through only direct observations. In light of the challenges, the new im-

plementation of the concurrent multiscale approach can serve as a probe to understand

more about the progression of crack under mixed-mode loading conditions.

Here a set of 2D hexagonal lattice simulations with Potential A were performed un-

der loading of mixed modes I + II. Mixed-mode loads in the simulation were applied at

the outer boundary of the continuum region by the superposition of prescribed displace-

ments based on given stress intensity factors in different modes, KI and KII . A range of

loads (i.e. ∆K) were tested, where the magnitudes of the two stress intensity factors in

different modes were kept the same at each loading step (i.e. KI = KII).

Results are presented in Figure 2.13 with comparison between the crack growth

in length under pure Mode-I and mixed-mode I+II loading, as well as the change in

opening and offset between two crack surfaces under the mixed-mode loading. Arrested

cracks in the reversible state are observed when the applied mixed-mode loads are small,

yet the overall crack growth still increases when compared with pure mode I loading

results. Nonetheless, under higher loads (i.e. ∆K > 10.5), there is a significant increase

in crack opening distance between crack surfaces along with a decrease in crack length

as loading cycle proceeds.

Taking closer looks at the atomistic domain, Figure 2.14 presents the progression

of the crack when subjected to a high load of ∆K = 11.5. The shape of the crack
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Figure 2.13: Plots of crack growth, crack opening and crack surface offset vs
loading cycles from ductile hexagonal lattice simulations under pure mode I
and mixed-mode I+II loading. The applied stress intensity range, ∆K, varies
from 6.0 to 11.5.

tip is continually evolving under the mixed-mode load. It can be observed that the

opening distance between two crack surfaces is enlarging while the length of the crack is

shrinking. The change of the crack tip shape could be a sign of crack changing direction

as observed in the experiments. Furthermore, the observed correlation between crack

growth and crack opening reconciles with the statement that an enhanced opening could

in turn lead to crack arrest by decreasing the near tip stresses [80]. Future studies with

higher loads and other KI/KII ratios would be beneficial for further understandings of

the fatigue crack behavior under mixed-mode loading.
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Figure 2.14: Atomistic domain in ductile hexagonal lattice simulation with
∆K = 11.5 under mixed-mode I+II loading. Only atoms with a centrosym-
metry 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. (a) Initial configuration at K = 0.0; (b) At the end of
the 20th cycle; (c) At the end of the 40th cycle; (d) At the end of the 60th cycle.
Increasing crack opening and decreasing crack length can be observed.
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CHAPTER 3

ATOMIC MECHANISM OF NEAR THRESHOLD FATIGUE CRACK

GROWTH IN VACUUM

The growth of cracks governs engineering decisions across a broad range of indus-

try. Yet, in many technologically relevant regimes, the process by which cracks grow

remains unknown. A prime example is near threshold fatigue crack growth in vac-

uum environments, which can govern failures initiated from subsurface material defects

[27, 28]. In this case, crack growth per loading cycle can be on the order of angstroms,

inhibiting direct observation of the material separation process [24, 26, 81]. Accord-

ingly, atomistic modeling may be the best tool to better understand the phenomenon.

While a large atomistic modeling literature exists [82–86], the link between modeled

cracks and laboratory behavior is complicated by disconnects in stress state, simulation

geometry, and thermal activation. In cases where care has been devoted to modeling

a well-developed cyclic stress field [34, 54, 87–91], fatigue crack growth has been re-

ported. However, such modeling outcomes occur at loading amplitudes well below the

corresponding experimentally thresholds for fatigue crack growth in vacuum [73].

By harnessing a concurrent multiscale approach and contemporary computational

resources, we have performed atomistic simulations to cycle counts well beyond those

analyzed previously. Our simulations show that fatigue crack growth arrests after an

initial transient period, reconciling the standing discrepancy between model and exper-

iment.

This finding provides a new vantage to identify the mechanism(s) responsible for

the near threshold fatigue crack growth phenomenon in vacuum [92–96]. In examining

the atomic-scale function of hypothesized mechanisms, we find sustained crack growth
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to only occur when edge dislocations return to the crack tip on a slip plane behind

the one on which they were emitted. This process transfers material away from the

crack tip, supporting a long-ago hypothesized necessity for near threshold fatigue crack

growth in vacuum [97, 98]. The movement of material away from the crack tip inhibits

the rewelding of crack faces at the bottom of the load cycle, consistent with carefully

executed laboratory observations [99, 100].

The cyclic loads associated with experimentally observed fatigue crack growth

thresholds entail micrometers of deformation at the crack tip [95, 101]. This well sur-

passes modern atomistic modeling capabilities, which at best could simulate a sufficient

2D domain for 10’s of loading cycles (with a dedicated ExaFLOP supercomputer using

∼$500,000 of electricity). This challenge has limited the focus of previous studies to-

wards nanometer cracks, lower loading amplitudes, and few loading cycles [34, 54, 87–

91, 102–108]. A concurrent multiscale approach [109] addresses the challenge by re-

ducing degrees of freedom, allowing larger simulation domains to be studied over more

cycles without sacrificing atomic resolution at the crack tip. For crack behavior, the

multiscaling is complicated by the movement of dislocations over large distances, and

thus, a coupled atomistic discrete dislocation (CADD) approach is necessary [110]. To

achieve the results presented here, a new parallel implementation was necessary, har-

nessing highly efficient open source finite element and atomistic simulation software.

Details are discussed in the methods section.

We begin by presenting the results of a cyclically loaded mode I crack in an initially

dislocation free f.c.c. aluminum crystal. The crack is placed on a {113} plane with its

front along the 〈112〉 direction. This orientation is favorable relative to other options, as

it enables the study of full dislocation emission in the athermal limit in a thin simulation

cell [111]. These two features are necessary to make the simulation of many loading
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cycles computationally tractable.

An additional strategy to make the many cycle simulations tractable is to limit the

size of the plastic zone, reducing the need to integrate the motion of many dislocations

over long distances each load cycle. Towards this goal, we investigated the role of dis-

location glide resistance in the continuum domain 1, whereby greater glide resistances

reduce the plastic zone size and make the simulations less computationally demanding.

Examining a wide range of glide resistances, 150-654 MPa, fatigue crack growth is ob-

served to be independent of this parameter, (Figure 3.1a). This result is consistent with

the conclusion of discrete dislocation continuum modeling [65, 66] and experiments

[28, 66, 68, 70, 71, 112, 113] that have shown dislocation glide resistance to not directly

influence near threshold fatigue crack growth. The result provides validity for subse-

quently presented simulations that will constrain dislocation motion to the atomistic

domain (effectively imposing a high glide resistance) to access high cycle counts.

Simulating beyond the cycle counts previously accessed [34, 54, 87–91, 102–108]

reveals crack arrest after the first 10’s of cycles, independent of the dislocation glide

resistance in the continuum domain (Figure 3.1b). In the arrested state, the crack tip,

defect, and dislocation structure is reversible over the course of the cycle, even with

repeated dislocation emission and absorption in some cases.

A challenge to interpreting these results relative to corresponding laboratory exper-

iments is that the modeled crack - crystal orientation and thin periodic cell constrain

dislocation slip to a single plane. This challenge cannot be directly addressed, as (1)

choosing a multi-slip orientation would lead to crack tip twin emission at atomistic

modeling timescales [111, 114] and (2) thickening the model to permit slip on other

1The discontinuity of glide resistance between the atomistic and continuum domain is inconsequential
for the results presented here as the driving force on dislocations in the atomistic domain is well above
the glide resistance of typical engineering alloys.
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Figure 3.1: Crack advance as a function of loading cycle from three sets of simulations. (a) {113}
crack in an f.c.c. aluminum lattice. Each curve represents a distinct dislocation glide resistance
in the continuum domain. The majority of cases show crack growth over the first 20 cycles
and crack arrest shortly after. On the right, the location of the arrested cracks are shown as a
function of glide resistance, showing no correlation between the two variables. (b) A ductile
hexagonal lattice at various loading amplitudes. Again, cracks arrest after an initial transient
period. Cases are shown both with and without dislocation passing from atomistic to continuum
domains to establish that blocking dislocation motion does not influence the behavior. The right
shows the dislocation distribution and the crack tip configuration for an arrested crack. (c) A
ductile hexagonal lattice with no dislocation passing at larger cycle counts and higher loading
amplitudes. Crack arrest was observed in all but a few cases at the higher loading amplitudes. The
right image is a plot of log(da/dN) vs. log(∆K) from the first 10 cycles showing the data conforms
to Paris’ law, consistent with previous atomistic simulations that analyzed crack growth in the
initial transient period. m represents the Paris law exponent, i.e. log-log slope. For the hexagonal
lattice simulations, distances are normalized by interatomic spacing, b, and stress intensities are
normalized by the stress intensity required to nucleate the first dislocation, ∆K∗ = ∆KI/Knuc

I .
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planes would drastically increase the degrees of freedom making high cycle count sim-

ulations intractable. Accordingly, we have examined an opposite bound to the thin f.c.c.

simulations, where dislocation slip is under-constrained. This case consists of a ductile

hexagonal lattice with slip on 3 planes and glissile dislocation reactions. Details are

given in the methods section.

Examining a series of loads, the hexagonal lattice exhibits the same response as the

previously presented f.c.c case, with cracks arresting after an initial growth stage (Figure

3.1c). Again, this response is found to be independent of the dislocation glide resistance

in the continuum, further establishing that emitted dislocations can be constrained in a

sufficiently sized atomistic domain, without artificially influencing the characteristics of

crack growth behavior.

