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ABSTRACT 

The goal of this research is developing a computational framework to study mechanical fatigue 

and fracture at different length scales for a broad range of materials. The developed multiscale 

framework is utilized to study the details of fracture and fatigue for the rolling contact in rails, 

additively manufactured alloys, and bio-inspired hierarchical materials. Rolling contact fatigue 

(RCF) is a major source of failure and a dominant cause of maintenance and replacements in 

many railways around the world. The highly-localized stress in a relatively small contact area at 

the wheel-rail interface promotes micro-crack initiation and propagation near the surface of the 

rail. 2D and 3D microstructural-based computational frameworks are developed for studying the 

rolling contact fatigue in rail materials. The method can predict RCF life and simulate crack 

initiation sites under various conditions. The results obtained from studying RCF behavior in 

different conditions will help better maintenance of the railways and increase the safety of trains.  

The developed framework is employed to study the fracture and fatigue behavior in 3D printed 

metallic alloys fabricated by selective laser melting (SLM) method. SLM method as a part of 

metal additive manufacturing (AM) technologies is revolutionizing the manufacturing sector and 

is being utilized across a diverse array of industries, including biomedical, automotive, 

aerospace, energy, consumer goods, and many others. Since experiments on 3D printed alloys 

are considerably time-consuming and expensive, computational analysis is a proper alternative to 

reduce cost and time. In this research, a computational framework is developed to study fracture 

and fatigue in different scales in 3D printed alloys fabricated by the SLM method. Our method 

for studying the fatigue at the microstructural level of 3D printed alloys is pioneering with no 

similar work being available in the literature. Our studies can be used as a first step toward 

establishing comprehensive numerical frameworks to investigate fracture and fatigue behavior of 

3D metallic devices with complex geometries, fabricated by 3D printing. 



 

 

Composite materials are fabricated by combining the attractive mechanical properties of 

materials into one system. A combination of materials with different mechanical properties, size, 

geometry, and order of different phases can lead to fabricating a new material with a wide range 

of properties. A fundamental problem in engineering is how to find the design that exhibits the 

best combination of these properties. Biological composites like bone, nacre, and teeth attracted 

much attention among the researchers. These materials are constructed from simple building 

blocks and show an uncommon combination of high strength and toughness. By inspiring from 

simple building blocks in bio-inspired materials, we have simulated fracture behavior of a pre-

designed composite material consisting of soft and stiff building blocks. The results show a 

better performance of bio-inspired composites compared to their building blocks. Furthermore, 

an optimization methodology is implemented into the designing the bio-inspired composites for 

the first time, which enables us to perform the bio-inspired material design with the target of 

finding the most efficient geometries that can resist defects in their structure. This study can be 

used as an effective reference for creating damage-tolerant structures with improved mechanical 

behavior. 
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GENERAL AUDIENCE ABSTRACT 

The goal of this research is developing a multiscale framework to study the details of fracture 

and fatigue for the rolling contact in rails, additively manufactured alloys, and bio-inspired 

hierarchical materials. Rolling contact fatigue (RCF) is a major source of failure and a dominant 

cause of maintenance and replacements in many railways around the world. Different 

computational models are developed for studying rolling contact fatigue in rail materials. The 

method can predict RCF life and simulate crack initiation sites under various conditions and the 

results will help better maintenance of the railways and increase the safety of trains.  

The developed model is employed to study the fracture and fatigue behavior in 3D printed metals 

created by the selective laser melting (SLM) method. SLM method as a part of metal additive 

manufacturing (AM) technologies is revolutionizing industries including biomedical, 

automotive, aerospace, energy, and many others. Since experiments on 3D printed metals are 

considerably time-consuming and expensive, computational analysis is a proper alternative to 

reduce cost and time. Our method for studying the fatigue at the microstructural level of 3D 

printed alloys can help to create more fatigue and fracture resistant materials.  

In the last section, we have studied fracture behavior in bio-inspired materials. A fundamental 

problem in engineering is how to find the design that exhibits the best combination of 

mechanical properties. Biological materials like bone, nacre, and teeth are constructed from 

simple building blocks and show a surprising combination of high strength and toughness. By 

inspiring from these materials, we have simulated fracture behavior of a pre-designed composite 

material consisting of soft and stiff building blocks. The results show a better performance of 

bio-inspired structure compared to its building blocks. Furthermore, an optimization method is 

implemented into the designing the bio-inspired structures for the first time, which enables us to 

perform the bio-inspired material design with the target of finding the most efficient geometries 

that can resist defects in their structure.  
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Chapter 1 

 

 Introduction 1. 

The goal of this research is developing a computational framework to study mechanical fatigue 

and fracture at different length scales for a broad range of materials. The proposed multiscale 

framework is utilized to study the details of fracture and fatigue for the rolling contact in rails 

(chapters 2 and 3), additively manufactured metals (chapter 4), and bio-inspired hierarchical 

materials (chapter 5). This dissertation is organized as follows. In chapter 1, each of the studied 

topics is briefly introduced. In chapter 2, details of microstructural modeling framework 

development for rolling contact fatigue analysis are presented, and several effective parameters 

on rolling contact fatigue are discussed. In chapter 3, a three-dimensional computational 

approach for rolling contact fatigue study is described. In chapter 4, we have analyzed fracture 

and fatigue behavior of 3D printed metals and studied effective parameters on fracture and 

fatigue behavior. In chapter 5, bio-inspired materials are studied under static loading, and their 

behavior is simulated with the finite element method. Furthermore, we have used an optimization 

method to find the optimum design for bio-inspired damage-tolerant structures.  

 Modeling of Rolling Contact Fatigue in Rails at the Microstructural Level  1.1.

Rolling contact fatigue (RCF) is a major source of failure and a dominant cause of maintenance 

and replacements in many railways around the world. The cost of RCF defects to the United 

States and European rail system exceeds many millions of dollars annually [1-3]. The highly-

localized stress in a relatively small contact area at the wheel-rail interface promotes micro-crack 

initiation and propagation near the surface of the rail. With repetitive forces, the micro-cracks 

grow to the surface of the rail and eventually lead to loss of material through growth deformation 

or chipping. Fig. 1-1 shows metal spalling on the rail surface that formed because of rolling 

contact fatigue.  
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Fig. 1-1.  Metal spalling from the rail surface is happened due to rolling contact fatigue.  

 computational frameworks have been commonly used to study the subsurface stresses in 

Hertzian contacts for various geometries applicable to study both wheel-rail and ball-roller 

contact in bearings [4-7]. Although the continuum models can predict many essential properties 

of RCF, the fatigue behavior of polycrystalline materials is significantly influenced by their 

microstructural topology, which is ignored in most continuum-based theoretical and 

computational studies. Empirical models, as well as experimental studies, have confirmed the 

effect of grain sizes and texture on the fatigue response of polycrystalline metals [8-10]. Some 

efforts have been reported on developing discrete damage mechanics models for high cycle 

fatigue in polycrystalline materials, subjected to rolling contact. Mainly developed for studying 

rolling-element bearings and gears, these models use a stochastic fatigue model to analyze the 

initiation and propagation of fatigue damage in polycrystalline materials that are modeled by a 

number of individual crystals or grains separated by the grain boundaries [11-14].  

Bomidi et al. [15] created a 3D microstructural geometry to study RCF in roller bearings. They 

used homogenous material properties in their model and statistically studied the initiation of 

cracks and failure in the model. Franklin et al. [16] introduced a new mechanism to distinguish 

RCF growth in pearlitic microstructures with different percentage volumes of pro-eutectoid 

ferrite, through conducting a series of twin-disk experiments that are compared with simulation 

results. The study finds that RCF growth decreases with decreasing ferrite volume fraction. 

Grain boundaries play an important role in the mechanical properties of materials; however, they 

are not considered in most models for studying RCF. Most cracks initiate from grain boundaries 

that are most susceptible to the initiation of crack. Slack and Sadeghi [17] considered cohesive 
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elements in their model to study RCF in bearings. The study uses elastic material properties for 

grains, with fatigue damage at the grains, not grain boundaries.  

This study develops a finite element framework for studying RCF at the microstructural level, 

including the grain boundaries, using a cohesive zone approach. The model will be used to study 

the effect of temperature, traction coefficient, and grain size on the initiation and growth of RCF.  

The study focuses on the highly localized stresses at the small contact area between the passing 

wheel and rail, commonly referred to as the “contact patch.” The grains and grain boundaries are 

considered as the main two features at the contact patch. The grain shapes and morphology are 

modeled by the Voronoi tessellation method that is often used as a realistic approximation of 

actual microstructure for non-uniform grain shapes [18-21]. The grains are modeled as elastic-

plastic material and the grain boundaries as zero-thickness cohesive elements. The elements 

follow the traction-separation law. The weakening at the grain boundaries due to repeated loads 

is reflected in the model through a damage evolution law, during the loading cycle. A major 

difficulty in investigating RCF is the computational limitation in simulating a high number of 

loading cycles of the wheel passage on the rail. This issue is addressed by using the jump-in-

cycle approach. In order to simulate the cyclic loading, moving Hertzian load is applied to the 

rail model, while periodic boundary conditions are applied to the boundaries to improve the 

accuracy of the results and eliminating the edge effects. 

The model is used to study the mechanisms of crack initiation and propagation due to RCF, and 

the interaction of crack propagation with the microstructure of the material. Effect of various 

parameters on RCF including different traction coefficients, temperature change, maximum 

contact pressure, and grain size is investigated.  

 Three-dimensional analysis of rolling contact fatigue using crystal plasticity 1.2.

finite element method and cohesive zone modeling 

Rolling contact fatigue (RCF) is widely considered to be one of the prominent causes of failure 

and maintenance costs in railways, bearings, and gears [12, 22, 23]. More than 30 percent of rail 

grinding costs in North America can be attributed to RCF [24]. Untreated RCF cracks promote 

the chance of failure and may lead to accident and loss of life. RCF cracks form due to highly 
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localized and repeated stresses at a small contact area during rolling motion. These cracks can 

form at the surface or under the surface of contact area, and can be removed by grinding at the 

early stages; however, deep and untreated cracks may grow to the surface and cause catastrophic 

failures. RCF cracks are proven experimentally to be highly dependent on the microstructure 

[25]. Therefore, a proper 3D approach to capture the microstructural response and orientation-

dependent mechanical behavior is required. Microstructural study of RCF is performed by many 

researchers in different applications such as bearings, gears, rails, and wheels [15, 26-29]. Slack 

and Sadeghi [17] combined microstructural effect and cohesive zone approach together to study 

the RCF in bearings. They used elastic material properties with considering fatigue damage in 

the grains and were able to simulate crack initiation and propagation in bearing subsurface.  

Franklin et al. [16] developed a computational model for simulation of pearlitic microstructure in 

different rails. They used regular hexagonal microstructure to represent the pearlite grains with 

pro-eutectoid ferrite grain boundaries. Their model was able to distinguish between the RCF life 

of rails with different pro-eutectoid ferrite percentage. In spite of computational efforts to study 

the microstructural effect on RCF, there is still need for a comprehensive approach that reflects 

all the effects of micro-scale plasticity, grain microstructure, orientation, as well as grain 

boundaries. 

Using a crystal plasticity finite element is a common approach to study the elastic-plastic 

deformation at the microstructural level [30-32]. This method considers the slip systems in 

polycrystalline materials and provides a precise stress-strain behavior as well as local 

deformation. This method considers orientation-dependent properties. However, there are limited 

implementations of this approach in rolling contact fatigue studies. Alley et al. [33] developed a 

two-phase crystal plasticity model to study the effect of inclusions and phase transformation on 

rolling contact fatigue in bearing steels. Noyel and colleagues [14] considered crystal anisotropy 

using a crystal elasticity model to study the effect of anisotropy on rolling contact fatigue. They 

studied the influence of crystal elasticity on microcrack distribution and used a cohesive zone 

method for simulation of interfaces. Paulson et al. [34] studied the effect of topology and crystal 

orientations on rolling contact fatigue in bearings using a crystal elasticity model. They found 

that elastic anisotropy provides a good description of scatter in rolling contact fatigue life of 

bearings. A recent research conducted by Vijay et al. [35] implemented a 3D approach to study 

the effect of microstructure and crystal anisotropy on rolling contact fatigue in bearings. The 
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predicted fatigue lives by their model were in good agreement with the RCF experiments. In a 

recent study, Wang et al. [36] studied the microstructure sensitivity of rolling contact fatigue in 

wind turbine gears. They used a crystal plasticity finite element with the Fatemi-Socie fatigue 

indicator parameter. They found the possible depth of RCF cracks and estimated crack angles 

based on the place of maximum fatigue indicator.  

In this research, a 3D model with an explicit generation of microstructure using the Voronoi 

tessellation algorithm is created. We implemented a crystal plasticity constitutive model to 

simulate material behavior in grains. Since crystal plasticity considers the grain characteristics 

like slip systems and slip planes, it is vital to use this method for studying RCF because of its 

microstructure dependence nature. Cohesive elements are used at the interfaces to mimic the 

effect of grain boundaries, and an energy-based fatigue evolution law developed by Jiang and 

Sehitoglu [37] is applied to simulate fatigue damage at the grain boundaries. To the best of our 

knowledge, this promises to be a unique approach in studying RCF, which uses crystal plasticity 

for grains and considers fracture behavior at grain boundaries at the same time. In order to 

simulate the material behavior precisely, a two-step calibration method is utilized to calibrate the 

crystal plasticity model and cohesive element parameters. The effects of tangential forces and 

partial slip condition on RCF are studied by using the developed model.  

 Fatigue and fracture analysis of 3D printed metallic alloys at the 1.3.

microstructural level 

1.3.1. Fracture modeling of metallic alloys made by additive manufacturing 

Selective laser melting (SLM) as a part of metal additive manufacturing (AM) technologies is 

revolutionizing the manufacturing sector and is being utilized across a diverse array of industries, 

including biomedical, automotive, aerospace, energy, consumer goods, and many others [38-40]. 

In this AM process, a laser or an electron beam selectively melts a metal powder layer according 

to the geometry information provided by the machine control software. After solidification of the 

melt pool, the building platform drops down and a new powder layer is deposited on it, and the 

melting, solidification procedures are repeated several times until the physical part is created 

completely. Fig. 1-2 shows one of our recent results on characterizing the microstructure of a 
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fabricated part with the explained process under an optical microscope. A stacking of connected 

melt pools is clearly shown in this image. 

 

Fig. 1-2. An optical microscope image of melt pools in a fabricated part by selective laser melting method  

The main challenge in the widespread adoption of metal AM technologies is the qualification 

of final products [41]. The mechanical properties of the part should be above a certain 

engineering specification for it to meet its service requirement. The mechanical response of any 

metallic AM part is derived from its solidified microstructure features such as melt pool and 

grain morphologies, and texture [42]. Thermal gradient and various solidification rate [43, 44], 

detrimental phase formation during cooling [45, 46], texturing due to use of various laser scan 

strategies [47, 48], and building directions generate variability in the microstructure. 

Characterization of the aforementioned variables and their correlation with mechanical responses 

of AM materials requires a large set of experiments that extends the qualification time and costs. 

With the help of simulation tools, these variabilities could be reproduced and the outputs could 

be further used for the optimization of microstructures and mechanical properties before the 

actual product is printed.  
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Various works [49-53] have been published which predict the microstructures features of AM 

materials. Phase-field [50, 54], Cellular Automata [55, 56], and Monte-Carlo [57] methods are 

commonly used for the simulation of AM microstructures. Lu et al. [58] developed a phase-field 

model to fundamentally understand the effects of laser beam power and scanning speed, on the 

shape and the size of the melt pool, grain structure, and porosity. The model reveals scaling 

relations between the laser parameters and the depth and length of the melt pool, the porosity, 

and the grain density. Akram et al. [55] formulated a cellular automata-based two-dimensional 

microstructure model to study grain evolution in the AM process. Grain evolution in multilayer 

depositions using various scan patterns in different metallic AM techniques including selective 

laser melting directed energy deposition, electron beam melting is presented. The results 

exhibited a significant correlation of scan patterns with evolving grain orientations. Rodgers et 

al. [57] simulated 3D grain evolution of solidified structures using a Q-Potts Monte Carlo 

method. They showed different types of crystallographic orientation and grain evolution in AM 

process driven by various laser scan strategies.  

 

Clearly, there is a demand to develop an integrated computational platform to simulate the 

interconnection between the predicted microstructural properties of melt pools and grains of the 

AM materials to their mechanical response. Recently, Andani et al. [59] introduced a 

microstructural-based computational model for the prediction of yield strength and plastic flow 

in the AM metallic components. In the current contribution, we extend this work by accurately 

modeling the interaction between the melt pools (MPs) to predict the damage properties of 

metallic parts made by AM. The new model reproduces the explicit microstructural 

representation including the morphology and crystallographic orientations of grains and melt 

pools of AM metallic components. Crystal plasticity constitutive equations are used to define the 

material properties of bulk grains and melt pools. Melt pool boundaries (MPBs) are distinguished 

and cohesive zone modeling is implemented to study the damage in the material. The developed 

model is calibrated with experiments, and several case studies are considered in this research to 

help further understand the potential of the model in predicting the role of processing parameters 

and defects in damage properties of AM metallic alloys. Although works in the current study 

focus on selective laser melting technique, the findings are expected to extend to other AM 

powder-based processes that have similar mechanisms, such as a direct metal deposition. 
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1.3.2. Computational Study of Fatigue in Sub-grain Microstructure of 3D Printed Alloys 

Additive Manufacturing (AM) has the most appeal for fabricating highly customized metallic 

parts with complex geometries that cannot be easily produced by conventional methods [60-62]. 

Despite this unique superiority, the full potential of AM to provide new means for manufacturing 

load-bearing parts is not yet fully realized [63, 64]. This challenge originates from multiple 

sources, but with no doubt one of the prominent obstacles on the way of adapting AM to a broad 

range of applications is the mechanical properties of 3D printed metallic parts, particularly the 

fatigue response. During the past few years, hundreds of papers have been published on studying 

different aspects of 3D printing of metals and alloys. Among these, a large portion is dedicated to 

discovering the relationship between processing parameters and material properties. The 

mechanical properties of 3D printed alloys under static loading are now comparable with those 

fabricated by other conventional methods [64, 65]. However, despite tremendous achievements 

in the past few years, the performance of 3D printed metallic parts under cyclic loading, i.e. their 

low and high cycle fatigue resistance, is still a major concern. AM materials still exhibit 

significantly shorter low and high cyclic fatigue lives compared to their wrought form. Several 

studies have been performed on the effect of processing parameters as well as some other 

influential parameters on the fatigue behavior of 3D printed alloys. Fatemi et al. [66] presented 

their recent experimental studies on the parameters influencing fatigue behavior of additively 

manufactured Ti-6Al-4V. They examined the effects of defects, residual stresses, surface finish, 

geometry and size, layer orientation, and heat treatment. Furthermore, Yadollahi et al. [67, 68] 

studied building orientation, heat treatment, surface roughness, defect size and shape effects on 

fatigue behavior of selective laser melted 17-4 PH  stainless steel and Inconel 718.  

Despite the debates on the actual reasons for the shorter fatigue life of 3D printed metals [64], 

researchers are unanimous that the very complicated microstructure of 3D printed alloys is one 

of the leading reasons behind the weakness of their response in cyclic loadings. Failure by cyclic 

loading is mostly a local phenomenon driven by the stress concentrations at the heterogeneous 

microstructures, and 3D printed alloys have one of the most complicated microstructures in 

metals fabricated by any of the manufacturing methods. Molaei et al. [69] studied the 

relationship between microstructure and material cyclic properties. They analyzed the effect of 

defects, porosities and partially melted material on crack initiation and propagation of additively 
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manufactured Ti-6Al-4V. They concluded that an appropriate fatigue damage model can predict 

the fatigue behavior obtained from fatigue experiments. Fatigue properties of AlSi10Mg 

fabricated by selective laser melting were investigated by Romano et al. [70]. They analyzed the 

microstructure of samples to find defects and micro-cracks and employed defect-based modeling 

to predict the strength of the material under high cycle fatigue.  

