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Abstract

Finite Element Analysis and Design Optimization of Deep Cold Rolling of Titanium

Alloy at Room and Elevated Temperatures

Armin Hadadian
Concordia University, 2019

High strength-to-density ratio, high corrosion resistance and superior biocompatibility are the main

advantages of Ti-6Al-4V (Ti64), making it a long been favored titanium alloy for aerospace and

biomedical applications. Designing titanium components to last longer and refurbishing of aged

ones using surface treatments have become a desirable endeavor considering high environmental

damage, difficulty in casting, scarcity and high cost associated with this metal.

Among mechanical surface treatments, Deep Cold Rolling (DCR) has been shown to be a very

promising process to improve fatigue life by introducing a deep compressive residual stress and

work-hardening in the surface layer of components. This process has shown to be superior

compared with other surface treatment methods as it yields a better surface quality and induces a

deeper residual stress profile which can effectively be controlled through the process parameters

(i.e. ball diameter, rolling pressure and feed). However, residual stresses induced through this

process at room temperature are generally relaxed upon exposure of the components to elevated

operating temperatures.

In this work, high-fidelity Finite Element (FE) models have been developed to simulate the DCR

process in order to predict the induced residual stresses at room temperature and their subsequent

relaxation following exposure to temperature increase. Accuracy of the developed models has been

validated using experimental measurements available in the literature. A design optimization

strategy has also been proposed to identify the optimal process parameters to maximize the induced

beneficial compressive residual stress on and under the surface layer and thus prolong the fatigue

life. Conducting optimization directly on the developed high-fidelity FE model is not practical due

to high computational cost associated with nonlinear dynamic models. Moreover, responses from

the FE models are typically noisy and thus cannot be utilized in gradient based optimization

algorithms. In this research study, well-established machine learning principles are employed to
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develop and validate surrogate analytical models based on the response variables obtained from

FE simulations. The developed analytical functions are smooth and can efficiently approximate

the residual stress profiles with respect to the process parameters. Moreover the developed

surrogate models can be effectively and efficiently utilized as explicit functions for the

optimization process.

Using the developed surrogate models, conventional (one-sided) DCR process is optimized for a

thin Ti64 plate considering the material fatigue properties, operating temperature and external

load. It is shown that the DCR process can lead to a tensile balancing residual stress on the

untreated side of the component which can have a detrimental effect on the fatigue life.

Additionally, application of conventional DCR on thin geometries such as compressor blades can

cause manufacturing defects due to unilateral application of the rolling force and can also lead to

thermal distortion of the part due to asymmetric profile of the induced residual stresses.

Double-sided deep rolling has been shown as a viable alternative to address those issues since both

sides of the component are treated simultaneously. The process induces a symmetric residual stress

which can be further optimized to achieve a compressive residual stress on both sides of the

component. For this case, a design optimization problem is formulated to improve fatigue life in

high stress locations on a generic compressor blade.

All the optimization problems are formulated for multi-objective functions to achieve most optimal

residual stress profiles both at room temperature as well as elevated temperature of 450℃. A hybrid

optimization algorithm based on combination of sequential quadratic programming (SQP)

technique with stochastic based genetic algorithm (GA) has been developed to accurately catch

the global optimum solutions. It has been shown that the optimal solution depends on the stress

distribution in the component due to the external load as well as the operating temperature.
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1 Research objectives and Scopes

1.1 Motivation

The current intense competition in every market pushes all companies to optimize the production

processes to reduce the final cost while producing more reliable products. Shortening the process

chain is a very important factor in reducing new project lead time. Numerical analysis methods

have found their exceptional place particularly in high-tech industries to reduce the manufacturing

cost by virtually simulating the manufacturing processes scenarios and predicting the effect of

every single manufacturing process factor on the final product.

The life, performance and life cycle cost of a gas turbine is to a large extent dependent on some

critical components which are heavily loaded at high temperatures. These components are usually

made of super alloys such as Inconel 718 and Ti-6Al-4V (Ti64). These materials are difficult-to

cut, and the machining processes are detrimental to their surface quality and mechanical integrity.

Controlling the fatigue failure in such critical components is challenging with an impact on the

safety, reliability and the life cycle cost of the engine.

Ti64 is a titanium alloy with a high strength-to-weight ratio and excellent corrosion resistance

making it an excellent material for aero-derivative gas turbine applications. The main usage of this

alloy is in compressor blades which their lives are mainly limited by fatigue failure. Therefore,

improving their fatigue life while maintaining the airfoil shape without undergoing an expensive

full-scale redesign is a keen desire of aerospace industry.

It is known that the fatigue strength of such highly stressed components can be significantly

improved by introducing a compressive residual stress and strain hardening in near surface layers.

Deep Cold Rolling (DCR) is an inexpensive but efficient mechanical surface treatment method to

create the beneficial compressive surface residual stresses while maintaining a good surface

quality.

Some experimental research studies have been conducted to establish the correlation between the

process parameters and the introduced residual stress profiles using statistical methods. However,

considering all relevant design variable in experimental studies is not practical due to the high cost

associated to a reliable experimental processing and measurement. Therefore, there is a tendency to
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replace experimental measurement with high-fidelity numerical simulation which is accurate to predict

the residual stress profile induced by the process.

On the other hand, the residual stresses are introduced in the room temperature while most of highly

stressed component are intended to operate at elevated temperature. The exposure to elevated

temperature results in relaxation and redistribution of the induced residual stress which needs to be

considered in the design stage to avoid overestimating the beneficial impact of the residual stress on

the fatigue life improvement of the treated component.  In addition, empirical determination of the

residual stresses at elevated temperature is challenging as it is difficult, costly and inherits measurement

errors. Therefore, reliable FE model need to be developed to simulate the thermal relaxation and predict

the residual stress at elevated temperature.

Considering above the general aim of the present research study is twofold. Firstly, it attempts to

develop high-fidelity finite element models to simulate conventional as well as double-sided DCR

process of Ti-6Al-4V components and the following thermal exposure to elevated temperature 450℃.

The accuracy of the developed models will be validated by comparing predicted residual stress profiles

obtained by the developed FE models to those available experimental measurements. Secondly, the

experimentally validated FE models are utilized to generate a training set of data using well-established

machine learning methods to develop surrogate models for formulated design optimization problems.

The surrogate models can accurately and efficiently describe the correlation between the process

parameters and the achievable residual stresses both at room temperature and elevated temperature

of 450℃ without using computationally expensive FE models. The surrogate models can then be

effectively utilized to perform sensitivity analysis and for design optimization problems. The multi-

objective optimization problems can be thus practically formulated in order to achieve the most optimal

residual stress profiles both at room temperature and elevated temperature, based on a given duty.

As mentioned above, while the influence of DCR on the fatigue life has been widely studied

experimentally at the ambient temperature, limited research has been conducted on the

development of predictive analysis and design optimization models to accurately estimate and

optimize the induced residual stresses in the subsurface layers. As much less experimental

information is available for the effectiveness of such a surface treatment at elevated temperature,

these predictive models would be of paramount importance to shed light on the effectiveness of

DCR at the elevated temperatures.
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The analytical predictive models are presented for both conventional and double-sided DCR

process of thin-walled Ti-6Al-4V components which can replace further experimental assessment

and FE simulation. These surrogate models can be subsequently considered in stress analysis and

fatigue life assessment of Ti-6Al-4V components for design optimization and process parameter

selection to achieve a design target.

1.2 Specific Research Objectives

The main specific objectives of the present research study can be outlined as follow:

1. Development of a reliable high-fidelity finite element model to simulate the deep cold

rolling process on Ti-6Al-4V specimens and the following short-term exposure of the

treated components to elevated temperature of 450℃, in order to predict induced residual

stresses and their subsequent relaxations. The validated proposed FE models could

potentially replace further expensive experimental investigation.

2. Utilizing the developed FE models to simulate the conventional and double-sided DCR

processes on a thin-walled geometry with the thickness of 1mm and the following thermal

relaxation, in order to predict residual stress profiles.

3. Train and validate surrogate analytical models based on results obtained from high-fidelity

FE models, using well-established machine learning principles. The developed analytical

functions are smooth and can explicitly describe the residual stress profiles with respect to

the process parameters including ball diameter, rolling pressure and feed.

4. A systematic sensitivity study on the process parameters to determine the effect and

interaction level of each process parameters on the residual stress profiles both right after

the process at room temperature and then after thermal relaxation due to short time

exposure to elevated temperature 450℃.

5. Establish a formal design optimization of the DCR process and present design guidelines

for proper selection of the process parameters to achieve desirable residual stress profiles

both at room and elevated temperature to enhance fatigue strength of a Ti64 blade.
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1.3 Thesis Outline

Chapter 1 outlines the motivations for finite element (FE) modeling of DCR process on Ti64

components in order to predict residual stress profiles and ultimately developing surrogate models

to approximate FE models. Research objectives are briefly discussed which draw a framework in

the current study.

Chapter 2 presents an introduction to DCR process and its beneficial impact on mechanical

integrity of treated components both at room and elevated temperatures. A detailed literature

review on the finite element modeling of DCR process will be elaborated to identify the research

gaps in this field which will be accordingly addressed in the following chapters.

Chapter 3 explains the FE model development of deep cold rolling process on Ti-6Al-4V

specimens and the following short-term exposure of the treated components to elevated

temperature. The process is simulated using ABAQUS/Explicit which can effectively handle non-

linearities associated to the friction contact and plastic deformation under the rolling element. The

thermal relaxation is performed in ABAQUS/Standard using a visco-plastic model which couples

the creep and plasticity deformation mechanisms to predict the state of residual stresses at the

elevated temperature. A new set of hyperbolic creep law coefficients are introduced to describe

the primary creep of Ti-6Al-4V at 450˚C. The accuracy of the developed finite element model to

predict residual stresses is validated by comparisons of the simulation results with the experimental

data available in the literature.

Chapter 4 details design optimization of DCR process on a thin Ti-6Al-4V plate aiming to achieve

optimal residual stress profiles based on a given duty cycle and fatigue behaviour of the material.

The application of the developed FE model in Chapter 3 is extended to simulate the DCR process

on a thin plate and the following thermal relaxation. Conducting optimization directly on the

developed high-fidelity finite element (FE) model is not practical due to high computational cost

associated with nonlinear dynamic finite element models. Thus, well-established machine learning

principles are considered to develop and validate surrogate models which can efficiently replace

the computationally expensive FE models. A set of multi-objective design optimization problems

are formulated and solved using a hybrid optimization method by combining genetic algorithm

with sequential quadratic programming techniques. It will be demonstrated that the optimal
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solution depends on the final resultant stress state in the component and operating temperature

under the defined duty cycles.

Chapter 5 covers FE simulation of double-sided DCR process on a thin walled Ti-6Al-4V

components and the following thermal relaxation of the induced residual stresses at elevated

temperature of 450℃. The importance of considering double-sided DCR process to prevent

manufacturing damage and possible thermal distortion in thin-walled component will be

elaborated.  The developed FE model will be validated by comparing simulation results with

experimental measurements available in the literature. The results obtained using the developed

high-fidelity FE models are then used to establish analytical surrogate models which can be

efficiently used to evaluate the residual stress profiles at room and the elevated temperature.

Critical high stress locations on a generic compressor blade will be highlighted and considered to

formulate a design optimization problem in order to improve the fatigue life of the component.

Chapter 6 summaries the main conclusions and highlights the major contributions of the present

PhD dissertation to the advancement of knowledge in this filed. In addition, the possible future research

topics in the field will be discussed.
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2 Literature Review and Research Background

In the following, first an introduction to Deep Cold Rolling (DCR) process is provided and the

beneficial impact of the process on mechanical integrity of treated components at room and

elevated temperatures will be discussed. This is followed by a critical literature review on this

promising mechanical surface treatment to understand the current state of the art in DCR process

with emphasis on Ti-6Al-4V alloy.

2.1 Deep Cold Rolling

Ti-6Al-4V is a titanium alloy with a high strength-to-weight ratio and excellent corrosion

resistance. It has been widely used in highly stressed components operating at elevated

temperatures, such as turbine blades, discs and aircraft containment structures. Controlling the

fatigue failure is of paramount importance and a main challenge in such critical components. It is

known that the fatigue life of highly stressed component such as turbine blades, crankshafts and

connecting rods can be significantly improved by the introduction of a compressive residual stress

and strain hardening in near surface layers [1].

Various thermo-chemical surface modifications such as carburizing, plasma-carburizing nitriding,

and oxidation have been widely studied and employed to improve wear resistance of titanium

alloys by producing a high hardness surface layer.  However, these diffusion treatments are not

very effective in improving the fatigue strength of the alloy particularly at high temperatures as

the induced high-hardness surface layer is brittle and the resultant compressive residual stresses

can easily relax at elevated temperature [2]. Thus mechanical surface treatments are preferred if

the aim of the process is to enhance the fatigue strength of a component [2, 3].

Shot-peening (SP), liquid jet peening (LJP), laser shock peening (LSP or simply LP), ultrasonic

surface rolling (USRP), low plasticity burnishing (LPB) and deep cold rolling (DCR) are among

popular mechanical surface treatments that have been well employed to improve wear resistance,

fatigue strength and corrosion resistance of titanium components by introducing a compressive

residual stress in the surface and sub-surface layers [2-6].

It is worth mentioning that that Deep Rolling (DR), Deep Cold Rolling (DCR), Low Plasticity

Burnishing (LPB), Ball Burnishing (BB) and Roller Burnishing (RB) are fundamentally similar

surface treatment processes where a hydrostatically suspended ball plastically deforms a
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component surface through mechanical interaction.  The main difference between these methods

is in the tooling design and the way the load is applied or controlled during the process [7].

However, the plastic deformation mechanism in the workpiece under these processes is identical

and the relevant research works on this topic are elaborated in the current literature review. Figure

2-1 (a) shows the schematic of the process. The process parameters are rolling speed, rolling feed

rate, applied fluid pressure or normal displacement and the ball diameter.

The deformation introduced by DCR results in plastic strain, yield surface, and residual stress

profiles that vary through the depth from the surface. The process makes three important changes

in the near surface layers of a treated material: (1) hardening of the material, i.e., raising the yield

strength; (2) large biaxial compressive residual stresses in surface layer constrained by balancing

tensile stresses in deeper depth, and (3) severe plastic deformation near the surface layer which

may become unstable under cyclic and thermal loads.

The process creates a deep residual stress field beneath the treated surface which can be typically

represented by residual stress depth profile as shown in Figure 2-1 (b). The residual stress (ݕ)ߪ

profile  can be characterized by four significant output variables including the residual stress at the

surface ௢ߪ (at Y=0), the minimum residual stress ௠௜௡ߪ located at ܻ = ௠ܻ௜௡ , the maximum residual

stress ௠௔௫ߪ located at ܻ = ௠ܻ௔௫ and the location through the thickness from which  residual stress

changes from compressive to tensile (ܻ = ௢ܻ) [1]. In addition, in the current study, the areas under

the curve (areas between the residual stress curve and ߪ = 0) are also introduced which are deemed

to describe the overall shape of the stress profile.  The total area of the residual stress can then be

calculated using both negative and positive areas (ି)ܣ of the stress components throughout (ା)ܣ

the thickness. These significant parameters can be effectively utilized to describe the variation of

the residual stress through the thickness. These parameters can also be considered as desired output

responses to establish surrogate meta models which can be efficiently used for design optimization

problems.
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(a) (b)

Figure 2-1:(a) Schematic of deep rolling process [7], and (b) Characterization of a residual stress
depth profile

DCR in particular is considered to be a promising low cost process which is found to be superior

to other surface treatment methods, as the profile of the induced residual stresses is generally

controllable through the process parameters thus enabling generation of beneficial residual stresses

with higher magnitude and depth while retaining a high quality smooth surface [4, 6].