Interpreting the above results to suggest that hexagonal lattice simulations with dis-

locations constrained to the atomistic region can be a valid tool for modeling fatigue

crack behavior at attainable computational costs, such simulations were performed at

higher loads and long cycle counts. As expected, increased loading amplitude led to

increased crack growth, with some instances exhibiting sustained crack growth over the

entire duration of the simulation, up to 180 cycles (Figure 3.1c). Comparison of the ar-

rested and growing cracks highlights the complexity of the phenomenon. In both cases,

instances of shielding and antishielding dislocation emission, absorption, and disloca-

tion annihilation can be observed during loading cycles. This suggests that none of these

mechanisms are sufficient for sustained near threshold fatigue crack growth in vacuum.

The finding that dislocation emission from the crack tip is not sufficient for sustained

crack growth in vacuum is consistent with the under prediction of the threshold ampli-

tude by discrete dislocation models governed by this mechanism [115–117].

The occurrence of cyclically reversible / arrested crack configurations does decrease

38



with increased loading amplitude. This suggests that crack arrest is linked to the number

of inelastic mechanisms that occur per cycle (such as dislocation emission, absorption,

and dislocation reactions). Considering the probabilistic nature of crack arrest and that

the modeled loading amplitudes are still significantly below experimental thresholds,

we hypothesize that all cracks in Figure 3.1(c) will eventually arrest.

We hypothesize that the novel observation of the crack arrest behavior in Figure 3.1

cannot be attributed to our selection of model parameters, but instead represents a more

general behavior that has just now been observed by simulating to cycle counts well

beyond those examined previously. To support this assertion, we examined the corre-

lation between the rate of crack growth, log(da/dN), verse loading amplitude, log(∆K),

as commonly done in the fatigue literature (Figure 3.1c insert). Extracting data from

the initial transient growth region during the first 10 loading cycles, the observed slope

(Paris law exponent) is consistent with the atomistic modeling literature limited to low

cycle counts. Specifically, a Paris law exponent of 2.7 has been observed in our simula-

tions and 2.8 by Zhou el al. [90], 2.4 by Uhnakova et al. [87], 3.5 by Baker and Warner

[54].

Beyond the benefit of computational cost, the coupled atomistic discrete dislocation

model provides a means to directly assess the feasibility of previously suggested crack

growth mechanisms without requiring increased loading amplitude, which would make

simulation to high cycle counts intractable.

In this spirit, we examined the role of plastic slip reversibility, which has been con-

sidered key to fatigue failure for over a century 2 [121–123]. Toward this goal, simula-

tions were performed with dislocation glide in the continuum domain being constrained

to a single direction, away from the crack tip. As shown in Figure 3.2(a), cracks quickly

2Noting that the role of plastic slip reversibility on crack propagation has remained less clear [118–
120]

39



arrested in these simulations, despite shielding and antishielding dislocations being con-

tinually emitted. Elementary analysis gives no expectation that this result would change

at higher loading amplitudes, i.e. slip irreversibility (as implemented) is not sufficient

for near threshold crack growth in vacuum.

A less severe plastic irreversibility might involve the formation of debris in front of

the crack tip via pinned dislocation segments and/or junctions that are unable to return to

the crack upon unloading. The formation of such debris is not uncommon in atomistic

simulations, where it has produced transient periods of fatigue crack growth in some

cases [54, 89]. Yet, the formation and stability of such debris in atomistic simulations

is exaggerated due to the lack of thermal activation [124]. Experimentally, conflicting

reports exist, with debris being observed near the crack tip [81] and the absence of it

[24], albeit at a coarser scale.

Other suggested mechanisms involve the motion of dislocations into the vicinity of

the crack tip. The arrival of such dislocations can provoke cleavage and dislocation

emission [66, 125] and might be important for sustained fatigue crack growth. To exam-

ine this point, simulations were performed with starting configurations having arrays of

dislocations and dislocation sources in the continuum. After preliminary analysis, sim-

ulations involving random configurations of dislocations and dislocation sources were

abandoned for strategically chosen configurations that would best facilitate sustained

crack growth3. Figure 3.2b shows an example where sources were aligned to emit dislo-

cations towards the crack tip to promote growth. Details of simulation set up is discussed

in the Methods section. While the presence of such sources did promote crack growth

over the first ∼5 cycles, the cracks ultimately arrested. Their arrest was due to the stress

field of emitted dislocations eventually shielding sources from activating on subsequent

3Randomly placed preexisting dislocations and sources rarely leads to dislocations arriving within a
range of influence of the crack tip
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cycles such that no new dislocation dipoles are emitted, leading to a reversible configu-

ration.

In a further attempt to produce sustained near threshold fatigue crack growth, pre-

existing dislocations were aligned in the form of a dense persistent slip band (PSB)

configured to send antishielding dislocations to the crack tip, promoting crack growth.

Details of simulation set up are discussed in the methods section. The PSB configura-

tion is particularly relevant given the many experimental observations of fatigue crack

growth along PSBs [2, 28]. As shown in Figure 3.2c, the presence of the PSB does

enhance growth over the first few cycles. However, the crack eventually arrests due

to the formation of stable dislocation arrangements, preventing continued movement of

PSB dislocations towards the crack tip to continually facilitate growth. Thus, preexist-

ing dislocations are not a sufficient ingredient for sustaining near threshold fatigue crack

growth, at least for the loads and configurations simulated here. Nonetheless, the results

do not suggest a lack of interaction between propagating cracks and PSBs, and thus do

not contradict the common observations of fatigue cracks at PSBs [126].

Both the simulations with strategically placed sources and PSBs suggest that crack

growth could be sustained if dislocations of proper sign continuously arrived at the crack

tip as it propagates. The most conceivable means that this might occur is by dislocations

emitted from the crack tip changing planes prior to their return on the opposite side

of the loading cycle. Such a process would provide a continuously moving source of

dislocations that would enable continued fatigue crack propagation via the removal of

material at the crack tip.

This hypothesis can easily be tested with the CADD simulation framework by chang-

ing the slip plane of emitted dislocations prior to their return to the crack tip. Simulations

were conducted at low loading magnitudes where only 1 or 2 dislocations were emitted
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Figure 3.2: Crack advance as a function of loading cycle from three sets of
simulations. Sample continuum and atomistic configurations are shown from
when the crack reaches an arrested state. (a) Simulations with slip irreversibil-
ity, where dislocation motion is limited to the direction away from the crack
tip. (b) Simulations with dislocation sources in the continuum, which exhibit
enhanced crack growth over the initial cycles, but eventually crack arrest. (c)
Simulations with pre-existing dislocations in the continuum aligned as a PSB.
The presence of the PSB dislocations enhances growth over the initial cycles,
but eventually crack arrest occurs. Details about SET A, B, and C in (b) and (c)
are discussed in the methods section. Distances are normalized by interatomic
spacing, b, and stress intensities are normalized by the stress intensity required
to nucleate the first dislocation, ∆K∗ = ∆KI/Knuc

I .
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Figure 3.3: (a1)-(a6): Schematic of crack advance by slip trace intersection.
Atom are colored to show deformation. A case is shown where the slip trace of
a dislocation nucleated from the crack tip intersects the slip trace of a disloca-
tion on a different slip plane. The intersection results in a change in slip plane
when the dislocations return to their original position on the unload. This pro-
cess leads to the removal of an atom from the crack tip without diffusion. Atom
highlighted in yellow in (a6) is the companion to the vacancy that was created
at the crack tip. (b) Crack growth vs. number of cycles with the slip plane
of emitted dislocations being changed prior to their absorption into the crack
on the unload. The results show that shifting the slip plane of emitted disloca-
tions backwards (in the opposite direction of crack growth) produces sustained
crack growth, consistent with the schematic in (a1)-(a6). Crack closure was
observed in the case when the slip planes were shifted forward, and no crack
growth was observed when dislocations were shifted forward and backward
in equal proportion. Distances are normalized by interatomic spacing, b, and
stress intensity by the stress intensity required to nucleate the first dislocation,
∆K∗ = ∆KI/Knuc

I .
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and absorbed during a loading cycle. Details of the simulations are given in the meth-

ods section. Without changing the slip plane of these dislocations, the behavior of the

crack at these low loading amplitudes is completely reversible from the first loading cy-

cle. However, when the position of the emitted dislocations changes to a different plane

prior to their absorption upon unload, continued crack growth is observed for the case of

the new slip plane being behind the crack tip (Figure 3.3b). Conversely, when emitted

shielding dislocations change planes in the other direction, moving in front of the crack

tip, the crack closes.

This behavior can be understood by considering the cyclic motion of two intersect-

ing slip traces, which can remove or place material at the crack tip over the course of a

loading cycle (Figure 3.3a). The removal of material by the action of intersecting slip

traces was hypothesized over 50 years ago by Cottrell and Hull [97] for the formation

of surface intrusions; and now here, we find its occurrence at crack tips in the simula-

tions presented in Figure 3.1(c) that exhibited fatigue crack growth at high cycle counts

(Figure 3.4).

With that said, the intersection of slip traces may be exaggerated in the hexagonal

lattice simulations due to the prevalence of glissle dislocation reactions relative to real

3D cubic lattices. Nonetheless, real 3D cubic lattices offer a double cross-slip mecha-

nism that could produce a change in the plane of edge dislocations over the course of a

loading cycle [97, 98, 127]. It is important to emphasize that in either case the disloca-

tion shifting mechanism does not require diffusion, consistent with the weak influence

of temperature on fatigue crack growth in the absence of environmental factors [48, 49].

In total, performing fatigue simulations to cycle counts beyond those previously ac-

cessible reveals a regime of transient sub-threshold fatigue crack growth in vacuum.

This behavior reconciles the reports of crack growth in atomistic simulations at loading
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Figure 3.4: Example of crack growth by the intersection of slip traces in a
hexagonal lattice simulation, [600b x 300b] ∆K∗ = 3.09. The black dislocation
dipole in (a) highlights a dislocation that has been emitted from the crack on the
upload of cycle 82. Upon further loading, (b) shows the slip trace of the emitted
dislocation (black line) having been intersected by an other dislocation slip
trace. Upon unloading, (c) shows the highlighted emitted dislocation having
returned to the crack tip in an offset location, leaving a pair of offset slip trace
segments and removing an atom from the crack tip. Atoms are colored by strain
relative to perfect lattice to illuminate dislocation cores.

amplitudes below experimental crack growth thresholds. Neither slip irreversibility, pre-

existing dislocation sources, nor preexisting dislocations in the form of a slip band are

observed to be sufficient for sustained fatigue crack growth at low loading amplitudes.