We target investigating this challenge from an unexplored perspective in which the 

microstructure is the basis for our studies. The microstructure in 3D printed alloys is composed 

of three interconnected structures, being melt pools, grains, and cells. These features are 

connected by boundaries, among which only grain boundaries are well-known and the 

mechanical response of cell- and melt pool-boundaries are still highly unexplored. In a set of 

recent works, we have established a framework that considers melt pools and grains in the 

microstructure with some simplifications [30, 71-74]. It has been observed that sub-grain 

(cellular) microstructure can accommodate strain more easily, and prevent crack initiation and 

propagation [75] which shows importance of cellular microstructure developed in laser 3D 

printing process.  

In this research, we have focused on studying fatigue in intra-granular cell and cell boundaries. 

To our best knowledge, fatigue response of 3D printed alloys at the sub-grain level has not been 

studied so far. We assume a perfect microstructure without defects and porosities, and we only 

study the effect of sub-grain cellular microstructure. It is worth noting that the total volume of 

the 3D printed alloys is prominently filled with this sub-grain cellular microstructure. Although, 

in presence of defects, it is a low chance that fatigue starts at the cells, fatigue at this 

microstructural feature, particularly at low cycle, is prominently affected by the response at the 

cellular structures. This study will be extended in future works to include all the microstructural 

parameters that affect fatigue life. We have employed damage-based fatigue models to predict 

the fatigue life of the cellular microstructure observed in additively manufactured alloys.  
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 Fracture analysis and optimization of bio-inspired composites 1.4.

1.4.1. Fracture analysis of bio-inspired composites 

Pioneer engineering applications need materials, which are lighter, stronger, tougher and 

multifunctional. Basic homogenous materials are not able to accomplish these requirements and 

therefore engineers are shifted their way towards hybrid materials. Hybrid materials are 

fabricated by combining the attractive mechanical properties of materials into one system. A 

combination of materials with different mechanical properties, size, geometry, and order of 

different phases can lead to fabricating a new material with a wide range of properties. A 

fundamental problem in engineering is how to find the design that exhibits the best combination 

of these properties.  

In order to address this problem, biological composites like bone, nacre, and teeth attracted much 

attention among the researchers. These materials are constructed from simple building blocks 

and show an uncommon combination of high strength and toughness [76-79]. High mineral 

contents of these materials increase stiffness, and toughening mechanism governed by interfaces 

and architectures provides toughness [80, 81]. An important mechanism in these materials is 

crack bridging [82, 83], which means high amounts of energy are dissipated at the interfaces of 

building blocks. For instance, tooth enamel has great hardness, and it is composed of long rods 

with      diameters, which are covered by a thin layer of protein. This cover is a weak place 

offering path for crack propagation [84]. In the inner part of the enamel, these rods intersect with 

each other and form a complex architecture. Crack propagation in this area includes crack 

bridging and crack deflection. Stable cracks can stay there for many years and resist the 

continual loading of the teeth. Another example of hybrid materials is the nacre that is made of 

lamellar thin mineral plates bonded with soft proteins (Fig. 1-3a). When loaded along the 

direction of plates, it can absorb high amounts of energy due to the sliding of soft layers on each 

other, which offers a failure strain of 1% that is much more than mineral failure strain 

(Fig. 1-3b). Also, the high density of mineral contributes to high hardness and stiffness of nacre. 

The plastic region around the tip of cracks and crack bridging are the two main mechanisms that 

make superior toughness for nacre compared to the toughness of mineral and interfaces [84].  
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Fig. 1-3.  (a) Scanning electron micrograph from fracture surface in nacre show mineral plates in a brick 

wall shape, (b) Tensile stress-strain curve of nacre compared to brittle mineral shows higher toughness 

and larger fracture strain (adapted from [84]) 

Many pieces of research are conducted to investigate the superior mechanical properties of 

biological composites due to their natural hierarchical system. Considering fracture behavior, 

many natural toughening mechanisms are found in these materials ranging from the nanoscale to 

the macroscale [79, 85-88]. Computational tools are used to gain more information about 

fundamental design principles used by nature to create such advanced materials from simple 

constituents [89-91]. Furthermore, analytical approaches have been employed to study the 

structure-property relationship of bio-composites with more focus on the effect of stiffness ratios 

on reducing the stress concentrations of the crack tip of lamellar structures [92, 93]. 

To fabricate these bio-inspired designs, different techniques and materials are employed by 

researchers.   Dimas et al. [94] used additive manufacturing to make nacre-like and bone-like 

bio-inspired designs. They used a stiff polymer for hard mineral and a soft elastomer for the 

interface. In addition, they used a computational method to simulate composite behavior. They 

found a good agreement between experimental and computational results of mechanical 

properties. Livanov et al. [95] created a hybrid material composed of alumina and polymer, 

which resulted in a toughness that was one order of magnitude higher than bulk alumina. Other 

approaches like self-assembly [96], layer-by-layer deposition [97], freeze casting [98, 99] and 

using magnetic fields to orient microscopic plates [100].  
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During manufacturing or operation, some defects can be generated inside the material, which are 

inevitable. One of the important demands in the design of composite materials is increasing the 

material strength in the presence of defects, which are called damage-tolerant materials. 

Mirzaeifar et al. [101] used a computational approach and multi-material additive manufacturing 

to study different classes of bio-inspired damage-tolerant designs. They found that hierarchical 

architecture leads to higher defect-tolerant properties, and increasing the hierarchical level 

improves the defect tolerance dramatically. They introduced random cracks inside their 

computational model and found that in high levels of hierarchy, a large portion of strength 

remains unchanged even in the presence of cracks.  

1.4.2. Optimum design for damage-tolerant multi-material composites  

A novel method to design hybrid materials is the optimization with the utilization of Machine 

Learning (ML) algorithms. The ML paradigm has been recently introduced to materials 

modeling and design problems [102-107]. A generic ML model enables the integration of 

mathematical techniques into the experimental data sets and physics-based models. The basic 

principles behind ML algorithms are the mapping between the fingerprints and target properties. 

In the case of composite materials, the ML algorithms were used to study the design of 3D 

printed composites involving multiple phases to improve the mechanical performance of 

materials [108-110]. One efficient method is the Radial Basis Function (RBF) network, which is 

implemented in this work to design the damage-tolerant materials. The RBF is a class of artificial 

neural network models that is applied to the problems of supervised learning [111, 112]. By 

learning the fundamental design principles from nature, our goal is employing optimization 

methods to find the optimum distribution of soft phases in a hard and brittle phase in the 

presence of defects. We are focusing on finding the optimum design to reduce stress 

concentration and increasing the toughness and damage tolerance of a composite material. Due 

to the computationally expensive nature of the problem, we generate surrogates with the RBF 

algorithm to represent the original structural model and perform the design optimization on the 

surrogates. With the presented methodology, we have achieved significant improvement in the 

mechanical performance of damage-tolerant materials compared to the previous results. In 

addition, we have demonstrated an optimum design solution, for the first time, to a damage-

tolerant material having multiple and oblique cracks, to the best of our knowledge.  
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Chapter 2 

 

 Modeling of Rolling Contact Fatigue in Rails at the Microstructural Level  2. 

 Overview 2.1.

A micromechanical-based finite element framework is developed to investigate the rolling 

contact fatigue (RCF) in rails. The microstructure of a representative part of the rail in contact 

with the wheel during wheel passage is modeled using the Voronoi tessellation algorithm. The 

geometry explicitly represents microstructural grain and grain interface features that represent 

the actual microstructure of rail steel. The grain interface is modeled using cohesive elements. 

For higher computational efficiency, moving the Hertzian load is applied to the rail surface 

instead of moving the wheel explicitly on top of the rail. The jump-in-cycles approach is 

employed to efficiently simulate a large number of loading cycles, while the material degradation 

at the grain interface is represented by an accurate damage evolution law. Additionally, the 

model is used to evaluate the effects of temperature change, traction coefficient, and grain size 

on the initiation and progression of RCF. The results indicate that colder temperatures increase 

the progression of RCF, while warmer temperatures do not have any significant effects. Large 

traction forces at the wheel-rail interface significantly accelerate RCF growth, mainly through 

migration of subsurface micro-cracks to the surface of the rail. The surface cracks grow into 

larger ones that lead to loss of rail material. Controlling the grain size can have a positive effect 

on both the initiation and migration of sub-surface cracks. Changing the yield strength of 

material with the Hall-Petch relation, the model evaluates the effect of refining the grain size. 

The results indicate that smaller grains can improve the RCF properties of the rail. The effect of 

maximum contact pressure on RCF is studied, and the results show a power relation between 

maximum contact pressure and RCF life. Also, several case studies are simulated and compared 

with experimental observations. The simulation results are in close agreement with the 

experimental observations for the crack pattern and crack depth.  
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 Material modeling and methods 2.2.

2.2.1. Grain material model 

An elastic-plastic model that is a combination of isotropic and kinematic hardening is considered 

for the material. This model is capable of accurately predicting the cyclic loading effects, 

including cyclic softening/hardening, Bauschinger effect, and ratcheting. The model presented 

by Chaboche [113] has been widely used in recent years [114-117]. In this model, the isotropic 

hardening parameter  , defined as the change of yield stress for accumulated plastic strain  , is 

defined by 

            (2-1) 

where   and   are material parameters. 

The nonlinear kinematic hardening, called back stress tensor ( ), defines the translation of yield 

surface, and is described by summation of   back stresses    [118] 

  ∑  

 

   

 (2-2) 

Nonlinear evolution law of kinematic hardening for isothermal conditions is defined by  

 ̇  
 

 
    ̇      ̇ (2-3) 

where    and    are material parameters and    ̇ is the plastic strain rate. A detailed definition of 

this plastic material law and calibration of its parameters is described in [119, 120]. For pearlitic 

rail steels, the material properties from [121] are used in this research.  

2.2.2. Grain boundaries: cohesive elements 

The grain boundary mechanics is simulated using zero-thickness cohesive elements at the grain 

interfaces. Cohesive elements follow the bilinear traction-separation law (shown schematically in 

Fig. 2-1). In this model, the traction between element surfaces increases linearly until a 
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maximum is reached, and then reduces to zero traction where final separation occurs. The latter 

part of the traction-separation curve (from maximum traction to zero traction) defines static 

damage (  ) as an internal parameter. The static damage is zero at the maximum traction and 

linearly increases to one as the static degradation evolves (see Fig. 2-1). Abaqus, which is 

utilized in this study as the finite element software,  uses strain ( ) instead of separation ( ) using 

  
 

  
 (2-4) 

where    is the initial thickness assigned to the element.  

The nominal tractions are related to the nominal strains of cohesive elements by the following 

elastic constitutive matrix [120]: 
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(2-5) 

 

where  ,  , and   are elastic stiffness matrix, the nominal traction, and strain vectors, 

respectively.  Each vector consists of three components; one normal (   or   ) and two shear 

components (      or      ). Shear elastic stiffness is related to the normal elastic stiffness by 

[122]   
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where    is Poisson’s ratio. Static damage will initiate when  
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(2-7) 

where   
  ,   

 , and   
  are critical tractions for normal, first shear, and second shear directions, 

respectively. The symbol ⟨ ⟩ represents the Macaulay bracket that means damage will not initiate 

when the element is under compressive deformation. The Benzeggagh-Kenane (BK) criterion is 

used for defining the mixed-mode critical fracture energy (    as  
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where   ,   , and    are the released energies in the normal, first, and second shear directions 

respectively.   
𝐶 ,   

𝐶  and   
𝐶  are the critical fracture energies required for the failure in the 

normal, first, and second shear directions respectively, and   is a material constant. Normal and 

shear fracture energies are related to each other with the same equation given in (2-6). Using  𝐶 , 

effective displacement at failure and accordingly static damage can be found [120, 122]. 

Progressive damage in fatigue situation (    is also added to the cohesive zone approach by 

degrading the critical tractions (  
 ,   

 , and   
 ) and critical fracture energies (  

𝐶 ,   
𝐶 , and   

𝐶). 

For this purpose, an energy-based fatigue damage evolution law is used as described in 

section 2.2.3. 

2.2.3. Damage evolution law 

In order to study the rolling contact fatigue in railroad applications, Jiang and Sehitoglu [37] 

proposed an energy-based multiaxial fatigue criterion, which can be used for either normal 

cracking or shear cracking of materials. This evolution law has been used to model different 

responses of materials, and particularly has been shown to accurately predict the fatigue response 

of rail and wheel materials [123, 124]. The model searches for a critical plane by examining 

every possible direction. The obtained critical plane is then considered for further studies. A 

critical plane is a plane where the fatigue parameter (FP) is maximum. In this study, the model is 

applied to each cohesive element and it is assumed that damage occurs only in cohesive elements 

(grain boundaries). The fatigue parameter is expressed as 

where    is the normal strain range in cyclic loading,      is the maximum stress,    and    

are the shear strain range and shear stress range, respectively, and   is a material constant. All the 

above stresses and strains are calculated for each cohesive element in one loading cycle. The 

damage is related to the number of cycles ( ) through the following damage evolution law 

   〈
  

 
     〉          

(2-9) 
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where    is the fatigue damage, which has a value between 0 and 1.    is the total life and    , 

  and   are material constants. The damage will not be initiated when the    is smaller or equal 

to    .  

By incorporating the described fatigue damage parameter (   , the degradation process is 

implemented in the model. As the number of cycles increases, the degradation of cohesive 

elements continues to evolve by decreasing the load-bearing capacity of the material (degrading 

the traction-separation response) until either static damage or fatigue damage becomes one [125] 

as shown in Fig. 2-1. 

 

 

Fig. 2-1.  Bilinear traction-separation curve, which shows fatigue damage (  ) and static damage (  ) 

parameters. Fatigue damage is applied with energy dissipation in cohesive elements (i.e., reduction in area 

under the curve).  

Consequently, the degraded element will be removed from the simulation and the process will be 

continued until the remaining elements reach their failure. The process of implementing the 

damage evolution law in the high number of cycles is discussed in the next section. 
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2.2.4. Jump-in-cycles approach 

Due to high complexities in the geometry and the material model, simulation of every single 

cycle is not feasible. To increase the computational efficiency and simulating the high number of 

cycles, the jump-in-cycles procedure is employed. In this method, which was first introduced by 

Lemaitre [126], stress histories are assumed to be constant over a finite number of cycles   , 

called a block of cycles. Each block has variable amount of cycles, which is obtained through the 

following steps [11]: ( ) The fatigue parameter      
  for each element   at the current block of 

cycle   is computed using Equation (2-9); (  ) The damage evolution rate according to Equation 

(2-10) is calculated in each element at each block as described by  

(
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(2-11) 

(iii) The element with the maximum amount of fatigue damage rate is chosen as the critical 

element for that block of cycle 

(
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(2-12) 

(iv) The number of cycles (   ) in the current block is computed by 

     
   

(
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(2-13) 

where     is the fatigue damage increment. This parameter is the maximum increment of fatigue 

damage that can be applied in each block of cycles. The effect and the procedure of selection of 

    are discussed in section 2.4. (v) The number of cycles is updated using 

        

(2-14) 
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(vi) The damage increment for each element is computed by 

(   ) 
 
 (
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    (2-15) 

(vii) Damage in each element for starting of the next block is updated as 

(  ) 
   

  (  ) 
 
 (   ) 

 
   (2-16) 

(viii) All components of critical fracture energies (  
𝐶 ,   

𝐶  and   
𝐶) and critical traction stresses 

(  
  ,   

  and   
 ) are updated at the start of next block of cycles following equations 
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)              (2-18) 

The described procedure is implemented into Abaqus by user-written USDFLD and 

UEXTERNALDB subroutines.  

 Finite Element Modeling  2.3.

2.3.1. Microstructural modeling based on Voronoi tessellation 

There is a variety of rail steels, such as pearlitic and bainitic rail steels, used in different regions 

[127]. Pearlitic rail steels have lamellar microstructure, and layers of ferrite and cementite are 

stacked together and a group of these layers forms a pearlite grain. The microstructure of an 

Evraz STD 132 rail sample (Fig. 2-2a) is studied using scanning electron microscopy (SEM). 

The cross-section of the rail is cut at different locations, and various surfaces in the rolling and 

lateral directions have been studied to extract the microstructure of this pearlitic rail steel. As 

shown in Fig. 2-2b, layers of ferrite and cementite can be clearly observed in the rail sample. By 

investigating different SEM images, pearlite grain sizes found to be in the range of 20-60   . 

This range is in agreement with reported values of pearlite grain sizes [127]. To study the effect 

of inter-lamellar spacing, and consider ferrite and cementite layers, a complex geometrical model 
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is required, which is the topic of future communication by the authors. In this research, a 

simplified geometrical model is considered, which is explained in the following. 

 

Fig. 2-2.  (a) Evraz standard rail sample, and (b) SEM image of rail sample showing a highly ordered 

lamellar structure of cementite (white) and ferrite (black). 

By looking into the previously reported researches in the literature that study the rolling 

contact fatigue using the microstructural based models, the polycrystal structure was designed 

for simulating the microstructure as closely as possible to the actual structure (see Fig. 2 in [15] 

and Fig. 2 in [128]). In some of these works, cubic geometries are used for modeling the 

geometry of each grain, which means more assumptions are made [28]. In this research, a more 

realistic microstructure model is created using the Voronoi tessellation method. A set of 

randomly distributed seeds are used to construct Voronoi cells in a specific domain. Voronoi 

tessellation is similar to a microstructure where all the seeds nucleate simultaneously and grow 

isotropically to reach the neighboring grains [18]. In order to create finite element models based 

on Voronoi tessellation, open-source software Neper [129] is used in this research. It is preferred 

to study a group of domains and analyze the results with Weibull distribution. However, our 

purpose in this research is mostly studying the fundamental aspects of the RCF at the 

microstructural level, presenting our developed computational framework for studying RCF, and 

comparing changes in effective conditions (like temperature and traction coefficient) on RCF.  

http://www.sciencedirect.com/science/article/pii/S1359645413002966#f0010
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2D geometries of four different grain sizes are created. Each model has a representative 

volume element (RVE), which is focused in this study. The model size is selected     by   , 

which is the same size as employed by Bomidi et. al [15]. They have validated the model size 

with the theory to be sure that edges do not affect the Hertzian load distribution. Also, damage 

outputs are taken from RVE only in this research, which is far from boundaries based on the 

Hertz contact theory [130]. Dimensions of RVE considered large enough to include all the cracks 

initiate from under the surface. The microstructure and finite element meshes of a created model 

are shown in Fig. 2-3, which    represents the length of contact patch between wheel and rail, 

and the rolling distance is   . Based on [131] contact patch is around 10   , and this model is 

scaled to      of real size for the computational efficiency, so    in this model is     . The 

model consists of 856 grains, which around 550 of these grains are positioned inside the RVE. 

The average equivalent diameter of each grain is 45    that is compliant with the grain size of 

pearlitic rail microstructure. 

 

 

Fig. 2-3.  Generated Voronoi microstructure (with 856 grains) that includes larger grains in the outer 

region, and fine grains with an average size of 45    in RVE. The contact patch size is   , rolling 

distance is   , and other sizes are labeled with respect to the size of the contact patch. 
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To reduce the computational efforts, real size grains are used in the RVE, and larger grains are 

employed in the outer regions. The model utilized in this research, shown in Fig. 2-3, is an 

improved version of a previously introduced finite element model [15]. Two major 

improvements are applied to the model. First, the boundary between RVE and the outer region is 

continuous in the presented model. Furthermore, the outer region grains are of the same shape as 

the grains inside RVE. Linear plane strain triangle elements (CPE3) are used to mesh the FE 

model. Each grain is meshed with respect to its size, so fine meshes in outer regions are avoided. 

Cohesive elements are applied between the grains as grain boundaries and meshed with 4-node 

two-dimensional cohesive elements (COH2D4). The geometrical thickness of these elements is 

zero before the start of the simulation, and they behave based on traction-separation law as 

discussed in section 2.2.2. The material properties used for cohesive elements and Jiang-

Sehitoglu damage evolution law are given in Table 2-1.  