Figure 2-2 shows the typical depth and profile of the residual stresses induced in SP, LP, and DR

in Ti-6Al-4V samples.

Figure 2-2: Comparison of residual stress state in Ti-6Al-4V material using different
strain hardening techniques [4]



9

As it can be realized DR or DCR process can introduce deeper compressive residual stress under

the surface. The residual stress up to a depth of 500 µm can be easily reached in DCR process

while in shot-peening process of titanium alloys the achievable depth of the residual stresses is

mainly limited to 250 µm as shown in

Figure 2-2. The DCR process can improve the surface roughness of an untreated titanium

workpiece from 0.22 µm to 0.07 µm [2]. This is a very important fact as a lower surface quality

(higher surface roughness) is known to increase the chance of fatigue crack initiation [8]. More

importantly, in terms of application, the magnitude and depth of the induced residual stress profile

can be easily controlled by the process parameters [1, 7, 9, 10] which can be effectively used to

reach an optimized profile based on a given operating load and cycle.

The effect of a compressive residual stress on the crack opening can be schematically presented in

Figure 2-3. The superposition of the induced compressive residual stresses (created by the process)

onto the applied tensile stresses (due to external load) defines the final state of the resultant stress

in the crack tip. As it can be realized, the amount and the nature of the residual stress play an

important role in the crack propagation and consequently the fatigue failure of the component. If

the resultant stress remains compressive at the crack tip, the crack is closed and thus its propagation

is suppressed while a tensile residual stress can severe the effect of the external load on the opening

of the crack.

Figure 2-3: Effect of residual stress on crack opening

Klocke et al. [11] investigated the effect of the component thickness on the residual stress

distribution induced by deep rolling on IN718 specimens with different thicknesses. The

experimental results showed that the thickness of the treated component can significantly influence

the near surface residual stresses.

A thick component; with a thickness larger in order of magnitude than the depth of residual stress,

is only locally affected in the surface layer while a thin-walled geometry with a thickness
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comparable to the depth of the residual stress is affected over the complete thickness. In addition,

as presented in Figure 2-1, the process tends to create a compressive residual stress on the surface

layer which is balanced by tensile residual stress in the inner sub-surface region of the component.

The compensatory tensile stress can spread over a large domain in thick components, while in thin-

walled components, the magnitude of tensile residual stress needs to increase due to lower

thickness. This results in a significantly different residual distribution through the thickness in

thin-walled components compared with that in thick components [12].

As a result, the component thickness needs to be considered in the selection of process parameters

particularly for thin-walled geometries where the thickness of the component is comparable to the

residual stress depth. Otherwise, the process may result in a detrimental tensile residual stress on

the surface which can negatively impact the fatigue life of the treated component.

Avoiding manufacturing defects due to permanent deflection of thin-walled surfaces under the

unilateral rolling loads is one of the main challenges in DCR process of fan and compressor blades

[12]. Additionally, the induced strain states in conventional roller burnishing of thin-walled

components is asymmetrical as the load is applied on only one side of the component. This is

usually observed in form of bulging of the blade toward the direction of applied force after the

completion of the process as it is shown in Figure 2-4 (a). This permanent deflection of the blade

is accompanied with increase of the plastic strain in the surface layer [12]. Considering this,

performing the conventional DCR on thin-walled geometries is not generally recommended and

deep rolling process of turbine blade is a demanding production challenge [13].

Another risk associated to conventional DCR process of thin-walled component is thermal

distortion caused by thermal relaxation of asymmetrical residual stresses. The distortion will be

more severe in component with a thickness in the order of the depth of the induced compressive

layer and especially under a non-uniform thermal relaxation [14].

ECOROLL Corporation Tool Technology [15] has designed a special tool to perform double-sided

DCR process on thin-walled components such as turbine blades which is shown in Figure 2-4 (b).

This tool compromises a double-sided hydrostatic deep rolling tool which pressures the balls on

both sides of the component simultaneously to avoid the permanent deflection of the part under

the process. The double-sided process introduces a symmetrical residual stress and plastic

deformation through the component thickness which can also mitigate the thermal distortion issue.
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(a) (b)

Figure 2-4: (a) conventional deep rolling and (b) double-sided deep rolling [12].

2.2 Effcet of Elevated Temperature on Residual Stresses

The surface treatments are usually performed at ambient temperature while many highly stressed

components operate at elevated temperature. The experimental measurements confirm that the

exposure of the deep cold rolled components to elevated temperature relaxes and redistributes the

residual stress induced at the room temperature by the DCR process [3, 7, 16]. The beneficial

influence of the surface treatments may, thus, decrease due the thermal relaxation of residual

stresses. Stress relaxation is defined as the decrease or redistribution of residual stress because of

external loading conditions. Thermal load, static over load beyond yield strength, cyclic load and

crack extension are among the sources of residual stress relaxation [14, 17]. Fatigue life prediction

would be inaccurate without consideration of the residual stress relaxation in the component [18].

An example of stress relaxation of deep rolled Ti64 after half the cycles to failure at ambient

temperature under cyclic load of 670 MPa is shown in Figure 2-5 (a). It appears that a more

uniform compressive residual stress remains in place after cycling and the maximum compressive

stress level is remarkably reduced [3]. Figure 2-5 (b) displays the level of residual stress relaxation

due to annealing at elevated temperature of 450℃.

The thermal relaxation of the residual stress in deep-rolled Ti64 alloy has been widely studied

experimentally [3, 19-21]. The results showed that the relaxation is greater in the region closer to

the surface nearly less than 50µm from the surface [3, 21] and the relaxation of the stresses on the

surface layer is faster than beneath the surface which is fundamentally due to formation of high

dislocation densities and nanocrystalline in the surface layer [3, 17].

The microstructure of the subsurface layer in deep rolled Ti64 has a high dislocation density which

is thermally unstable [21].  While untreated Ti64 has an average α-grain size of about 10µm, after
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deep rolling the nanocrystalline layer with crystallite sizes of about 50nm is created directly on the

surface. The nanocrystalline layer exhibits high dislocation densities and has a complex lamellar

substructure [21].

Figure 2-5: Stress relaxation of deep rolled Ti64 (a) cyclic load at 25℃ (b) effect of elevated
temperature and cyclic load at 450 ℃ [3].

Experimental investigations strongly suggest that the thermal stability of the residual stresses in

the surface layer depends on the material state, and particularly on the induced dislocation density.

Surface layers with medium dislocation density show enhanced thermal stability of residual

stresses while surface layers with extremely high dislocation densities (as induced by shot peening

and high ball burnishing pressure) have a poor thermal stability [14, 22].

The thermal relaxation of residual stress is fundamentally due to the annihilation and

reorganization of meta-stable crystalline defects induced by treatment process, creep-controlled

dislocation rearrangement and material softening at elevated temperatures [23]. Exposure to

temperatures above 0.5 Tm (melting temperature) for several hours leads to recrystallization of the

material. Recrystallization causes grain reformation which relaxes all macro residual stresses and

majority of micro residual stresses. Stress relaxation at temperatures lower than 0.5 Tm is governed

by diffusion-controlled dislocation movements, and changes from dislocation core diffusion to

volume diffusion as temperature raises [17].

The initial thermal relaxation is prompt and caused by the change in the yield strength and Young’s

modulus at elevated temperature.  Decreasing the Young’s modulus leads to an elastic temporary
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relaxation. Also with the temperature increase, the yield stress decreases and may be lower than

the high compressive residual stresses induced at room temperature. This may result in a local

plastic deformation which can cause permanent residual stress relaxation.

Zener-Wert-Avrami model is an analytical function which describes the thermal relaxation of

macro residual stresses and changes of work hardening states quantitatively and it is applicable to

a wide range of temperatures. The function formulates the thermal relaxation based on activation

enthalpy which is roughly the enthalpy for self-diffusion. Zener-Wert-Avrami model to describe

the residual stress relaxation during thermal loading can be written as [17, 18, 23]:

,ܶ)௥௦ߪ (ݐ
଴ߪ

௥௦ = ݌ݔ݁ ൜−[݌ݔ݁ܥ ൬
஺ܪ∆−

ܶߢ ൰ ௠ൠ[ݐ (2-1)

where ,ܶ)௥௦ߪ is the residual stress value after annealing at temperature (ݐ T and time t. ଴ߪ
௥௦ is the

initial residual stress. .஺ is the activation enthalpy and C is velocity constantܪ∆ is Boltman ߢ

constant and m represents material property parameter found by the experimental test.

Thermal stress relaxation is the decay of the stress due to temperature and time while the strain is

constant [24]. On the other hand, creep is the time dependent plastic deformation of the material

under a constant load at elevated temperature. It has been shown that the time dependent  thermal

relaxation can also be described by creep behaviour as shown experimentally for Ti64 [20, 24].

Correlation between time dependent plastic strains and mean residual stress are established in such

approach [17].

Norton and Hyperbolic-sine function are among widely used creep laws and have been employed

to describe the creep behaviour of Ti64 [20, 25]. Hyperbolic-sine creep model which has been

found to be suitable for the primary creep can be described as:

௖̇ߝ = ௡(ߪܤℎ݊݅ݏ)ܣ exp(−
ܪ∆
ܴܶ) (2-2)

where T is temperature [K]; ΔH is creep activation energy [kJ/(mol·K)]; R is gas constant,

[kJ/mol]; A is material structure factor, [s-1]; B is stress level factor, [MPa-1]; n is stress exponent.

2.3 The Effect of DCR on Mechanical Integrity of Ti-6Al-4V

Prevéy et al. [22] showed that a deeper compressive residual stress can significantly improve

foreign object damage (FOD) tolerance in Ti64. Investigation on 450 stainless steel revealed that
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the compressive residual stresses can significantly improve the corrosion fatigue strength, and the

level of improvement highly depends on the depth and the magnitude of the induced compressive

residual stress [26].

All mechanical surface treatments influence the fatigue life through surface strengthening by

inducing a high dislocation density (cold work) layer which delays crack nucleation at the surface

and developing a compressive residual stress which retards micro-crack growth from the surface

and slows the crack propagation rate [19, 27, 28]. Surface treatments can also have secondary

effects on the fatigue strength through the surface roughness and deformation-induced phase

transformations which could be beneficial if the process and associated parameters are chosen

properly [19].

Since the depth and magnitude of the residual stress achieved by DCR is controllable by the

process parameters and typically higher than other mechanical surface treatments, this process can

be effectively utilized to improve the fatigue corrosion strength and FOD resistance of Ti64 alloys

used in the gas turbine blades.

Deep rolling process is typically applied to enhance the fatigue strength of materials. The

effectiveness of the deep rolling treatment highly depends on the fatigue mechanism i.e. whether

it is dominated by crack initiation or crack propagation. Generally speaking, the fatigue of smooth

unnotched components is mainly crack initiation controlled whereas fatigue of notched

components is mainly dominated by crack propagation [6].  LPB has been applied to titanium,

iron, and nickel based aero-turbine engine alloys to improve the damage tolerance, high cycle and

low cycle fatigue performance of blades. The reported studies have shown that the LPB process

can improve the damage tolerance of Ti64 fan blade in order of magnitude [29, 30].

The residual stresses induced by the DCR in Ti64 and its effect on improving low-cycle fatigue

(LCF) and high-cycle fatigue (HCF) behavior of this alloy has been extensively investigated [2, 3,

31] . All the experimental results unanimously confirm that the process can enhance the fatigue

strength of the treated specimens both at room and elevated temperatures.

Figure 2-6 demonstrates the comparison of the fatigue lives of untreated, deep-rolled, carburized,

and deep-rolled carburized of Ti64 samples which has been reported by Tsuji et al. [2] .  It is seen

that the fatigue life of the titanium alloy is significantly improved by deep rolling process. For the

fatigue lives of less than 105 cycles, the crack initiated from the surface and propagated toward the
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interior region for all samples. However, in the long-life regimes i.e. Nf >106 cycles, crack

initiations were observed on the surface layer for both untreated and carburized samples, while in

the deep-rolled samples the crack initiated from subsurface layers.  This can be realized by

examination of the S-N curves for deep rolled samples in which the two regions controlled by

surface crack and interior crack are noticeable as shown in Figure 2-6.

Figure 2-6: S–N curve for untreated, as-carburized (PC), deep-rolled (DR), and deep-rolled
carburized (PC + DR) Ti64 samples [2].

The High Cycle Fatigue (HCF) tests conducted on Ti64 specimens at room temperature show that

the deep rolling process increased the fatigue strength almost by 13% [32] and 16% [2] for R=0.1,

by 20% for R=-1 [33, 34], by 25% for R=-1 [35] , and by 12.5% for R=-1 [27] in which R is the

stress ratio defined as σmin/σmax .

It has been shown that the depth of the crack nucleation site can be correlated with the rolling

pressure [28] as presented in Figure 2-7 (a).  A sample of fractographic observations of HCF failure

in deep-rolled Ti–6Al–7Nb is presented in Figure 2-7 (b). Fractographic observations showed that

the HCF crack nucleation in deep rolled Ti64 specimens occurs in regions of peak tensile residual

stresses under the surface, where tensile residual stresses balance the outer compressive stress field

[27, 28, 32-34, 36].
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(a) (b)

Figure 2-7: (a) Depth of crack nuclition site in deep-rooled and shot-peened Ti64 [28], and (b)
Subsurface fatigue crack nucleation in deep-rolled Ti–6Al–7Nb [36]

Fatigue behavior of Ti64 also shows Anomalous Mean stress Sensitivities (AMSS) that a low mean

tensile stress can lead to  severe losses in HCF strength [37]. Therefore, none of the conventional

life approaches such as Goodman, Soderberg, and Gerber parabola relationship is able to predict

the fatigue life of untreated Ti64 [37-39] and as a result to explain the effect of the deep rolling on

HCF of Ti64.

Comparing the fatigue properties of untreated and deep-rolled Ti64 as presented in  Figure 2-8 (a)

shows that the fatigue life improvement is not limited to HCF regime, and the process can also

have beneficial effect on the LCF at room temperature and at elevated temperatures [2, 3] . Even

though it is generally considered that mechanical surface treatment enhances the fatigue life

primarily by mitigating the initiation of cracks, deep rolling has an additional positive influence

on fatigue properties by lowering the initial fatigue-crack growth rates, typically by a factor of 2-

3 for Ti64, compared with the untreated material [3]. Figure 2-8 (b) also shows the plastic strain

amplitude versus the number of cycles during fatigue testing of untreated, deep-rolled and laser

shock peened Ti64 at 450 °C. An initial cyclic softening followed by cyclic hardening in the plastic

strain amplitude was observed in all three cases [3, 8]. Compared with the untreated material, DCR

lowers the plastic strain amplitude throughout the majority of the lifetime for a given applied stress.