Sustained fatigue crack growth is only observed when emitted dislocations change slip

planes prior to absorbing back into the crack on the opposite side of the loading cycle.

This process was observed to occur naturally in simulations by the intersection of slip

traces, and is expected to occur in 3D crystals by an additional mechanism, i.e. the

long-ago proposed double cross slip mechanism. Future atomistic simulations can har-

ness this finding and that of the transient sub-threshold growth regime to better connect

to the actual near threshold fatigue crack growth process. Ultimately, the slip plane

shifting mechanism (whether due to slip trace intersection, double cross slip, or a yet

to be determined mechanism) can be expressed in terms of fundamental material prop-

erties that can be computed from first principles via Khon-Sham Density Functional

Theory. This link between alloy composition and fatigue crack growth resistance pro-

vides a route forward towards more robust continuum prognosis models and the design

of fatigue resistant alloys.
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3.1 Methods

The coupled atomistic discrete dislocation simulation setup is shown in Figure 3.5 and

the full methodology is described in [109, 110].

The fcc aluminum simulations were performed in a [4960b x 4960b] continuum do-

main with a [77b x 84b x 2b] embedded atomistic region at the crack tip. The atomistic

region was governed by the Ercolessi and Adams [52] interatomic potential which has

been shown to accurately reproduce pure aluminum crack tip behavior [128]. The crack

was created by removing 3 consecutive planes of atoms. Loads were applied by pre-

scribed displacements at the outer boundary of the continuum region corresponding to

the solution for a sharp crack in an anisotropic linear elastic material subjected to mode

I loading. The loading increment after each mechanical equilibration was 0.02 MPa
√

m.

Dislocation nucleation first occurred at KI = KIN = 0.59 MPa
√

m.

In the present work, we built a framework to utilize LAMMPS [56] to conduct the

molecular static simulation for the atomistic region and FEniCS [64] for the finite el-

ement analysis of the continuum region. We refer to the method as LF-CADD. The

underlying theory of this multiscale method was identical to Shilkrot et al [110], but the

integration of the two open-source packages enabled us to simulate fatigue crack growth

more efficiently and in parallel.

The hexagonal lattice simulations were performed in a [4464b x 4464b] continuum

domain with an embedded atomistic region at the crack tip ranging from [268b x 134b]

to [536b x 268b] (for simulations without continuum discrete dislocations). The crack

was created by removing 3 consecutive planes of atoms.

The atomistic region was governed by a ductile interatomic pair potential given in
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[129] (potential A). In the normalized units of the potential, the shear modulus µ is 10.61

and the critical load for the nucleation of the first dislocation is KI = KIN = 6.8. The

Griffith cleavage value is KI = 7.5. In the fatigue simulations the loading increment after

each mechanical equilibration was K = 0.1. For discrete dislocations in the continuum,

the lattice resistance normalized by the shear modulus was 1.9E-3.

The simulation set up for the source-insertion and PSB cases is illustrated in Figure

3.6. For source-insertion simulations, an array of three Frank-Read sources, separated

by 20b, was inserted into the continuum just outside the atomistic window on each side

of the crack. When the total resolved shear stress of a source exceeds a critical value

as described in [130], it emitted dislocations dipoles on a slip plane that intersected the

crack tip region, as shown in Figure 3.6(a). A total of three sets of simulations with

variations in source array locations were conducted. In each set of the PSB simulations,

a pre-existing PSB with width of 10b and spacing of 200b was constructed following the

schematics by M.D. Sangid [2] as shown in 3.6(b). Among the three sets of simulations

performed, two of the PSBs were oriented in the same direction as the slip plane making

a 60°angle counterclockwise from the x-axis, and one 60°clockwise.

Figure 3.7 conveys the slip plane shifting implementation. After a dislocation emits

and reaches the detection band near the atomistic-continuum interface, it is passed from

the atomistic domain and placed outside of the continuum domain. At this time, a

dislocation dipole is inserted on a neighboring slip plane. One of these dislocations

is placed next to the passed dislocation outside the continuum domain and the other

is placed just outside of the atomistic domain. Only the dislocation that is placed just

outside the atomistic domain is mobile under the action of an applied stress. For the slip

plane shifting simulations to be worthwhile, the shifted dislocation must return to the

crack during the unloading portion of the load cycle. For computational expediency, the
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distance from the crack tip that dislocations could travel was limited to 90b measured

from the crack tip at the beginning of simulation and an artificial resolved shear stress of

0.12/µ was added to the dislocation, both of which made dislocations return to the crack

tip more quickly upon the unload.
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Figure 3.5: Multiscale simulation set up for the 〈471〉/〈113〉 crack orientation
in which an atomistic domain (right) is embedded in a linear elastic continuum
domain (left). Dislocations can move between domains on their corresponding
slip planes. The lengths given in this figure are normalized with respect to the
burgers vector b, and the images are not drawn to scale. The continuum color-
ing represents the macroscopic displacement in the y direction and the atomistic
coloring corresponds to the potential energy of the atoms, highlighting an edge
dislocation that has been emitted from the crack tip.
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Figure 3.6: (a) Source-insertion simulation set up. In each set, an array of three
Frank-Read sources was inserted into the continuum just outside the atomistic win-
dow on each side of the crack. The sources within each array were set apart by 20b,
and each source emitted a dislocation dipole when its total resolved shear stress
exceeded a critical value along the slip plane. The dislocation entering the atom-
istic window was constructed to be an anti-shielding dislocation gliding towards the
crack tip region. (b) PSB simulation set up. In each set, a pre-existing persistent
slip band (PSB) with width of 10b and spacing of 200b was constructed following
the schematics by M.D. Sangid [2]. The PSB was arranged to intersect the crack tip
region. The lengths given in this figure are normalized with respect to the burgers
vector b, and the images are not drawn to scale.
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Figure 3.7: Illustration of slip plane shifting implementation. (a) When a dislo-
cation (black) nucleated from the crack tip and glided across the detection band
inside the atomistic domain, (b) its slip plane was shifted after being passed across
the interface (red). In order to maintain the correct displacement fields of both the
original and the shifted dislocations, the previously passed dislocation (black) was
moved and pinned outside the continuum domain and a new “opposite” dipole dis-
location (red) on the shifted slip plane was added. During unload, (c) the shifted
(red) dislocation glided back into the atomistic and (d) eventually returned to the
crack tip. In all slip plane shifting simulations, the distance of each shift is 1b. The
lengths given in this figure are normalized with respect to the burgers vector b, and
the images are not drawn to scale.
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CHAPTER 4

DISSOLUTION AT A CRACK TIP

The environment can accelerate crack growth rates by orders of magnitude, lead-

ing to unexpected and catastrophic outcomes. Examples include the role of humidity

on aerospace alloys [131, 132], sulfides on pipeline steels [133], and liquid metals on

reactor pressure vessels [134]. Yet, there are instances where environment acts in the

opposite way, improving structural performance; with examples ranging from structural

metals in specific liquid environments [69, 135–139] to the dissolving action of osteo-

clasts on bone, which is essential for maintaining bone fracture resistance [140].

Despite a long documented knowledge of environmental effects [141], the control-

ling mechanisms remain clouded. At fault are several challenges. First, multiple mech-

anisms can act simultaneously, e.g. dissolution, oxide fracture, oxide formation, and

hydrogen embrittlement. Second, the scale of the material separation process on which

the environment acts is atomistic, inhibiting direct observation [24, 81, 131, 142–145].

In light of these challenges, atomistic modeling can serve as a powerful probe to illumi-

nate the mechanisms governing environmental effects [82], providing a means to study

the material separation processes under the action of isolated mechanisms. Here, focus

is directed towards the action of material dissolution at a crack tip.

A novel implementation of the concurrently coupled atomistic - discrete disloca-

tion approach [110] 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 an [4464b x 4464b] square domain (Figure

4.1), 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 displacement boundary conditions [109]. Mechanical equilibrium is obtained
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Figure 4.1: Multiscale simulation setup with an atomistic domain embedded
in a linear elastic continuum domain. The lengths given in this figure are nor-
malized by the burgers vector magnitude, b, and the images are not drawn to
scale. The continuum coloring represents the macroscopic displacement in the
y direction, pad atoms are coloring in red, and atoms inside the atomistic region
are colored according to their potential energy, highlighting the crack surface.

using LAMMPS [56] for the atomistic region and FEniCS [64] for the continuum re-

gion. 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 material subjected to mode I loading, and the loading increment after

each mechanical equilibration was 0.015 (normalized by Knuc
I ). All cyclic loading simu-

lations had a constant stress intensity range (∆K∗ = Kmax
I /Knuc

I − Kmin
I /Knuc

I ) throughout

the simulation with a load ratio (R = Kmax
I /Kmin

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 de-

formation history associated with cyclic loading to hundreds of cycles; motivated by the

little understood but technologically consequential process of corrosion fatigue, which

53



can induce catastrophic failure under loads and environments that would be benign if

acting alone [146, 147].

The high cycle counts are achieved by simulating a 2D hexagonal lattice in the ather-

mal limit. The response of the hexagonal lattice is governed by the intrinsically ductile

interatomic potential of Rajan et al. (Potential A in [148]). This approach is appealing

in that it offers three dislocation slip systems and glissile dislocation reactions in 2D.

In contrast, the alternative of using thin 3D crystallographies overconstrains plastic slip

relative to real 3D geometries [149–152]. For the interatomic potential and crack-crystal

orientation used here, Knuc
I = 6.8.