Table 2-1. Simulation parameters, and material properties for cohesive elements and Jiang-Sehitoglu 

model  

 

2.3.2. Periodic Boundary Conditions 

Careful consideration is necessary for representing the actual boundary conditions of a rail 

section. Rail section boundaries in simulation should not be free since they are supported by the 

rail steel in an actual case. Periodic boundary conditions (PBCs) are useful to avoid boundary 

effects and reduce the size of the model and make the model more like an infinite one. However, 

no PBC is present in normal load ( ) direction, since the Hertzian load moves on the top surface 

and the bottom surface is fixed. 

a) Simulation parameters  b) Cohesive element 

properties 

 c) Jiang-Sehitoglu 

model parameters 

[37] 
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 In order to have PBCs in rolling direction, displacement of similar nodes on opposite boundaries 

(left and right) must be related to each other through the following equation 

   
    

          (2-19) 

where   
  and   

  are displacements of matching nodes on the left and right boundaries, 

respectively. Displacement of each node on the left side is coupled to the displacement of the 

same node on the right side by using Equation (2-19) in Abaqus. This equation also requires a 

periodic mesh along the   direction [132], which has been implemented in the model (See left 

and right boundaries in Fig. 2-3). 

2.3.3. Cyclic loading: Moving normal and traction loads 

Normal and tangential forces are two common forces between the wheel and rail. Different 

methods have been used in the literature in order to accurately apply these loadings. One method 

is using the full geometry of the wheel and a part of the rail. Although this is a desirable 

approach, it is a computationally expensive approach, particularly when the microstructure is 

modeled explicitly. As such, only a few cycles can be modeled (see [121]). Another method is 

using a moving Hertzian load, which helps to significantly reduce the computational time [123, 

133, 134]. The Hertzian load distribution is applied as non-uniform, general surface traction 

vectors by use of UTRACLOAD user subroutine in Abaqus. The schematic of the moving 

Hertzian load is depicted in Fig. 2-3 

In this model, the normal component of Hertzian pressure      for line contact loading is given 

by [4]: 

          √  (
    

 
)
 

   (2-20) 

where,      is the maximum pressure of Hertzian pressure distribution (           in this 

research),   is the load position,    is the position of the maximum pressure and   is the half-

width of contact patch length. The normal and tangential stresses are modeled with moving 

Hertzian load in this study. Tangential stress is also known as a tractive effort or traction vector, 
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and it moves the maximum shear stress location closer to the surface. The maximum traction 

     can be applied to the surface by the following equation 

               (2-21) 

where     is the traction coefficient.  Figure 4 shows the variation of the traction    ) and 

pressure      along the contact patch.  There are other theories describing the relationship 

between normal and traction forces, such as the well-known Kalker’s theory [135]. While using 

the approximation given in Equation (2-21) is proven to be accurate enough, using more accurate 

theories will be the topic of future communication by the authors. 

 

Fig. 2-4.  Normal and traction stresses with Hertzian distribution.      is the normal pressure distribution 

and      is the traction distribution, which is assumed as a fraction of normal stress by employing 

Equation (2-21). 

2.3.4. Applying temperature change  

    The temperature change can cause severe deformations in the longitudinal (rolling) direction 

of continuous rails. When there is no expansion space in the continuous rail, compression 

stresses arise above a specific temperature, while, below this temperature, tensile stresses arise. 

The temperature corresponding to no tension or compression stress in the rail is called “neutral 

temperature” [136]. The deformation due to temperature change can be in the form of buckling 

in the summer when there is high compression stress in the rail, or in the form of rail breakage in 
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the winter when the track is in tension in the rolling direction of the wheels. To reduce or 

eliminate the likelihood of track buckling, it is installed and maintained in tension.  There exist 

many studies on the effect of temperature change on track buckling and fracture. Although there 

exists some scatter, anecdotal data on the seasonality of RCF (showing it to be more prevalent in 

cold seasons), the effect of temperature change on RCF has not been studied in any great detail. 

In the next section, we study the effect of temperature change on RCF.  

 Results and discussion 2.4.

In this section, we study the effects of temperature change, traction coefficient and grain size on 

RCF. In order to have accurate results, we need to be sure that damage increment (   ) 

introduced in Equation (2-13) is small enough. The value of     is a tradeoff between simulation 

time and accuracy. Doubling the damage increment will approximately double the computation 

time. To study the sensitivity of results to this parameter, several     values are compared 

together in a model with zero traction coefficient. To track the overall damage in the structure, at 

each cycle the damage is averaged in all cohesive elements with the following equation [137] 

  
 

 
∑     

 

   

 (2-22) 

where   is the number of cohesive elements in RVE,    is the area of each cohesive element, and 

  is the total area of cohesive elements. RCF life is obtained when the averaged damage has an 

infinite slope in damage versus life plots, and damage propagation becomes unstable in the 

structure. This condition is usually achieved when the finite element simulation diverges. Values 

of 0.1 and 0.2 for     are used in [11] and high accuracy was achieved. So values of 0.05, 0.1, 

0.2 and 0.4 are selected here. RCF induced damage versus life (number of cycles leading to 

damage) is shown in Fig. 2-5 for different     values.  
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Fig. 2-5. Damage-Life plot for studying the sensitivity of results to fatigue damage increment (     

The figure shows that results converge with damage increment decrease. Considering     

     as an accurate and reliable value, if we compare life for different damage increment at 

average damage of 0.02, there is 4%, 11%, 12% error for 0.1, 0.2 and 0.4 damage increments, 

respectively. So we used         for all the simulation as a reliable and time-efficient value. 

2.4.1. Temperature effect 

Longitudinal displacements due to the temperature change can be calculated from  

               (2-23) 

which   is the initial length,   is the thermal expansion coefficient in  
 

 
 ,    and    are rail 

temperature and neutral temperature in    , respectively. To study the effect of changing 

temperature on RCF, using the periodic boundary conditions,    (representing the longitudinal 

displacement due to temperature change) is applied to the model by  

  
    

      . (2-24) 
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To study the effect of temperature change on RCF of rails during different seasons, a model with 

the microstructure shown in Fig. 2-3 is used. The traction coefficient is considered zero in 

temperature effect study. Different rail temperature changes, which are considered with respect 

to the neutral temperature, are applied to the model as explained in section 2.3.4. Since 

temperature difference is present in Equation (2-23), the rail temperature (    is assumed as a 

function of neutral temperature (  ) from       to      . Therefore, temperature difference 

in Equation (2-23) is between     to    . RCF induced damage versus life are shown in 

Fig. 2-6 for multiple temperatures above and below the neutral temperature. In Fig. 2-6b, the 

dashed line is the damage-life plot for neutral temperature. By increasing the temperature, 

damage does not change much; however, when there is a temperature decrease, damage in 

cohesive elements increases and the structure reaches its final failure sooner. Figure 6 depicts the 

RCF life for different temperatures, showing that life is almost constant at high temperatures, 

mainly due to higher compressive stresses.  At higher compressions, the crack faces are 

compressed together, and the first mode of fracture (opening mode) is suppressed. Only the 

second mode of fracture (sliding mode) is active because of rolling contact loads, therefore the 

life remains constant.  Conversely, when temperature decreases with respect to the neutral 

temperature, RCF life significantly decreases. This phenomenon is attributed to the presence of 

higher tension and the first mode of fracture becoming more active, while the second mode is 

already active in the subsurface because of the rolling contact load. Based on these results, 

different crack patterns at high and low temperatures are expected.  
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Fig. 2-6.  (a) Damage-Life curve to study temperature effect on RCF for different temperature changes 

from neutral temperature (  ) (Traction coefficient is zero), (b) A magnified section of (a) with more 

details that shows by increasing the temperature from neutral temperature (dashed line) no remarkable 

change in RCF occurs but when temperature decreases, the life considerably decreases.   

 

Fig. 2-7. The effect of temperature on RCF life. Decreasing the temperature significantly reduces rail life, 

while temperature increase does not have a considerable effect on the RCF life of the rail. 

Crack patterns of the failed structure of the model with the highest temperature (       ) and 

the model with the lowest temperature (      ) are depicted in Fig. 2-8a and Fig. 2-8b, 

respectively. In RCF studies, the subsurface cracks are found to be at the place of maximum 

shear stress below the surface [12]. In Fig. 2-8a, cracks are observed under the surface, where the 
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shear stress is maximum. Due to compressive loads on top of the contact patch and along the 

periodic boundaries, only the second mode is active and cracks form only under the surface 

where the shear stress is maximum. Two kinds of crack are observed in Fig. 2-8b, which 

corresponds to a low-temperature condition crack pattern. The first type is shear dominated 

cracks that are developed under the surface in the place of maximum shear. The second type is 

surface-initiated cracks, which are formed due to tensile stresses of low-temperature conditions.  

 

Fig. 2-8.  (a) Subsurface crack pattern in high temperature (       ) condition, where cracks form 

under the surface.  (b) Cracks are present both in the subsurface and on the surface in low-temperature 

condition (       ).    is the neutral temperature.  

It is determined that RCF is more damaging in cold weathers specially when there are other 

influencing factors, such as increased steel brittleness and presence of freeze-thaw cycle of 

moisture in the cracks [138]. This is in accordance with the finding of Zerbst et al. [139]. They 

stated that in Britain, whilst the number of failures in wheel and axles has been decreased during 

the last century, the number of rail failures per train kilometer has increased. They attributed this 

to higher loads and thermal stresses in continuous rails due to low ambient temperatures. With 

measuring stress intensity factors in different days in actual track, they found that tensile stresses 

are highly substantial for fatigue crack propagation in cold winter days. Due to high probability 

of fracture at beginning of winter, they highly recommended to inspect the rail in late autumn.  
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2.4.2. Traction coefficient effect 

In this section, different traction coefficients are considered to find out how the traction 

coefficient affects RCF in the rail. There is a range for an appropriate amount of traction between 

wheel and rail. If the traction coefficient is too low, it reduces the traction and braking rates of 

the train, and if the traction coefficient is greater than about 0.4, it will cause surface damage of 

wheels and rails.  

In the beginning, no traction is considered, implying that the wheel freely rolls on the rail with 

no traction forces. The Jiang-Sehitoglu fatigue damage evolution law, used in this study, 

considers all shear and normal stresses, as well as shear and normal strains. In the free-rolling 

case, the effect of shear stress and strain is more remarkable, because normal stresses are mostly 

compressive, and both cohesive static damage model and fatigue damage evolution law do not 

consider the compressive stresses due to their crack closure effect. Also in RCF studies, most of 

the subsurface cracks initiate from the position of maximum shear stress, which is slightly under 

the surface [12]. The contour plot of shear stress due to the normal Hertzian load is shown in 

Fig. 2-9a. The figure shows that maximum shear stress happens under the surface. So it is 

expected that cracks initiate under the surface where shear stress is maximum. Shown in 

Fig. 2-9b is a plot of damage versus life for free-rolling condition. The damage, which is the 

average damage of cohesive elements in RVE, increases by increasing the number of cycles until 

the model reaches its final failure. The propagation of cracks and shear stresses around the cracks 

for different stages (A, B, C, and D) are illustrated in Fig. 2-9c. First cracks initiate slightly 

below the surface, and further loading will cause the cracks to propagate until the structure fails.   
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Fig. 2-9.  (a) Shear stress contour for free-rolling condition indicates that maximum shear stress occurs 

under the surface. (b) Damage-life plot for free-rolling condition shows an infinite slope of damage that 

means the structure is failed. (c) Crack propagation for different cycles is shown in the shear stress 

contour for four different stages of damage evolution (points A, B, C, and D in (b))  

After studying the free-rolling condition, different traction coefficients are studied for two cases: 

braking and acceleration. During braking, the traction forces act in the same direction of the 

wheels’ motion on the rail.  During acceleration the opposite happens, meaning that the 

accelerating forces act in the opposite direction of the wheels’ motion on the rail. Both 

acceleration and braking studies are performed in the same domain. 

The damage-life plots for braking and accelerating cases are shown in Fig. 2-10.  Increasing the 

traction coefficient up to 0.5 significantly decreased the final RCF life. In cases with a higher 

traction coefficient, Fig. 2-10 shows a lower amount of averaged damage in the structure 

compared to the lower traction coefficient plot. Due to higher tangential forces, the structure has 

more surface damage, and the FEM solution becomes unstable in the presence of surface 
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damage. However, the predicted life is the final life since the slope of damage-life curve moves 

toward infinity and no further life remains. Also, it is worth mentioning the damage in Fig. 2-10 

is the averaged damage in cohesive elements, and since only some of the elements are failed, the 

average damage value is small. Similar results are obtained by Onal et al. [124] from the 

simulation of the RCF behavior of the pearlitic and bainitic rail steels. Also, Ma et al. [140] 

stated that due to tangential forces, higher traction coefficients accelerate the initiation of RCF 

cracks. This clearly indicates the importance of including the traction dynamics in RCF studies, 

as has been done in this study. Although the braking and accelerating conditions seem to have 

the same results for a specific traction coefficient, they have some differences, which are 

represented in Fig. 2-11.  

 

Fig. 2-10.  Damage-life plot for different traction coefficients of two cases (a) braking and (b) 

accelerating, show that increasing the traction coefficient, significantly decreases the rail life. 
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Fig. 2-11.  Comparison of RCF life for different traction coefficients for accelerating and braking cases 

indicates that in lower traction coefficients braking is more detrimental while in higher traction 

coefficients, accelerating is more damaging to the rail life.  

Fig. 2-11 indicates that at lower tractions braking is more damaging than accelerating, and it 

leads to lower RCF life. At high tractions, however, accelerating forces are more damaging than 

braking. 

Magel [2] states that in lubricated surfaces (very low friction coefficients) the subsurface cracks 

can form in the place of maximum shear stress. Also by looking at the shakedown map [141], for 

low traction coefficients (       ), material flow happens under the surface, and for high 

traction coefficients (       ) the material flows on the surface. The value of         is an 

approximate value and changes slightly for elastic and plastic deformations. The effect of the 

traction coefficient on the position of micro-cracks is predicted by the current model. Fig. 2-12 

shows crack morphologies in shear stress contour for different traction coefficients (traction 

loads are in the opposite direction of rolling).  
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Fig. 2-12.  Micro-cracks pattern for different traction coefficients. Micro-cracks form in the subsurface 

for lower traction coefficients and moves toward the surface for higher traction coefficients. 

The results show with increasing     from 0.1 to 0.4, cracks move toward the surface. For 

        and         cracks form under the surface. For        , some of the cracks form 

on the surface and some of them initiate under the surface. By increasing     to 0.4, all the 

cracks form on the surface. This change happens since maximum shear stress moves toward the 

surface by increasing the traction coefficient. The model is able to see this effect perfectly. This 

observed behavior in the computational simulations is also studied by Ma et al. [140], and 

several surface cracks and spalling are observed for high traction coefficients.  

2.4.3. Grain size strengthening effect 

In this section, the effect of grain size change on RCF is studied. Voronoi geometries with 

different average RVE grain sizes are created. RVE of these geometries with different grain sizes 

are magnified in Fig. 2-13. Equivalent diameter of a circle with the same area of the grain is 

considered as the grain size. The average grain sizes in RVEs are 60, 45, 30, and 20   . The 

grain size distribution in the RVE of each geometry is shown in Fig. 2-14. It is observed that the 

grain sizes in RVEs are following a normal distribution, which is in agreement with the 

distribution of grain sizes in experimentally observed microstructures.  
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Fig. 2-13.  RVE of four different geometries are shown in (a) to (d) with average grain sizes of   ,   , 

  , and      , respectively. These geometries are created to study the grain size effect on RCF. 
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Fig. 2-14. Grain size distribution in the RVE of four different geometries. The grain sizes are following a 

normal distribution, which is in agreement with experimentally observed microstructures. 

Initially, same yield strength (             assigned to all of models with different grain 

sizes. The results of damage-life plots showed a very small increase in life by decreasing the 

grain size. In theory, decreasing the grain size will increase the grain boundary area which leads 

to higher strength, since dislocations have less area to move and they pile up at grain boundaries. 

However, the current model cannot see dislocation interaction with grain boundaries and this 

causes similar results for different grain sizes. Since changing grain sizes leads to yield strength 

change, this effect is implemented in the model by changing the yield strength of both grains and 

grain boundaries based on Equation (2-25). 

  Based on the experimentally reported results, decreasing the grain size (up to a critical size, 

which is in the order of tens of nanometers) in polycrystals increases the yield strength. This 

behavior is known as the Hall-Petch effect, and it has been shown that the change of yield stress 

with decreasing the grain size can be expressed by [142] 

     
   

√ 
 (2-25) 

where   is the yield stress,   is the grain size, and    and     are material constants. In pearlitic 

steels, yield strength depends on interlamellar spacing, pearlite colony size, and prior-austenite 

grain size [143]. The most important factor is interlamellar spacing which will be a future 

research subject by the authors. These factors are not considered in this study, and a simple Hall-

Petch equation for steel is used to study the effect of grain size and grain boundaries on RCF. 

Hall-Petch constants (           and                 ) of mild steel [142] are used in 

this section as a case study. Calculated yield strengths are 666, 700, 755 and 825     for 60, 45, 

30, and 20    grain sizes, respectively. The goal is to find out how changing the yield strength 

and grain size affects the RCF. 

Damage versus the life of four different grain size is plotted in Fig. 2-15. The figure shows that 

decreasing the grain size improves RCF life. This is in agreement with experimental fatigue data 

of ferritic-pearlitic steel [144] stating that fatigue resistance improves with the grain size 

refinement. It is worth noting that the grain size can be changed in practice by a broad range of 
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post-processing methods, including heat treatments and rolling. The developed computational 

model can be used as a basis for studying fundamental mechanisms of RCF, which can be 

considered as a first step to use computational models as a guide to design appropriate 

processing steps to improve the RCF life of rails.  

 

Fig. 2-15. Damage-life plots for different grain sizes indicate that refinement of grain size increases the 

rail life. 

2.4.4. Effect of maximum contact pressure  

The effect of maximum contact pressure (    )on RCF is studied by many researchers [124, 

145], and it is found that a power-law function between  RCF life and      exists. Su et al. [145] 

investigated the behavior of different rail steels under different contact conditions with a twin-

disk machine. The RCF life is described by  

                 
 .  

(2-26) 

They stated that the power index ( ) can be in the range of    to the       for different contact 

conditions. A similar case is studied with the developed model to compare with the results 

obtained from the above-mentioned work. The traction coefficient is         , and material is 

pearlitic rail steel STD (standard carbon). Yield strength and ultimate tensile strength for the rail 
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steel are     and         , respectively. The same properties are used in our model to 

compare the results with the experiment. The results are presented in Fig. 2-16. 

 

Fig. 2-16.  Comparison of RCF life of the current model and experimental results [145] for different 

maximum contact pressures. See text for details of the comparison between computational and 

experimental results, and also the origins of observed differences. 

The simulation shows a power relation between RCF life and maximum contact pressure, which 

is in agreement with previous findings [124, 145]. The simulation fit result shows a slope of 

       which is in the range of    to       [145]. However, the simulation fit has a steeper 

slope (      ) compared to the experiment fit slope (     ). The model predicts low RCF life 

in high contact pressures. It can be attributed to the fact that the criterion of RCF failure is 

different. In the experiment, loss of surface material as spalling or collapse of the surface is used 

to determine RCF life. Some of the cracks form in the subsurface and cannot be detected during 

the experiment. These subsurface cracks can form an extensive crack network under the surface 

but never cause a spalling [146] (like Fig. 2-17b). So, this leads to higher RCF life in 

experiments, since the simulation considers cracks in all regions, and calculated RCF life is more 

conservative than experiments in high contact pressures.  
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2.4.5. Comparison with experimental observations 

The use of cohesive elements helps to find out the position of micro-cracks and the amount of 

damage in them, and compare the results for different cases. This method does not simulate only 

one crack and propagation of that crack, instead, it shows a system of micro-cracks between the 

grains in the rail microstructure. Cracks can initiate from surface or subsurface depending on 

loading and surface parameters [147]. The surface cracks are believed to form due to the 

accumulation of damage and repeated plastic deformation on the railhead surface. The crack 

direction is dependent on the direction of the deformed microstructure caused by traction and 

normal forces in the contact patch [148]. When the rail is very well lubricated and the coefficient 

of friction is low, subsurface shear stress can be very high. This high shear stress and the 

possible metallurgical defect can lead to subsurface cracks [2]. When the micro-cracks join 

together, they form a crack pattern. If these cracks remain undetected, there is the risk of rail 

break and derailment specially when residual tensile stress (due to thermal stresses in cold 

weather) is present in the rail. Thermal and bending stresses increase crack propagation rates and 

can result in crack branching downwards [147].  