Such a plastic strain reduction significantly extends the fatigue life of the treated component.
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Hence, the plastic strain amplitude can be a reliable measure to describe the extent of accumulated

‘damage’ during the fatigue of ductile materials [3].

Figure 2-8:(a) Stress/life (S/N) data obtained at 25 and 450 °C for the virgin and deep-rolled Ti–
6Al–4V material and (b) Plastic strain amplitudes for the virgin, deep-rolled and laser shock
peened Ti–6Al–4V [3].

Nalla et. al. [3] studied the effect of DR process on the LCF and HCF behavior of Ti64 alloy at

room and elevated temperatures. The thermal and mechanical stability of the induced residual

stresses and near-surface microstructures were investigated. The results showed that despite the

relaxation of the near-surface residual stresses, deep rolling effectively retards the initiation and

initial propagation of fatigue cracks in Ti64 at elevated temperature up to 450oC (~0.4T/Tm).  The

effect of strain hardening on the fatigue life is more remarkable at high temperatures, where the

noticeable relaxation of RS is observed while the strain hardening is barely influenced [3].

In addition to the crack closure due to compressive residual stresses, changes of local plastic

deformation and local yield stress because of cyclic hardening contribute to the fatigue life

improvement by lowering the fatigue crack growth rate [25]. The micro structure investigation of

deep-rolled Ti64 also shows a layer of work hardened nanoscale grains which plays a critical role

in the enhancement of fatigue life in the absence of residual stresses at elevated temperatures [3].

This layer restricts or impedes dislocation slip and the formation of slip bands at the surface. The

thickness of the nanocrystalline layer in deep-rolled Ti64 is determined by the deep rolling

parameters (rolling pressure and coverage) [21].
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In a comprehensive study, Altenberger et al.  [8] investigated the fatigue behavior of deep-rolled

and laser-shock peened and untreated Ti–6Al–4V in the regime of 102-106 cycles under fully

reversed stress-controlled isothermal push–pull (ܴ = −1) loading in temperature range between

25℃ and 550 ℃.  As it is shown in Figure 2-9, deep rolling process can improve the fatigue lives

significantly at temperatures as high as 550℃ while fatigue enhancement was observed to be much

more pronounced at low temperature levels.  Their results also show that the LCF-regime of both

the untreated and deep-rolled Ti–6Al–4V alloys can be well explained by Manson-Coffin relation

which describes plastic strain amplitude as a function of the number of cycles to failure.

Figure 2-9: Fatigue strength of untreated and deep-rolled Ti–6Al–4V as a function of test
temperature at 106 cycles to failure [8]

From above, it can be concluded that while DCR can enhance LCF life by introducing a deep

compressive residual stress in the surface layer; if the process parameters are not selected

appropriately, it may have a detrimental secondary effect on HCF life due to sub-surface cracking

caused by balancing tensile residual stresses.

2.4 Finite Element Prediction of Residual Stresses Induced by DCR Process

The residual stress generated in the workpiece during the DCR process is the result of a complex

cyclic plastic deformation and microstructural textural evolution occurring in the surface layer.

The process is a complex nonlinear dynamic phenomenon due to the movement of the ball, the

presence of plasticity beneath the rolling ball and nonlinear contact between the ball and the

component. Although the closed form (analytical) solutions with a certain level of accuracy exist
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for elastic rolling contact, application of semi-analytical methods and finite element (FE) methods

are inevitable for the elastic-plastic rolling contact problems. The apparent shortcoming of semi-

analytical methods are the inherited inaccuracies in solving large plastic deformation especially

under highly nonlinear contact conditions and their limitations to two-dimensional rolling contact

problems [13].

The correlations between the induced residual stresses and process parameters have been mostly

determined empirically by cumbersome, time and cost expensive experiments. However, the

applicability of empirical models is limited to the considered process parameters in a given

experiment. Finite Element (FE) analysis has been proposed as an effective and cost reducing

alternative to experimental and analytical methods. Although FE method has shown some

promises to predict the correlation between the rolling process parameters and the induced residual

stress, careful experimental study is still required for validation of the FE models.

In this section a systematic literature review is presented to cover the research background on finite

element (FE) modeling of the DCR process and to identify the research gap. The governing

equations to be solved by FE methods, FE techniques and material constitutive models are briefly

explained. The most relevant research work with emphasise on predicting residual stresses are then

presented with pertinent details. Where possible, the accuracy of the models is compared with the

related experimental measurements. Establishing the knowledge and techniques to build a reliable

FE model to predict residual stresses is the main objective of the current literature survey.

2.4.1  Solution of Governing Equations using Explicit and Implicit Methods

The final governing equations in the finite element format at a specific instant of time may be

describes as:

ݑ̈ܯ + ݑܭ − ܨ = 0  (2-3)

where M and K represent mass and stiffness matrixes, respectively. F is external forces vectors, u

and ݑ̈  are the nodal displacement and acceleration vectors, respectively. Direct integration

methods are used in ABAQUS to solve time history analysis and are generally categorized into

explicit and implicit methods.
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2.4.1.1 Explicit Method

The central difference time integration algorithm is mainly used in ABQUS/Explicit [40] to

integrate through time by using many small time increments. In direct integration method, the

governing equations of motion as stated in Eq. (2-3) is generally written at specific instant of time

as:

௡ݑ̈ܯ + ௡ݑܭ − ௡ܨ = 0  (2-4)

where the subscript n represents time ݊Δݐ  in which Δݐ is the time step (size of time increment),

, ௡ݑ̈ ௡ andݑ ௡ are respectively nodal acceleration, displacement and external force vectors, at timeܨ

݊Δݐ. Ignoring the effect of damping, the internal force vector can also be described using the

system stiffness matrix, as ௡ܫ = ܭ ௡ in which the stiffness matrix is also function of current nodalݑ

displacement vector, ௡ , which should be updated at each iteration.  The explicit central differenceݑ

integration method is then employed to update the velocity and acceleration vector at time :as ݐ߂݊

௡ݑ̇ =
1

2 ݐ∆ ௡ାଵݑ) − (௡ିଵݑ (2-5)

௡ݑ̈ =
1

ଶݐ∆ ௡ାଵݑ) − ௡ݑ2 + (௡ିଵݑ  (2-6)

It is noted that above equation can be easily obtained by expanding displacement vectors at time

݊ + 1 and ݊ − ௡ାଵ andݑ) 1 ௡ିଵ) using Taylor series about timeݑ ݊Δݐ and truncate it up to the

second order. Thus the central difference method is second-order accurate. Substituting Eq. (2-6)

into Eq. (2-4) yields:

൤
1

ଶݐ∆ ൨ܯ ௡ାଵݑ = ௧ܨ − ൤ܭ −
2

ଶݐ∆ ൨ܯ ௡ାଵݑ − ൤
1

ଶݐ∆ ൨ܯ ௡ିଵݑ (2-7)

From which we can solve for .௡ାଵݑ It should be noted that the solution of ௡ାଵݑ is thus based on

using the equilibrium conditions at time ݊ and ݊ − 1. For this reason, the integration procedure is

called an explicit integration method as it permits ௡ାଵ to be determined using the completeݑ

historical information of displacement vector at time ݊Δݐ and before [41]. It is noted using Taylor

series that, ଵିݑ̇ = ଴ݑ − ݐ∆ ଴ in whichݑ̇ ଴ andݑ ଴ are known initial velocity and displacementݑ̇

vectors.  Eq. (2-7) is conditionally stable and the time increment must be smaller than the time

required for a dilatational wave to cross any element in the mesh which is estimated as [40]:
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r/
min

E
Lt £D  (2-8)

In which Lmin is the smallest element dimension in the FE model and ρ and E are the density and

Young modulus of the material, respectively. Therefore the size of the smallest element in the FE

model dominates the stable time increments. Although the time increments are typically very small

compared to the cycle time of forming processes, the computation time for each time increment in

the explicit procedure is very short because the solution requires no iterations.

The explicit method could be computationally very expensive for quasi-static problems such as

metal forming processes because it requires a long-time solution and needs very small elements in

the contact zone due to a high level of nonlinearity. The run time of dynamic explicit program can

be further reduced by artificially increasing the forming rate (time scaling) or artificially increasing

the density of the elements (mass scaling technique). However, the solution accuracy can be

compromised because of the introduction of unrealistic dynamic effects if proper care is not

considered using these techniques. In the following, time and mass scaling are briefly described.

Time scaling

The number of increments required to simulate an event with time period of, T, is given by n=T/Δt

in which the minimum time increment, Δt , is given by Eq.  (2-8) at each time step. It is noted that

the time increment is not constant as the element distortion and also nonlinear material response

cause Lmin and young modulus to change, respectively [40].

Time scaling is a technique in which the time period of the event, T, is artificially reduced

compared with the actual time of the process, thus decreasing the number of required increments.

However, time scaling if not applied carefully can substantially change the rate of the applied load

which may generate erroneous results [40]. Speeding up the simulation too much, will increase

inertia forces that can change the predicted response. For example, very large time scaling can

cause unreal wave propagation in system which is far away from the actual dynamic response.

Therefore, large time scaling should be avoided to control this numerical error.

Moreover other aspects of the problem may also be rate dependent and as a result sensitive to the

rate of the loading.  For instance, the material behaviour is typically strain rate dependent and
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changing the rate of the applied load by time scaling may result in a different stress state in the

material.

Mass scaling

Increasing the critical time increment in explicit simulations can effectively reduce the

computation time significantly. According to Eq. (2-8) , by artificially increasing the material

density, ρ, by a factor f 2, the minimum time increment can be increased by a factor of f which

proportionally reduces the simulation time. This concept is called mass scaling. The “mass scaling”

can be physically expressed as the reducing the ratio of the event time to the time for wave

propagation across an element while leaving the event time fixed. One of the advantages of the

mass scaling concept is the possibility to include rate-dependent behaviour in the analysis. The

effects of the mass scaling and time scaling on inertia forces are identical which must be monitored

during the analysis [40]. In practice the mass scaling is applied only on a small part of the model

where the inertia forces can be neglected due to small mass [9].

2.4.1.2 Implicit method

Most implicit numerical procedures are usually unconditionally stable direct integration

techniques which do not require any restriction on the time step size such as that in Eq. (2-8) for

the explicit central difference method.  Newmark family of methods are the most popular and

widely used implicit methods [41] as they can provide artificial damping that can effectively

dissipate high-frequency numerical noise while not affecting the low frequency responses. These

methods have replaced Houbolt method which once was commonly used in general purpose

transient codes but now has been obsolete due to introduction of high level of artificial damping

for low-frequency response.  It is noted that that the ABAQUS/Standard utilizes the implicit solver

for time integration of the dynamic problem using the backward Euler operator and a generalized

form of Newmark method. The method implements a controllable numerical damping to provide

automatic dissipation of high-frequency numerical noise while not affecting dominant low-

frequency response and allows the numerical stability and automation of time stepping scheme

[40]. The Newmark methods calculate the nodal displacement and velocity as follows [41]:

௡ାଵݑ = ௡ݑ + ݐ∆ ௡ݑ̇ + ଶݐ∆ ቆ൬
1
2 − ൰ߚ ௡ݑ̈ + ߚ ௡ାଵቇݑ̈  (2-9)
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௡ାଵݑ̇ = ௡ݑ̇ + ൫(1ݐ∆ − (ߛ + ߛ ௡ାଵ൯ݑ̈  (2-10)

with

ߚ = ଵ
ସ

(1 − ,ଶ(ߙ ߛ = ଵ
ଶ

− ߙ  and − ଵ
ଶ

≤ ߙ ≤ 0.  (2-11)

where and ߙ are control stability parameters and are chosen so that the method to be ߚ

unconditionally stable. For ߛ > 0.5, ߙ) < 0) and ߚ = ଵ
ସ

(1 − ,ଶ(ߙ the Newmark method

maximizes the dissipation of the high-frequency noises while retaining the response accuracy to

first order [41] . A large system of equations is solved repeatedly at each time step to obtain the

displacement field. As it can be realized from Eq. (2-9), the displacement field at the step n+1

depends also on the acceleration on the step n+1 demonstrating the implicit nature of the method.

As mentioned before, the DCR process is a highly nonlinear dynamic phenomenon in which the

nonlinearity is mainly due to the geometric and material nonlinearity as well as contact between

the rolling ball and the workpiece. The nonlinearity translates itself into variable stiffness matrix

which depends on current nodal displacement vector.  Thus at each time step in nonlinear dynamic

problems, an iterative procedure requires to obtain the nodal displacement vector which generally

accomplished using the Newton Raphson method.  This besides the iterative nature of time steps

for dynamic analysis makes simulation of DCR process highly computationally expensive for the

implicit solvers.

Although there is no restriction on time step size in the implicit method, it should be generally kept

small to fulfill equilibrium after each incremental step and for accuracy.  In a complex problem

with rapidly changing contact conditions like DCR, implicit codes are computationally very

expensive because of huge number of iterations required to satisfy the equilibrium at each time

increment. In contrast to the implicit solver that each increment typically requires several iterations

to obtain a solution within a defined tolerance error, employing small time increments in explicit

solver allows the solution to proceed without iteration and forming tangent stiffness matrices in

each time increment which significantly simplifies the treatment of contact problems.

2.4.2 Material Models

The accuracy of the FE model to predict the residual stresses significantly depends on the

reliability of the constitutive model used to describe cyclic inelastic behaviour of the material [42].
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The calculated rolling contact stress and the components of the residual stress and strain are

significantly influenced by the assumed plasticity model for the workpiece in the FE model.  For

example, the linear kinematic hardening plasticity model produces much smaller deformation and

residual stress compared to the elastic–perfectly plastic material model under the same rolling

condition [43], while the difference between the results obtained from isotropic hardening

plasticity model and linear kinematic hardening plasticity model is negligible [44].

Although kinematic hardening models are more comprehensive in modeling material plasticity

behavior than isotropic hardening model, they can lead to over estimating the level of residual

stress after deformation if the modelling of the yield stress evolution during a cyclic loading is not

precise enough [45]. Since strains are greater than 10% in metal forming simulations, the isotropic

strain hardening is sufficient enough to model the deformation. Nevertheless, in case of small cold

deformation and cyclic loading, the kinematic hardening effects needs to be considered in the FE

model [45].

For the simulation of multi-pass surface rolling process, the material model should be able to

demonstrate work-hardening effect as a result of plastic deformation, strain rate hardening effect

caused by rate of the loading, as well as the cyclic deformation behaviour at ambient temperature

[5]. Available material models which can be effectively used in deep rolling processes include

Lemaitre-Chaboche-Plasticity (LCP) and Johnson-Cook (JC) models. These models are briefly

described in the following.