An additional strategy to make the many cycle simulations tractable is to limit the

size of the plastic zone, reducing the need to integrate the motion of many disloca-

tions over long distances during each load cycle. Towards this goal, we investigated

the role of dislocation glide resistance in the continuum domain1, whereby greater glide

resistances reduce the plastic zone size making the simulations less computationally de-

manding. Examining a wide range of glide resistances, fatigue crack growth is observed

to be independent of this parameter [153]. This result is consistent with the conclusion

of discrete dislocation continuum modeling [65, 66] and experiments [28, 66–71] 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.

To begin, the response of cracks subjected to dissolution at fixed stress intensity fac-

tors is presented. For simplicity and consistency with the athermal limit approximation,

1The discontinuity of glide resistance between the atomistic and continuum domain is inconsequential
for the results presented here as the driving force on dislocations in the atomistic domain is well above
the glide resistance of ordinary engineering alloys.
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dissolution was modeled by the removal of the highest energy surface atom followed by

mechanical equilibration2. The atom removal - mechanical equilibration process was re-

peated to simulate progressive dissolution in the context of the mechanical equilibration

timescale being short relative to the interval between single atom dissolution events. A

representative case at a fixed loading of K∗ = KI/Knuc
I = 1.96 is shown in Figure 4.2.

The images depict a progressive crack opening process due to dissolution, which is the

first key result of this paper.

In coloring atoms by their energy levels, Figure 4.2 illustrates that the effect of the

crack tip stress field is overwhelmed by the differences in the atomic coordination num-

ber of surface atoms. In most cases, dissolution begins with the removal 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 Figure 4.2(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 suffi-

cient magnitude to induce dislocation emission, as seen when comparing Figure 4.2(c)

with Figure 4.2(b). Relative to the vast literature on environmentally induced plastic-

ity [147, 154–157], 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

2Simulations involving a random room temperature effect in the selection of the dissolved atom did
not produce qualitatively different results.
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Figure 4.2: Atomistic domain and crack tip under static loading with dissolution. Only
atoms with a centrosymmetry parameter not equal to that of the perfect hexagonal crys-
tal 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∗ = 0.0; (b) After application
of load before atom removal (K∗ = 1.96); (c) After removal of 20 atoms (K∗ = 1.96); (d)
After removal of 40 atoms (K∗ = 1.96); (e) After removal of 2540 atoms (K∗ = 1.96).
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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 sub-

sequent 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 dissolution [158, 159] suggest that dissolution induced crack prop-

agation (if it exists) must occur via a mechanism not included here, such as surface film

rupture or heterogeneous phases [147, 156, 157, 160, 161].

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 com-

parison, cyclic loading simulations without dissolution were also performed. The pro-

gression of crack geometry without dissolution is shown in Figure 4.5(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 (Figure 4.3). As

discussed in [153], this result is not thought to be attributable to a simulation artifacts,

but instead result from the inaction of the mechanisms required for fatigue crack growth

in vacuum. As such, we consider the loadings 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 cyclic mechanical loading, which

is the second key result of this paper.
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Figure 4.3: Crack growth and corresponding atomistic domain in cyclically
loaded simulation with and without dissolution at ∆K∗ = 1.62. Only atoms with
a centrosymmetry parameter not equal to that of the perfect hexagonal crystal
are shown, i.e. atoms at the crack surface, continuum-atomistic interface, and
dislocation cores. Inserts show zoomed view of the crack tip where atoms in
the atomistic region are colored based on the coordination number. (a) Crack
growth in x-direction as a function of simulation cycles; (b) Peak of the 71st

cycle (K∗ = 2.16); (c) End of the 71st cycle (K∗ = 0.54); (d) Peak of the 72nd

cycle (K∗ = 2.16); (e) End of the 72nd cycle (K∗ = 0.54).

A detailed example of this process is shown in Figure 4.4 for ∆K∗ = 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 prop-

agating surface step is absorbed into the boundary of the atomistic domain. Subsequent
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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.

4.5(g) & 4.5(i), which display the results of simulations at ∆K∗ = 1.47 with differing

dissolution rates. The enhancement of crack growth with dissolution plateaus, in corre-

spondence with the elimination of arrested states to be unlocked. On this point, arrested

states are less common at higher cyclic loading amplitudes, e.g. ∆K∗ = 2.21; and thus,

the enhancement offered by dissolution is saturated to a lower value of dissolution rate,

[Figs. 4.5(d) & 4.5(f)].

An increment 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.

4.5(e) & 4.5(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 am-

plitude [Figs. 4.5(c), 4.5(f), & 4.5(i)].

In total, the preceding indicates that while dissolution can enhance fatigue crack

growth by freeing arrested cracks, it will always enhance crack opening. At a real-world

engineering scale (millimeters) [162], an enhanced opening will govern the outcome.

This is apparent when considering the dependence of near tip stresses on crack geometry.

Characterizing crack opening as crack tip radius, ρ, and acknowledging that this value
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Figure 4.4: Atomistic domain and crack tip in cyclic loading simulation
(∆K∗ = 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 x-direction as a function of
loading cycles with (in red) and without (in grey) 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 disso-
lution; (f) Peak of the 85th cycle before dissolution; (g) Peak of the 85th cycle
after dissolution.

60



Figure 4.5: 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 disso-
lution w.r.t. the number of loading cycles. These simulations are also com-
pared to a corresponding set of statically loaded simulations w.r.t. 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 inde-
pendent 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. ∆K∗ = 2.21 and ∆K∗ = 1.47 respectively. The units of the y-axes are nor-
malized by b. In (f) and (i) the gray region represents a regime where increas-
ing 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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is orders of magnitude less than the crack length, a, Inglis’s solution [80] gives near tip

stresses that scale as

σcracktip ∝

√
a
ρ
. (4.1)

Given the discrepancy in the scale between a and ρ, crack tip stresses are dominated by

changes in crack opening. For example, a crack of a = 100µm and ρ = 1 nm that under-

goes 10 nm of dissolution induced advance and opening would experience a decrease

in near tip stresses of 70%. Accordingly, the results presented here point to dissolu-

tion inducing crack arrest via a blunting phenomenon. This motivates the question of

whether dissolution induced opening might eventually cease while dissolution induced

crack growth remains active. The simulation results of Figs. 4.5(a)-(c) which extend to

400 cycles do not show any indication of a trend towards this behavior, but it cannot be

ruled out.

The inhibition or even arrest of cracks due to environment 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 [69,

135–139]. However, in no cases could the dissolution mechanism be isolated from other

potential mechanisms, e.g. the progressive buildup of corrosion products [163, 164].

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 [137]), and suggests that such a mechanism can be

included in a load independent formulation.
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CHAPTER 5

ASSESSMENT OF ADDITIVE MANUFACTURING FOR INCREASING

SUSTAINABILITY AND PRODUCTIVITY OF SMALLHOLDER

AGRICULTURE

5.1 Introduction

More productive and sustainable agriculture is a continuing goal of farmers and con-

sumers across the globe. Innovative approaches that can increase crop yield and sus-

tainability are often coupled to increased mechanization. In the context of small-

holder farms, the System of Rice Intensification (SRI) is one example. SRI is an agro-

ecological methodology for increasing the productivity of rice farming by improving the

management of plants, soil, water and nutrients. It was developed in Madagascar in the

1980s, and has since spread to over 10 million smallholder farmers in over 50 countries

[165, 166].

The adoption of SRI has been constrained by access to mechanical equipment, par-

ticularly for transplanting, direct-seeding and weeding operations [167, 168]. The labor

requirement of SRI that could be a barrier for adoption is not necessarily intensive once

the methods have been learned and mechanization of the operations is implemented

[169, 170]. However, most rice farmers in Asia and Africa are smallholder farmers

who still depend on manual labor for cultivation. While mechanization for smallholder

rice farming has advanced, tools and equipment for SRI farming practices are not yet

widely distributed. For many regions where smallholder agriculture is dominant, farm-

ing equipment is produced by local metalworkers/blacksmiths that have limited manu-

facturing resources [166, 171]. Accordingly, equipment with sufficient capability, relia-

bility, and affordability is often unattainable. Rarely can complicated parts be fabricated
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locally; thus, innovative equipment development remains isolated and customization

based on local conditions is limited.

The emergence of additive manufacturing technology (also known as 3D printing)

motivates exploring the extent to which this technology might address SRI mechaniza-

tion challenges. Compared to traditional manufacturing practices, additive manufactur-

ing (AM) can offer a means to more economically produce low volumes of parts without

extensive machinery and infrastructure [172–174]. AM can offer increased customiza-

tion, reduced waits and costs for replacement parts needed for individualized repairs

[175], and the acceleration of the design-prototype-test cycle that ultimately spurs inno-

vation [174]. In this report several AM methods are considered [176], with the majority

of focus being directed towards the popular material extrusion 3D printing (ME3DP) ap-

proach. The ME3DP method consists of extruding a polymer through a heated nozzle(s)

attached to a robotic gantry, allowing a three dimensional object to be autonomously

built layer-by-layer.

Although the potential of applying AM technology to agricultural tools has been

mentioned in the literature [177–179], the effectiveness of AM technology for address-

ing the specific needs of real smallholder agriculture communities has not been thor-

oughly discussed. Due to technological, language, and cultural barriers, useful informa-

tion on the most important mechanical obstacles for SRI adoption is difficult to obtain

and worthwhile of dissemination.

This report summarizes our recent effort to: (1) identify the mechanical obstacles

that hinder the adoption of SRI practices for smallholder agricultural entities; and (2)

explore the extent to which AM technology can benefit such entities, particularly the

ability of AM technology to economically and reliably deliver products of sufficient

dimensional precision and mechanical performance. It begins with a summary of our
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communications with field partners regarding the mechanical obstacles faced relative to

adopting SRI. Then, we assess the potential of AM technology to assist in overcoming

these obstacles via two case studies comparing AM costs to traditional manufacturing

as has been done in other contexts [180–185]. Some of the printed models were tested

in the field for functionality and proof of concept.