Crack patterns from our model are compared to experimental observations from [149], and the 

results are illustrated in Fig. 2-17a. Since no details on the microstructure in the experiment are 

available and randomness happens in fatigue testing, we don’t expect to have exactly the same 

results. The experiment is performed by twin disk rolling-sliding testing machine and has 

maximum contact pressure              , contact half width          and traction 

coefficient         . The material is bainitic roll steel, and no other specific properties are 

provided. The same loading parameters in this experiment are used in the simulation, and 

previous rail steel properties are used for material properties.  
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Fig. 2-17. Micro-crack pattern compared for current model and experimental observations (a) [149] and 

(b) [146]. The results show some similarities between crack patterns from simulations and experiments, 

and the model predicts near the same depth for the micro-cracks.   

As shown in Fig. 2-17a, the crack pattern from experiments and simulation have some 

similarities. The subsurface cracks form near the same depth, and interact with each other and 

create a network of micro-cracks. Also, surface cracks, which form due to plastic deformation 

and high contact loads, can join the subsurface cracks and peel off a part of the surface layer and 

lead to spalling.  

Another comparison is made between simulation and experimental observation of pearlitic rail 

steel. The experiment [146] is done with a twin-disk machine and has maximum contact pressure 

             , contact half width          and traction coefficient         . The 
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results are illustrated in Fig. 2-17b and show a similar network of subsurface micro-cracks in 

both experiment and simulation.  

 Conclusions 2.5.

A microstructural-based computational framework is developed for studying the rolling contact 

fatigue (RCF) in rail materials. To construct a realistic geometry, Voronoi tessellation is 

employed to create a 2D microstructure of the contact patch of wheel and rail, and cohesive 

elements are applied between grains as grain boundaries. Instead of moving the wheel on the rail, 

a moving Hertzian load is applied to the rail surface. The jump-in-cycles approach is 

implemented in Abaqus through subroutines to efficiently simulate a large number of loading 

cycles, while material degradation at the grain boundaries with increasing the number of cycles 

is simulated by using Jiang-Sehitoglu damage evolution law. With the developed framework, 

RCF in rail in different conditions is studied. The results show that increasing temperature above 

the neutral temperature does not have a significant effect on RCF, while decreasing the 

temperature decreases RCF life, and can significantly accelerate rail damage.  The effect of the 

traction coefficient on RCF is also studied. The results indicate that large traction forces at the 

wheel-rail interface considerably accelerate RCF growth, and micro-cracks migrate from 

subsurface to the surface of the rail. To study the effect of grain sizes on RCF, geometries with 

different grain sizes were created and using the Hall-Petch relation, the material properties were 

calibrated for each model. It is approved that by decreasing the grain sizes, RCF life increases 

and a lower amount of damage accumulates in the material. Studying the maximum contact 

pressure effect on RCF shows that there is a power relation between RCF life and maximum 

contact pressure, which matches previous findings in the literature. Several cases are also 

simulated and compared with experiments in the literature, and it is observed that the crack 

pattern and depth are in close agreement with experimental observations.  
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Chapter 3  

 

 Three-dimensional analysis of rolling contact fatigue using crystal 3. 

plasticity finite element method and cohesive zone modeling  

 Overview 3.1.

In this chapter, a three-dimensional (3D) finite element model that includes the microstructure of 

grains and grain boundaries is developed for studying the rolling contact fatigue (RCF) damage 

caused by a rolling steel wheel on a steel railway. The 3D model uses a crystal plasticity-based 

micromechanical framework for simulation of stress-strain behavior inside the grains, and 

cohesive elements with traction-separation law for modeling the intergranular fatigue damages. 

A combination of moving normal Hertzian load and tangential loads are employed to mimic the 

rolling contact conditions. The effect of various parameters such as friction coefficient, traction, 

partial slip contact and wheel load on RCF is studied.  The results reveal that RCF cracks initiate 

slightly below the surface for large wheel loads and low tractions. The cracks migrate toward the 

surface as the wheel-rail traction increases. For high tractions, the cracks initiate at the rolling 

surface. Under partial slip contact condition, there is a large change in rail life for small 

normalized tractions. With a slight increase in the latter, the rail life significantly decreases.  For 

moderate to large tractions, rail life remains relatively unchanged or slightly increases. The 

results of the study appear to agree with anecdotal observations by the U.S. railroads from the 

revenue service operation.   

 Material and methods 3.2.

Manganese rail steel (Hadfield steel) is selected for this study. This alloy is used in the frogs and 

diamond crossings along railways [37, 150]. This austenitic steel has a face-centered cubic 

(FCC) crystal structure, and grains/grain boundaries are clearly visible under the optical 

microscope. This material shows a good combination of high toughness, resistance to wear, and 
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heavy impact loadings [150]. The monotonic stress-strain curve and rolling contact fatigue 

damage properties for this alloy are obtained from the literature [37, 150]. 

Two different material models for grains and grain boundaries are employed in our model. 

Crystal plasticity is used for bulk grains, and traction-separation law with fatigue damage is 

utilized for grain boundaries. Fig. 3-1 illustrates these material models, and more details are 

provided in the following sections. 

 

Fig. 3-1. Schematic of models for defining material behavior. Crystal plasticity material model is used to 

define stress-strain behavior of grains, and traction-separation law with fatigue degradation is utilized to 

simulate grain boundary behavior. 

3.2.1. Crystal plasticity model 

A rate-dependent single crystal plasticity model developed by Hill [151], Rice [152], and Asaro 

[153] is used for studying the material response of bulk grains to the deformation caused by 

rolling contact. Crystal plasticity is a precise model to study the effect of microstructure on the 

mechanical behavior of materials and is widely utilized by other researchers. This constitutive 
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model assumes that plastic deformation occurs because of the dislocation movement on a 

specific set of slip planes. Each slip system,  , is specified by combining a slip plane (with 

normal of     and a slip direction     . The total deformation gradient   is defined by 

       (3-1) 

where,    denotes elastic stretch and rotation of crystal lattice, and    refers to the plastic shear 

of material. The rate of change of    (denoted as     is given by 

     ̇       ∑  ̇   
    

 
    (3-2) 

where,  ̇  is the slipping rate of the   slip system. The resolved shear stress   on the   slip 

system is defined by 

     
        

   (3-3) 

The slipping rate  ̇  of   slip system is defined based on the Schmid law by a power-law 

expression as 

 ̇    ̇
           |

  

  
|
  

      
(3-4) 

where     defines the current strength of   system,   ̇
 

 is the reference slipping rate, and   is the 

strain rate sensitivity ratio. In the systems where slip happens, the resolved shear stress    on the 

active slip system ( ̇   ) attains a critical value   . On the inactive slip systems with  ̇   , 

the resolved shear stress    does not exceed   . The hardening law for the current strength    is 

given by 

 ̇  ∑      ̇
 

   (3-5) 

where,      are the slip hardening moduli.     (no summation on    and           are called 

self-hardening and latent hardening moduli, respectively. These moduli used by Peirce [154] are 

given as 
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                  |
    

      
| (no sum on  )   (3-6) 

                     (3-7) 

where,    is the initial hardening modulus,    is the saturation stress, and    is the initial stress.   

is the accumulated shear strain in slip systems, and   is the latent-hardening to self-hardening 

ratio. The above described constitutive model is previously implemented into a user-defined 

material subroutine (UMAT) by Huang [155]. This UMAT is employed in this research properly. 

Crystal plasticity parameters are calibrated with the macro-scale tension test results, as will be 

discussed in the following sections.  

3.2.2. Static and fatigue damage in grain boundaries 

Grain boundaries are assumed the regions of damage initiation and evolution in this research. In 

order to implement damage criteria to the model, cohesive elements are utilized similar to the 2D 

analysis by the same authors [156] with traction-separation law for static damage, and Jiang-

Sehitoglu damage evolution law for fatigue damage. A few changes are applied to the model, as 

described next.  

3.2.2.1. Traction-separation law 

A new form of damage initiation and evolution for traction separation law is used in the 3D 

analysis compared to 2D analysis [156]. For damage initiation modeling in cohesive elements, 

the maximum nominal stress criterion is applied (Equation (3-8)). In this criterion, it is assumed 

that pure modes of shear or tension may cause damage initiation as defined by 

   {
〈  〉

  
   

  

  
   

  

  
   }     

(3-8) 

where,   
 ,   

  and   
  are material parameters representing the critical values for damage 

initiation in pure tension and shear loading, respectively.    is the normal traction, and    and    

are the first and second shear tractions according to a local coordinate system. Static damage 

evolution law is utilized the same as 2D analysis [156]. Critical shear and normal displacements 

are considered equal (  
    

    
 ), while shear and normal stiffness are related by [122] 
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(3-9) 

Critical fracture energy and maximum traction in both normal and shear directions follow the 

same relation as Equation (3-9). More details about traction-separation laws are provided in 

[120]. 

3.2.2.2. Modifying the fatigue parameter (  )  

In the 3D analysis, cohesive elements have two shear components                 , and in 2D 

analysis, only one of them is applicable           . As described in [156], a multi-axial energy-

based fatigue criterion introduced by Jiang and Sehitoglu [37] is used in the 2D analysis for 

cohesive elements, with the fatigue parameter (  ) defined as  

where shear or normal stress and strain ranges (          were calculated during one cycle. 

     is the maximum normal stress in one cycle, and   is a material constant. The energy-based 

fatigue criterion (which is known as critical plane approach) searches for the plane which has the 

maximum   , and considers that plane as the possible fatigue failure plane. Since it is assumed 

that grain boundaries are the place of crack initiation,    is calculated at the grain boundaries 

(cohesive elements). In the 3D analysis, the fatigue parameter is modified to the following form 

where,      √      
   and       √      

  are absolute values of shear strain and shear 

stress at integration points, respectively.     ,     , and    were calculated at the end of each 

cycle as the difference between maximum and minimum of     ,    , and  , respectively, during 

one cycle. The relationship between fatigue life and fatigue parameter is described by  

   〈
  

 
     〉           (3-10) 

   〈
  

 
     〉              

(3-11) 

             
   (3-12) 
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where,  ,    and     are material fatigue parameters,    is the total fatigue life, and  fatigue will 

not initiate if    is smaller than     [37]. These constants are obtained by fitting Equation 

(3-12) to the    versus    curve on logarithmic scale. Fatigue damage is assumed to change 

linearly from 0 to 1, and fatigue life range is   ; therefore, fatigue damage rate can be estimated 

as 

From equations (3-12) and (3-13), the damage rate is related to the fatigue parameter by  

where   is the number of loading cycles.  Fatigue parameter is calculated at the end of each 

loading cycle, and the amount of fatigue damage can be found and updated based on the damage 

rate from Equation (3-14). In order to degrade the cohesive elements with cyclic loading, based 

on a similar method used in [125], the maximum traction (  ) and fracture energy ( 𝐶) of all 

normal and shear directions were updated at the end of each cycle by  

A schematic of traction-separation law, and static and fatigue damage evolution is shown in 

Fig. 3-1. It is worth mentioning that traction-separation law is valid for either normal or shear 

tractions. For simulating a large number of cycles and reducing the computational time, an 

approach called “jump-in-cycles” is used. This approach eliminates the need for simulating every 

single cycle by extrapolating the results at the end of each block of cycles.  Details of this 

approach are discussed in [156]. A schematic of the applied damage model considering the 

“jump-in-cycles” approach is depicted in Fig. 3-2, and fatigue damage constants used in this 

study are presented in Table 3-1. 
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Table 3-1. Fatigue damage model parameters. 

Fatigue constants for 12% manganese rail steel from [37] “Jump-in-cycles” constant [156]    

              

6000 2.0 1.0 0.3 0.1 

 

 

Fig. 3-2. “Jump-in-cycles” approach used to degrade cohesive elements strength and fracture energy in 

order to simulate fatigue damage in a high number of cycles. When damage in each element reaches one, 

that element gets removed from the simulation. The process continues until damage propagation becomes 

unstable.  
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 Finite element modeling 3.3.

3.3.1. 3D geometry 

The contact between two rolling elements such as wheel and rail occurs in a small area, which is 

called contact patch. Contact stresses are very high in the contact patch, and large deformations 

take place in this area. It is valuable to study the contact patch by looking only at the 

microstructure of this region. To simulate a realistic representation of microstructure for studying 

RCF, the Voronoi tessellation algorithm is employed using open source software Neper [129]. 

This method helps to account for geometric randomness in microstructure, and the average grain 

size and deviation can be controlled by changing the density of seed points. The size of this 

granular microstructure cannot be large, because small meshes are required, and it is not 

computationally efficient to use granular microstructure in all regions of the model. Only the 

contact patch is modeled with a detailed microstructure, and the other parts are meshed with 

simple tetrahedral elements.  

The granular microstructure, which is called representative volume element (RVE), is considered 

as the target region, and results will be extracted from this region (Fig. 3-3a). Each color in this 

figure represents a crystalline grain. The size of RVE is chosen to be large enough to consider 

the randomness of microstructure. Random orientation is assigned to each grain to have a more 

realistic microstructure. At the interface of grains, cohesive elements are applied to simulate 

crack initiation and propagation due to RCF (Fig. 3-3b). The grains are meshed with 4-node 

linear tetrahedral elements (C3D4 in Abaqus), and cohesive elements are meshed with COH3D6 

elements. RVE contains 500 grains, and the average grain size is selected to be      , which is 

a reasonable grain size for manganese rail steels. Since the wheel-rail contact patch area consists 

of a large number of grains, it is not computationally possible to simulate all of the grains; 

therefore, the geometry is scaled to      of actual rail contact patch size. In order to have 

continuity in the model, and simulate half-space around the contact patch, the RVE is placed 

inside a larger model. As shown in Fig. 3-3c, this geometry is considered large enough to 

eliminate the edge effects. The larger model is meshed with first-order tetrahedral elements 

(C3D4 in Abaqus), and its inner surfaces are tied with the RVE surfaces. 
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Fig. 3-3. (a) RVE with 500 grains (each color represents a grain), and (b) cohesive elements representing 

grain boundaries. (c) 3D geometry consists of two regions: RVE with small mesh sizes containing the 

cohesive elements at the grain interfaces, and a larger model containing the RVE  

Elastic-plastic material properties calibrated with tension a test were used at the first stage for the 

large region; however, by switching to elastic properties, it did not affect RVE results. So, elastic 

properties were used for simplicity in the larger model. There are similar approaches that have 

used the Voronoi tessellation method to study RCF in bearings [15, 35, 128]. In these researches, 

periodic boundary conditions are applied in the Y direction (transverse); however, in the current 

study, periodic boundary conditions are not used. The reason is that although the grains can be 

modeled and meshed periodically in the Neper software, cohesive elements are not periodic, and 

this will cause non-periodic damage.  
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3.3.2. Loading distributions 

In order to simulate wheel load on the rail, frictional rolling contact is defined by the 

superposition of 3D normal Hertzian load and tangential traction load on the surface of created 

geometry. The distributions of the mentioned loads are described in the following sections.  

3.3.3. Hertzian normal load 

Point contact Hertzian load distribution is used in the current study for simulation of the normal 

load. Different studies on wheel-rail interaction have measured the contact patch, and it is shown 

that the contact patch is almost elliptical. The Hertzian contact theory also leads to an elliptical 

contact patch and a semi-ellipsoid contact pressure distribution [157] 

where      is the Hertzian peak pressure,       is the load position,         is the position of 

the maximum load,   and   are the half-widths of contact patch in   (rolling direction) and   

(lateral direction), respectively. The schematic of the movement span in each block of cycle and 

Hertzian distribution of load are shown in Fig. 3-4. The method is implemented in Abaqus using 

the DLOAD subroutine.  

 

Fig. 3-4. Schematic of Hertzian load movement on the top surface of the model 
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3.3.4. Tangential traction loads 

Tangential traction loads are present in rolling contact because of micro-slippage between 

contact surfaces. The ratio of tangential load (  ) to normal load (  ) is defined by  

where,     is known as the traction coefficient (or adhesion coefficient). The limiting value for 

    is friction coefficient  . The ratio of     to   is defined by 

where   is called normalized traction or partial slip ratio.   is a variable between   and 1 that 

defines the amount of slip in partial slip region. When   is equal to zero, pure rolling contact 

(stick) condition exists, and for      , the contact region is divided into a slip region and a 

stick region. When   is equal to one, full slip contact occurs, and traction force is approximately 

equal to the Coulomb friction force. A schematic of slip and stick regions in the contact patch is 

illustrated in Fig. 3-5a. Partial and full slip conditions happen in the wheel-rail contact patch 

because of the relative speed difference of wheel and rail known as creepage. For creepages 

between 0 and approximately 1-2% [158], partial slip condition is present, and for larger values 

full slip happens. Full slip can happen in higher creepages; however, we use normalized values 

of     to 1 for zero slip to full slip ranges, and creepage percentage that full slip occurs does 

not affect our study. The relation between the normalized applied traction (   and normalized 

slip length (
 

 
) is derived by Haines et al. [159] and illustrated in Fig. 3-5b.  

     
  
  

  
(3-18) 

    
   

 
  (3-19) 
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Fig. 3-5. (a) Schematic of slip and stick areas under partial slip condition. (b) The relation between the 

normalized traction (   and normalized slip length 

In full slip condition, tangential traction distribution (   is proportional to the normal load 

distribution ( ); however, in partial slip condition, this distribution depends on the slip and stick 

regions length (see Fig. 3-5 for definition of slip and stick length   and  ). Haines et al. [159] 

presented the strip theory that illustrates the 3D shape of traction under partial slip condition. In 

this theory, the elliptical contact patch is divided into a series of strips parallel to the rolling 

direction (Fig. 3-6a). Each strip is studied with Carter’s theory perpendicular to the contact 

surface as shown in Fig. 3-6b. The tangential traction      for each strip is defined as [160-162]  

where 

                   (3-20) 

           √  (
 

  
)
 

  

(3-21) 
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The values of   ,    and    are illustrated in Fig. 3-6a and Fig. 3-6b. The above formulations are 

implemented into our model using the UTRACLOAD subroutine. The resulting traction 

distribution for        is illustrated in Fig. 3-6c. The tangential traction distribution for 

different   values are utilized to study the effect of partial slip on RCF, and different cases are 

studied. 

 

 

Fig. 3-6. (a) Schematic of the contact patch area and strips that are used by Haines et al. [159] to build the 

3D distribution of partial traction loads. (b) Distribution of applied load perpendicular to each strip under 

partial slip condition. The final load distribution (   is a combination of slip (  ) and stick (  ) traction 

loads. (c) 3D tangential traction distribution for        

 Results and discussions 3.4.

3.4.1. Determination of material properties 

In order to find the proper material properties for constitutive models, the material models need 

to be calibrated with the experimental data. Macroscopic stress-strain data of manganese rail 

steel is obtained from [150]. For the calibration purpose, a cubic grain structure is created and 

meshed. The model contains 500 grains (shown in Fig. 3-7a) and cohesive elements are applied 

       
  

  
     √  (
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(3-22) 
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between grains. The number of grains is adequate to simulate the behavior of polycrystalline 

material based on the previous research by Brommesson et al. [163]. The crystal plasticity 

material model is used for the grains, with the traction-separation law applied to cohesive 

elements. A random orientation is applied to each grain to have a more realistic simulation of 

polycrystalline material. It is not readily possible to determine which boundary condition is 

better for an RVE with strain localization and damage. Different boundary conditions like 

Neumann, Dirichlet or periodic boundary conditions are used in the literature and discussed in 

[164]. For simplicity, boundary conditions corresponding to uniaxial tension are utilized in this 

research, similar to boundary conditions in [163]. Displacement is controlled in loading direction 

by limiting left surface displacement and applying displacement to the right surface (other 

surfaces are traction free). The reaction forces and displacement in loading direction are 

extracted, and the average stress and strain of the whole model are obtained. Fig. 3-7b and 

Fig. 3-7c show the surface cracks and internal cracks due to the tensile loading of the generated 

RVE.  