Lemaitre-Chaboche-Plasticity (LCP) model

The LCP model is a combined isotropic/kinematic strain hardening law. The translation of the

yield surface in stress space through back stress is described by the kinematic hardening

component. The isotropic hardening component defines the change of the equivalent stress with

the size of the yield surface as a function of plastic strain. The LCP model can be expressed as

[46]:

݂ = ,࣌)௘ߪ (ࢄ − (௣ߝ)ܴ

ܴ൫ߝ௣൯ = ܻ + ܴ௦௔௧(1 − ݁ି஼ೝఌ೛)         (2-12)

ࢄ݀ = ௣ߝ௫ܺ௦௔௧݀ܥ − ௣ߝ݀ࢄ௫ܥ
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where ,ߪ)௘ߪ ܺ) is the equivalent stress, ,௣ is the equivalent plastic strainߝ X represents the back

stress, ܴ൫ߝ௣൯ is the isotropic hardening stress. Y, ܴ௦௔௧  and ௥ represent the yield stress, the materialܥ

parameters for the isotropic hardening model representing the critical stress and work hardening

ratio, respectively. ܺ௦௔௧  and ௫ܥ  are the material parameters for the kinematic hardening model. The

model becomes the kinematic hardening model when ܴ௦௔௧ = 0 and it is equivalent to the isotropic

hardening model when ܺ௦௔௧ = 0.

Johnson-Cook (JC) model

The JC model is purely empirical and its ability to adequately represent the deformation and failure

of Ti64 under high-rate loading, large plastic strain rate and high temperature has been verified

[47].  The model can be described as:

ߪ = ܣ] + ௡][1ߝܤ + ߝ݈݊ܥ ∗̇] ቈ1 − ൬
ܶ − 298
௠ܶ − 298൰

௠

቉ (2-13)

where σ and ε are the effective stress and strain respectively, ߝ ∗̇is the normalized effective plastic

strain rate, n is the work hardening exponent and A, B, C, and m are constants which are determined

from an empirical fit of flow stress data . Tm represents the melting temperature.

It should be noted that JC model parameters are evaluated using many experimental tests at

different strain rates and temperature levels. JC model provided in Eq. (2-13) has three distinct

parts (inside brackets) which explicitly relate the effective stress to strain, strain rate and

temperature, respectively. The parameters A, B and n are typically evaluated using quasi-static

tests or dynamic tests at very low strain rare. Once these parameters are identified, then parameters

C and m which respectively describe the strain-rate and temperature dependent part of JC model

are identified using series of dynamic tests at various controlled strain rates and temperatures. This

can be conducted using apparatus such as Split-Hopkinson Bars or Tayler Impact Test.

The JC model has been extensively used to describe the material behavior in the simulation of cold

rolling processes [48] and has been particularly studied to describe the Ti64 strain hardening

behaviour under various temperature and strain rates [49, 50]. Therefore, the JC constitutive

material model has been considered to model the stress-strain behaviour of Ti64 alloy in this study.

Numerous sets of JC model parameters exist for Ti64 in the literature [49, 50] where each set of

material constants has been identified based on the measured plastic strain and strain rates in a
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specific range of temperatures.  The assumed JC model for the simulation of the DCR process

should cover the largest strain and strain rate typically generated during the process.

2.5 Literature Review on FE Simulation of DCR

Here a comprehensive literature review on the pertinent attempts to model DR process using 2D

and 3D FE models are presented. Wherever available, the accuracy of each FE model is compared

to correlated experimental measurements. Table (2-1) summarizes the detail of the models and

their level of accuracy. WebPlotDigitizer [51] which is a free source online application was used

to extract numerical data from plot images presented in the literatures for the sake of comparison.

Despite the best attempts, the data extraction process may contain some levels of inaccuracy.

The residual stress (RS) in the rolling direction (axial) is considerably lower than the stress

component perpendicular to the rolling direction (tangential). Also residual stress measurement

techniques are more or less inefficient in measuring the residual stress in curved directions [52],

therefore only RS profiles in the tangential direction are compared here and important remarks are

presented.

Zhuang and Wicks [42] simulated multi-pass DCR process for IN718 coupons in

ABAQUS/Explicit using a non-linear isotropic/ kinematic hardening constitutive model for the

material and then compared the predicted residual stresses with experimental data. Comparison of

residual stresses obtained using FE method and experiments shows that the developed FE model

was not accurate enough to predict the residual stresses especially in the surface layer. The

discrepancy of the results at the surface layer was related to probable existence of initial residual

stresses caused by machining in surface layer of the specimen prior to DCR process.

Klocke et al. [53] had successfully developed a 3D FE model to simulate the deep rolling process

on several geometries representing typical shapes of turbine blade and turbine disk components.

Ti64 and IN718; the two widely used materials in aerospace industry, were considered in their

study. Their study clearly demonstrated that the residual stress distributions in plane geometry and

thin-walled geometries are significantly different. While the process affects plane geometry only

in the neighborhood of the processed surface, thin walled geometries are affected over their

complete thickness.



27

Klocke et al. [11] used 3D finite element models to investigate the influence of ball diameter,

rolling pressure, feed and specimen thickness on the surface layer state after roller burnishing of

IN718. It was found that the component thickness has a very significant impact on the residual

stress distribution and particularly at the surface layer as it can change from compressive to tensile

stresses with decreasing thickness. The impact was observed to be more significant at higher

rolling pressure as resulted in higher tensile residual stresses.  Therefore, optimal selection of the

process parameters is more critical in thin-walled component as such tensile residual stresses on

the surface can negatively impact the fatigue strength of the treated components. Their results also

show that a deeper residual stress can be achieved by increasing the rolling pressure. However,

they observed that there is a saturation point where increasing the rolling pressure does not change

the residual stress profile significantly.

Bäcker et al. [4] proposed coupling of the FE method with Boundary Element (BE) method to

simulate DCR process on a Ti64 turbine blade in order to predict the induced residual stress. It is

mentioned that, the coupling between FE and BE methods can only be adopted by implicit solvers.

FE was used locally for precise prediction of the residual stress field in a sub-model of the blade

where the ball and specimen interact, while the global deformation of the global blade geometry

was evaluated by BE. The simulations demonstrated the feasibility of the proposed coupling

methods despite the discrepancy with the experimental measurement.

Klocke et al. [12] developed a 3D FE model considering a user defined isotropic hardening model

to predict residual stress in Ti64 alloy. The developed model underestimates residual stress in the

surface layer by more than 50%.

Liu et al. [5] developed a three-dimensional finite element model in ABAQUS/Explicit to predict

the surface deformation, stress and strain in Ti64 cylinder with a radius of 40 mm and thickness

of 16 mm under ultrasonic surface rolling (USRP). In USRP, ultrasonic vibration and static force

are simultaneously applied on the work piece to generate residual compressive stress in the surface

layers. The results predicted by explicit FE model were in a good agreement with the measured

values.

Ali and Pan [54] compared residual stresses induced by cold rolling process in a plate by a rigid

and elastic deformable roller using 2D plane strain FE model. The plastic behavior was modeled

by nonlinear kinematic hardening rule. Results showed that the residual stress profiles are almost
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the same for both kind of roller models. Therefore, a rigid ball can be used in the simulation of the

process in order to reduce the computation time without compromising the accuracy.

In 2013, Balland et al. [55, 56] concluded that previous numerical studies on burnishing process

had not been very successful in describing the effect of the process on surface hardening, mainly

due to  assumptions been made in previous research works . Three remarkable conclusions can be

outlined based on their results: 1) The residual stress profile evolves gradually by increasing the

number of rolling passes. 2) A minimum number of rolling passes is required to obtain a stabilized

residual stress field. 3) The magnitude of the overlap between the rolling passes has a great effect

on the final residual stress state.

Sayahi et al. [57] simulated the deep rolling process on Ti-6Al-7Nb components using 2D and 3D

FE models and compared the simulation and experimental results. The developed 3D FE models

provided results with a good agreement with experimental measurements although unable to

predict the magnitude of residual stress on the surface. The authors concluded that the 2D FE

models only provide a very qualitative description of the RS profile and do not yield accurate

quantitative results.

The residual stresses of cold rolling process on cylindrical specimens made of IN718, 42CrMo4

and GGG60 materials have also been predicted with ABAQUS/Explicit and validated to

experimental results [1]. Based on the numerical results obtained from the validated FE models

and using similarity mechanics, a set of equations was derived to approximate the residual stress

profile with respect to the depth from the surface layer.

Mohammadi et al. [9] employed ABAQUS/Explicit to simulate LPB process on a half-space Ti64

specimen. The residual stress of an elastic-plastic half space was calculated by a 3D explicit model

and compared to results of 2D implicit model cited by Fischer-Cripps [58]. However, the number

of rolling passes was considered as a design variable and the reference lacked validation to

experimental measurements.

Lim et al [59] simulated DCR process on Ti64 plate using a 3D FE model in order to investigate

the residual stress distribution at the boundary between the treated and untreated zone on the

surface of the component. The results of the FE model in the treated zone wre compared with

experimental measurements which showed significant disagreement particularly at the near to the

surface area. The limitation of the residual stress measurement method at the surface layer area
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was stated as a potential source of the discrepancy. They used the net material movement to explain

the induced plastic deformation and the resultant residual stress.

Table 2-1: Summary of articles on FE simulations of deep rolling and their level of accuracy in
comparison with experimental results

Reference FE Model Material Material model Error %
s0 smin Ymin Yo

Guagliano
(1998) [60]

3D Implicit 40CrMo4 steel isotropic hardening 58 41 100 -

Jiang
(2002) [61]

3D Implicit AISI 1070 steel LCP model No validation was
performed.

Courtin
(2003)  [62]

2D and 3D
static

Cast Iron elastic perfectly
plastic

-24 -22 ¥ 7

Zhuang
(2004) [42]

3D Implicit IN718 isotropic/kinematic
hardening

38 31 22 12

Guo
(2004) [43]

2D Implicit AISI 52100 nonlinear isotropic
hardening

RS profiles from
experiment and FE don’t
agree to be compared.

Saï
(2005) [63]

3D Static AISI 1042 isotropic hardening No validation was
performed.1

Yen
(2005) [64]

2D & 3D
Implicit

AlSl 52100 linear elastic-
plastic

The data were not readable
to compare.

Demurger
(2006) [45]

3D Implicit 23MnCrMo5 LCP model 305 123 100 -

Partchapol
(2007) [65]

2D & 3D
Implicit

AISI 52100 isotropic hardening -247 29 245 33

Manouchehrifar
(2009)[66]

3D Explicit Ti64 JC The comparison is not
valid. 2

Klocke
(2009) [53]

3D Explicit Ti64 and
IN718 3

isotropic/kinematic
hardening

38 10 7 17

Li
(2010) [67]

3D Explicit IN718 JC 72 18 79 8

Bäker
(2010) [4]

3D
Implicit

Ti64 isotropic/kinematic
hardening

-16 10 32 ¥

Bougharriou
(2010) [68]

3D Static
2D Implicit

AISI 1042 kinematic
hardening

54 54 0 75

Majzoobi
(2010) [69]

3D Explicit AISI 4340 JC No validation was
performed.

Klocke
(2011) [12]

3D Implicit Ti644 isotropic/kinematic
hardening

63 32 46 12

Niţu
(2011) [48]

3D Explicit AISI 1015
steel

JC Forces and micro-hardness
measurements were used
for comparison.
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Table 2-1: Summary of articles on FE simulations of deep rolling and their level of accuracy in
comparison with experimental results

Reference FE Model Material Material model Error %
s0 smin Ymin Yo

Fu
(2012) [70]

3D Explicit Nitinol user defined Deformation and track
shape were used for
comoarison.

Mohammadi
(2013) [9]

3D Explicit Ti64 JC No comparison was
done.

Sayahi
(2013) [57]

3D Explicit Ti-6Al-7Nb isotropic
hardening

50 5 51 7

Balland
(2013) [55]

3D Implicit 11SMn30 steel isotropic
hardening

No validation was
performed.

Bougharriou
(2013) [71]

2D Implicit AISI 1042 isotropic
hardening

30 30 0 50
7

Trauth
(2013) [1]

3D Explicit IN718
42CrMo4
GGG60

LCP model Results were not
available in the article.

Liou
(2014) [72]

3D Explicit Ti64 JC The FE model was not
validated with
experiments.

Perenda
(2015) [73]

3D Explicit TORKA steel LCP model 8 10 - 9

Perenda
(2015) [74]

3D Explicit Torka steel LCP No validation was
performed.5

Lim
(2015) [59]

3D Implicit Ti64 isotropic
hardening

40 43 0 -8

Majzoobi
(2016) [52]

3D Explicit Al7075 LCP 1 17 2 13

1 The authors mentioned that the residual stress calculated by the model level is very low compared to experimental values.
2 FEM results of 0.9 mm ball were compared to experimental results of 6mm ball.
3Only the results of Ti64 has been presented in the article. The calculated error is for the plain plate.
4 The best numerical result in terms of agreement with to experiments was considered.
5 RS distributions were not provided in the article. But most likely the calculated errors for [73] are applicable.

The main findings that can be summarized from above investigation on the pertinent literature in

the field can be described as: 1) The rolling process should be simulated by a 3D FE model since

nature of the rolling contact is three dimensional and no symmetry can be found in order to reduce

it to a 2D problem [61]; 2) The influence of DR on the workpiece is highly localized so the effect

of surface curvature and the resultant helical rolling path is negligible in modeling of DR on



31

cylindrical workpiece [64, 65]. Therefore, it is possible to model the DR on a flat plate without

sacrificing the accuracy.

It has been reported that the effect of friction coefficient on the simulation is negligible as long as

the friction is nonzero as any level of friction will allow the ball to be in a pure rotating state of

motion [59].  The pressurized fluid acts as coolant and lubricant in the process so the process is

assumed to be isothermal [65], and for the interaction between the workpiece and ball a frictional

coefficient between 10-5 and 5×10-3 is generally consideredusing isotropic Coulomb friction model

[67]. Numerical investigations showed that increasing the friction coefficient decreases the

maximum residual stress and for a friction coefficient higher than 0.1, the effect of friction can

cause instability of the residual stress profile [66].