5.2 Current mechanical obstacles in SRI adoption

To better understand the mechanization needs of smallholder farms, and more specifi-

cally what hinders them from adopting SRI, we managed to interact directly with five

field partners. The same questions on the current local state of SRI adoption, the ob-

stacles and mechanical limitations were asked through face-to-face meetings at Cornell,

emails, questionnaires, Skype meetings, and site visits with the five partners we worked

with - Mr. Asif Sharif from Pakistan; Dr. Debashish Sen from PSI, India; Mr. Yahya

Salehuddin from SRI-MAS, Malaysia; Mr. Ousmane Djiré from SOCAFON, Mali; and

FEDEAAROZ from Columbia. Responses from our field partners are summarized be-

low.

5.2.1 Lahore, Pakistan

Mr. Asif Sharif is a farmer and innovator from Lahore, Pakistan. His agriculture com-

pany in Pakistan is committed to providing science-based solutions and effective alterna-

tives for improving productivity and profitability. Mr Sharif visited Cornell in December

2016, during which time he shared his company’s design, prototyping, and manufactur-

ing process, and the outstanding mechanical obstacles.
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In order to maximize yield, precise control of plant-to-plant spacing is vital. This can

be accomplished either by directly seeding in the open field, or transplanting plants after

they have grown from seed in a controlled environment. Direct seeding is a much less

laborious approach, but it cannot be applied to small, delicate, or expensive seed species

due to inadequate planting machines available to the smallholder farmer. Selecting an

exact number of seeds, especially when seeds have small and/or variable shapes, can be

very challenging, e.g. carrot seeds are small and the size and shape of corn seeds vary

substantially. Thus, affordable seeders customized to local seed varieties and conditions

are needed.

The combination of seed size, seed shape, and local conditions, means that there

is a low volume demand for many variations of economical seeding equipment. We

infer that this makes the production of such equipment economically unfavorable for

large volume agricultural equipment companies. Further, prototyping seeder design is

restricted to traditional blacksmith type manufacturing in Mr Sharif’s area. He described

their manufacturing process as being driven first by physical tinkering, then by design-

ing. Designs that have been successfully demonstrated as a prototype are then produced.

5.2.2 Uttarkhand, India

Dr. Debashish Sen is from PSI – a non-governmental organization (NGO) working on

sustainable rice production intensification in the Himalayan region of Uttarkhand State

in India. Dr. Dehashish visited Cornell in September 2016. During the meeting and the

following email communications, he explained the current situation of SRI mechaniza-

tion in his region, especially the obstacles hindering the development of equipment that

would facilitate farmers’ adoption of sustainable rice production practices.
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The adoption of SRI requires frequent mechanical weeding [186]. Therefore, ade-

quate access to weeders is crucial for smallholder farmers to implement SRI practices.

Moreover, if the weeding operation can be improved, it could be more attractive for

farmers to apply SRI methodology. However, in Himalayan region, the number of avail-

able weeders is insufficient, e.g. one weeder is shared by about 10 farmers in some

areas. Additionally, current SRI equipment designs come from the south of India and

are not suited for mountain soil. Ergonomically, available weeders are more suited for

use by men (i.e. too high and too heavy), inconsistent with the custom of women often

performing the weeding in this region.

The limited quantity of equipment in this area is attributed to a lack of skilled fabri-

cators/welders. Equipment is typically made from plate steel, but there is not a fabrica-

tor/welder in every village. Dr. Sen estimated 10km as a typical distance from a village

to a fabricator. Therefore, the number of fabricated equipment is restricted and broken

equipment is often difficult to repair. As for new designs, local blacksmiths typically

cannot fabricate from drawings. They must see a prototype, hindering the spread of new

designs.

5.2.3 Selangor, Malaysia

Mr. Yahya Salehuddin is an equipment innovator from the NGO SRI-MAS in Malaysia,

who provides leadership for SRI evaluation and innovation in the state of Selangor. We

communicated through emails and Skype calls, and he described the major obstacles for

SRI mechanization in Malaysia and shared with us his thoughts about modifications of

current equipment.

As with our partner in Lahore, Pakistan, better seeding and transplanting machines
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are needed in Selangor, Malaysia. Currently, seeding is performed manually, since the

locally-made seeders are quite crude – they damage the seeds and don’t seed evenly. For

transplanting, it is not economical to pay farmers to transplant by hand, and the existing

mechanical transplanters often place too many seedlings.

As with our partner in the Himalayan region of Uttarkhand India, Mr. Salehuddin

is also looking into mechanizing the weeding process. He is primarily interested in

importing motorized weeders (which are often referred to as “Weed Eaters” in the USA)

that are mass-produced in China, and modifying them for rice production. A specific

example he mentioned involved customized “shoes” around the shaft of the device that is

used to better protect rice plants from being damaged by the device during the weeding

process.

Mr. Salehuddin was clearly motivated to improve existing equipment for the local re-

quirements of smallholder farmers, but performing such modifications locally appeared

to be the constraining factor.

5.2.4 Ségou Region, Mali

Mr. Ousmane Djiré is the technical director of a metal smith company/association in

the largest irrigation rice production zone in Mali. His company imports equipment

prototypes from Asia and adopts them to local conditions. Currently the company has 17

workshops with 44 blacksmiths. During our Skype call and email communications, Mr.

Djiré shared that his most substantial obstacles are similar to those discussed previously,

i.e. seeding and weeding.

Mr Djiré is specifically interested in seeders. With SRI, only 1-2 seeds are desired
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per hole, but the seeders imported to date and the modifications of them have not yet

been able to achieve that goal. Mr Djiré’s company does have designs/plans that might

potentially address the current shortcomings. However, implementation of the designs

appears slow and difficult, likely due to the manufacturing challenges of more complex

load bearing parts, such as sprockets.

The manufacturing of a weeder rotor was also mentioned as being a substantial chal-

lenge by Mr. Djiré. The rotor of a weeder is the most expensive part to produce, being

both time consuming and requiring precise dimensional control. Rotors are currently cut

from sheet metal, then welded. Mr. Djiré’s company is currently able to make and sell

about 200 weeders during rice season. If the manufacturing cost of the weeder rotor can

be reduced, weeder price could be reduced, making mechanical weeding more feasible

for smallholder farmers.

5.2.5 Bogotá, Columbia

FEDEAAROZ is a Colombian national association of rice farming professionals aimed

at increasing the productivity and profitability of smallholder rice farmers. We were in-

troduced to the association’s achievements and challenges for SRI mechanization when

we were invited to attend the Second Regional SRI Conference held in Bogotá, Colom-

bia.

At the Bogotá office of FEDEAAROZ, researchers demonstrated to us the limita-

tions of the current seeders and weeders. As with our other partners, current seeders in

Columbia cannot fulfill the requirement of SRI (only 1-2 seeds be placed in each hole).

The variety of seed sizes and shapes was again pointed to as being central to this chal-

lenge. Researchers also shared a problem that they face when transplanting. One part of
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the transplanter breaks easily during operation and thus needs to be replaced frequently.

The easily broken part is a small load-bearing part with complex geometry that is diffi-

cult to be manufactured locally. They were enthusiastic about exploring the possibility

of 3D printing technology to provide a solution for this problem.

In contrast to the other partners, access to weeding equipment did not appear to

be a problem. However, work is ongoing to improve the design of available weeders.

They are particularly interested in designs that can accelerate the weeding process, e.g.

combining longitudinal and transverse motion along the rice rows. Their design process

is hindered by the prototyping step, as it is time-consuming; and thus, makes the design

iteration slow.

5.2.6 Summary of field partner interactions

Due to the wide spread of SRI (remote local communities across the globe) and the

language difference between those small farms, information about general mechanical

obstacles in SRI adaptions is not easily obtained; thus its discussion is worthwhile de-

spite the deficiencies. Although the number of our partners is not large, they are from

either agriculture companies or NGOs that are exposed to many, if not all, smallholder

farms in their local areas. Thus, while caution must certainly be taken in generalizing

the findings presented here, the data can be interpreted as having been obtained from a

substantial number of farmers. Considering the interactions with all partners together,

there are two clear mechanization obstacles shared by smallholder farmers across the

globe: (1) the lack of capability to design and manufacture direct seeders that are suit-

able for the particulars of local seeds and conditions, and (2) the limited availability

of appropriate weeders due to cost and/or reliable local manufacturing. This motivated
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the subsequently presented study of seeders and weeders typical to smallholder agricul-

tural. In this project, we focused on key components of the seeder and weeder, i.e. the

roller of a Jang JP-1 push seeder (Figure 5.2) and the rotor of a Mandava weeder (Figure

5.5). The two objects are both printable and important to the successful implementation

of SRI in smallholder rice farming, yet substantially different with regard to size and

mechanical demands (Figure 5.1). The roller is the component of the JP-1 seeder that

selects/singulates seeds. It is key to the success of a seeder for particular seeds and local

conditions. It is small in size, can be printed by most ME3DP printers, and is not sub-

jected to significant mechanical loading. The rotor of the weeder is a larger part and is

the most geometrically complex part of the weeder. Its function requires it to regularly

sustain significant mechanical loading. Accordingly, the rotor represents a bottleneck in

local manufacturing and reliability of weeders customized to local conditions. Due to

its size, the rotor can only be printed on machines with relatively large build platforms.

Figure 5.1: Computer models of the two components studied in this report:
Mandava weeder rotor (left) and the Jang JP-1 push seeder roller (right). For
scale, the square grid spacing represents 1cm.
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5.3 Case 1: Jang JP-1 push seeder roller

As discussed in Section 2, a direct push seeder that can singulate and distribute seeds is

of particular interest to smallholder farmers. However, from our survey of smallholder

rice farmers, it appears that equipment capable of satisfying the SRI requirements of

spacing between seed holes and the number of seeds per hole is not generally available.