 

 

Fig. 3-7. (a) Cubic microstructure with 500 grains and cohesive boundaries at interfaces of grains. (b) 

Surface cracks and (c) internal cracks at interfaces of grains in the deformed geometry 

In order to fit the stress-strain curve from simulation to the experimental data, a two-step 

calibration method is used in this research. The first step is to calibrate the crystal plasticity 

constitutive model parameters by assuming grain interfaces have perfect bonds. Anisotropic 
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elastic moduli were taken as             ,           , and            from a study on 

high manganese steels by Pierce et al. [165]. Although these elastic constants are for 25% 

manganese steel, they are used for 12% manganese steel in our study and in [166], and the 

results fit well with the elastic section of experiments.  Plastic properties (  ,   , and   ) that 

affect plthe astic region of macroscopic stress-strain curve were calibrated by trial and error 

based on [167]. The initial hardening modulus,   , affects the initial slope of the plastic region, 

while    defines the yield stress and saturation stress,   , determines the reference stress that 

large plastic flow initiates. Fig. 3-8a shows a few cases that were used to match the simulation 

results to the experimental result. The blue line is the best fit to the experimental macroscopic 

stress-strain curve of manganese rail steel before failure. The plastic constants for each case and 

the best match are presented in Table 3-2. By looking at similar researches for strain rate 

sensitivity values ( ), Lindroos et al. [166] used      for Hadfield steel in nearly similar strain 

rate equation of crystal plasticity model. Furthermore, El Shawish et al. [168] used      to 

have negligible viscous behavior for Austenitic steel. Using larger values for the strain rate 

sensitivity (   ) results in rate independent behavior; however, some numerical problems 

would occur during the analysis.  We have used      in this research, and other crystal 

plasticity parameters   and   ̇ are assumed to be 1.0 and 0.001, respectively [155].  

The second step is matching the fracture behavior of our simulation with the experiment. To this 

end, cohesive element parameters should be calibrated to simulate the fracture behavior. Due to a 

large number of parameters, and very limited data on cohesive behavior near the crack tip, it is 

hard to determine which method works best for representing the cohesive behavior. Tvergaard 

and Hutchinson [169] showed that the most important parameters are the fracture energy (  ) 

and maximum traction stress (  ). Based on researches by Simonovski and Cizelj [122, 170], 

shear stiffnesses, tractions, and fracture energies are related to their normal values by Equation 

(3-9) and change accordingly by changing   ,   
  and   

 . Also, they used Young’s modulus as 

their cohesive stiffness. Similar assumptions are made in this research, and only maximum 

traction and fracture energy are changed by trial and error to fit the experimental fracture data. 

Cohesive element normal stiffness is chosen equal to the Young’s modulus of material as 

           . Original constitutive cohesive element thickness (  ) needs to be small enough 

to not affect the overall stiffness of the model.            was used in this study as the 
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cohesive element thickness. Initial critical normal traction (  
 ) value was considered 500     to 

be near the yield strength, and then it was increased to fit the experimental data. Furthermore, 

increasing fracture energy (    shifts the failure toward larger strains. By considering all of these 

effects, different cases were examined to find the best fit to the experimental data. Fig. 3-8b 

shows trials to find the best fit, and the blue curve shows the best match for the elastic, plastic 

and fracture part of macroscopic stress-strain experimental data. Cohesive element parameters 

for each case and the best fit are presented in Table 3-2.  

Table 3-2. Calibrated material constants for crystal plasticity model, and cohesive parameters 

Plastic constants for crystal plasticity model  Cohesive parameters 

Case 

number 

    

(MPa

) 

    

(MPa) 

    

(MPa) 

 Case number   
   

      

  
  

 (       ) 

1 100 270 236  1 600 0.3 

2 580 290 190  2 600 0.6 

3 240 290 188  3 800 0.6 

4 190 290 180  4 800 1.1 

Best fit 190 290 188  5 800 0.9 

     Best fit 800 0.75 

 

 

 

Fig. 3-8. (a) First step: calibration of crystal plasticity model with changing plastic properties (  ,   , and   ). (b) 

Second step: calibration of cohesive model parameters.  
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3.4.2. Effect of grain shape and orientation randomness  

In order to study the effect of grain shape and orientation randomness, five models with the same 

size and number of grains but the different initial distribution of seed points are created and 

meshed. Material properties presented in section 3.4.1 are used in these simulations. The stress-

strain results are presented in Fig. 3-9a. Model 1 is the calibrated model described above. All 

models show similar behavior in elastic and plastic regions up to the softening initiation point. 

After this point a scatter in the fracture region is present, and fracture strain changes in different 

models. This scatter occurs because of different crack initiation and propagation behavior in 

different models. Fig. 3-9b illustrates formed cracks in different models in the uniaxial stress 

contour plot. By comparing Model 1 and Model 5, it is clear that there is a dominant crack in 

Model 5, while dispersed small cracks are present in Model 1. This causes more brittle behavior 

for Model 5, and fracture happens sooner compared to Model 1. The crack planes are also 

effective in fracture behavior. Cracks in Model 1 have a larger deviation from a straight crack 

plane compared with the main crack in Model 5. The results clearly show the effect of 

randomness in the shape and orientation of grains on fracture strain under tensile loading. 

 

Fig. 3-9. Effect of microstructural randomness is demonstrated by (a) stress-strain response of five 

randomly distributed models with 500 grains, and (b) corresponding crack pattern in the uniaxial stress 

contour plot.  
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In order to find the effect of grain shape and orientation on RCF, five models with different 

RVEs were tested under the Hertzian normal cyclic load. The life of each model is reported in 

Table 3-3. These lives are obtained at the average damage of 0.004 in all cohesive elements for 

each model. The results indicate that the RCF lives lie within the 5% difference of the average 

life. Although these five models have considerable scatter in fracture strain under tensile loading, 

there is less variation in RCF life with Hertzian cyclic loading. Model 1 has nearly the same life 

as the averaged life; therefore, we have used Model 1 as our RVE in the RCF studies.  

Table 3-3. RCF lives for models with different grain and orientation distribution 

Model 

number 

   2 3 4 5 Average 

Life (cycles) 228341 239687 223100 226511 223924 228711 

3.4.3. Model Validation and static results 

We have compared the results of crystal plasticity, and an equivalent isotropic model under the 

static condition with Hertzian loading distribution. Both isotropic and calibrated crystal plasticity 

models follow the stress-strain behavior of Manganese steel shown in Fig. 3-8. The goal is to 

find out how the crystal plasticity behaves compared to the isotropic model under Hertzian 

loading. The normalized stresses versus depth are illustrated in Fig. 3-10. 
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Fig. 3-10. (a) Centerline stresses for crystal plasticity and isotropic models under static Hertzian point 

load contact. Von Mises stress distribution for (b) isotropic and (c) crystal plasticity models 

It is clear from Fig. 3-10a that the crystal plasticity model with anisotropic behavior follows the 

isotropic model. Stresses from the crystal plasticity model have some deviations from the 

isotropic model, which is due to the different orientations of grains. Stress variation in the 

subsurface follows the same trend as theoretical Hertzian centerline line contact distribution if 

we compare our results with results in [35]. The equations of Hertzian line contact and point 

contact are different. Therefore, in our point-contact analysis (shown in Fig. 3-10a), we observed 

similar    and    pattern with different values (because of the elliptical shape of contact patch); 

however,    and    have different patterns compared to each other in line contact analysis 

(because of half space assumption)  [35]. Fig. 3-10b and Fig. 3-10c show Von Mises stress 

distribution in the isotropic model and crystal plasticity model, respectively. More deviation and 

a higher value for Von Mises stress are found in the crystal plasticity model compared to the 

isotropic model similar to the results observed in [36].  
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3.4.4. Effect of friction coefficient and partial slip on RCF 

Upon calibrating the material models, the model is used to study the effect of loading conditions 

on RCF. The presented method has several attractive characteristics. The key advantage of this 

method is considering the effect of microstructural features like shape and orientation of grains 

in RCF studies. Another valuable feature of the model is considering fatigue at the grain 

interfaces. Although there are a few assumptions on the calibration of the grain interfaces and 

fatigue parameters, the performance of the model is promising, as will be elaborated on next. 

Due to the localization of stress and anisotropic definition of the model, mesh size can affect the 

results. The current mesh is selected to be very small; however, a model with finer mesh was 

created, and the results were compared with the current model results. No noticeable difference 

was observed between the results, so we used the current mesh in our studies. Different friction 

coefficients (     , 0.15, 0.30 and     ), and normalized tractions (                      

and    ) are studied in this section. For each  , the corresponding normalized slip region size 

based on Fig. 3-5b is used in the model as presented in Table 3-4. 

Table 3-4. Normalized traction ( ), and corresponding normalized slip region size (   )  

   0.05 0.25 0.50 0.75 1.0 

 

 
  0.022 0.114 0.250 0.440 1.0 

The term “damage” presented in the following results refers to the averaged damage in cohesive 

elements of the RVE, so it is clear that the value of damage will be small since many of cohesive 

elements do not experience much damage. The number of cycles, as well as damage, are 

calculated and stored in solution-dependent state variables (SDV) at each block of cycles during 

the simulation. The final life is determined when the damage evolution slope becomes large. This 

generally occurs when the numerical solution diverges because of the high number of damaged 

elements. The damage-life curve is plotted for different friction coefficients and normalized 

tractions in Fig. 3-11. This figure shows a clear trend in the effect of the friction coefficient. 

Models with higher friction coefficients, experience a shorter life at the same damage value. In 

order to compare the life values for each model, the damage value of 0.001 is selected (shown in 

Fig. 3-11). The life values for different friction coefficients and   values at selected damage are 

depicted in Fig. 3-12. The results indicate that changing friction coefficient significantly affects 
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the life of the model. For instance, the predicted life at        for        is 6671 cycles, 

while at the same  , the life for        is 71592 cycles, amounting to one order of magnitude 

longer life. This example clearly shows the importance of friction management at the contact 

areas of rolling components.  

 

Fig. 3-11. Damage-life plots for different friction coefficients and normalized tractions. The friction 

coefficient has more effect on RCF life than changing partial slip conditions (changing  ), and higher 

friction coefficient reduces the life significantly.  
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Fig. 3-12. Life versus normalized traction at the averaged damage of 0.001. Each number on the plots 

indicates the calculated life value at the specified condition. Lower friction coefficients exhibit a longer 

life.  

Partial slip conditions (various  ) have less effect on RCF life compared to friction coefficient; 

however, they are showing interesting results at a specific friction coefficient. By looking at 

Fig. 3-12, we were expecting a descending pattern in life because of increasing traction forces; 

however, a noticeable pattern in life was observed. When   changes from 0 to 1 in higher friction 

coefficients (           ), predicted life has the lowest value in        and then the life 

shows a slight upward trend. To ensure that this trend doesn’t happen because of the grain shapes 

and orientation distribution of model, similar simulations were done on another model with 

different grain and orientation distribution, and the results are presented in Fig. 3-13a. As it is 

apparent from Fig. 3-13a, the same trend is present in both models, so we can conclude that this 

behavior does not happen because of grain shapes and orientations. In order to find out the 

possible explanation for this behavior, we looked at the research performed by Clayton et al. 

[171]. The research studied the fatigue behavior of pearlitic and bainitic rail steels under water-
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lubricated conditions. In one of their experiments using a twin-disk rolling/sliding testing 

machine, they observed a similar pattern in four different pearlitic rail steel. Their experiments 

revealed that RCF life falls significantly with a small increase in slide to roll ratio (creepage) 

from 0 to 0.3%, but it increases with changing creepage from 0.3% to 1%. One of their results is 

presented in Fig. 3-13c. Since this pattern was not observed in the previous researches at that 

time, they were not able to find an explanation for this pattern. Another research confirming the 

same observation is performed by Wang et al. [172] on the effect of slip ratio on rolling contact 

fatigue in rail materials under wet conditions (shown in Fig. 3-13d). In this research, they noticed 

the same pattern as was seen by Clayton et al. They have discussed several possible descriptions 

for this pattern including the effect of the distribution of slip and stick areas in the contact zone 

on the hydraulic crack growth rate, and competitive relation between wear damage and RCF. 

They mentioned that this is a complicated pattern and can be result of combination of various 

parameters. Since our model does not consider the effect of hydraulic cracks and wear rate, we 

believe this pattern is related to distribution of loading in slip and stick areas. The load 

distributions for different   values are depicted in Fig. 3-13b. By looking at Fig. 3-13b, with 

assumption of Carter’s theory on loading distribution in partial slip condition, we can see a sharp 

transition from stick to slip regions in smaller   values. This sharp transition in load distribution 

can increase the crack growth rate and inducing more damage. Clearly, there may be other 

reasonable explanations for this behavior, and it needs more simulations and experiments until it 

becomes clear.  
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Fig. 3-13. (a) Life versus normalized traction of two different models shows a similar pattern for life drop 

at       , and following slight rise in life. (b) Normalized tangential traction distributions for different 

values of    show sharp transition from slip to stick regions in lower   values. (c) and (d) are RCF life 

versus slip ratio experimental data obtained from researches by Clayton et al. [171] and Wang et al. [172], 

respectively. Both results show a decrease in RCF life by changing the slip ratio from 0 to 0.3%, and a 

slight increase in life by changing the slip ratio from 0.3% to 1%.   

Considering the stress-strain behavior of rolling contact with different friction coefficients yields 

valuable results. Fig. 3-14 shows different contour plots in the RVE at the end of the simulation 

for different friction coefficients. The plots are taken from the middle section of RVE (   ) 

and show the results in     plane. The first plot illustrates the accumulated plastic strain for the 

RVE, which is the total cumulative shear strain   on all FCC slips. For    , all of the plastic 
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deformations occur underneath the surface. By increasing   to     , and then to     , plastic 

deformations tend to move toward the surface. The same pattern exists for the shear stress plot. 

Since RCF is known as a shear-dominated phenomenon, the location of maximum shear stress is 

important for studying RCF. In the last plot, failed cohesive elements due to RCF are shown. The 

depth of these failed elements is the same as the depth of maximum plastic strain and shear 

stress. Magel [24] stated that for low friction conditions, cracks form at the subsurface in the 

place of maximum shear stresses, which confirms current model observations. For lower friction 

coefficients, cracks from beneath the surface, while for higher friction coefficients the cracks 

form, mostly, on the surface. Ma et al. [140] observed several spalling and surface cracks for 

high friction coefficients which validate the current results.  

 

Fig. 3-14. Contour plots of accumulated plastic strain, shear stress and failed cohesive elements in the 

RVE for different friction coefficients. The plots show that increasing the friction coefficient will move 

plastic strain and shear stress toward the surface of the sample. The RCF cracks occur at shallower depths 

with a rise in friction coefficient since RCF mostly occurs at maximum shear stress.  
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Fig. 3-15 shows the accumulated plastic strain versus depth for        with different 

normalized tractions ( ). The results are taken at the center of RVE for various depths (    

 , and variable  ), when the maximum load passes this point (middle of first cycle). For the “no 

friction” case, the plastic strain on the surface (depth=0.0) is zero, and maximum plastic strain 

occurs at higher depths. Adding a small value of tangential traction (i.e.       ) causes plastic 

strain on the surface.        and 1.0 have the smallest plastic strain on the surface, while in 

the range between 0.05 and 1.0 plastic strain is higher at surface. The maximum plastic strain for 

cases with traction occurs nearer the surface compared with the case with no friction. It is worth 

mentioning that       case (i.e., full slip condition) does not have maximum plastic strain at 

either of surface and subsurface compared with other   values, despite higher traction forces. 

This can be attributed to the distribution of traction forces at the stick and slip areas for different 

  values, deliberated previously in Fig. 3-13.  

 

Fig. 3-15. Accumulated plastic strain versus depth for different normalized traction ratios (      ). In 

case of “no friction”, no plastic strain is present on the surface (depth=0.0). The maximum strain occurs 

in the subsurface. Adding a slight traction force (      ) causes plastic strain on the surface. The depth 

of maximum plastic strain also shifts toward the surface by adding tangential traction.       reveals 

that this case is not the critical case at either surface or subsurface despite higher traction forces.  
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Our main purpose in this study was finding the relative trend in RCF life considering 

microstructure and comparing the results for different conditions. Finding the exact life needs 

more detailed data, due to the large number of parameters that can affect RCF. Considering RCF 

experiments in the literature, no clear data is reported for many parameters such as residual 

stress, bending stresses, and surface conditions. Also, the current model is not intended to be an 

all-inclusive model in terms of the RCF parameters such as the interaction of RCF with wear or a 

detailed microstructure. Extensive testing is needed to measure the effect of all of the parameters 

on RCF; which, of course, then the results can be used for model calibration purposes. 

Furthermore, a significant amount of additional work is needed to include effects such as more 

detailed loading, exact contact patch configuration, and more realistic microstructure 

 Conclusions 3.5.

A finite element model considering crystal plasticity, cohesive zone approach, and the 

microstructure of the material is developed to study the RCF. Voronoi tessellation algorithm is 

employed to create the microstructure of grains.  Cohesive elements are applied at the interfaces 

to simulate the grain boundaries. Crystal plasticity is used to provide a precise stress-strain 

behavior within the grains, while the Jiang-Sehitoglu fatigue damage evolution law is used for 

representing the degradation of grain boundaries with increasing the number of loading cycles.  

The “Jump-in-cycles” approach is also used for simulating the high number of cycles and 

improving computational efficiency. A two-step calibration method is employed to find the 

proper material properties. Upon successfully calibrating the material models to experimental 

data, the effect of friction coefficient and partial slip within the contact area on RCF is studied. It 

is found that increasing friction coefficient moves the accumulated plastic strain and maximum 

shear stress. It is further shown that the initiation of cracks moves from slightly beneath the 

surface toward the surface, by increasing the friction coefficient. For partial slip, we obtained 

comprehensive results showing that there is a significant decrease in fatigue life by adding a 

small amount of tangential traction, although life increases by further adding traction forces until 

full slip condition is reached. In addition to revealing novel deformation mechanisms, the results 

validate similar experimental findings in the literature, in the sense that there is a satisfactory 

agreement between the predicted results and experiments. Future work should concentrate on a 
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more detailed microstructure model including elongated grains near the surface and developed 

texture at the surface and subsurface.  
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Chapter 4 

 

 Fracture and fatigue analysis of 3D printed metallic alloys at the 4. 

microstructural level 

Selective laser melting (SLM) as a part of metal additive manufacturing (AM) technologies, is 

altering the manufacturing processes very fast, and fundamental research in this area is vital at 

this stage of development. In this work, we have analyzed fracture and fatigue behavior of 3D 

printed samples developed by the SLM method at the microstructural level. The first part of this 

chapter is focused on the fracture study of melt pools and melt pool boundaries. In the second 

part of this chapter, we have studied fatigue in the cellular microstructure that is created during 

the 3D printing process of metallic alloys by the SLM method. We have developed a model for 

fatigue damage modeling and examined the effect of geometric parameters on the fatigue life of 

cellular microstructures. It needs to be mentioned that discussions in this chapter apply only to 

the microstructures developed in 3D printing of metals by the SLM method.  

 Fracture modeling of metallic alloys made by SLM additive manufacturing 4.1.

method 

4.1.1. Overview 

To study the fracture behavior in the 3D printed metallic alloys developed by the SLM method, a 

computational framework is developed in collaborative work with the University of Michigan 

[173]. Based on the actual microstructure (Fig. 4-1a), a realistic geometry is created [173], which 

consists of melt pools joined together by cohesive surfaces (shown in Fig. 4-1b). Each melt pool 

consists of several grains as shown in Fig. 4-1b (grains are not visible in Fig. 4-1a).  
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Fig. 4-1. (a) Optical microscope image of the SLM part shows melt pools in the microstructure. (b) A 

realistic geometry of melt pools is created [173], and cohesive surfaces are used as melt pool boundaries 

(highlighted with red color). Each melt pool consists of several grains, and these grains are considered in 

the model.  

The following sections discuss our contribution to this research, which includes the calibration, 

methodology development and numerical analysis of fracture in the generated microstructure. 

Although works in the current study focus on selective laser melting technique, the findings are 

expected to extend to other AM powder-based processes that have similar mechanisms, such as 

direct metal deposition. 

4.1.2. Material and methods 

3D printed 316L stainless steel is used in this study. The most noticeable feature of SLM 316 

stainless steel compared to the materials produced by conventional manufacturing techniques is 

its high yield strength. The possible reason behind this observation is the presence of a larger 

amount of grain boundaries in microstructures of SLM 316L stainless steel which would block 

the dislocation movements [173]. 