X-Ray Diffraction (XRD) has been widely utilized as an effective method to measure the residual

stresses. In XRD, lattice spacing variation is measured using Bragg law and compared to a strain-

free reference specimen to calculate residual stress and strains. XRD involves material layer

removal which causes inevitable relaxation and redistribution of the initial residual stress profile

and requires corrections in the measurement. Figure 2-10 shows the residuals stress distribution

with and without correction to account for XRD layer removal in a 1070 steel shaft [75]. As

presented in Figure 2-10, the measurement error increases with the depth from the surface if the

correction for layer removal is not considered in the process. Additionally, measuring tensile

residual stresses beneath the surface using XRD method is not possible due to this layer removal

approach. The equilibrium of forces between the tensile region and compressive region must be

maintained in each step and due to layer removal the compressive region either reduces or does

not exist [25]. Also residual stress measurement techniques are more or less inefficient in

measuring the residual stress in curved directions [52].
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Figure 2-10: residual stress distribution with and without correction for XRD layer removal in
ST1070 shaft [75]

The comprehensive literature review conducted for the current research work revealed that the

available published numerical studies are mainly limited to simulation of the process to predict the

induced residual stresses at the ambient temperature. There is limited number of models that can

generally predict the residual stress profile with reasonable accuracy. While these models can

certainly provide a fundamental understanding on the mechanism of DCR, they are not accurate

enough to account for the effect of residual stresses on the fatigue life. Particularly, the accuracy

of the previous numerical FE results especially in the region near to the surface layer is not

sufficient enough compared with correlated available experimental data. Most importantly, they

have not addressed further relaxation of the induced residual stresses under specific thermo-

mechanical environments, while majority of highly stressed components treated by DCR process

operate at elevated temperature where beneficial influence of the surface treatments may decrease

due to the thermal relaxation of compressive residual stresses at such temperatures. In addition, a

non-uniform relaxation of the induced compressive residual stress in thin-walled components can

also cause shape distortion and warping in addition to the direct effect of thermal relaxation which

is reduction in the amount of compressive residual stress. If the section thickness of the treated

component is in the order of the depth of the compressive layer, the distortion could be more severe

[14]. This can be a serious concern in surface treatment of thin turbine blades which any minor
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distortion from aerodynamic shape can potentially affect the engine performance and efficiency.

Therefore, it is important to investigate and accurately assess the thermal relaxation of the induced

residual stresses in such cases.

Despite experimental studies; to the best of the author’s knowledge, there is no prior published

work detailing the modeling of the thermal relaxation of residual stresses in deep-rolled of Ti64

alloy with a systematic validation with the experimental results. One of the main objectives of the

current study is to develop reliable high-fidelity FE models and simulation codes for predicting

residual stresses associated with the DCR process and the following thermal relaxation at elevated

temperature of 450˚C.

2.6 Regression Analysis and Optimization Studies

The experimental results show that the affected depth of the surface treatment (i,e, the depth of

compressive residual stresses and strain hardening) has a significant effect on the fatigue

enhancement of the treated component [3].  It was discussed that the profile of induced residual

stresses can be controlled by the process parameters namely ball diameter, feed, rolling pressure

and the ball rolling velocity. Therefore, it is necessary to understand the correlation between each

key process parameters and the residual stress profile.

It has been mentioned that the main goal of the DCR is to mainly increase the fatigue strength of

a given component. In practice the desirable results can be achieved by optimization of the process

parameters.  Comprehensive experimental studies performed on 2024 Al confirms that there is an

optimum value of rolling force which maximizes the fatigue life. After reaching the maximum,

any further increase of rolling force will have a debit on the fatigue life. [36].  Generally too low

rolling forces have no noticeable effect on the fatigue behavior and in contrast too high forces may

even deteriorate the fatigue behavior of the component [6]. Increasing the rolling force can increase

the compressive residual stresses up to a saturation limit. Beyond the saturation level, while further

increasing the force induces a deeper compressive residual stress into the component, it leads to

tensile residual stresses on the surface [6].

It can be realized that a careless application of the process can damage the surface and

consequently reduce the fatigue life of the component by introducing surface cracks or opening

the existing ones, and creating tensile residual stress in the surface layer of the component. To

avoid any undesirable outcome from the process, it is necessary to determine the correlation
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between the residual stress profile and key parameters of the DCR process; and then identify

process parameters to induce an optimal residual stress profile in the component surface layer.

There have been several experimental studies to investigate the impact of the DCR process

parameters on the induced residual stress profile and the surface finish [10, 76-79] where the

impact of each design variable and their interactions on measured output variables were

systematically studied using Design of Experiment (DoE) techniques. The results have confirmed

that DCR is a complex process and each parameter has a different level of interactions on the final

state of the surface roughness and induced residual stress profile.

DoE generally refers to a collection of statistical techniques that maximizes the knowledge gained

from  minimum number of experiments (simulations) by identifying the best positions of the

design points in a defined design space [80, 81]. Due to cost associated with experimental studies,

it is not possible to explore a large design space and systematically explore the effect of tool and

process parameters simultaneously and therefore the experiments are performed at the intelligently

selected design points.

El-Axir [10] implemented Box and Hunter DoE technique to experimentally investigate the

influence of roller burnishing process parameters (namely, burnishing speed, force, feed, and

number of passes) on residual stress profile and surface roughness of ST 37 samples. Prabhu et al.

[77] used fractional factorial DoE to study the influence of main process parameters on the surface

roughness and the hardness of AISI 4140 steel for both LPB and DCR process. Burnishing force,

feed rate, number of tool passes/overruns, initial roughness of the work piece, ball material, ball

diameter and lubricant were considered as the input variables in the study.

Loh et al. [76] experimentally explored the effect of depth of indentation, feed, ball material,

burnishing speed and lubricant on the surface roughness of AISI 1045 specimen in ball burnishing

process using a full factorial DoE . Seemikeri et al. [78] studied the effect of LPB process on the

surface roughness, surface integrity and fatigue life aspects of AISI 1045 work material using full

factorial design of experiments.  Burnishing process parameters as burnishing pressure, burnishing

speed, ball diameter and number of passes were considered as design variables. Scheil et al. [79]

experimentally investigated the effect of ball diameter, processing speed, line spacing between

rolling traces and pressure on the surface hardness. They used a fractional factorial DoE to

determine the experimental matrix design for all parameters.
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Trauth et al. [1] extended the applicability of the similarity mechanics; a widely used approach in

fluid mechanics, to investigate the deep rolling process more efficiently. Based on FE results

validated by the experimental measurements, an efficient and accurate approach using similarity

mechanics and DoE was established to study the correlation between the process parameters and

the induced residual stresses.  Bäcker et al. [4], considered different rolling ball diameter (3-6-13

mm), rolling pressure (50-150-250 bar) and overlap (30-60-80%) with the rolling speed of 10 mm/s

to investigate the effects of the rolling process on the residual stresses. However, a formal DoE

was not performed and only variation of the residual stress by changing the process parameters

was studied.

The FE studies of Balland et al. [55, 56] demonstrated that that the magnitude of the overlap

between the rolling passes (feed rate) has a major effect on the final residual stress state. The results

also confirmed that the residual stress profile evolves gradually by increasing the number of rolling

passes and therefore a minimum number of rolling passes is required to obtain a stable residual

stress field. Further rolling beyond the required minimum number of rolling passes will not

generally alter the induced residual stress profile in the workpiece. In addition, the previous

experimental and numerical research works have unanimously confirmed that the impact of the

rolling speed on the residual stress is negligible [9, 11, 52, 82]. Therefore, it can be concluded that

the number of rolling passes and rolling velocity may not be treated as a design variable in the

process optimization.

Applying either a gradient based optimization algorithm or a non-gradient stochastic-based

algorithm such as genetic algorithms (GAs) directly on the FE results is very computationally

expensive because the FE model may be called several times in every optimization iteration. In

addition to that, the responses of FE models for dynamic nonlinear problems are typically noisy,

thus calculation the gradient of the response functions can be erroneous which may render

inaccurate optimal solution [80]. Therefore, direct use of high-fidelity gradient-based optimization

algorithms on the FE results is not practical, if not impossible. To overcome this limitation,

response surface method (RSM) has been effectively employed in practical large size problems to

develop a smooth and analytical response function to define the correlation between the FE results

and the design variables [9, 80, 81].  RSM basically fits the best polynomial function to the FEM

results sampled over the selected design points in the defined design space.
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Taguchi and RSM methods [83, 84], fuzzy logic method [85] and artificial neural network (ANN)

[86] have been widely used in experimental studies to establish correlations between DCR process

parameters and surface roughness and microhardness. The Grey based relational analysis and

Taguchi method were used to establish a multi-response optimization of the burnishing process

for an optimal parametric combination of surface roughness and microhardness [87]. Mohammadi

et al. [9] formulated the design optimization problem for a half-space specimen of Ti64 to obtain

the optimum set of LPB process parameters in order to reach an optimal profile of the residual

stress. RSM was employed to create analytical objective and constraint functions using results

obtained from FE models.

The comprehensive literature review shows that the main focus of previous studies was on

establishing correlations and design optimization of the process at room temperature without

considering the design intend of the treated component. However, the optimal profile of the

induced residual stress strongly depends on the stress distribution resulted from the applied

external load. While a deep residual stress is more essential in components subjected to push-pull

loading, in parts under bending or torsional loads with high stress gradients, a more comprehensive

stress on the surface layer is beneficial [19].

The surface treatments are usually performed at ambient temperature while many highly stressed

components operate at elevated temperature. The beneficial influence of the surface treatments

may decrease due the thermal relaxation of residual stresses. Since Ti64 components are designed

for service temperature up to 450˚C, identifying process parameters to achieve an optimal residual

stress distribution at the room temperature does not necessarily result in the most optimum solution

for operations at elevated temperature. Moreover, achieving optimal selections of the process

parameters in thin-walled components where the depth of the residual stress is comparable with

the thickness of the component is more critical as the process can easily lead to detrimental tensile

residual stress in the surface layer [11].

Another important objective of the present study is to develop a design optimization methodology

to identify the optimal process parameters which can maximize the beneficial compressive residual

profile in Ti64 component operating at room temperature as well as elevated operating temperature

of 450˚C. To achieve this, the developed and validated high-fidelity nonlinear FE model will be

utilized to simulate the DCR process to predict induced residual stress profile for a set of input
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design points (process parameters) at both room temperature and its relaxation at the elevated

temperature. The design points in the given design space will be optimally identified using DoE

technique. Using the response surface method, analytical surrogate response functions will then

be developed. These functions can efficiently replace computationally expensive FE model to

predict the output residual stress parameters at both room and their relaxed states at elevated

temperature with respect to the input process parameters. Finally, formal optimization problems

will be formulated using developed explicit surrogate models to identify the optimal process

parameters to enhance the fatigue life at the elevated temperature.
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3 Prediction of Residual Stresses Induced by Deep Cold

Rolling of Ti–6Al–4V Alloy and the Effect of Thermal

Relaxation

In this chapter, a high-fidelity finite element model has been developed to simulate the deep cold

rolling process on Ti64 specimens and the following short-term exposure of the treated

components to elevated temperature. The developed model can be effectively used to predict the

residual stress profiles induced by the process at room temperature and the following residual

stress relaxation at the elevated temperature. The thermal relaxation stage is performed using a

visco-plastic model which couples creep and plasticity deformation mechanisms to predict the

state of residual stresses at the elevated temperature. For this purpose, a new set of hyperbolic

creep law coefficients are identified in order to describe the primary creep at 450˚C. The accuracy

of the developed finite element model to predict residual stresses is validated by comparisons of

the simulation results with the experimental data available in the literature. It has been shown that

the finite element predictions correlate well with experimental results with error generally less than

10%.

3.1 Simulation Frame Work

As mentioned before, the induced residual stress field cannot be determined by means of analytical

methods due to highly nonlinear cyclic plastic deformation and contact between the ball and the

component during of DCR process and thus the use of numerical FE based models is inevitable.

In the present work, a high-fidelity 3D FE model has been developed in ABAQUS software to

simulate the DCR process in order to predict the residual stress, and also to evaluate the thermal

relaxation of the induce residual stresses at elevated temperatures.

ABAQUS package generally offers two powerful solvers namely ABAQUS/Standard and

ABAQUS/Explicit. ABAQUS/Standard uses the iterative procedure based on the implicit time

integration technique, which is unconditionally stable, but is slow convergent especially for short

duration dynamic nonlinear problems. On the other hand, ABAQUS/Explicit is based on explicit

time integration technique, which is conditionally stable. However with properly selected time
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step, the explicit solver can be effectively used to solve complex nonlinear dynamic problems with

fast convergence [40].

The proposed simulation framework has been divided into three main stages as shown in Figure

3-1. First the DCR process at room temperature is simulated using Johnson Cook material model

as presented by Eq. (2-13), to evaluate the induced residual stress and strain fields which are then

subsequently considered as initial conditions for the next stage of simulation in which the spring

back analysis is modeled using isotropic plasticity behaviour of the material at a low strain rate.

The results at the end of this stage are then validated against available experimental measurements.

The output of spring back analysis is the initial states for the thermal relaxation assessment where

the effect of the elevated temperature on the induced residual stress field is modeled through the

plastic softening and short-term creep relaxation mechanism.  The results obtained from the

analysis of this stage are also compared to those available experimental measurements for the

purpose of validation of the developed FE model. This stage includes several sequentially coupled

steps in which the stress and strain output of each step will be an initial state for the following step.

Figure 3-1: Flow chart for the simulation of the DCR process and thermal relaxation

As explained before the modeling of DCR inherits many sources of nonlinearities mainly due to

the contact analysis, nonlinear behavior of the material, dynamic loading and large deformation.

ABAQUS is capable of handling highly dynamic nonlinear problems efficiently and accurately

using its explicit module and has shown to be effective in modeling of DCR process [9, 42].
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The explicit method could be computationally very expensive for quasi-static problems such as

metal forming processes because it requires a long-time solution and needs very small elements in

the contact zone due to a high level of nonlinearity. The run time of dynamic explicit program can

be further reduced by artificially increasing the forming rate (time scaling) or artificially increasing

the density of the elements (mass scaling technique) as explained in section 2.4.1. However, the

solution accuracy can be compromised because of the introduction of unrealistic dynamic effects

if proper care is not taken into account using these techniques. The kinetic energy of the system

needs to be carefully monitored through the simulation process to ensure that the ratio of kinetic

energy to internal energy does not exceed 10%. Time scaling approach should not be used in a

strain rate dependent simulation like deep rolling process [40].

It should be noted that the spring back and thermal relaxation stages due to their quasi-static nature

are analyzed using Implicit solve in ABAQUS/Standard. As it was discussed in section 2.4, the

implicit numerical procedures are usually unconditionally stable and ABAQUS/Standard uses the

backward Euler operator and a generalized form of Newmark method for time integration of the

dynamic problem.

3.2 Finite Element Simulation of DCR at Room Temperature

As mentioned before in Chapter 2, the rolling process should be simulated by a 3D FE model since

nature of the rolling contact is three dimensional and no symmetry can be found in order to reduce

it to 2D problem [61]. The influence of deep rolling on the workpiece is highly localized so the

effect of surface curvature and the resultant helical rolling path is negligible in the modeling of

DCR process on a cylindrical workpiece [64, 65] and the process can effectively be modeled on a

flat plate without sacrificing the accuracy. The pressurized fluid acts as the coolant and lubricant

in the process. Thus the process is assumed to be isothermal [65] and for the interaction between

the workpiece and ball a frictional coefficient between 10-5 and 5×10-3 is considered using isotropic

Coulomb friction model [67].

Figure 3-2 shows the 3D FE model of the ball and the work piece developed using C3D8RT

elements in ABAQUS environment. C3D8RT is an 8-node thermally coupled brick element

accommodating temperature degree of freedom (DOF) in addition to all possible displacement

DOFs. Stresses are evaluated at the Gauss points with reduced integration to prevent shear locking.

The DCR process parameters are considered to be the ball diameter, rolling force and feed. The



41

process parameters of experimental work of Nalla et al. [3] were considered for the modeling in

order to validate the FE results.