Motivated by this, innovative 3D models of the roller component for a prototypical push

seeder, i.e. the Jan JP-1 (Figure 5.2), were designed at Cornell University using Auto-

CAD, and the unit cost of fabricating the roller was then examined. The costs associated

with two tasks critical to SRI mechanization success were assessed: (1) fabricating func-

tional prototypes during the design process, and (2) a low-volume production run. For

design prototyping, we considered the case where 5 prototypes of differing geometries

would be required to complete 5 design-build-test cycles and arrive at a final functional

product design, nprototypes = 5. For the low-volume production run, we considered the

fabrication of 100 identical units, i.e. n = 100.

There is extensive literature on costing models of AM. Many focus on large-volume

manufacturing from the business point of view, where they assume large numbers of

identical parts are printed in the period of one year[180–185]. However, for smallholder

farmers who are both the manufacturer and the consumer, their needs include rapid pro-

totyping to adjust equipment to local conditions and low-volume manufacturing which

could be as low as a few customized pieces with the ME3DP method. Thus, a simplistic

costing model that focuses on the ME3DP and can also applied to other AM methods

and traditional manufacturing methods is needed. Considering the production volumes

associated with local smallholder agriculture needs, typical fabrication routes require

an appreciable initial investment cost, Cinvestment, which is independent of the number of

identical parts to be produced, n. Thus, the total cost per unit, Cunit
total, is a function of n.
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To allow a one-to-one cost comparison, we have utilized a basic cost model

Cunit
total = Cinvestment/n + Cunit

direct, (5.1)

where Cunit
direct represents the component of Cunit

total that is independent of the number of

parts produced.

Figure 5.2: The Jang JP-1 push seeder which was recommended by our partner
in Pakistan. Zoomed images show the roller component that was studied in
section 3 and printed using ME3DP thermoplastic.

5.3.1 Traditional fabrication

Cost estimates were obtained for local roller fabrication from two of our field part-

ners. Our Mali partner communicated that fabricating the roller locally by metalwork-

ers/blacksmiths would be the most feasible approach in his setting. Although, he did

express concern that the dimensional precision of the final product might be insuffi-

cient for the desired function. From our communications, the tooling required prior to

production was unclear, e.g. jig creation. Thus, for simplicity, the total estimated unit
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cost, Cunit
total = $26.60, is assumed to entail no investment cost. In contrast, our Pakistani

partner considered nylon injection molding to be the most feasible fabrication route to

obtain a customized roller locally. In this case, dimensional precision is not expected

to be a concern for the roller application. The partner estimated Cinvestment = $1, 000 for

mold creation and Cunit
direct = $2.00. This magnitude of investment cost is problematic

for small production volumes, which are specifically where the smallholder agriculture

need exists (emphasizing that the performance of the roller is governed by its sensitivity

to local seed characteristics and conditions).

To provide context, quotes were also obtained for traditional fabrication of the roller

in the United States. After discussion with a senior machinist at Cornell University,

we concluded that computer numerical control (CNC) machining and injection mold-

ing would be the most typical routes for fabricating the roller component in the United

States. Cost estimates were subsequently obtained from two U.S. companies (ICOMold

and 3D Hubs) for both CNC and injection molding approaches. Two common thermo-

plastic materials (nylon and ABS) were considered. Prices for prototyping (i.e. n = 1 for

each of the 5 iterations) and low-volume manufacturing (i.e. n = 100) are given in Table

5.1 along with the estimates obtained from the field partners. The costs for prototyping

were inferred from single and multiple unit costs following equation 5.1. All prototyp-

ing unit costs were calculated with n = 1, given that investment costs would reoccur

when producing an altered design, e.g. new jig or mold, other than for the ME3DP

method where the printer investment cost is only required for the very first print (i.e.

printer purchase and setup). Conclusions will not be affected for a greater number of

iterations. While the most mechanically efficient geometries of the roller are a function

the properties of the material that comprise it, this aspect is neglected here as mechanical

performance is not key to the functionality of this roller, simplifying analysis.
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5.3.2 Additive manufacturing cost

A simplified costing model, inspired from the literature [180–185] is key to assessing the

utility of the examined fabrication routes. As shown in equation 5.1, total cost per unit is

computed from the independent investment cost, Cinvestment, which includes the machine

cost and the labor cost during the setup and tuning period, and the direct unit cost,

Cunit
direct, which consists of the material and labor costs involved in the activities during the

manufacturing process. The simplified model enables information to be inferred from

the obtained quotes, so that comparisons can be made.

Currently, the ME3DP additive manufacturing method typically requires an initial

investment of ∼$100 to ∼$10,000 to acquire a printer[187]. A QIDI TECH I Dual

Extruder Desktop 3D Printer (Figure 5.3) was used here for the cost analysis, a choice

motivated by our positive experience with this particular machine. The QIDI TECH

I is among the more affordable ME3DP printers, costing ∼$600, while still providing

relatively high quality builds on a reasonable build platform (230x150x150 mm).

Figure 5.3: The ME3DP printer used in this project - QIDI TECHNOLOGY
3DP-QDA16-01 Dual Extruder Desktop 3D Printer, bought in September,
2016.
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Table 5.2: Model variables and values for AM cost estimation.

Variable Value
Cmaterial $0.70
Cprinter $638.20
Rlabor $36.32/hour

Tassembly/calibration 3 hours
Tdigitization 0.5 hours
Tbed cleaning 10 seconds/part
Tpart removal 30 seconds/part

T f ilament loading 16.67 seconds/part

For the ME3DP unit cost estimate, Cinvestment was considered to be the cost of pur-

chasing the printer, the labor for printer assembly and calibration, and the labor for

creating the printer instructions via a slicing program and tuning the printing parame-

ters. The cost of digitally drawing the design was not included as that would be identical

among all the digital fabrication approaches. Considering labor costs to be the product

of a labor rate and time, the investment cost can be expressed as

Cinvestment = Cprinter + Rlabor ∗ (Tassembly/calibration + Tdigitization). (5.2)

Values of the above parameters estimated from our ME3DP printing experience are

listed in Table 5.2. A labor rate of $36.32 per hour was used, which is the average em-

ployer cost for employee compensation reported by the U.S. Bureau of Labor Statistics

[188] for December 2018. For reference, this corresponded to an average wage of $24.91

per hour, significantly above the current minimum wage in New York State, $11.10/hour

[189]. Note that the labor cost listed here was based on performing the work at Cornell

University, which may be different from other settings. Nonetheless, comparison with

similar commercial goods suggests that the estimates used here are indeed reasonable.

Both material and labor costs contribute to Cunit
direct. To simplify, it was assumed that

there are no unsuccessful prints during the manufacturing process after the initial tuning
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period, and the labor required for printer maintenance is neglected since the time period

for both the prototyping and the low-volume production process is relatively short. Con-

sidering PLA, a common thermoplastic for ME3DP, the filament cost for this project was

$29.11 per kg, or $0.70 per roller. While in practice, a thermoplastic other than PLA,

e.g. ABS or nylon, might be used, this would not change the conclusions of the cost

analysis. Considering the dimension of the roller and the printing space of the ME3DP

printer, 6 rollers can be simultaneously printed, reducing Cunit
direct [190]. Between subse-

quent prints, the completed rollers must be removed from the print bed and the print bed

must be prepared/cleaned for the next print. From our experience, this task could be

done at an average rate of 15 times per hour. Additionally, a new roll of filament must

be loaded into the printer every 36 rollers, a task assumed to require 10 minutes of labor.

Thus, 0.94 minutes of labor is required per roller. The direct unit cost is $1.27 with 45%

of that value being labor costs, following

Cunit
direct = Cmaterial + Rlabor ∗ (Tpart removal + Tbed cleaning + T f ilament loading). (5.3)

Table 5.1 gives the per unit total costs for the prototyping and production examples.

Two cases are discussed for ME3DP method – “printer needed” and “existing printer”.

The first case considers when a new ME3DP printer must be purchased and the sec-

ond case considers when a printer has been purchased and shared within a community.

The unit cost for 100 pieces was examined considering this to represent a production

volume that might be associated with delivering a roller tailored for conditions specific

to a smallholder agriculture community. The cost difference between the prototyping

and production cases for ME3DP is due to the initial machine and/or labor investment

before the first print of a viable prototype, such as machine purchase, printer tuning,

model slicing, and parameter setting, which is independent of the number of prints and
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thus dominates the prototyping cost (where n=1). For large n, multiple parts can be

printed by the same printer at the same time, and also since they are identical, the same

code can be used for many times, and thus, the unit cost is decreased. In the case when a

printer is purchased for the specific need, the capital cost for printer purchase is included

in Cinvestment; while in the existing printer case, the cost of purchasing a printer was ne-

glected, and Cinvestment only considered the labor investment for one-off setup. As might

be expected, the most expensive approach of those considered is outsourced injection

molding within the United States. Outsourced CNC fabrication within the United States

is significantly less expensive at n = $100, and is comparably priced with the cost es-

timate provided by our Mali partner for local metal fabrication. The injection molding

estimate provided by our Pakistani partner is the most economically appealing of the tra-

ditional fabrication approaches but is above the ME3DP fabrication routes. Purchasing

a ME3DP printer to produce 100 identical rollers appears to be the most cost effective.

The delivery time associated with the ME3DP process is similar with all other methods,

estimating that the fabrication of an aluminum roller in Mali might be 3hr/part and that

injection molding time in Pakistan will be comparable to the United States.

For prototyping, the costs associated with mold fabrication make standard injection

molding a noncompetitive option (Table 5.1). Outsourced CNC fabrication is substan-

tially lower in cost, yet it is still significantly above the cost of outsourced ME3DP

fabrication. Even if ME3DP is done locally and requires the purchase of a printer solely

for fabricating the prototypes, we estimate the cost to be below that of outsourced CNC

fabrication. When a ME3DP printer is available onsite, this presents the best route for

prototyping, especially when considering that single prototype rollers can be printed

in a few hours as opposed to the multiple business day turnaround time offered by the

outsourced fabrication routes.
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The retail cost of a similar commercial product that is designed for small to medium-

size seeds is listed in Table 5.1 for reference. It can be seen that fabrication via both

ME3DP and the local metal shop are economically advantageous for both prototyping

and production scenarios.