Cohesive surfaces are defined between the neighboring melt pools, in order to simulate the 

process of crack initiation and crack propagation in the melt pool boundaries. This approach, 
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which is known as cohesive zone modeling (CZM), is similar to using cohesive elements, and 

traction-separation law is applicable to the cohesive surfaces. Similar traction-separation law to 

what was discussed in section 2.2.2 is utilized here. However, in this approach, there is no real 

element between the melt pools, and cohesive interactions are applied as contact properties. For 

modeling material behavior of melt pools, crystal plasticity model is employed in this 

framework. The crystal plasticity model was discussed previously in section 3.2.1. 

4.1.3. Calibration of materials models with experiments 

 Crystal plasticity parameters and cohesive zone modeling constants are calibrated by 

simultaneously fitting the stress-strain data derived from tensile tests. As a general guideline on 

the initial estimations, the model parameters calculated for 316L stainless steel in other studies 

are used [30]. A good agreement between the simulation and experimental results can be 

observed in Fig. 4-2. The calibrated crystal plasticity constants are reported in Table 4-1. 

Moreover, the cohesive zone method (CZM) constants are derived to be    
    

    
  

        for damage initiation tractions and                for total fracture energy. A 

small value of damage stabilization (0.001) is used to increase the convergence of the problem 

near the softening region.  

Table 4-1. The calibrated elastic and plastic material constants used to define the properties of grain 

structures 

Constants     

(GPa) 

    

(GPa) 

    

(GPa) 

   

(MPa) 

   

(MPa) 

      

(MPa) 

  

Value 107.10 46.80 70.10 100 270 96 1.0 
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Fig. 4-2. The comparison of experimental data and simulation results using the calibrated crystal 

plasticity and cohesive zone constants. A good agreement can be observed. 

4.1.4. Numerical study of effective parameters on damage properties of SLM products: 

static analysis 

Several case studies are considered in this section to help further understand the capability of the 

developed model in studying some of the important phenomena in the damage properties of 

metals made by SLM. In section 4.1.4.1 the role of pre-existing cracks in melt pools, 4.1.4.2 the 

role of texture, and 4.1.4.3 the melt pools size on mechanical response and fracture behavior of 

polycrystalline 316L stainless steel made by SLM are investigated. 

4.1.4.1. Effect of pre-cracks in melt pools 

The AM of metallic alloys consists of complicated physics, such as materials evaporation [48], 

solidification of material, absorption and transmission of laser energy [174], and microstructure 

evolution [175]. The process is consequently affected by these factors to induce defects of 

cracks, unmelted regions induced by spatter particle, porosities, and impurities, etc. [71, 176]. 

These defects are detrimental to the mechanical and physical behavior of final parts, which limit 

the application of metals produced by AM. Cracks as one of the most commonly observed 
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defects during the AM process are induced by rapid melting and rapid solidification under a high 

energy input. It has been shown that the cooling rate of the molten pool reaches     K/s [177], 

which results in a great temperature gradient and therefore a large residual thermal stress in the 

final AM part. The high-temperature gradient along with the great residual stress creates cracks 

in the fabricated parts especially in the weak regions such as the melt pool boundary as shown in 

Fig. 4-3.  To understand the effect of these pre-existing cracks on the fracture responses of SLM 

parts, randomly cracks are created in the RVE as shown in Fig. 4-4(a) and Fig. 4-4(b). Fig. 4-4(a) 

and Fig. 4-4(b) are the schematic representation of the RVEs with 3.5% and 7% of defects on the 

melt pool boundaries, respectively. The level of defects is determined by the volumetric ratio of 

the MPBs with cracks to the total MPBs. The stress-strain responses for the models with two 

levels of defects induced by cracks are given in Fig. 4-4(c). The obtained results are compared 

with the model without any cracks. As shown in Fig. 4-4(c), cracks in melt pool boundaries of 

SLM parts, cause a significant loss in ductility and the level of fracture stress. The ductility and 

the level of fracture stress for the RVE with 7% cracks on MPBs, RVE with 3.5% cracks on 

MPBs, and the RVE without any cracks are 7% and 422 MPa, 22% and 474 MPa, and 27% and 

494 MPa, respectively. The observed significant difference in failure responses of dense and the 

RVEs with defects highlights the detrimental effects of cracks on the mechanical response of 

SLM parts. 

 

Fig. 4-3.  Optical microscopy images of 316L stainless steel made by SLM which showing the presence 

of cracks on melt pool boundaries (adapted from our recent submitted work [173]).   
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Fig. 4-4.  Schematic representation of the RVE models including (a) 3.5%, (b) 7% defects from pre-

existing cracks in the melt pool boundaries. (c) Stress (along y-axis) - strain (along x-axis) responses of 

the solid RVE and RVEs with 3.5% and 7% defects. The results show the significant role of pre-existing 

cracks in the fracture behavior of SLM products. 

Fig. 4-5 presents the stress contour of the model with 7% defects for two stages of crack 

initiation and crack propagation. Fig. 4-5a shows the model at 7% strain, and first cracks 

(cohesive surface debonding) initiate at the melt pool boundaries, where the pre-existing cracks 

were present. After 21% of strain (as shown in Fig. 4-5b), the initial cracks that are perpendicular 

to the loading direction become the main cracks. These cracks propagate toward the edges and 

become large and unstable.  
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Fig. 4-5. Stress contour plot after (a) 7% strain and (b) 21% strain for the model with 7% pre-existing 

cracks. (a) Initial cracks start growing from pre-existing cracks are shown in (a), and cracks perpendicular 

to the loading become main cracks and propagate to final failure.   

4.1.4.2. The Role of Crystal Orientation 

The texture of metals made by AM techniques is highly dependent on processing parameters 

[57]. Dinda et al. found the high energy density of the laser during 3D printing of an Al-Si alloy, 

results in directional heat transfer and therefore a directional solidification [178]. The directional 

solidification is causing both morphological texture and crystallographic texture along      . 

In another study, Thijs et al. [48] show the length of scan vectors and laser scan strategy are 

effective on the crystal orientations of fabricated material. Long laser scan vectors would result 

in a strong       texture along the laser scanning direction and a weaker       texture 

along the building direction of the part. Moreover, the bidirectional scanning strategy in which 

the scanning direction is rotated by 90° every layer causes the overall crystallographic texture to 

be significantly reduced. In order to understand the effect of crystallographic texture on the 

failure response of polycrystalline SLM 316L stainless, two different distributions of crystal 

orientations in the grains are considered. A random orientation is assigned to each grain for 

modeling the untextured material and texture orientation is applied to each grain, in a way that 

      orientations of the lattice structure are distributed aligned along the x-direction and 

      directions are randomly distributed, to simulate the textured materials [179]. Fig. 4-6 
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shows the mechanical responses of both cases. The ductility of textured materials (~37%) and 

the level of fracture stress (~508 MPa) are superior to the ductility (~27%) and fracture stress 

(~494 MPa) of the untextured materials. Comparing these simulation results with the reported 

experimental findings, it is clear that the present model is predicting the effect of the 

crystallographic texture of AM materials on the fracture properties of the materials accurately 

[48].  

 

Fig. 4-6.  The stress (along y-axis)-strain (along x-axis) response of textured and untextured RVE models. 

The results show the textured model has higher ductility and fracture strength compare to the untextured 

RVE model. 

4.1.4.3. The melt pool size effect 

In this section, the effect of size (or the number) of melt pools on the failure response of 

polycrystalline 316L stainless steel made by SLM is studied. A controllable melt pool size can be 

achieved by changing the hatch space (the distance between consecutive parallel laser beam 

tracks). Previous works showed the melt pool size and morphology directly impact the 

microstructure and mechanical properties of the final part [180]. To investigate this effect using 

the developed model, the stress-strain response of an RVE with 20 melt pools (Fig. 4-7(a)) is 
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compared with an RVE with 12 melt pools (Fig. 4-7(b)). The stress-strain curves for the uniaxial 

loading of both cases are shown in Fig. 4-7(c). It is observed the fracture in the RVE with the 

smaller melt pool sizes occurs faster than the one with larger melt pools. The ductility and the 

level of fracture stress of the RVE presented in Fig. 4-7(a) are ~16% and ~5401 MPa, 

respectively. However, the RVE illustrated in Fig. 4-7(b) shows a stronger response with the 

ductility of ~27% and the fracture stress of ~494 MPa. This difference in the fracture responses 

is related to the fraction of melt pool boundaries, which are considered as the weak regions in the 

SLM materials as described in section 4.1.2, in each RVE. The RVE with 20 melt pools has a 

greater fraction of melt pool boundaries compare to the model with 12 melt pools and therefore 

exhibits a weaker response to the fracture. 

 

Fig. 4-7.  (a) The RVE size with 20 melt pools, (b) The RVE size with 12 melt pools, (c) the stress (along 

y-axis)-strain (along y-axis) responses of (a) and (b) show increasing the number of melt pools 

(decreasing the hatch space) results in decreasing the fracture strength and the ductility of SLM products. 
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 Computational Study of Fatigue in Sub-grain Microstructure of 3D Printed 4.2.

Alloys Developed by Selective Laser Melting Method 

4.2.1. Overview 

Additively manufactured materials exhibit shorter low and high cyclic fatigue lives compared to 

their wrought form. Shorter fatigue life can be related to different effects like defects, residual 

stresses, surface finish, geometry, size, layer orientation, and heat treatment. One of the main 

contributors to the shorter fatigue life of additively manufactured alloys is their unique and 

complex microstructure. In this research, we study this challenge from an unexplored perspective 

in which the interaction between the microstructure and fatigue life is explored. Among different 

microstructural features in the 3D printed alloys, here we focus on the cells which form inside 

the grains during fabrication. While this microstructural feature is not always the prominent site 

for the fatigue initiation, it always has a significant role in the fatigue failure, particularly in high 

cycle fatigue because it occupies a high percentage of the volume in the material. A 

phenomenological-based fatigue damage model is developed and verified to predict the life of 

cellular microstructures present in the 3D printed metal microstructure. It is shown that the life of 

a cellular microstructure, which is composed of an arrangement of cells and cell boundaries is 

lower than a single-phase material without such an arrangement. We investigate how the 

arrangement if cells can govern the fatigue life, and analyze different cellular geometries to find 

the best performing cellular microstructure. By changing the geometrical parameters, the 

considerable variation in life can be as high as 95% in some strain amplitudes. Since the 

microstructure of cells in 3D printed alloys can be tailored by changing the processing 

parameters, our results can be used as a guide to 3D print alloys with improved fatigue-

resistance. 

4.2.2. Cellular microstructure  

In this research, we consider the Selective Laser Melting (SLM) 3D printing method and focus 

our studies on 316L stainless steel as a representative model alloy system to understand the basic 

principles of fatigue mechanisms. However, the findings are mostly comprehensive and can be 

extended to other fabrication methods or other alloy systems.  
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In the SLM method, due to very high cooling rates (105-107 K/s), “cells” (also known as sub-

grains) with a systematic arrangement of squares, pentagons, or hexagons are formed. The 

formation mechanism of these intra-granular cells at different fabrication conditions is still an 

open question. However, studying the formation of cells is beyond the scope of this research, and 

we will particularly focus on investigating the fatigue behavior in an arrangement of cells, as 

shown in Fig. 4-8. A microstructural image of 3D printed 316L stainless steel taken with a 

Scanning Electron Microscope (SEM) is shown in Fig. 4-8a. The close-up view of this cellular 

microstructure (shown in Fig. 4-8b) reveals the connection of cells (black regions) and cell 

boundaries (white regions). The cellular microstructure (shown in Fig. 4-8c) is modeled and 

meshed by finite element software for the fatigue analysis. As shown, cells in the 316L 

microstructure have the average diameters in the range of 200 nm to 1 m.  

 

Fig. 4-8. (a) SEM image of the microstructure of 3D printed 316L stainless steel and (b) close up view of 

cellular microstructure. (c) Finite element meshed model of cellular microstructure 

Further investigation of cells and cell boundaries reveals their properties are distinctly different 

from the grains and grain boundaries. Cell boundaries have a relatively large thickness, in the 

range of 10-50 nm. The alloy composition might differ inside the cell, and on the cell boundary. 

Based on the previously reported works [181-185], in 316L stainless steel Mo, Si and Cr have a 

slightly higher concentration at the cell boundaries compared to these in the cell interiors, which 

has a more concentration of Ni. The higher concentration of mentioned elements at cell 

boundaries makes them stronger than the material inside the cell. Therefore, we have utilized 
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fatigue properties of 316L stainless steel for the cell material and relatively stronger material 

properties for the cell boundaries which will be discussed more in section 4.2.4.2.  

4.2.3. Material models  

In order to study fatigue behavior and model the plastic deformation in cyclic loading correctly, 

using the appropriate material model is essential. In this research, a continuum-based material 

model is used to simulate the behavior of cells and cell boundaries at the microstructure of 3D 

printed alloys. In addition to modeling cyclic behavior, a fatigue damage approach with the 

jump-in-cycles method is also employed to degrade the material due to cyclic loading and predict 

fatigue initiation life. These models are described in the following sections. 

4.2.3.1.    continuum cyclic plasticity 

The von Mises yield criterion (   plasticity) combined with nonlinear isotropic and kinematic 

hardening is employed to specify the elastic-plastic deformation of materials under cyclic 

loading. Based on    theory, strain tensor can be written as the sum of elastic and plastic strains 

as 

       
     

  
(4-1) 

The relationship between stress tensor and elastic strain is presented by 

         
     

       
          

   (4-2) 

where      
  is the elastic tensor. The plastic strain rate is defined by 

  ̇ 
   ̇

  

    
 

(4-3) 

where  ̇ is the plastic multiplier and   is the von Mises yield criterion.  ̇ can be demonstrated as  



 

82 

 

 ̇   ̇  √
 

 
   ̇ 

    ̇ 
  

(4-4) 

where  ̇ is the time derivative of accumulated plastic strain. 

Hardening of materials can be represented by a combination of isotropic and kinematic 

hardening. Isotropic hardening defines the expansion/contraction of yield surface while 

kinematic hardening represents the translation of yield surface. Isotropic hardening function (   

is defined as 

 ̇         ̇ (4-5) 

where   and   are material constants. Consideration of kinematic hardening is necessary for an 

accurate representation of cyclic loading due to the Bauschinger effect. Armstrong-Fredrick 

nonlinear kinematic hardening model which is the most common evolution law for describing 

kinematic hardening is defined as 

 ̇   
 

 
    ̇       ̇ 

(4-6) 

where   is the back stress, and   and   are kinematic hardening material constants. The yield 

surface is defined by: 

  (
 

 
                )

 
  

      

(4-7) 

where    and    are deviatoric stress and initial yield stress, respectively.  

4.2.3.2. Fatigue damage model 

To predict fatigue life for a multi-material sample, the fatigue damage approach with the jump-

in-cycles method is employed. The fatigue damage parameter ( ) can vary from the undamaged 

state (   ) to a fully damaged state (   ) in each element. The jump-in-cycles method 

extrapolates current damage results to predict the next damaged state. This method eliminates the 
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need for simulating every single cycle and significantly reduces computational costs. A control 

function is considered in the algorithm to automatically find the cycle jump (    based on the 

element with critical damage value. At the end of each cycle block, damage in all elements is 

calculated, and stress state and damage will be updated based on the new damage value. This 

algorithm is developed by using USDFLD and UEXTERNALDB Fortran subroutines linked 

with Abaqus. More details about this approach are presented in [156, 186]. The damage rate in 

all elements should be calculated and feed into the jump-in-cycles approach. Therefore, the 

following method is used for calculating the damage rate in each block of cycles.  

Damage rate in each block of cycles is assumed to be constant (Miner’s rule) as 

  

  
 

  

  
 

 

  
 

(4-8) 

where    is the fatigue life of the material. The strain-life method is widely used as an 

experimental method to find the fatigue behavior of a material. We have used the strain-life 

experiments of 316L stainless steel in our modeling approach. The relationship between fatigue 

life and elastic strain range in the strain-life approach is defined by Basquin’s equation as 
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(4-9) 

where   
 ,   

  and   are elastic strain amplitude, fatigue strength coefficient, and fatigue strength 

exponent, respectively. The relation between plastic strain and life is defined by Manson-Coffin 

as 
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(4-10) 

where   
 ,   

  and   are plastic strain amplitude, fatigue ductility coefficient, and fatigue ductility 

exponent, respectively.  Total strain can be written as a summation of elastic and plastic strain 

ranges as  
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Using equations 4-8 to 4-10, elastic and plastic damage rates can be determined as 

(
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Fatigue damage evolution for a pure elastic condition is only dependent on the state of stress. 

However, if material yields, the damage will be dependent on the plastic strain. Both elastic and 

plastic damage rates are considered in this research to accurately simulate the total damage 

evolution rate. By inspiration from [187], a weight function is added to the damage rate equation. 

In this case, the plastic damage rate would be dominant in low cycle fatigue where there is more 

plastic strain in the material, and elastic damage rate would be prevailing in high cycle fatigue. 

Total damage rate can be written as a combination of elastic and plastic damage rate by 

(
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(4-14) 

where   is a weight function defined as  

  
         

                    
 

(4-15) 

By adding the weight function to the total damage rate equation, the plastic damage rate would 

be dominant in low cycle fatigue where there is more plastic strain in the material. Elastic 

damage rate would be dominant in high cycle fatigue where major strain is the elastic strain. This 

method helps to predict the damage in both low cycle and high cycle fatigue conditions. By 

knowing total damage rate and cycle jump, the new value of damage will be calculated, and 
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material properties will be updated at the end of each cycle block to reflect the material 

degradation as [188] 

              (4-16) 

              (4-17) 

              (4-18) 

  
      

        (4-19) 

The fatigue initiation life is calculated when a few elements become fully damaged resulting in 

unstable solutions. This method works better for low cycle fatigue since the total life is almost 

equal to the fatigue initiation life, while for the high cycle fatigue condition a considerable 

amount of life is spent at the macro crack propagation stage.  

4.2.4. Finite element model 

4.2.4.1. Geometry 

Fig. 4-8b shows a small section of cellular microstructure that contains several cells. A similar 

microstructure is initially generated and employed in Abaqus for fatigue studies. However, in 

order to make the geometry generation process automatic and study various microstructures, a 

simpler hexagonal model with different parameters is considered as shown in Fig. 4-9. The 

structure is planar and a small thickness through the inward direction makes it a three-

dimensional geometry. Each cell in the microstructure has four geometrical properties t, H, w, 

and l. A simplified finite element representation of a finite volume of such a system is created, 

and material properties are assigned to the material in each of the cells and cell boundaries. 

Using an initial sensitivity analysis we observed that the cell thickness in this special case is the 

least sensitive parameter, and can be eliminated from the list of parameters. By considering three 

values for each of the remaining parameters (H, w, and l) a total of 27 geometries has been 

generated. Simple boundary conditions are used as shown in Fig. 4-9 and cyclic displacement 

(      is applied to the top surface. 
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Fig. 4-9.  Cellular microstructure boundary conditions and geometric parameters 

4.2.4.2. Material properties 

Material properties for cells are obtained from a study on fatigue behavior of 316L stainless steel 

[189]. The fact that cell boundaries have stronger yield strength and fatigue properties is 

attributed to more strengthening elements like nickel, chromium, and molybdenum located at the 

cell boundaries. 317L stainless steel which has a similar element composition to 316L stainless 

steel has higher strength and fatigue properties compared to 316L since it has slightly more 

strengthening elements. Therefore, we have assumed higher yield strength and fatigue strength 

for cell boundaries in this study. Isotropic hardening behavior is neglected, but kinematic 

hardening behavior is considered in this study. Cell and cell boundary material properties are 

presented in Table 4-2.  

Table 4-2. Fatigue damage model parameters. 

 
   continuum cyclic 

plasticity constants 
 Fatigue damage model constants  

“Jump-in-cycles” 

constant 

Material 
    

(GPa) 

  

(GPa) 

  

(-) 
 

  
  

(GPA) 

  

(-) 

  
  

(-) 

  

(-) 
 

    

(-) 

Cell 211 57805 619  1444 -0.159 0.294 -0.494  
0.025 

Cell boundary 250 57805 619  2438 -0.159 0.386 -0.494  
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4.2.4.3. Verification of model 

With the intention of verifying that the model predicts the correct fatigue lives, the model is 

tested separately for both cell and cell boundary materials. The geometry shown in Fig. 4-9 is 

used for this verification. The geometry doesn’t affect the results much since only one material is 

used in each simulation and the stress-strain distribution is homogenous in all elements. We have 

applied several strains cyclically to the geometry and using the developed model, we have 

predicted the life. Life is measured when the damage in the geometry increases and the solution 

becomes unstable because of the low stiffness of the model. The predicted results are shown in 

Fig. 4-10 for cells and cell boundaries. Similar curves from experiments are plotted in Fig. 4-10 

using equation (4-11) and fatigue constants in Table 4-2.  