The experimental results show that the DCR process can induce the residual stresses with high

gradient up to 600µm depth from the surface of the workpiece. Hence a very refined mesh (size of

25μm) has been used in the vicinity of contact zone as shown in Figure 3-2 to achieve accurate

results.  However, in the regions far away from the contact zone, coarser elements were used to

decrease the number of degrees of freedom and computational costs.

The geometry of the workpiece was partitioned to smooth the transition from very refined mesh to

coarse mesh in order to avoid element distortion and generate a high-quality mesh. As the hardness

of the moving ball is generally several times higher than that of test specimen, it has been modeled

as analytical rigid body and hence its motion can be associated to a reference point. This

assumption reduces the number of degrees of freedom required to describe the motion of the rolling

ball, thus making the simulation more computationally efficient without compromising the

accuracy.

Figure 3-2: Geometric model and mesh of the workpiece in the 3D simulation

A series of simulation cycles are conducted until a stable residual stress field is achieved in the

contact zone. The roller kinematics is defined by four different boundary conditions as:

(a) Indentation step where the ball is pushed into the surface of workpiece

(b) Rolling steps whereby the ball is free to rotate while the force is constantly applied
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(c) Overlap steps where the ball is offset laterally (perpendicular to the rolling pass) by the

amount of feed. In this step the movement of the ball in the other directions is fixed.

(d) Retraction step where the ball is removed from the surface.

When the ball rolls and finishes one trajectory in X direction, it is then offset in Z direction and

rolls back in an opposite direction (-X) to complete the next trajectory. Through several trial and

error, it is found that 10-number of rolling passes is sufficient to generate a stable stress state.

Numerous sets of JC model parameters for Ti64 exist in the literature [49, 50] where each set has

been defined based on the measured plastic strain and strain rates in a specific range of

temperatures.  The assumed JC model for the simulation of the DCR process should cover the

largest strain and strain rate typically generated during the process. Thus, the JC model developed

by Lee and Lin [88] for Ti64 with parameters presented in Table 3-1 was used to describe the

material behavior in the simulation of cold rolling processes.

Table 3-1: JC material constant parameters presented for Ti64 [88]
A (MPa) B (MPa) n C m

724.7 683.1 0.47 0.035 1

It is noted that the stable time increment depends on the material properties and the element size

as shown by Eq. (2-8). The time increment is governed by the elements in the layer close to the

surface through the analysis process as it requires the minimum element size which its value

changes due to the loading.  It is noted that to reduce the computational time, the mass scaling

technique with the target time increment of 8×10-8 has been employed in the current work. The

energy balance during the CDR process was monitored to evaluate whether the assumed mass

scaling in ABAQUS/Explicit simulation is yielding an appropriate dynamic response as shown in

Figure 3-3. As it can be realized, the kinetic energy (ALLKE) of the process does not exceed a

small fraction (less than 5%) of its internal energy (ALLIE) throughout the majority of the process.
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Figure 3-3: Energy balance in the DCR simulation

When the deep rolling process is completed, the stress and strain fields calculated at the end of the

ball retraction are then transferred to an implicit FE model to determine the settled residual stress

in the component.  This stage of the process; which is called spring back, is quasi-static in nature

and therefore plastic material model at lower strain rate is required in the simulation. Thus the true

stress and strain curves at strain rate of 1 sec-1 at room temperature, reported by et al. [89], has

been implemented in form of isotropic plasticity in the FE model to carry out the spring back

analysis.  This isotropic plastic model was also used in the DCR simulation later to investigate the

effect of the assumed plasticity model on the predicted residual stress profile.

3.3 Validation of the FE Model

In this study, the experimental results reported by Nalla et al. [3, 31] are used to validate the

developed FE models of conventional DCR. In the experimental study, the deep rolling on Ti64

rod with the diameter of 7 mm was performed using a 6.6 mm diameter ball under rolling pressure

of 150 bar (15 MPa) and constant feed of 0.1125 mm per revolution followed by annealing at

450˚C for 45 minutes. The X-ray diffraction (XRD) method was then used to measure the residual

stress induced by DCR process and to measure the residual stress after the following thermal

relaxation.
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Lattice spacing variation is measured using Bragg law and compared to a strain-free reference

specimen to calculate residual stress and strains in XRD technique. This method involves material

layer removal which may cause inevitable relaxation and redistribution of the initial residual stress

profile. Stresses in both directions tend to fall to zero after layer removal since all the volume

where residual stresses balanced themselves are removed. Therefore, the measurement error

increases with the depth from the surface. Additionally, measuring tensile residual stresses beneath

the surface using XRD method is not possible due to this layer removal approach. The equilibrium

of forces between the tensile region and compressive region must be maintained in each step and

because of layer removal the compressive region either reduces or does not exist [25]. Also residual

stress measurement techniques are more or less inefficient in measuring the residual stress in

curved directions [52].  The residual stress in the rolling direction (axial) is considerably lower

than that in perpendicular to the rolling direction (tangential). Therfore only the residual stresses

measured in tangential directions have been reported [2, 3] and will be used here to validate the

FE model.

Figure 3-4 shows the comparison of the tangential residual stress profile predicted by the

developed FE model and the experimental measurements of Nalla et al. [3, 31].  Both JC and

isotropic plastic models have been used as the materials constitute models in the developed FE

model. As it can be realized predicted residual stress profile based on the JC model agrees very

well with that obtained experimentally up to depth of 170µm.  Specifically, the magnitude of the

residual stress at the surface and also the maximum induced residual stress and its location beneath

the surface have been accurately predicted. While FE model based on the isotropic plastic model

was able to accurately predict the residual stress on the surface, it was not capable of capturing the

location and magnitude of the maximum residual stress.
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Figure 3-4: Comparing tangential residual stress profile through the depth obtained at room
temperature using FE and experimental measurements of Nalla et al. [3, 31]

Next to further assure the validity of the developed FE model, the RS profile predicted by the FE

model developed in the current study using the JC material model has been compared to a second

XRD measurements reported by Tsuji et al. [2] which is presented in Figure 3-5.  The deep rolling

in the experimental study was performed in a lathe using a ball element with 6 mm diameter under

the rolling force of 750 N, at a rotating speed of 750 rpm, and a feed 0.1 mm per revolution.

Results generally show that the simulation results based on the developed FE model agrees very

well with those obtained experimentally. The difference between the simulation results for the

residual stress and those reported experimentally at the deeper locations below the surface  may

be attributed to the fact that the residual stresses measured in the experiments have not been

corrected to account for layer removals [2, 3, 31]. The residual stresses are self-equilibrating in

surface treated components. As a result, by removing each layer of compressive residual stress in

XRD processes the magnitude of the remaining compressive stresses must increase to satisfy the

equilibrium with the intact tensile stress in deeper depth of the component. As it is has been

presented in Figure 2-10, when the amount of measured compressive stresses is not corrected for

the effect of the layer removal, the depth of the compressive layer and the measured compressive

residual at each depth may be greater than their real values. Considering above, it can be concluded
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the developed FE model is capable of predicting the residual stresses induced during the DCR

process at the room temperature.

Figure 3-5: Comparing tangential residual stress profile through the depth at room temperature
obtained using FE and experimental measurements of Tsuji et al. [2]

3.4 Effect of the Rolling Pass on the Residual Stress Distribution

Here the effect of rolling ball movement on the induced residual stress is investigated. The process

paramerts are ball diameter of 6.6 mm, pressure of 150 bar (15 MPa), feed of 0.1125 mm and

rolling speed of  700 mm/s which were taken from the experimantal study published by Nalla et

al. [3, 31]. Figure 3-6 shows the displacement magnitude contours and material flow vectors after

the first rolling pass. When the ball rolls, the flow of material in the Z direction is restrained by the

surrounding material which forms lateral protrusions on each side of the created groove. As

illustrated in the figure the heights of the protrusions on the sides of the groove are greater than

the height of the front ridge which explained why the residual stress in tangential (z) direction is

greater than the rolling (x) direction.
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Figure 3-6: Displacement magnitude (m) with material flow vectors (a) and its sectioned view (b)

The lateral protrusions rising in the first rolling pass will interact with the ball movement during

the next trajectory. In another word, the ball in the subsequent pass has to move over a surface

deformed by the previous rolling pass which also inherits plastic hardening. Therefore, the

generation of the lateral protrusions in the following trajectory is influenced by the already existing

protrusions due to strain hardening and generated roughness in previous passes. The succeeding

rolling also lifts up the bottom of the groove created by the previous passage. This can be easily

observed from Figure 3-7 which shows the evolution of the surface profile in the first four rolling

passes at the end of each cycle.  It is noted that the deformed shapes are scaled by the factor of 20

for the sake of clarity.

(b)(a)
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Figure 3-7:  Resultant displacement (m) contour after one (a), two (b), three (c) and four (d)
rolling pass

In order to investigate the saturation stage where the surface profile becomes stable and does not

change by increasing the number of rolling passes, the displacements in mid span of the rolling

trajectory were extracted in y direction (normal to the surface) in the yz plane. Figure 3-8 shows

the line where the displacement in y direction has been investigated. The y-displacements of the

nodes located on the entire mid-span line as shown in Figure 3-8 are analyzed after each rolling

pass and results are presented in Figure 3-9. As it can be realized after six rolling passes, the

displacements in the range between z= 500-1000 µm is nearly constant.

(a) (b)

(d)(c)
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Figure 3-8: Mid-span line on which the displacement in y direction has been evaluated during
each rolling pass

Figure 3-9: The evolution of surface profiles in yz plane (perpendicular to the work piece
surface) at the mid span during each cycle of rolling

Further examination of Figure 3-9 also reveals that the displacement profile has evolutionary

characteristics and strongly depends on the number of completed rolling passes. After several

simulations, it has been observed that the displacements and subsequently induced residual stresses

stabilize after around eight rolling passes.
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3.5 Residual Stress Profiles

Figure 3-10 shows the residual stress in tangential direction (σzz) after spring back sectioned in the

stabilized region; corresponding to z= 400-700 µm in  Figure 3-9.  Nine vertical lines (normal to

the surface) are used to obtain the residual stress distribution through the thickness and the

calculated average values are compared to experimental results as presented in Figure 3-4. It

should be noted that due to very high numerical computation time, only 10 number of passes were

considered in the simulation, which only covers a part of the surface but it is enough to develop a

stabilized region to extract the results.

Figure 3-10: Residual stress (Pa) in tangential direction (σzz) after spring back sectioned in the
stabilized region

The residual stress distribution in the axial (sxx) and tangential (szz) directions in the stabilized

region (seen in blue color in Figure 3-10) are shown in Figure 3-11.  As it can be seen DCR process

develops very different residual stress distribution through the depth along longitudinal and

transverse directions.
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Figure 3-11: Residual stress profiles in axial and tangential direction at room temperature

The predicted residual stresses in axial and tangential directions illustrated in Figure 3-11 have

been quantified using parameters defined in Figure 2-1(b) which are presented in Table 3-2.

According to the presented results, the magnitude of the tangential residual stress is almost three

times of the axial residual stress at the surface and the magnitude of ௭௭ is approximately(௠௜௡ߪ)

35% higher than the magnitude of ௫௫. This is in a very good agreement with experimental(௠௜௡ߪ)

observations published by Liam et al. [59] where approximately 2.8 times and 35%, had been

respectively reported. The comparison of Zmin and Z0 values presented for tangential and axial

directions shows that the axial residual stress is developed in a deeper depth compared with that

of tangential residual stress.

Table 3-2: Characterization of residual stress depth profiles plotted in Figure 3-11

Tangential (Z direction) Axial (X direction)

s0   (MPa) 723 214

smin (MPa) 943 714

Zmin (µm) 75 150

Z0 (µm) 480 580
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It has also been observed that the amount of feed; which controls the overlap between the two

following rolling passes, has a significant effect on the final state of the residual stress. To

demonstrate this, the effect of feed on the residual stress profile has been investigated while the

other process parameters were kept unchanged.  The effect of the feed on tangential residual

stresses s0 and smin is shown in Figures 3-12 and 3-13, respectively. Results show a parabolic

relation between the introduced residual stresses and the feed.

Figure 3-12: Effect of the feed on tangential residual stress on the surface (s0)

Figure 3-13: Effect of the feed on the tangential residual stress at Zmin (smin)
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Statistical analysis of the effect of feed on work hardening surface hardness in ball burnishing

process shows that the surface hardness increases linearly by increasing the feed [90].  Prevéy has

shown that a parabola function best fits the relation of measured residual stresses with respect to

hardness measurements by the full width at half maximum (FWHM) distribution in LPB treated

Ti64 [22]. Thus, one may conclude that a parabolic relationship can be established between the

residual stresses with respect to the feed. Therefore, the developed FE model can describe the

variation of the process parameters on the residual stress profile.

3.6 FE Model of Thermal Relaxation

The initial thermal relaxation is prompt and caused by the change in yield strengths and the

Young’s Modulus at elevated temperature.  Decreasing the Young’s Modulus leads to an elastic

temporary relaxation. Also with the temperature increase, the yield stress decreases which can be

lower than the high compressive residual stresses at room temperature which results in a local

plastic deformation causing a permanent residual stress relaxation. It has been shown that the time

dependent  thermal relaxation can also be described by creep behaviour as shown experimentally

for Ti64 [20, 24]. Correlation between time dependent plastic strains and mean residual stress are

established in such approach [17].

The DCR process alters the microstructure of the surface layer and this change will result in a

different material behaviour. Therefore, plasticity deformation mechanism combined with short

term creep deformation needs to be adopted in the surface layer to model this high rate relaxation

mechanism. Similar methodology has been successfully implemented before for FE modeling of

thermal relaxation of shot peened Nickel-base supper alloy [91].

The residual stress and strain states at the end of spring back simulation are provided as initial

condition for the subsequent thermal relaxation analysis conducted in ABAQUS/Standard.  The

FE analysis for thermal relaxation is a steady state thermo-mechanical analysis followed by a

visco-plastic analysis to account for creep relaxation in the surface layer. An arbitrary time step

was assigned to steady state analysis (here 10 sec) since the time has no role in the FE analysis at

this stage. However, the step time is important for the creep analysis and it will be the same as

annealing process (45 minutes at 450˚C) considered in experimental study of Nalla et.al. [3].

ABBAQUS/Standard employs a backward-difference scheme in the thermal-stress analysis to

integrate temperatures, and the nonlinear coupled system of stress (displacement) and temperatures
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are solved using Newton's method. The thermal loading is applied as the bulk metal temperature

increases to 450 oC and then remains constant for 45 minutes as illustrated in Figure 3-14.

Figure 3-14: Time plot of metal temperature to be used in thermal relaxation simulation

As explained before, the JC model was used in the simulation of DCR process which involves a

high strain rate deformation. The JC model parameters are obtained by fitting the model

coefficients to plastic deformations under high strain rate regimes while the spring back and

thermal relaxation processes occurs under a quasi-static or steady state condition. Therefore, JC

model especially with original parameter values might not be a good representative of the plastic

deformation of the material during thermal relaxation.