Prototyping using the local metal shop in Mali is appealing for both cost and deliv-

ery time, provided the required dimensional precision can be obtained. For the printed

rollers using our ME3DP printer, we measured the overall width and height of 3 suc-

cessive prints. The dimension precision is 100.7% in the direction perpendicular to the

building axes and 105.3% in the direction parallel to the building axes. Although the 5%

dimensional precision error could have been reduced through calibration procedures, ef-

fort was not devoted towards this goal, given that no practical difficulty arose from the fit

of the roller into the seeder. The value of precision may drop for small features like the

holes on the perimeter of the roller due to the limits of the layer height and track width

that are inherent in the ME3DP manufacturing method. Other factors like the thermal

distortion during the printing process may also affect the precision of the final part.

As a proof of concept, we conducted four design-build-test cycles that involved 14

distinct designs having different shaped and/or dimensioned holes for rice seeds to be

singulated. Three roller designs were tested on tilled soil during the final prototyping

cycle. The average number of seeds deposited per hill for the final design approached the

goal of unity, i.e. 1.6 seeds per hole, with a standard deviation of 1.0. Considering that

the initial design (with a seed hole size of 1.5 times the seed width) did not distribute

any seeds, the progress made over the four prototyping cycles supports the assertion

that by facilitating design-build-test cycles under local conditions, ME3DP technology

can aid in the design of seeders that are more capable of meeting the local challenges

of SRI adoption. On this point, we note that additional opportunities for improving
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seeder performance (beyond roller design) were identified during the prototyping cycles

that could be harnessed in an actual application. The design iterations performed to

date were inspired from field test results. To facilitate further improvement beyond the

publication date of this manuscript, the designs have been uploaded to an online 3D

printing community1.

The proof of concept testing illustrated that the ME3DP used here produces rollers

of sufficient dimensional accuracy, strength, wear resistance, and surface finish to fulfill

its function, at least for the duration of prototype testing. Fatigue and wear performance

for actual application durations, beyond prototyping were not assessed.

Figure 5.4: Unit cost of the JP-1 seeder roller for different fabrication methods.
Curves were plotted from equation 5.1 with parameters obtained by fitting the
model to obtained quotes.

1Studied cases and related models have been shared for reference and/or future development:
https://www.thingiverse.com/guwenjia0929/collections/seeder-roller-and-weeder-rotor-models.
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5.4 Case 2: Mandava weeder rotor

The rotary weeder is another important ingredient for the successful adoption of SRI

[165], and the rotor is a key component of the weeder. Relative to other components,

the rotor is the most challenging component to fabricate and often governs the failure of

existing weeders. The rotor requires high dimensional precision, mechanical strength,

and decent wear resistance (Figure 5.5), motivating the selection of the Mandava weeder

rotor as a case study. Drawings of the weeder rotor were provided by Earth Links, a non-

profit environmental organization, and the designs of the model were evolved from the

existing rotors on the market.

Figure 5.5: Sketch of the Mandava weeder developed by an Indian farmer. It is
widely used due to its lighter weight. The zoomed view shows a 3D model of
the rotor of the Mandava weeder which is the most geometrically complex part
of the weeder. Drawings were provided by Earth Links, Inc.

5.4.1 Traditional fabrication cost

Several estimates of the cost for traditional fabrication of the Mandava weeder rotor

were obtained. Mr. Djiré provided details on a common fabrication process in Mali,
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involving the bending, cutting, and welding of steel sheet. His estimated costs for this

local fabrication route are given in Table 5.3. According to Mr. Djiré, a key challenge

is that the dimensions of the final product are not controlled adequately, often inhibit-

ing assembly and/or functionality. Furthermore, the manufacturing time is longer than

desired, restricting the availability of such products when considering the number of

qualified labors and available tools.

Fabrication of the rotor in the U.S. was also examined. First, quotes from two inde-

pendent machine shops on the Cornell University Ithaca campus were obtained. Similar

to Mr. Djiré’s estimate, the Cornell estimates were associated with a fabrication route

that involved cutting, bending, and welding sheet steel. The estimates were partitioned

into labor and material costs, with the majority of expense being associated with labor.

As shown in Table 5.4, the labor cost is as much as 96 percent of the total cost. The labor

cost associated with initial setup and tooling, was estimated for producing two quantities

of rotors, i.e. 1 and 10. From equation 5.1, the initial setup and tooling costs, Cinvestment

is estimated to be 116.5 and 95.9 percent of Cunit
direct for the two traditional manufacturers,

respectively. Practically, this equates to the total cost per part becoming approximately

constant when production volume exceeds 10 parts. Considering the costs in Table 5.3,

the estimates given by the three entities do seem consistent, keeping in mind that the

end products may differ due to quality of materials, training of the machinist, and ac-

cess to high performance tools and distribution networks. The current local fabrication

approach of Mr. Djiré is justified when considering the traditional manufacturing cost

of the roller in the U.S. together with the cost of distributing small quantities of parts to

remote locations, as shown for a specific example in Table 5.5.

83



Ta
bl

e
5.

3:
U

ni
tc

os
to

f
pr

od
uc

in
g

th
e

M
an

da
va

w
ee

de
r

ro
to

r
vi

a
va

ri
ou

s
fa

br
ic

at
io

n
m

et
ho

ds
.

T
he

qu
ot

es
w

er
e

ob
ta

in
ed

fr
om

fie
ld

pa
rt

ne
rs

in
A

pr
il

20
18

an
d

fr
om

U
.S

.m
ac

hi
ne

sh
op

s
in

Fe
br

ua
ry

20
18

.
Q

uo
te

s
fo

r
ad

di
tiv

e
m

an
uf

ac
tu

ri
ng

w
er

e
ob

ta
in

ed
in

Ju
ne

20
18

.L
A

SS
P

an
d

C
E

E
m

ac
hi

ne
sh

op
s

ar
e

bo
th

on
th

e
C

or
ne

ll
It

ha
ca

N
Y

ca
m

pu
s.

Fi
el

d
pa

rt
ne

r
M

et
ho

d
M

at
er

ia
l

Pr
ot

ot
yp

in
g

Pr
od

uc
tio

n

U
.S

.s
up

pl
ie

r
un

it
co

st
un

it
co

st
(n

=
1)

(n
=

10
0)

(n
ite

ra
tio

n
=

5)
SO

C
A

FO
N

,M
al

i
C

ut
tin

g,
be

nd
in

g,
w

el
di

ng
St

ee
ls

he
et

$1
7.

70
$1

7.
70

C
E

E
m

ac
hi

ne
sh

op
C

ut
tin

g,
be

nd
in

g,
w

el
di

ng
St

ee
ls

he
et

$7
22

.6
1

$3
37

.6
1

L
A

SS
P

m
ac

hi
ne

sh
op

C
ut

tin
g,

be
nd

in
g,

w
el

di
ng

St
ee

ls
he

et
$7

37
.6

1
$3

80
.1

1
3D

H
ub

s
M

E
3D

P
PL

A
$1

25
.3

4
$1

23
.6

0
3D

H
ub

s
M

E
3D

P
N

yl
on

$2
94

.6
9

$2
90

.9
8

Sh
ap

ew
ay

s
Se

le
ct

iv
e

L
as

er
Si

nt
er

in
g

A
lu

m
in

um
$8

71
4.

73
$8

71
4.

73
K

ra
ft

w
ur

x
Se

le
ct

iv
e

L
as

er
Si

nt
er

in
g

St
ai

nl
es

s
st

ee
l

$2
20

40
.7

3
$2

20
40

.7
3

Sh
ap

ew
ay

s
B

in
de

rj
et

tin
g

St
ai

nl
es

s
st

ee
l

$4
64

1.
40

$4
64

1.
40

Po
no

ko
B

in
de

rj
et

tin
g

St
ai

nl
es

s
st

ee
l

$1
32

50
.3

5
$1

32
50

.3
5

E
st

im
at

ed
Q

uo
te

W
A

A
M

M
ild

st
ee

l
$3

98
.6

6
$2

72
.8

1

84



Ta
bl

e
5.

4:
M

an
uf

ac
tu

ri
ng

co
st

br
ea

kd
ow

n
of

pr
od

uc
in

g
on

e
M

an
da

va
w

ee
de

rr
ot

or
at

tw
o

C
or

ne
ll

U
ni

ve
rs

ity
m

ac
hi

ne
sh

op
s

in
It

ha
ca

,
U

.S
.(

qu
ot

es
ob

ta
in

ed
in

Fe
br

ua
ry

20
18

).

M
ac

hi
ne

sh
op

U
ni

tc
os

t(
n=

1)
U

ni
tc

os
t(

n=
10

)
L

ab
or

co
st

M
at

er
ia

lc
os

t
To

ta
lc

os
t

L
ab

or
co

st
M

at
er

ia
lc

os
t

To
ta

lc
os

t
C

E
E

m
ac

hi
ne

sh
op

$7
00

$2
2.

61
$7

22
.6

1
$3

50
$2

2.
61

$3
72

.6
1

L
A

SS
P

m
ac

hi
ne

sh
op

$7
15

$2
2.

61
$7

37
.6

1
$3

90
$2

2.
61

$4
12

.6
1

85



Table 5.5: Shipping cost of 50 rotors from the U.S. (quotes obtained in April 2019).