 

Fig. 4-10. Total strain amplitude versus life for (a) cell material and (b) cell boundary material. The model 

predicts the correct lives for both materials.    

The results show a good fit between predicted lives by our model and experimental fit for both 

cell and cell boundary materials. It means the model is developed correctly and damage 

evolution law with weight function gives satisfactory results. There are other suggested methods 

in the literature [188, 190] for finding total damage rate like using the maximum or sum of 

elastic and plastic damage rates. These methods are examined within our model; however, none 

of them was predicting life as accurate as of the current approach. There is a slight difference 
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between predicted life and experimental fit in Fig. 4-10a in the high cycle fatigue region. This 

mismatch can be ascribed to the fact that experimental fit does not act perfectly at the transition 

between low cycle and high cycle fatigue.  

4.2.5. Results and discussions 

4.2.5.1. Life prediction of cellular microstructure 

After verification of the model, two geometries are tested to find out the behavior of 3D printed 

cellular microstructure. One geometry is a cellular microstructure that makes the automatic 

generation of geometry easier for exploring various designs (Geometry 1 in Fig. 4-12). The other 

geometry is created based on the actual SEM images (Geometry 2 in Fig. 4-12). Strain-life 

curves for these geometries are obtained by running the simulations for various strain amplitudes 

as presented in Fig. 4-11. The results are compared to the cell and cell boundary fatigue 

responses. Predicted results are showing lower life compared to their constituent materials. One 

reason for decreased life can be that material strength mismatch causes stress concentrations at 

the interfaces or other places and reduces fatigue life. The damage will initiate at these local high 

stress or strain points and progress to the other areas. When there is no stress concentration in 

uniform material, it will degrade uniformly and can tolerate more cycles. Also, the realistic 

microstructure (Geometry 1) shows a slightly lower life compared to the other geometry 

(Geometry 2). The lower life can be associated with a less organized and non-uniform 

distribution of cell boundaries within cells in geometry 1.  
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Fig. 4-11.  Strain-life curves for two different geometries are plotted and compared to their constitutive 

materials (cell and cell boundaries) fatigue behavior. The results show lower life for a cellular 

microstructure compared to the cell or cell boundary fatigue life at the same strain level.  

Fatigue damage contour plots of these two cellular microstructures with 0.5% strain amplitude 

are shown in Fig. 4-12 in progressive steps. Stages 1-3 show progressive damage initiation, 

propagation, and failure in the cellular microstructure. 
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Fig. 4-12. Fatigue damage contour plots show different stages of damage initiation and propagation in 

two distinct geometries. 

By looking at stress and strain contours, it was found that contour plots of damage are similar to 

the plastic strain distribution. The plastic strain is the most effective factor in the calculation of 

fatigue in high strains. Damage can initiate in any place on the basis of the geometry and initial 

maximum plastic strain. Damaged sites in different locations of the geometry finally reach 

together and form a linear damage pattern as shown in Fig. 4-12. 

The cyclic stress-strain curve for geometry 2 is determined from reaction forces and 

displacement history of the bottom and top surfaces, and is plotted in Fig. 4-13a. Cyclic curve 

shape changes because of the damage parameter introduced into the model. The evolution of 

hysteresis loop peaks by increasing the number of cycles is illustrated in Fig. 4-13b. This figure 

shows the progressive damage that occurs in the structure where absolute values of maximum 

and minimum stresses decrease with cyclic loading. Near the end of the structure’s life, damage 

evolves faster and peak stresses move toward zero.  



 

91 

 

 

Fig. 4-13. (a) Stress-strain behavior of cellular microstructure (Geometry 2) under 0.4% cyclic strain 

amplitude. (b) Maximum and minimum stresses versus life curve that is obtained from peak stresses of (a) 

4.2.5.2. Exploring various designs of cellular microstructure 

After finding the fact that cellular microstructure reduces fatigue life, the question is how we can 

improve it. To answer this question, we have studied the effect of geometry parameters to find a 

way to improve fatigue performance. Cyclic displacement is applied to 27 geometries as 

explained in section 4.2.4.1, and five different strain amplitudes from 0.1 to 0.5% are tested (135 

simulations in total). The strain-life plot obtained from these simulations is shown in Fig. 4-14. 

Changing geometric parameters of cellular microstructure causes variation in fatigue life. This 

variation is from 15% to 95% for 0.1% and 0.4% strain amplitudes, respectively.  
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Fig. 4-14.  Fatigue life estimation for different geometries and strains. Each point shows the life of a 

specific geometry and strain. Fatigue life in a specific strain amplitude for various geometries can change 

up to 95%.  

In Fig. 4-15, the fatigue damage contour plots for the geometries with worst and best life (0.4% 

strain) are illustrated. The life changes from 890 to 1732 cycles in worst and best geometries, 

respectively. By looking at the damage plot of the worst geometry it can be seen that damage 

occurs inside the cell and also on the cell boundaries. For the best geometry, the damage is 

present mostly inside the cell.  

 

Fig. 4-15.  Geometries with the best and worst fatigue life and their fatigue damage contour plot in the 

same cycle (      cycle) 
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In order to find out the effect of each geometric parameter in fatigue life, a life contour is 

presented in Fig. 4-16 (for 0.4% strain) by fixing one parameter and changing the other two 

parameters. For instance, the first row shows life variation by changing height and width for a 

fixed length. By looking at all plots it can be concluded that by increasing height and length, and 

reducing the width, life will be increased. In other words, elongated hexagons along the loading 

direction give the best life while the diamond shape cellular structure (like Fig. 4-15) has the 

worst life.  

 

Fig. 4-16.  Effect of geometric parameters on fatigue life of cellular microstructure 

The results obtained from the fatigue damage model were also fitted to a Weibull distribution for 

characterizing the fatigue scatter. As discussed previously, 27 geometries and 5 strain amplitudes 

were considered. Weibull distribution is plotted for each strain amplitude in Fig. 4-17. The 

scatter in fatigue lives is more significant in high strains compared to low strains, which indicates 

that the effect of cellular microstructure on fatigue life is more dominant in low cycle fatigue. 

Furthermore, when strain amplitudes change from 0.1% toward 0.5% the Weibull slope 

decreases, which shows that life change due to cellular microstructure decreases. It can be 

concluded that cell geometry is more influential on fatigue life in lower cycles.  
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Fig. 4-17. Weibull distribution of predicted fatigue lives for different cellular microstructures (27 

geometries) and 5 different strain amplitudes 

4.2.6. Conclusions 

In this research, the fatigue response at the microstructure of 3D printed alloys fabricated by 

SLM method is investigated. Our focus is on studying the interaction between the sub-grain cell 

structures and the low and high cycle fatigue lives. Damage-based fatigue models are employed 

to predict the fatigue life of the cellular microstructure. Different cellular microstructure 

topologies are created and fatigue life in these geometries under various loadings is compared 

together. The results show that elongated hexagons along the loading direction give the best life 

while diamond shape cellular structure has the worst life. The microstructure can be tailored by 

changing the processing parameters, and by knowing the geometrical features of microstructure 

which corresponds to an improvement in fatigue life, our results can be used as a guideline for 

3D printing of alloys with an improved fatigue resistance. This study will be extended in future 

work by the authors to include all the microstructural parameters in the melt pools, grains, and 

cells that affect fatigue life. 
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Chapter 5 

 

 Fracture analysis and optimization of bio-inspired composites 5. 

Hybrid materials are created by combining the attractive mechanical properties of materials into 

one system. Combining materials with different mechanical properties, size, geometry, and order 

of different phases can lead to fabricating a new material with a wide range of properties. In the 

first part of this chapter, we discuss the computational modeling of damage propagation in a 

designed hybrid material inspired from biological materials like nacre. The second part of this 

chapter describes the optimization method we employed to find the optimum design for bio-

inspired damage-tolerant structures instead of assuming one pre-designed structure. Different 

bio-inspired designs are presented in the literature and proposed a better mechanical behavior 

like toughness, strength and damage tolerance compared to their building blocks. Our goal is to 

look at this problem from another perspective. We found the optimum distribution of soft and 

stiff phases in composite material to improve the strength and toughness of the material.  

 Fracture analysis of bio-inspired composites 5.1.

5.1.1. Overview 

Biological materials like nacre or bone have shown superior mechanical behavior compared to 

their simple building blocks. This feature belongs to the specific geometry and arrangement of 

building blocks. Studying these structures will help us create hybrid materials with improved 

mechanical behavior. With the help of 3D printing technology, we are able to fabricate and test 

different designs and compare them with the building components. Computational methods are 

also useful to reduce the cost and increase the efficiency of analysis.  
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Fig. 5-1.  Approach used in this research for fracture analysis is illustrated. Computational results show a 

similar crack propagation pattern to the tensile test result of the bio-inspired 3D printed structure [101]. 

A process flow for our approach is shown in Fig. 5-1. Based on simple building blocks (stiff and 

soft materials) and inspired from biological materials, we have created a computational model to 

compare the findings with the experimental results [101] of tensile tests.  

5.1.2. Computational approach: Finite Element Model 

In this work, our focus is mostly on computational approaches for damage propagation analysis. 

Geometry and material models for damage analysis are described in the following. 

5.1.2.1. Geometry  

A bone-like structure similar to the designed structure in [101] is simulated with the finite 

element method. The hierarchical structure helps delocalizing stress and increasing cracks 

propagation time by restricting cracks movements. The stiff and soft phases are shown in blue 

and red in Fig. 5-2, respectively, with 20% soft and 80% stiff phase. A pre-existing crack is 

defined in the model to study the fracture behavior in the bone-like composite.  
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Fig. 5-2.  Bone-like geometry used in this study, which has two stiff (blue) and soft (red) phases. A pre-

crack is implemented in geometry to study the fracture behavior.  

5.1.2.2. Material model  

In order to compare computational results with experiments, we need to define material 

properties similar to experiments (3D printed materials).  For the tensile tests [101], an Objet 

Connex500 multi-material printer was used to manufacture bio-inspired designs, using two 

polymers with distinct mechanical properties. VeroWhitePlus (VW+) and TangoBlackPlus 

(TB+) polymers were used for stiff and soft phases, respectively. VW+ has the stiffness of 2000-

3000     and elongation of 15-25  , while TB+ has stiffness of lower than 1     and 

elongation of 170-220   [101, 191]. The difference between the stiffness of materials is very 

high and it makes computational analysis unstable. In addition, it is found that 3-4   of materials 

at the interfaces are mixed with each other during manufacturing, which makes the soft material 

stiffer. Therefore, the stiffness ratio is lower compared to the actual stiffness ratio.  

We used the stiffness ratio of 50 as suggested in [101], and assumed near-identical toughness for 

both polymers. Fracture strain for stiff and soft phases is assumed to be 5  and 35 , 

respectively (shown in Fig. 5-3).  
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Fig. 5-3.  Material behavior defined for stiff and soft phases in the finite element analysis. 

The ductile damage criterion in Abaqus is used to implement element deletion in the model. A 

very small plastic strain is defined for damage evolution, which means we have elastic-damage 

behavior for both materials, and plastic strain is neglected. When stress in a material reaches its 

yield strength, failure happens in the element and Abaqus removes the failed element from the 

simulation. By using this method, we can see the evolution of damage inside the bone-like 

structure.  

5.1.3. Results and discussions 

In order to simulate the tensile test correctly, it is important to apply proper boundary conditions. 

To this end, a displacement is applied to the right boundary of bone-like geometry (see Fig. 5-2), 

and the left boundary is constrained in the loading direction. The lower-left corner is constrained 

in all directions to eliminate the rigid body motion. The Quasi-static step in Abaqus is used for 

analysis since it provides more stability than the Static step in the current study. The geometry is 

meshed with a 4-node bilinear plane stress element (CPS4). A blunt crack (10% and 30% of the 

geometry dimension) is introduced in the geometry, and results are compared with geometry 

without crack. In Fig. 5-4, a comparison is made between simulation and experimental results 

[101] for the composite geometry with a 10% pre-crack. A zigzag pattern is observed for the 

crack propagation path, which is very similar in both cases.  
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Fig. 5-4.  Crack pattern for bio-inspired composite (with 10% pre-crack) is very similar in a) simulation, 

and b) experiment [101]. 

Crack bridging exists in several locations in the geometry, and many small cracks form in 

different places before the failure happens. Distribution of soft materials in the structure reduces 

the propagation rate, and interlock cracks.  

Stress-strain plots for simulated case studies are plotted in Fig. 5-5. Stiff material shows a sudden 

fracture after yield, while composite material absorbs energy after the start of crack propagation.  

 

Fig. 5-5.  Stress-strain response for (a) composite and (b) stiff materials for cases without crack, and with 

10% and 30% crack length.  



 

100 

 

Stiff material loses most of its fracture strength when a pre-crack is implemented in the 

geometry. It does not happen for the composite geometry, and fracture strengths for 10% and 

30% geometries are near to the fracture strength of without crack geometry. This effect is shown 

in Fig. 5-6a. For Stiff material, the fracture strength reduces to 26% and 21% of its original 

value, by introducing 10% and 30% pre-crack in the model, respectively. In the composite 

structure, the fracture strength reduces to 74% and 68% of its original strength for the same pre-

cracks. This means that the combination of soft and stiff materials in a designed structure 

maintains most of its original strength by reducing the crack propagation rate, and the sensitivity 

of structure to the presence of crack is much smaller than stiff material. For the stiff material, 

crack directly propagates through the pre-existing crack as shown in Fig. 5-6b, while the crack 

changes its direction in the composite material (shown in Fig. 5-6c). 

 

Fig. 5-6.  (a) relative fracture strength (%) for stiff and composite material for different pre-cracks shows 

that stiff material loses most of its strength with defining pre-crack in the geometry, while composite 

material maintains most of its strength. It shows that hierarchical structure shows lower sensitivity to the 

presence of crack compared to stiff material. Crack propagates directly through the pre-crack for (b) stiff 

material while it has a zigzag pattern for (c) composite material.  

In addition, the stress-strain response of stiff material with a 10% crack is compared with the 

composite material with the same pre-crack. The results depicted in Fig. 5-7, show that the 

hierarchical structure is adding toughness to the structure, while 20% of constituents are made of 

very low strength material (soft material).  
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Fig. 5-7.  Composite material with 10% pre-crack shows a higher toughness compared with the stiff 

material with the same pre-crack, due to hierarchical structure.  

Furthermore, it is observed that there are two peaks in the stress-strain curve of composite 

structure [101], and a similar trend is found in the simulation results (see Fig. 5-8). This behavior 

is studied by comparing different stages of loading. At point 1 in Fig. 5-8a, first cracks initiate in 

the structure and cause a drop in the stress-strain curve. This drop continues up to point 2, where 

most of the soft elements perpendicular to the loading reach failure. After this point, the 

hierarchical structure blocks the initiated cracks, and the material stretches along with the 

gradual propagation of cracks. The horizontal soft layers bind the structure together through 

shear strain action. At point 3, local cracks join and rapid failure occurs. Fig. 5-8b shows the 

experimental results of the composite structure. The trend is similar to simulation results 

(Fig. 5-8a), with more nonlinearity due to the nonlinear behavior of photopolymers used in the 

3D printed composite.  
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Fig. 5-8.  Comparison of stress-strain curve for bio-inspired composite without crack yields similar trends 

in both (a) simulation, and (b) experiments [101]. The stress-strain curve shows two peaks at points 1 and 

3 in (a). At point 1 first cracks initiate, and stress drops because of failed vertical soft elements as shown 

in (c). Then, structure resists more up to point 3, where cracks join and propagate rapidly up to complete 

failure. 

Fig. 5-8c shows the stress contour of the deformed structure at different points mentioned in 

Fig. 5-8a (points 1, 2, 3). This figure illustrates initial cracks at point 1, distributed failed soft 

material at point 2, and final unstable crack at point 3.  

The same response is observed in the tensile test of the composite without crack as shown in 

Fig. 5-9. Vertical soft elements at different places fail initially, and cause delocalization and 

distribution of stress. With applying more loads, horizontal soft layers fail and join previous 

cracks, and structure fails rapidly.  
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Fig. 5-9.  Two different stages of tensile test of the bio-inspired composite without crack show the initial 

failure of soft materials in different locations, and then the final failure of structure with more loading 

[101].  

 Optimum design for damage-tolerant multi-material composites  5.2.

5.2.1. Overview 

Creating a composite with superior properties by mixing multiple constituents of inferior 

mechanical performance has been a long-standing problem. To address this problem, we propose 

a novel framework that is constructed on the concurrent integration of computational mechanical 

analysis and optimization. The goal is to mimic nature’s capability of producing multi-phase 

materials with complementary properties, but with a generality for selecting any loading 

condition, and the property to be optimized. For this purpose, we pose a design problem to find 

the optimum distribution of soft and stiff phases in composite materials to improve the strength 

of the material. A finite element analysis is first coupled with a numerical scheme for optimizing 

the distribution of stiff and soft blocks to achieve the best mechanical performance. Next, 

machine learning techniques are applied to create a reduced-order representation of the problem 

to achieve the optimum design in a computationally efficient way. Two case studies with one and 
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three cracks are studied. The results showed 289% and 171% increase in toughness compared to 

the base material toughness for one crack and three cracks models, respectively. Furthermore, the 

current optimization process resulted in a 54% increase in toughness compared to similar 

research in the literature.  

5.2.2. Methods 

An optimization problem is defined by finding the optimum distribution of soft and stiff phases 

in a composite structure. A method that combines an optimization algorithm and finite element 

method is used to solve this problem. A detailed description of each method is presented in the 

following sections. 

5.2.2.1. Finite element model 

A composite structure of 8 8 elements is created from soft and stiff phases. The volume fraction 

of the soft phase is assumed to be 12.5% of the total material, and the remainder will be the stiff 

phase. The stiffness of stiff and soft phases is considered 1000 and 100 MPa, respectively. 

Toughness is defined as the area under the stress-strain curve and assumed to be equal for both 

materials. Fracture strain of stiff material is presumed to be 10%, and the corresponding strain 

for soft material will be 31.6% (based on the equal toughness for stiff and soft phases). Each 

element that reaches its fracture strain limit will be removed from the simulation. The stress-

strain behavior of stiff and soft phases is illustrated in Fig. 5-10a. A displacement-controlled 

boundary condition is applied to the right side of the model, and symmetric boundary condition 

is applied to the left side as shown in Fig. 5-10b. The symmetric boundary condition will cause a 

considerable decrease in computational time. An edge crack with 25% of specimen length is 

introduced at the lower boundary normal to the loading direction. In order to compare the 

performance of our model with literature, the structure and material properties are selected 

similar to [192].   
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Fig. 5-10.  (a) Stress-strain behavior of stiff and soft materials, and (b) schematic of the computational 

model with boundary conditions and an edge crack 

5.2.2.2. Optimization strategy 

The main goal of the optimization problem is to find the distribution of the soft and stiff phases 

that improves several performance metrics. These include the maximization of the toughness and 

minimization of the stress concentration factor (SCF), as will be discussed in section 5.2.2.4. The 

structural model introduced in the previous section is a high-fidelity model, where the 

computational time requirement of each simulation is directly correlated with the finite element 

mesh density. The mesh resolution also defines the number of variables to be optimized as each 

element is assumed to be made of either the soft or stiff phase. Our optimization strategy is based 

on the identification of the distribution of the soft elements, as the number of soft elements will 

be less than the stiff elements in our applications. The optimum distribution of the soft phase is 

found by obtaining numbers that represent the particular elements having soft material. This 

leads to a design optimization problem, where the design variables are discrete element numbers.  