In an attempt to overcome this problem, Zhou et al. [23] recalibrated parameter m (which describes

the thermal softening of yield stress) of their assumed JC model to analyze thermal relaxation of

residual stress induced in laser shock peened Ti64 plate. However, this still is not representing the

quasi-static nature of the thermal relaxation stage since the other JC parameters (i.e. A, B and n)

had been extracted from high strain rate test data.

In the present study, temperature dependent quasi-static stress-strain curves in form of isotropic

plasticity; based on true stress and strains measurements by Haight et al. [89] are utilized in the

developed FE model. The true stress-strain data at strain rate of 1 sec-1 for Ti64 alloy at different

temperatures are shown in Figure 3-15. The thermal relaxation stage is then performed using a
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visco-plastic model which couples the creep and plasticity deformation mechanisms to predict the

state of residual stresses at the elevated temperature.

Figure 3-15: Temperature dependent plastic deformation of Ti64 at strain rate 1 sec-1 [89]

Norton and Hyperbolic-sine function are widely used creep laws and have been employed to

describe the creep behaviour of Ti64 [20, 25]. Hyperbolic-sine creep model which has been found

to be suitable for the primary creep can be described as:

௖̇ߝ = ௡(ߪܤℎ݊݅ݏ)ܣ exp(−
ܪ∆
ܴܶ) (3-1)

where T is temperature [K]; ΔH is creep activation energy [kJ/(mol·K)]; R is gas constant,

[kJ/mol]; A is material structure factor, [s-1]; B is stress level factor, [MPa-1]; n is stress exponent.

All the available creep models in the literatures have been developed either for long time

deformations where the data have been fit to the secondary creep [20, 92] or at the temperatures

above 450˚C [24]. The only short term creep strains and stresses available in the open source

literatures were found in [92, 93] where the minimum reported dwell time is 1 hours.

Prevey et al [14] claimed that the thermal relaxation of residual stress induced by shot peening,

gravity peening and laser shocking in Ti64 and IN718 materials shows strong correlation with the

amount of induced cold work and the initial relaxation of compression residual stress appears to

be time independent in both materials. Therefore it was assumed that the creep relaxation

developed based on test data at 1 hour dwelling time is also applicable for 45 minutes.  A new set

of Hyperbolic creep law coefficients are constructed in the current study that has the best fit to
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those experimental measurements data points available in  [92, 93], in order to describe the primary

creep at 450˚C and are presented in Table 3-3.

Table 3-3: Hyperbolic creep coefficients for 450˚C

A (s-1) 6.33034E-15

B (MPa-1) 0.0435

n 1.000504

H (kJ/(mol·K)) 200

3.6.1 Validation of the FE model for Thermal Relaxation

The profile of residual stress in tangential direction; ௭௭, at elevated temperature was obtainedߪ

using the developed FE model along the same lines where the stresses were acquired at room

temperature. The results are shown in Figure 3-16 and compared to experimental measurements

of Nalla et al [3].

As discussed in section 2.2,  Zener-Wert-Avrami model described by Eq. (2-1) is an analytical

function which describes the thermal relaxation of macro residual stresses and changes of work

hardening states quantitatively and is applicable to a wide range of temperatures. Stanojevic et al.

[20] determined the parameters of this model for axial and tangential stress relaxation in deep-

rolled Ti64 as provided in Table 3-4.

Here Zener-Wert-Avrami model has also been considered in the present work to predict the profile

of tangential residual stress after thermal relaxation for the sake of comparison with the FE results

as shown in Figure 3-16.  The results show the superiority of the developed FE to the analytical

Zener-Wert-Avrami model as it agrees better with the experimental measurements.

Table 3-4: Zener-Wert-Avrami parameters in axial and tangential directions
of deep-rolled Ti64 [20]

Parameter Axial Tangential

C [1/s] 3.96 E5 8.11 E4

∆HA [eV] 1.176 1.098

m [-] 0.2061 0.3132
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Figure 3-16: Residual stress profiles in tangential direction at 450˚C

The noticeable deviation between FE and experimental results in region above 200 µm depth in

Figure 3-16 is mainly associated with the fact that the experimental measured residual stress has

not been corrected to account for the effect of surface layer removals, standard deviation difference

in creep behaviour of Ti-64 provided by different suppliers and also assumptions related to the

material model. Results in Figure 3-16 also demonstrate that although the analytical model can

predict the residual stress in a depth above 200 μm rather well, it fails to predict the magnitude of

the residual stress on the surface layer and near subsurface layers. This may be attributed to the

fact that the analytical model assumes constant activation energy and parameter C through the

thickness. It is also noted that empirical models need to be recalibrated for each surface treatment

process and associated control parameters. Moreover these models do not generally incorporate

material microstructure, hardening behavior, plastic strain, and the underlying physical

deformation mechanisms which have a significant role in the stress relaxation.

3.6.2 Effect of elevated temperature on the induced residual stress distribution

The distribution of residual stress in axial (ߪ௫௫) and tangential (ߪ௭௭) directions at room and elevated

temperature 450˚C are shown in Figure 3-17 for the sake of comparison. The results clearly

confirm that the thermal relaxation redistributes the residual stresses which leads to a more uniform



58

stress profiles through the depth and reduces the anisotropy of the residual stresses as the difference

between ߪ௫௫ and .௭௭ reduces at the elevated temperatureߪ

Figure 3-17: Residual stress profile in axial and tangential direction at 450°C

As it can be realized the induced residual stresses in DCR process substantially relaxes at the

elevated temperature. This should be carefully taken into consideration as improper selection of

process parameters may induce beneficial residual stresses which may be completely released at

the elevated temperature and thus drastically reducing the fatigue life enhancement of the

components. This suggests that any future design optimization on the selection of the optimal

process parameters should be conducted based on the operating temperature.

3.7 Conclusion

A high-fidelity finite element (FE) model has been developed to predict the distribution of the

residual stresses induced by the DCR process on Ti64 material at the room temperature and the

subsequent thermal relaxation at elevated temperature.  The results obtained from the developed

FE model correlates well with the available experimental measurements. The FE model can

accurately capture both the shape and magnitude of the residual stress profiles up to depth of

200µm from the surface. In deeper depth the numerical and experimental results deviate slightly

mainly due to the layer removal involved in the experimental measurement.
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It was discussed that deep rolling process changes the microstructure of the specimen in the surface

layer which leads to change in mechanical behaviour of the material. In the current work a proper

deformation mechanism was adopted based on dominating deformation mechanism associated to

microstructure of the treated materials. At the surface layer where the dislocation density is high,

the deformation is controlled by dislocation glide which results in primary creep deformation.

However in deeper depths the main controlling relaxation mechanism is plastic deformation due

to softening of the material at higher temperature. A hyperbolic-sine creep law used for primary

creep deformation of Ti64 at 450˚C has been employed for thermal relaxation stage of the

modeling.  The conclusions and highlights of this chapter are summarised as follows:

1- A minimum number of rolling passes is required to reach the steady state of the residual

stress field. The residual stress profile needs to be obtained in the steady state region where

by further rolling the part, the residual stress state does not change.

2- The DCR process introduces an anisotropic residual stress in the material.  The residual

stress in the rolling direction (axial) is considerably lower than the stress component

perpendicular to the rolling direction (tangential).

3- Under the same ball diameter and pressure level, increasing the feed raises the minimum

and surface compressive residual stresses.

4- The developed FE model is able to predict the thermal relaxation of the residual stresses at

the region of interest near to surface with a reasonable accuracy while Zener-Wert-Avrami

analytical model fails to capture the magnitude and profile of the relaxed residual stress.

5- Thermal relaxation redistributes the residual stresses which leads to a more uniform stress

profiles through the depth with less anisotropy of the residual stresses.
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4 Design Optimization of Deep Cold Rolling of Ti-6Al-4V for

Room and Elevated Temperature Operations

The main objective of this chapter is to identify the cold rolling process parameters on a Ti64 plate

to achieve an optimum residual stress profile at room temperature as well as at the elevated

temperature of 450 ˚C. As discussed before, the exposure to elevated temperature results in

relaxation of the residual stresses induced at the room temperature during the process. In Chapter

3, high-fidelity finite element models have been developed to simulate the deep cold rolling (DCR)

process and the residual stress redistribution due to such temperature increase. Conducting

optimization directly on the developed high-fidelity finite element (FE) model is not practical due

to high computational cost associated with nonlinear dynamic finite element models of DCR

process. Here well-established machine learning principles are employed to develop and validate

surrogate analytical models to replace the FE models. The developed analytical functions are

smooth and explicit functions which can efficiently approximate the residual stress profiles with

respect to the process parameters. This is also very beneficial for the formulation of the

optimization problems, as responses from nonlinear dynamic finite element models; due to

calculation at discrete design points, are typically noisy and render inaccurate optimum solution.

A design optimization problem has then been formulated for multi-objective functions considering

the fatigue property of the material.  A hybrid optimization method, which combines genetic

algorithm with sequential quadratic programming techniques, has been utilized to accurately

obtain the global optimum solution. It has been shown that the optimal solution depends on the

final resultant stress state in the component and operating temperature under the defined duty

cycles.

4.1 Nonlinear Finite Element Model

It was discussed in the previous chapter that due to high level of nonlinearity associated with the

rolling dynamic, friction contact and plasticity behavior of the material, the use of FE methods to

predict the residual stresses introduced by DCR process is inevitable. In this research study,

ABAQUS software has been used to develop high-fidelity nonlinear 3D FE models to simulate the

DCR process and the subsequent thermal exposure. For the sake of clarity, Figure 3-1 is again

repeated in Figure 4-1 which presents the sequence of simulations undertaken to model the DCR
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process and the following thermal loading in order to calculate the induced residual stress and its

subsequent relaxation during thermal exposure. Detailed information regarding FE modeling can

be found in Chapter 3 and only a brief description is presented here.

Figure 4-1: Flow chart for the DCR and thermal relaxation simulations.

Figure 4-2 shows the developed 3D FE model of the ball and the work piece in the ABAQUS

environment. The workpiece is a Ti64 plate with 1 mm thickness and is meshed with 800,000

C3D8RT elements in the ABAQUS environment. This element is an 8-node thermally coupled

brick element which accommodates temperature degree of freedom (DOF) in addition to

translational displacement DOFs. Since the experimental measurements show that the DCR

process can induce residual stresses with high gradient up to 600µm depth from the surface of the

workpiece a very refined mesh (size of 25μm) has been assigned to the surface layer beneath the

contact zone in order to achieve accurate results.  Nevertheless, in the regions away from the

contact zone, coarser elements were used to decrease the number of degrees of freedom and

computational costs.
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Figure 4-2: Geometric model and mesh of the workpiece in the 3D simulation

The DCR process is modeled in a series of simulation steps until a stable residual stress field is

achieved in the contact zone. The roller is assumed to be rigid and its kinematics is defined in four

steps by related boundary conditions, namely indentation, rolling, feed and retraction steps. In the

indentation step a constant force is applied to the rigid ball to create a small indent on the surface

of the specimen in –Y axis. The ball is then allowed to roll freely in the +X direction to complete

a pass while the applied force is kept constant. This is followed by moving the ball in lateral

direction (+Z) perpendicular to the rolling pass in the amount of feed and then again rolling the

pressurized ball but now in –X direction. Based on the amount of feed, overlap would exist

between successive rolling passes. Finally, the ball is retracted from the surface in the retraction

step.

The residual stress and strain fields calculated at the end of the DCR process are then subsequently

considered as initial conditions for the next simulation step which is the spring back analysis and

it is modeled using isotropic plasticity behavior of the material at a low strain rate. The outcome

of the spring back analysis is the initial state input for the thermal relaxation assessment.  In this

stage the evolution (relaxation and redistribution) of the residual stresses during the subsequent

thermal exposure is modeled through the plastic softening mechanism.

ABAQUS/Explicit environment is used for modeling the DCR process because it can efficiently

handle the nonlinearities due to the contact analysis, plastic behavior of the material, dynamic

loading and large deformation. Since the spring back and thermal relaxation stages are rather quasi-
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static processes, they are analyzed by ABAQUS/Standard package which uses implicit integration

methods.

As it was demonstrated in Chapter 3, the residual stress state evolves by preforming each extra

pass of the rolling and the state of residual stress (and the displacement) reaches a saturation in a

stabilized region where further rolling the workpiece will not alter the residual stress. It was shown

that 10 rolling passes; which covers a part of the surface, is enough to develop a stabilized region

to extract the results while saving the numerical computation time.

The equivalent stress beneath the ball reaches the yield stress of the workpiece material under a

substantial rolling force which results in plastic deformation. A detailed stress analysis of the

process reveals a large area of vertical compressive stress directly beneath the rolling ball causing

a vertical plastic compression, which leads to plastic extension in the surface of the workpiece.

Because of the constant volume of the material, the extension of the surface of the material in one

direction, leads to a transverse contraction of the material in the perpendicular directions on the

surface as well as in the material beneath the surface layer. This results in lateral displacement of

the material surrounding the contact zone and consequently developing residual stresses as a

reaction to the plastic material displacements.

Residual stresses induced in the component during DCR process are the result of inhomogeneous

plastic deformation. The resultant net material displacement defines the direction of reaction forces

by the surrounding materials which indicates the nature (compressive or tensile) of the introduced

residual stresses. The plastic deformation mechanism during the DCR process is the superposition

of the material displacements in three simultaneous deformation mechanisms, namely the ball

rolling (in x direction), the lateral movement of the ball (the feed in z direction) and the vertical

movement of the ball (under the rolling force in y direction) in the treated zone.

The dominating plastic deformation direction dictates the material flow in the perpendicular

directions. Therefore, under a certain rolling force with a given ball diameter, the sign of the

residual stresses in axial and tangential directions can alter depending on the material flow caused

by the different amount of feed.

Figures 4-3 and 4-4 respectively show the FE results for predicted residual stresses in axial (sxx)

and tangential (szz) directions in the stabilized region for the process parameters of D=9 mm, f=0.2

mm and P=20 MPa at both room temperature and 450 oC using the developed FE model.  Figure
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4-5 also shows the residual stress profile in axial and tangential directions through the thickness in

the stabilized region. As it can be realized, DCR process at room temperature generates

significantly different residual stress distribution through the depth in longitudinal and tangential

directions and subsequent exposure to elevated temperature causes relaxation and redistribution of

the residual stresses.

(a) ௫௫ߪ  at room temperature (b) ௫௫ at 450˚Cߪ

Figure 4-3: Residual stress (Pa) in axial direction (ߪ௫௫) sectioned in the stabilized region (a) after
spring back at room temperature (b) after thermal relaxation at 450˚C

(a) ௭௭ at room temperatureߪ (b) ௭௭ at 450˚Cߪ

Figure 4-4: Residual stress (Pa) in tangential direction (ߪ௭௭) sectioned in the stabilized region (a)
after spring back at room temperature (b) after thermal relaxation at 450˚C
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Figure 4-5: Residual stress profile in axial and tangential direction at 25 ℃ and 450 °C

Examination of Figure 4-5 also reveals that the conventional DCR process generates a large

anisotropic biaxial residual stresses in surface layer constrained by balancing tensile stresses in

deeper depth. However, the level of anisotropy diminishes by increasing the temperature. The level

of anisotropy is rather higher in treatment of thin-walled components where the thickness of the

specimen is comparable with the depth of residual stress profiles. The main material flow is

attributed to rolling pressure (Y direction) and feed (Z direction), resulting in a significant material

contraction in X direction which can lead to a detrimental tensile residual stress in the axial

direction. Therefore, in order to benefit from the fatigue enhancement by introducing a deep

residual stress in tangential direction, the rolling direction must be perpendicular to the direction

of worst principle stress in the component due to external load.