Destination Air freight cost Estimated time
India $456 7-10 business days
Mali $575 7-10 business days

5.4.2 Additive manufacturing cost

Considering the mechanical and wear demands on the rotor together with the properties

of AM polymers [191, 192], metal AM was of primary consideration. A very popular

approach to produce metal parts of high dimensional and mechanical quality is powder

bed fusion (PBF) [193–195]. Considering that typical metal PBF machines currently

cost well over $100,000, outsourcing PBF fabrication is common. Cost estimates asso-

ciated with outsourcing PBF fabrication of the rotor within the United States were over

an order of magnitude more expensive than traditional manufacturing (Table 5.3).

A more economic metal AM approach involves using the wire fed gas metal arc

welding process under robotic control [196–204] and is refered to as the wire arc addi-

tive manufacturing process (WAAM). While WAAM machines can be built for as little

as $2,000 [196], they generally cost between tens and hundreds of thousands of dollars.

Thus, like with PBF, outsourcing WAAM fabrication is most appealing for low volume

small holder agriculture applications. While we were unable to obtain an official quote

for WAAM fabrication of the rotor, we were able to obtain the information necessary

to speculate [205, 206]. An investment cost, Cinvestment, of 3.5 hours labor setup time is

estimated. The direct unit cost, Cunit
direct, is estimated to involve 2 hours of WAAM ma-

chine usage at an estimated rate of $95/hr. Cunit
direct also entails an hour of labor and $45 of

material. This corresponds to the use of mild steel welding wire to create the same rotor

geometry as would be made via traditional manufacturing from sheet steel. For consis-

tency, the labor rate used in the previous sections was used for the WAAM labor rate,

$36/hr. With these assumptions, outsourced WAAM fabrication of the rotor is almost a
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factor of 2 more economical than traditional manufacturing in the U.S. for single unit

production, and of similar cost beyond 10’s of units (Figure 5.6 and Table 5.3).

Proof of concept testing was not performed with the rotor, but given its function and

steel construction, surface finish, and strength and wear performance are not expected

to be problematic. Of greatest concern is dimensional accuracy and fit with the weeder,

considering that the length scale of residual stresses associated with the WAAM build

process can cause deformation. It is likely that such challenges could be addressed,

but this would entail an increased cost that was not considered here, e.g. building with

supports.

It is also worthwhile to estimate the cost of fabricating the rotor with ME3DP tech-

nology. ME3DP technology is capable of producing fully metal parts via the extrusion

of metal-infused thermoplastic filaments followed by furnace sintering [207]. However

our experience with this technology suggests that further development is needed prior

to gaining the capability to produce parts of sufficient mechanical performance and di-

mensional accuracy.

A second motivation to consider ME3DP construction of the rotor is that, dramati-

cally different rotor designs accessible to AM fabrication may provide sufficient perfor-

mance with current technology, e.g. poly carbonate filament. Such novel designs might

be further enhanced by the use of coatings to provide sufficient wear performance. Com-

plementing this is the point that for prototyping purposes, fatigue and wear performance

of current technology may be sufficient for identifying rotor designs best suited for local

conditions, e.g. soils characteristics and ergonomics.

Given that the dimensions of the rotor exceed the work space of our ME3DP printer

and many other low-cost ME3DP printers, outsourced ME3DP fabrication costs for the
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rotor were obtained. As expected, the outsourced ME3DP costs are the most economical

of the AM approaches considered (Table 5.3). The cost difference between two ME3DP

quotes is due to the chosen material, which results in different filament costs, printer

temperature requirements, printer tuning time, etc. As discussed previously, there is a

difference between the prototyping and production unit costs, but the difference is much

smaller than in the previous case of the roller. This is because the rotor is larger in size,

such that there can only be one rotor printed per build. Thus the labor costs per part

of printing one-offs is more similar to that for printing large numbers, than it is for the

roller. Altering the rotor design to consist of several smaller interlocking pieces might

allow for the use of more typical low-cost ME3DP printers, via the reduction in the size

of the required print bed.

Other possible implementations of low cost ME3DP for metal printing might in-

volve using ME3DP to print patterns for investment casting, either directly or indirectly

by printing a master pattern to make a silicone rubber mould to make investment pat-

terns [208, 209]. Alternatively, ME3DP can be used to print molds with higher melting

temperature thermoplastics that could be used for injection casting lower melting tem-

perature thermoplastics [210]. We requested quotes from several 3D printing assisted

metal casting service providers, but they were unable to provide cost estimations due to

the dimension of this rotor. Thus, the potential of these technologies has been left for

future work.

5.5 Summary and Conclusion

This project began by identifying dispersed field partners who could share their knowl-

edge of local obstacles hindering the adoption of SRI practices. To our knowledge,
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Figure 5.6: Unit cost of the Mandava weeder rotor via different manufacturing
methods.

such information has not been collected before, and thus provides an important stepping

stone towards the goal of broader SRI adoption. Through the reported discussions, two

prevailing mechanization obstacles were identified: (1) the lack of capability to design

and manufacture direct seeders that are suitable for the particulars of local seeds and

conditions, and (2) the limited availability of appropriate weeders due to cost and/or

reliable local manufacturing.

Specific components were identified as the source of each obstacle, i.e. the roller in

a push seeder (which singulates and places seeds at the required spacing) and the rotor in

a push weeder (which is the part in contact with the ground). Focusing on the ME3DP

method for prototyping and low-volume production runs, a simplified costing model

was built to infer the cost curve from the obtainable information. Costs for manufactur-

ing these two components in the U.S. and in the field were studied and compared. The

acquired data and the following field test suggests that ME3DP technology can rapidly

provide functional rollers for seeders and be economically advantageous in the small-

holder agriculture setting, where several design prototypes and low-volume production
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runs are needed.

The second case study consisted of the rotor component of a push weeder. In this

case (as currently designed) thermoplastics may provide insufficient mechanical perfor-

mance, thus limiting the application of established ME3DP technology to short duration

prototype tests. While powder bed fusion metal approaches are capable of producing

rotors of sufficient characteristics to perform their function, the cost of such fabrica-

tion technology is prohibitive. Thus, wire arc additive manufacturing (WAAM) was

considered and shown to be an economically attractive approach relative to traditional

fabrication in the US. With that said, fabrication in the field by traditional approaches

remains economically superior for low volume production. This outcome is a result of

the requirement that the rotor must sustain substantial loads and resist wear to function

effectively, yet is not a part requiring high dimensional precision.

Considering the clear benefit that ME3DP can offer when it can be effectively used,

as demonstrated here for the roller, plenty of motivations exist to advance this technol-

ogy so that higher performance ME3DP parts can be produced. There are a myriad of

routes for attaining this goal, e.g. (1) the extension of ME3DP technology to metal alloy

parts of sufficient load bearing capacity and wear resistance; (2) the improvement of the

thermoplastic materials on which ME3DP printing currently relies; and perhaps most

promising in the near term (3) the identifying designs capable of harnessing ME3DP

technology in its current state or with small modifications, e.g. coatings. For example,

one might envision modifying the design of the rotor to reduce stresses and wear by

utilizing the wider geometric design space offered by AM, while also examining the

exciting possibility of designs with improved functionality that might have been previ-

ously unattainable with the traditional manufacturing routes that have been relied upon

to this point.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

In summary, through the presented work in this thesis we are able to shed light on the

atomistic-scale mechanisms governing fatigue crack growth in vacuum and the role of

material dissolution on the crack tip in the context of environmentally assisted cracking,

while making an effort to apply acquired scientific principles and resources to solve

actual problems in the field. The promising finding of the mechanism for fatigue crack

growth at the atomic scale that can be simulated by our concurrent multiscale model

opens the door for future investigations to improve the modeling and prediction of the

fatigue crack in real life.

In order to further understand the applicability of the uncovered mechanism, para-

metric studies would be the next steps. Attempts have been made to study the isolated

effect of surface energy on fatigue crack behavior via modification of the intrinsic duc-

tile potentials. However, interpretation of the current results and implementation of the

modified potentials may need further analysis and exploration. Aside from continuous

investigations on the surface energy which is considered a less controlling parameter,

studies could also be carried out to examine other variables such as the stacking fault

energies, elastic constant and strength of the material, to name a few. Ultimately, ef-

forts should be made to relate fatigue crack growth tendency to fundamental material

properties through systematical parametric studies.

While studies of fatigue crack in vacuum are of significant importance, understand-

ing of environmentally assisted cracks are of equal value from a practical point of view.

Environmental effects on fatigue crack growth might come from many mechanisms.

Compared with material dissolution that has been studied, hydrogen embrittlement and

oxide layer formation due to presence of water molecules seem to have larger impacts
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over the growth of fatigue crack in real environments. Thus, it would be worthwhile

to build upon our current multiscale model and and expand its capability to simulate

interactions between Hydrogen atoms and fatigue surfaces, and also study crack behav-

iors in the presence of oxide layers. Comprehensive analysis should also include fatigue

crack growth simulations in accordance with different H2O exposure levels, as hydrogen

embrittlement and oxide layer formation could have different mechanisms at different

exposure levels resulting in different fatigue crack growth behavior.

As introduced at the beginning of the thesis, material separation processes consist of

not only crack propagating but also crack initiation. It is acknowledged that nucleation

and growth of a crack to a detectable size accounts for most of the cracking process. The

newly implemented model can also be utilized to uncover key mechanisms governing

the associated fatigue crack initiation process. Inspired by our recent work about the

role of dissolution on crack growth, we can continue to study the effect of dissolution on

crack initiation adopting a similar strategy, which may provide some fresh perspectives

about the critical pit-to-crack transition process. To connect to the realistic contexts, a

next step might be to simulate crack initiation from a corrosion pit across a wide range

of H2O vapor exposures,

Finally, based on all results obtained through the completed and proposed work as

well as available experimental data, it would be of great engineering importance to de-

velop microscopic material separation laws consistent with the discovered governing

mechanisms. And from a broader perspective, utilizing these laws to improve and/or

validate existing macroscopic fatigue prediction frameworks would be the ultimate ob-

jective of the studies presented in this thesis.
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