The optimization problem is solved with the Non-Dominated Sorting Genetic Algorithm 

(NSGA-II) [193-195], which is a computational time-efficient genetic algorithm (GA) solver that 

can also handle several discrete variables. A combination of the GA and finite element method 

has generated satisfactory results in different applications [196-198]. The selection of the NSGA-

II algorithm guarantees the identification of the global optimum solution as against the gradient-

based optimization algorithms, even for the problems having discrete design variables. However, 

with the increase in the problem dimension and number of design variables, the main structural 
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model becomes infeasible due to the computational time requirement since a considerable 

number of iterations are needed to achieve the optimum solution. Therefore, we introduce a 

novel computational strategy based on the use of ML algorithms to create a surrogate of the 

original structural model. The ML techniques require the training step by generating samples to 

identify the relationship between the input and output parameters. This step involves the 

computational simulations that are performed with the structural model. To enable a 

computationally efficient strategy for surrogate model generation, the number of design variables 

is minimized by introducing a sensitivity analysis before the training of the ML algorithm. The 

number of design variables is determined with the sensitivity analysis in the first step, and the 

surrogate model is generated for the reduced number of variables. Next, the NSGA optimization 

is performed on the ML-generated surrogate model.  

A similar problem for the determination of the optimized phase distributions in nature-inspired 

materials was studied in [192] using an ML-reinforced strategy. This strategy was focused on the 

generation of labels to classify the outputs of the simulations and optimization with respect to the 

information collected by the labels [192]. However, in this approach, the stored information is 

limited by the definition of different labels as well as the number of training samples, which can 

lack achieving a global optimum solution. In addition, the label classification typically leads to a 

more expensive computational problem because of the need for more training samples compared 

to the regression-type ML algorithms. Therefore, in this work, we use a regression-type 

supervised learning strategy to build the surrogate model. To handle the discrete optimization 

variables, we use the GA algorithm solution, which also guarantees to find the global optimum 

designs. Although the GA algorithms are known to be computationally expensive compared to 

the widely-used gradient-based optimization, we improve the computational efficiency using the 

NSGA-II algorithm and utilizing the surrogate model with ML. A visual representation of our 

computational solution strategy is given in  
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Fig. 5-11.  Visualization of our optimization strategy 

The first step is the sensitivity analysis that computes the relative changes in the objective 

functions with the change in the soft element numbers. The structural model is used to 

perform the sensitivity study by assuming constant soft element numbers, except one. This 

particular element is changed in each iteration to understand how individual elements affect 

the objective function values. With the sensitivity analysis, the more important elements, 

which are observed to lead more changes in the objective functions, are defined as the 

optimization variables. This approach significantly reduces the size of the design space from 

all potential elements to all important elements. The training of the ML algorithm is 

performed with the samples that are generated for the important elements.  

The second step involves the generation of the surrogate model using the supervised ML 

approach, RBF network. The RBF network includes an input layer, hidden layer(s), and 

output layer as shown in Fig. 5-12. The input layer stores the information for the optimization 

variables, hidden layers define the relationship between optimization variables and objective 

functions, and the output layer describes the objective functions. Each of the components of 

the n-dimensional input vector, x, feeds the system information and forwards to m basis 
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functions on the hidden layer. The outputs of the basis functions (or the hidden layers in 

general) are linearly combined with the weights, w (w1, w2, …, wm), to compute the objective 

function, f(x). 

 

 

Fig. 5-12.  A generic representation of the RBF network 

The RBF network is generated with 25 hidden layers in this work using the Gaussian function 

representation given as [111]: 

         (
       

  
) 

(5-1) 

where c (center) and r (radius) are the hyper-parameters of the Gaussian RBF and they are 

solved with the following minimization problem: 

 

               (5-2) 
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where    and Y are the objective function values of the RBF prediction and training samples 

respectively. The number of training samples is determined for each application by solving 

the minimization problem with Sequential Quadratic Programming for        . 

 

5.2.2.3. Benchmark study for validation 

Our optimization strategy is verified with a benchmark study to find the optimum distribution 

of the soft elements using a finite element mesh (8 8) with no crack. In this problem, half of 

the total elements are assumed to be made of the soft phase. The training of the ML model is 

performed with 100 design samples for soft elements. The GA optimization is performed on 

the ML-generated surrogate model to maximize the stiffness. To verify our solution, we 

compute the stiffness values of all possible combinations using the main structural model 

owing to the small problem dimension. The maximum stiffness values and optimized 

structures are shown in Fig. 5-13. The optimized stiffness solution is also validated with the 

theoretical result (rule of mixture) [199]. 
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Fig. 5-13.  Optimum results obtained with the main structural model and the presented design 

strategy 

5.2.2.4. Definition of objective functions 

Objective functions can change based on the application of composite [200, 201]. In this study, 

we want to optimize toughness, stress concentration, and a combination of toughness and stress 

concentration. At the same time, we do not want to lose the stiffness of the composite; however, 

with the current volume fraction of (12.5%) soft phase, stiffness does not change a lot. 

Toughness is the ability of a material to absorb energy and can be calculated as the area under 

the stress-strain curve. We want to distribute stress in the structure and avoid places with high 

stresses. Therefore, we have defined a parameter called stress concentration factor (SCF) as 

    
                         

                        
 

(5-3) 

where maximum and average von Mises stresses are the maximum and averaged von Mises 

stress values respectively, that are computed in the elastic region for all elements. By combining 

the toughness and SCF, we have defined another parameter with the goal of maximizing 

toughness and minimizing SCF at the same time. Since orders of toughness and SCF are 

different, we have normalized each parameter by its stiff (or soft) phase. For instance,    and 

     are defined as the toughness and stress concentration factor of the stiff (or soft) phase, 

respectively. It is worth mentioning that toughness values of stiff and soft phases were assumed 

to be equal, and the stress concentration factor is independent of the material in single-phase. 

Therefore,    and      are equal for stiff and soft materials.  Three objective functions are 

introduced as 
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These objective functions are calculated after each finite element simulation and were utilized 

for optimization purposes.  

5.2.3. Results and discussion 

Different cases have been studied to find the optimum solution for the composite structure. 

Firstly, a 16 16 model with one edge crack is created, and three objective functions are 

evaluated. After selecting one of the objective functions, a larger model (64 64) is created and 

evaluated by the selected objective function. In order to study the effect of different crack 

positions, a model with three cracks is generated, and the optimum distribution is found by our 

optimization approach. These cases are discussed in the following sections. 

5.2.3.1. Comparison of different objective functions 

A 16 16 model consisting of an edge crack is created, and three different objective functions 

introduced in section 5.2.2.4, are studied. The distribution of soft and stiff elements is shown in 

Fig. 5-14a for each objective function. The results are compared with their constituent materials 

toughness and SCF (   and     ). Employing maximum toughness objective function resulted 

in a 101% increase in the toughness of base material. Using minimum stress concentration 

objective function yielded an 18% decrease in stress concentration. Combined toughness and 

stress concentration factor objective function (min      ) showed 59% decrease compared to 

the stiff material value (       ). Fig. 5-14b illustrates stress-strain plots for different objective 

functions. Minimum SCF/T shows better results compared to other objective functions since it 

has the largest stiffness and strength value. Furthermore, the corresponding toughness to this 

objective function is almost the same as the value found by the maximum toughness objective 

function. Therefore, the combined toughness and stress concentration factor objective function 

(minimum SCF/T) will be used for the larger models and other case studies.  
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Fig. 5-14.  (a) Distribution of soft and stiff elements in a pre-cracked structure for different objective 

functions. (b) Stress-strain response of different objective functions compared to the stiff and soft 

response 

5.2.3.2. Comparison with literature  

In order to validate the performance of the current approach, the results are compared to a similar 

study in the literature by Gu et al. [192]. All the material properties, size of pre-crack, soft 

element percentage, and objective function (toughness) are the same for both models. Fig. 5-15a 

depicts the stress-strain behavior for these two cases as well as soft and stiff material behavior. 

By comparing the results, it is found that our optimum design shows 54% better performance 

(more toughness) compared to the literature results. Furthermore, the current optimum design has 

more strength and stiffness based on the stress-strain plot in Fig. 5-15a. The distribution of soft 

and stiff elements for these two studies is illustrated in Fig. 5-15b and Fig. 5-15c. In both cases, 
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soft elements are distributed near the crack, while our result shows more dispersed soft elements 

in stiff matrix compared to the literature results.  

 

 

Fig. 5-15. (a) Stress-strain behavior of current approach compared to similar research [192] with 

maximum toughness objective function. (b) Distribution of soft and stiff elements in [192] and (c) our 

results 

5.2.3.3. Effect of crack position and number of cracks 

A larger model of 64 64 elements is generated to increase the accuracy of the results. The 

combined objective function of stress concentration factor and toughness (SCF/T) had the best 

performance in section 5.2.3.1 and therefore is employed in further studies. Firstly, an edge crack 

is introduced to the model, and the stress-strain response is plotted in Fig. 5-16a. The optimum 

design led to a 289% increase in toughness and a 38% decrease in stress concentration. The 

distribution of soft elements in the composite is presented in Fig. 5-16b, which shows dispersed 

soft elements near the middle crack. These soft elements near crack cause delocalization of strain 

and make the structure tougher and stronger.  
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Fig. 5-16.  (a) Stress-strain response of 64 64 model with optimized SCF/toughness objective function 

compared to soft and stiff responses. (b) Optimum distribution of soft and stiff elements  

In order to study the effect of crack position and number of cracks, two additional oblique cracks 

with the same size as the edge crack, are introduced into the previous model. Fig. 5-17a depicts 

the stress-strain response of the new model with three cracks. It is found that toughness is 

increased by 171%, and stress concentration is reduced by 23% compared to their base material 

behavior. Optimum distribution of soft and stiff elements is illustrated in Fig. 5-17b. In this 

figure, soft elements are distributed around the crack tip, which reduce the stress concentration at 

the crack tip and distribute the stress and strain.  

A stress decrease and the following increase are observed in the stress-strain response of three 

cracks model in Fig. 5-17a. In order to study this behavior, von Mises stress contour plots of the 

model along with the failed elements are shown in Fig. 5-17c for points 1 to 3 of Fig. 5-17a.  

First elements fail at the lower edge of the oblique crack, and damage propagation continues 

perpendicular to the loading direction up to point 2. At this point, the damage reaches soft 

elements near the lower edge crack and damage propagation stops. Structure resists damage 

propagation up to point 3, and at this point damage near the upper edge of oblique crack 

propagates and structure fails after point 3. It is interesting that first failure and further 

propagation did not occur near the lower edge crack. It can be due to the delocalization of stress 

near the crack caused by a larger number of soft elements.  
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Fig. 5-17. (a) Stress-strain response of three cracks model with 64 64 elements and optimized 

SCF/toughness objective function compared to the base material response. (b) Optimum distribution of 

soft and stiff elements. (c) von Mises stress contour plots show damage initiation and propagations sites 

of three points marked in (a) 

5.2.3.4. Discussion 

Due to the former limitation of manufacturing processes, it was not easy to combine different 

phases of materials with the desired design. Nowadays, with 3D printing technology, we are 

capable of fabricating various combinations of materials. With the growth in computational 

power and optimization processes, we can design enhanced composites, and by utilizing 3D 

printing, we can validate and then fabricate our design. Based on the presented results in this 

research, it is clear that the proposed optimization process can lead to a significant improvement 
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in the mechanical performance of the composite structure of stiff and soft materials. Adding a 

small percentage of soft material can increase the toughness of a composite up to 2-3 times, and 

make it more damage tolerant. Soft elements cause stress delocalization, and more uniform stress 

distribution is observed around the cracks, compared to large stresses near crack tips in single-

phase materials. The proposed method can be applied to various structures with a different 

combination of materials depending on the application. Further efforts are required to make the 

current method more efficient in solving larger problems. It is also important to have finer mesh 

near the crack tips, and optimize fracture mechanics parameters like fracture toughness, energy 

release rate and crack growth rate.  

5.2.4. Conclusions 

To sum up, our study provides a framework for a new way to optimize the composite structures 

of stiff and soft building blocks with single or multiple cracks. The proposed framework utilizes 

the finite element method, genetic algorithm, and machine learning to find the optimum design. 

By adding the soft material to the stiff phase, the distribution of stress around the cracks changes 

and causes a tougher and stronger structure. By comparing three different objective functions, it 

was found that maximizing toughness and minimizing stress concentration factor at the same 

time leads to the better mechanical performance of the structure. In the case of a model with one 

pre-crack, an increase of 289% in toughness and a 38% decrease in stress concentration factor 

were obtained from the optimum design. The model with multiple cracks showed an increase of 

171% in toughness and a 23% decrease in stress concentration factor. A considerable increase in 

toughness (54%) has been achieved using the current approach compared to the efforts in the 

literature. Obtained results show significant improvement in structure compared with the base 

constituent, and increases motivation for further research in this area. Further efforts are intended 

to improve the efficiency of the method for larger structures, and employing smaller mesh 

around the crack tips. From a fracture mechanics perspective, objective functions like fracture 

toughness, energy release rate and crack growth rate can be considered for different applications. 
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Chapter 6 

 

 Contributions to the field and future studies 6. 

The major outcome of this research is establishing a novel computational framework to study 

fatigue and fracture across different scales. This framework will significantly improve the 

accuracy of currently available methodologies for investigating the fatigue and fracture response 

of materials in a broad range of applications. We particularly have focused on applying our 

multiscale method to study the fatigue and fracture response of rolling contact in rails (chapters 2 

and 3), additively manufactured metals (chapter 4), and bio-inspired hierarchical structures 

(chapter 5). The developed model helps manufacturers to design more fatigue and fracture 

resistant microstructure in rails, 3D printed metals, and bio-inspired materials.  

The results in each mentioned application can also help to find novel methodologies to improve 

the mechanical properties of the material in the other applications as well. The study on bio-

inspired materials that consist of stiff and soft layers can be extended to study the effect of 

lamellar microstructure in pearlitic rails consisting of cementite (brittle) and ferrite (ductile) 

layers. The arrangement and thickness of each layer can be engineered by methods we employed 

in studying bio-inspired materials to find the best performing rail material against wear and RCF. 

Furthermore, the developed model for studying RCF in addition to the results we found in 3D 

printed metal applications can be used as a comprehensive tool to investigate RCF failure in 3D 

printed knee implants fabricated by selective laser melting method.  

 In this final chapter, we provide our contributions and future works in detail for each chapter. 

 Contributions to the Field 6.1.

There are lots of experimental and computational studies on rolling contact fatigue with 

applications in rails, bearings, and gears in the literature; however, explicit simulation of 

microstructure at the contact patch of wheel and rail, and computational study of rolling contact 

fatigue in the rails at the microstructural level, as considered in our method, is a new contribution 

to the field. This research has a significant impact on the field of studying contact fatigue since 
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microstructure plays an important role in RCF behavior, and including a more detailed 

microstructure in the computational studies will help to fabricate more RCF-resistant rails. 

Furthermore, the numerical study of the ambient temperature effect on RCF is performed for the 

first time. The results suggest more frequent inspections of rails during cold weather because of 

the higher chance of RCF failure.  Also, with the help of finite element analysis, we studied the 

effect of partial slip condition on the RCF from a new perspective and validated the results with 

the experimental observations. The method we developed and employed for our fatigue study of 

RCF can be used by researchers to solve the complex behavior of steel under rolling contact 

condition. This study on RCF confirms the previous observation of subsurface cracks in the rail, 

and it suggests to the railroad industry to use appropriate inspection methods to find a network of 

subsurface cracks that form in case of lower traction forces.  

The research on 3D printed alloys specifically SLM is relatively new, and most of the researches 

in this area are experimental studies. Since experiments on 3D printed alloys are considerably 

time-consuming and expensive, computational analysis is a proper alternative to reduce cost and 

time. Our method for studying the fatigue at the microstructural level of 3D printed alloys is 

pioneering with no similar work is available in the literature. Our studies can be a first step 

toward establishing comprehensive numerical frameworks to investigate fatigue behavior of 3D 

metallic devices with complex geometries, fabricated by 3D printing. Changing 3D printing 

processing parameters like laser speed and power leads to fabricating samples with various 

microstructures. By knowing the fracture and fatigue resistant microstructures, we can change 

the processing parameters to reach the desired microstructure. Although this is an ongoing field 

of research, our study moves these efforts one step forward.   

In chapter 5, we combined the fracture analysis with designing bio-inspired materials. An 

optimization methodology is implemented into the designing procedure for the first time, which 

enables us to perform the bio-inspired material design with the target of finding the most 

efficient geometries that can resist defects in their structure. In this research, we use novel 

optimization methods and also combine these methods with machine learning. This study can be 

used as an effective reference for creating damage-tolerant structures with improved mechanical 

behavior. 
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 Future Works 6.2.

In chapters 2 and 3, we covered the methods we developed to study rolling contact fatigue at the 

microstructural level, and how we implemented these methods into a finite element model. The 

research on the rolling contact fatigue can be extended to study the effect of texture (distribution 

of grain orientations). The initial study was performed on the effect of texture by comparing 

untextured with textured microstructure. Textured microstructure had <111> orientations of the 

lattice structure aligned along the rolling direction while an untextured microstructure had 

random orientation distribution. Preliminary results showed that textured microstructure has a 

better life than an untextured microstructure. This study needs to be performed with a higher 

detailed microstructure and to be validated with experiments. Furthermore, a series of 

experiments can be performed to find the effect of texture and suggest modifications to the 

manufacturers. Another suggested work is to use the developed framework to study the RCF in 

biomedical applications like knee implants which are important areas of research for the medical 

industry.  

The performed research on 3D printed metallic alloys (chapter 4) is part of a more detailed study 

that needs to be continued to get more details on fracture and fatigue behavior of 3D printed 

alloys. Additional research on the effect of different types of melt pool boundaries on fracture 

behavior can be performed. It is observed that there are two kinds of melt pool boundaries (layer-

layer and track-track), which behave differently under mechanical loading. The effect of these 

two melt pool boundaries can be studied in future studies. Furthermore, we assumed perfect 

grain boundaries at grain interfaces. Actual grain boundary properties based on microhardness 

experiments can be considered in future studies to see which one of melt pool boundaries and 

grain boundaries are more susceptible to fracture.  

In the research on the fatigue behavior of cellular microstructure in 3D printed metals, the 

geometry was a simplified assumption for cellular microstructure. We used simplified 

geometries in order to be able to use an automated process for creating and exploring high 

number of geometries. A similar study can be performed by considering more realistic 

geometries obtained from SEM images of various 3D printed samples. In this way, we will move 

one step forward to find the cellular microstructure effect on the fatigue life of 3D printed metals 

by the SLM method. The current best geometry for fatigue performance in cellular 



 

120 

 

microstructure is not the optimum solution since only 27 geometries have been explored and 

simulated. Further studies can be performed on finding the optimum solution using the current 

best geometry as a starting point for optimization with a gradient based method. Another 

assumption made in this study was that fatigue life is attributed to the cellular microstructure 

only; however, it is necessary to include other microstructural features like grains, grain 

boundaries, melt pools, melt pool boundaries, and porosities into fatigue studies of 3D printed 

metals at the microstructural level, since cellular microstructure is not the only effective 

microstructural feature on the fatigue behavior. In order to include all these features, it is 

suggested to use multiscale approaches to create more accurate models due to computational 

efficiency and coupled analysis. In addition, the effect of temperature and residual stresses, as 

well as more complicated loading, can be considered.  

In chapter 5, we studied the fracture behavior of bio-inspired materials and then we focused on 

finding an optimum design to improve the toughness and strength of bio-inspired composite 

materials. Despite extensive research on fracture analysis of bio-inspired materials, there is no 

specific effort on studying these materials under cyclic loading. Mechanical fatigue is the cause 

of almost 90% of all failures in materials; therefore, it is important to study the fatigue behavior 

of bio-inspired materials. Future works can be focused on finding the fatigue properties of 

building block materials and use the computational approach to simulate fatigue damage in bio-

inspired composite structures. 

 The optimum results can be 3D printed by different materials like steel and polymer to gain a 

better understanding of bio-inspired structures. An interesting field of research can be studying 

fracture and fatigue in multi-material structures and trying to find the optimum solution for these 

structures that can be 3D printed by mixing different percentages of materials in a 3D printer to 

obtain different stiffness and strength. Optimization algorithms also can be improved to perform 

faster and simulate larger structures. Furthermore, the current optimum result can be used as a 

starting point for future studies.  
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