4.2 Design of Experiments and Surrogate Models

The residual stress profile and the distribution of dislocation density induced by DCR highly

depend upon the process parameters such as ball size, rolling pressure, feed and the rolling speed.

As mentioned in Chapter 3, the previous experimental and numerical research works have

unanimously confirmed that the impact of the rolling speed on the residual stress is negligible [9,
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11, 52, 82]. Therefore, the ball diameter D (6-12 mm), feed f (0.05-0.20 mm) and fluid pressure P

(10-30 MPa) are considered as design variables (design features) in this research study.

Simulation run time of each DCR process and the following spring back and thermal relaxation

analysis took more than a week for about 197 hours to complete on a computer with four core i7

2.70 GHz CPU and 64 GB available RAM. As it can be realized, exploring the whole design space

and more importantly performing design optimization of the process parameters on the residual

stress profiles using FE simulation models is computationally very expensive and impractical.

Recent advances in machine learning techniques over the last decade have established a systematic

framework for developing surrogate models [94]. This broad class of approaches, which includes

regression-based response surface methods (RSM) [80, 81], neural networks (NN) and support

vector machines (SVM) [95], is starting to have a wide industrial application in development of

efficient and practical predictive tools based on FE simulation results.

Considering high computational cost associated with execution of full FE model and its utilization

in design optimization problems, in this research study surrogate models have been developed

based on results generated by the developed full FE on a sample of input design points identified

by the DoE technique in the design space. The surrogate models can approximate the responses of

interest to a certain level of accuracy with respect to the design variables, and they are significantly

lower in order than a full-scale finite element simulation.

DoE generally refers to a collection of statistical techniques that maximizes the knowledge gained

from the minimum number of simulations by identifying the best positions of the design points in

the design domain to run the FE analysis [80, 81]. Central Composite Design (CCD) and Box–

Behnken are the main DoE techniques implemented in Mintab© software to perform RSM.

Optimal design such as A-optimal, D-optimal, V- optimal and G-optimal can also be used to reduce

the number of design points if the original design contains more points than feasible to conduct

the experiments (or simulations) [96].

Regression-based behavioral models are developed in the current study, to approximate residual

stress profiles induced by DCR process after the spring back at the room temperature and after

thermal relaxation due to the following exposure to elevated temperature. Multiple surrogate

models have been trained on results obtained from the 3D non-linear FE models, to develop low-

order predictive models. The accurate and low-order surrogate models represent a suitable
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substitute for the FE modeling, enabling rapid residual stress computation outside the ABAQUS

environment to investigate the effect of several process parameters simultaneously and

incorporation into a design optimization scheme.

The advantage of the proposed methodology is twofold. First it allows to efficiently investigate

the effect of several process parameters on induced residual stresses simultaneously without the

need to run computationally very expensive high-fidelity FE model; and second, the developed

surrogate response functions can be effectively and efficiently utilized to formulate a formal design

optimization problem to identify the optimal process parameters without the need to execute the

FE model during each optimization iteration. Using the full high-fidelity nonlinear dynamic FE

model in optimization formulation is computationally very expensive as during each optimization

iteration the FE model may be called many times to evaluate the objective function and design

constraints. Besides the nonlinear FE model itself requires many iterations to converge to an

accurate solution due to associated high material and geometrical nonlinearity.  Moreover, direct

responses from nonlinear dynamic FE results are typically noisy as they are calculated at discrete

points over the design space. Thus, calculating the derivatives of the objective functions or design

constraints which are required for gradient based optimization algorithms can be erroneous if not

impossible.

RSM is one of the mathematically proven regression techniques to establish surrogate models,

which describes the statistical relationship between the measured or simulated response variables

and input design parameters. This method finds the best analytical function based on a given

training data set to approximate the response of a system. The input data set for the finite element

analysis has been identified using Design of Experiments (DoE) which intelligently selects design

points (in other word training data set) in the design domain.

The design variables in the current study as discussed before are the ball diameter D (6-12 mm),

the feed f (0.05-0.20 mm) and the fluid pressure P (10-30 MPa). Here full CCD technique has been

utilized to identify the 15 optimally located design points in the design space.  Table 4-1 presents

the identified design points and associated desired responses predicted by the FE model at both

room and elevated temperature of 450 ºC.

As provided in Table 4-1, the desired output responses are the summation of the area under residual

stress profile in tangential direction, i.e. ܽ݁ݎܣ = (ି)ܣ + (ା)ܣ as shown in Figure 2-1 in Chapter
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2, equivalent plastic strain in the material (PEEQ, on the surface, the tangential residual (ݍ݁ߝ

stresses (σ଴୸୸) and (σெ௔௫ ୸୸) evaluated on the surface and in (Yெ௔௫ ), respectively.

Table 4-1: Design points (training data set) and the FE results

D f P (ݖݖ0ߪ)
ܴܶ

ݔܽܯߪ) (ݖݖ
ܴܶ

ܴܶ(ܽ݁ݎܣ) (ݖݖ0ߪ)
450

ݔܽܯߪ) (ݖݖ
450

450(ܽ݁ݎܣ)
(௘௤ߝ)

(mm) (mm) (MPa) (MPa) (MPa) (MPa.m) (MPa) (MPa) (MPa.m) (µm/µm)

6 0.050 10 186 371 0.0237 318 326 0.1063 0.04463

6 0.200 10 -363 173 -0.1472 -306 94 -0.1106 0.03442

6 0.050 30 -94 294 -0.1693 201 282 0.0330 0.15444

6 0.200 30 -924 189 -0.4596 -568 144 -0.2503 0.23832

6 0.125 20 -718 317 -0.1365 -334 276 0.0304 0.11701

9 0.050 20 56 186 -0.3202 309 229 -0.0630 0.13080

9 0.200 20 -731 180 -0.5462 -320 210 -0.3280 0.16830

9 0.125 10 -142 270 -0.1511 126 248 0.0231 0.05387

9 0.125 30 -525 103 -0.3467 -228 216 -0.0843 0.19184

9 0.125 20 -479 257 -0.2851 -120 253 -0.0337 0.12894

12 0.050 10 198 251 -0.2976 370 219 -0.1008 0.07859

12 0.200 10 -250 132 -0.5009 -81 83 -0.3006 0.07269

12 0.050 30 -163 -110 -0.6164 85 103 -0.3022 0.26652

12 0.200 30 -432 -119 -0.6887 -170 130 -0.3467 0.28210

12 0.125 20 -295 45 -0.3154 -17 268 0.0032 0.15718

These output responses are explained below:

· Area is the summation of the total area under the tangential residual stress profile through

the thickness of the component and calculated using both negative and positive areas of the

stress components throughout the thickness in z direction. In other words, according to

Figure 2-1(b) in Chapter 2, ܽ݁ݎܣ = ቂ൫ܣ(ା) + ൯(ି)ܣ
ఙ೥೥

ቃ ோ்(ܽ݁ݎܣ)  .  and ସହ଴(ܽ݁ݎܣ)

basically represent the area associated with room temperature and 450 ℃, respectively.

The objective is to minimize ோ்(ܽ݁ݎܣ)  for room temperature and minimize ସହ଴ for(ܽ݁ݎܣ)

elevated temperature applications. It is noted that since this response variable is the

summation of negative and positive areas, minimizing it will make negative part

(compressive) larger and the positive part (tensile) smaller.
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· The tangential residual stress components on the surface of the workpiece which is

represented by ோ் at room temperature and(଴௭௭ߪ) ସହ଴ at 450˚C. The objective is also(଴௭௭ߪ)

to minimize these residual stresses on the surface.

· The maximum residual stress ௠௔௫ߪ located at ܻ = ௠ܻ௔௫  in tangential direction and

represented by ெ௔௫ߪ) ௭௭)ோ் and ெ௔௫ߪ) ௭௭)ସହ଴ at room temperature and 450℃, respectively.

The balancing tensile stress will be maintained below a certain limit defined based on the

high cycle fatigue (HCF) endurance of the material.

· The Equivalent Plastic Strain ൫ߝ௘௤൯ on the surface will maintain below a certain limit

defined by the low cycle fatigue (LCF) strength of the material at 10,000 cycles. This will

ensure that the induced residual stress will not deteriorate the LCF life.

As mentioned before, RSM combined with DoE is utilized to develop approximate surrogate

models by minimizing the error of the approximation between full finite element model and

surrogate functions in the design space. The RSM-based responses are smooth and explicit

functions with respect to selected design variables, so they can be efficiently analyzed and

employed in any gradient-based and derivative-free optimization algorithms [80]. The RSM-based

approximate response can be written as:

ෝ࢟ = ࢄ ࢼ  (4-1)

where ܺ is the design matrix with the size of ݊ × ݉, in which the ݊ is the number of training

examples (here finite element runs) and ݉ is the number of unknown coefficient parameters of the

model, ,The approximate response .ߚ ,ො, differs from the exact responseݕ the direct results of)  ,ݕ

the finite element model) which can be expressed as:

ݕ = ,ଵݔ)ොݕ ,ଶݔ … … , (௡ݔ + ߝ (4-2)

where ௜ are the identified design variables (design feature) andݔ represents the error between the ߝ

exact response and its approximation ݕ ො.  The polynomial functions are generally utilized toݕ

establish the RSM regression model as [97]:

ොݕ = ଴ߚ + ෍ ௜ݔ௜ߚ + ෍ ෍ ௜௝ߚ ௜ݔ

௡

௝ୀ௜ାଵ

௡

௜ୀଵ

௡

௜ୀଵ

௝ݔ + ෍ ௜ݔ௜௜ߚ
ଶ

௡

௜ୀଵ

+ ⋯ (4-3)
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The problem can be basically formulated as a structured supervised machine learning problem,

where a regression model can be trained and validated using the experimental or simulation data.

The coefficients of approximate polynomial response function in Eq. (4-3) can be identified using

the least square technique aiming at minimize the summation of the square error between

approximate and known exact responses obtained from the RSM response and FE simulation,

respectively over the entire training set. The accuracy of the developed approximate analytical

models is examined by R2 (i.e. R-Squared) which is also known as the coefficient of determination,

or the coefficient of multiple determination for multiple regression. R2 is a statistical measure of

how close the simulation or experimental data are to the fitted regression models and is always

between 0 and 100%. In general, a model with a higher R2 better fits the data and 100% indicates

that the model explains all the variability of the response data around its mean over the entire

design space.   The coefficient of determination, R2, can be presented as:

ܴଶ = 1 −
ܧܵܵ
ܵܵܶ ݁ݎℎ݁ݓ

ܧܵܵ = ෍(ݕ௜ −
௡

௜ୀଵ

,ො௜)ଶݕ ܵܵܶ = ෍(ݕ௜ −
௡

௜ୀଵ

ത)ଶݕ

 (4-4)

It can be realized from Eq.(4-3) that a number of different types of polynomial such as the linear,

quadratic and cubic functions can be utilized to develop the approximate models. In this research

study, a full quadratic model was considered for the response surface functions as R2 value over

90% can be achieved without overfitting the training data set by higher order polynomials.

The obtained quadratic response surface functions for the desired output responses are presented

in Eqs.(4-5) to (4-11). Table 4-2 also summarizes the R2 values of the developed surrogate models

which show the high accuracy of the models to approximate the responses of interest.

ோ்(଴௭௭ߪ) = 1355 + 27 ∗ ܦ − 13236 ∗ ݂ − 85.1 ∗ ܲ − 3.61 ∗ ܦ ∗ ܦ + 24312 ∗ ݂ଶ

+ 1.407 ∗ ܲଶ + 368 ∗ ܦ ∗ ݂ + 1.24 ∗ ܦ ∗ ܲ

(4-5)

ெ௔௫ߪ) ௭௭)ோ் = 160 + 85 ∗ ܦ − 2127 ∗ ݂ + 8.12 ∗ ܲ − 4.96 ∗ ଶܦ + 97.1 ∗ ܦ ∗ ݂

− 2.299 ∗ ܦ ∗ ܲ

(4-6)
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ோ்(ܽ݁ݎܣ) = 0.554 − 0.0882 + 1.363 ∗ ݂ − 0.01942 ∗ ܲ + 0.00310 ∗ ଶܦ − 9.59

∗ ݂ଶ + 0.000301 ∗ ܲଶ − 0.000364 ∗ ܦ ∗ ܲ

(4-7)

ସହ଴(଴௭௭ߪ) = 1174 − 18.6 ∗ ܦ − 9709 ∗ ݂ − 41.1 ∗ ܲ + 9832 ∗ ݂ଶ + 0.750 ∗ ଶܦ

+ 382 ∗ ܦ ∗ ݂

(4-8)

ெ௔௫ߪ) ௭௭)ସହ଴ = 696 − 78.3 ∗ ܦ + 1147 ∗ ݂ − 6.31 ∗ ܦ + 2.76 ∗ ଶܦ − 16576 ∗ ݂ଶ

+ 144.6 ∗ ܦ ∗ ݂ + 42.9 ∗ ݂ ∗ ܲ

   (4-9)

ସହ଴(ܽ݁ݎܣ) = 0.0796 − 0.00802 ∗ ܦ + 1.684 ∗ ݂ + 0.00037 ∗ ܲ − 11.14 ∗ ݂ଶ

− 0.000505 ∗ ܦ ∗ ܲ

(4-10)

൫ߝ௘௤൯ = 0.0182 + 0.00197 ∗ ܦ − 0.994 ∗ ݂ + 0.00295 ∗ ܲ + 3.08 ∗ ݂ଶ + 0.000348

∗ ܦ ∗ ܲ + 0.01926 ∗ ݂ ∗ ܲ

(4-11)

Table 4-2: R2 values of the developed surrogate models
ோ்(଴௭௭ߪ) ெ௔௫ߪ) ௭௭)ோ் ோ்(ܽ݁ݎܣ) ସହ଴(଴௭௭ߪ) ெ௔௫ߪ) ௭௭)ସହ଴ ସହ଴(ܽ݁ݎܣ) ൫ߝ௘௤൯

94.3% 96.0% 98.2% 94.5% 95.7% 92.8% 97.4%

The sensitivity analysis of output responses with respect to variation in input design variables using

the above developed response functions is discussed in the following section.

4.3 Parametric Study

Figure 4-6 (a) shows the variation of the ோ்  with respect to rolling pressure and feed for the(଴௭௭ߪ)

given ball diameter D=6 mm.  It can be realized that at any given ball diameter, the effect of the

feed on ୘ is more significant than the pressure which is mainly due to the dominatingୖ(଴௭௭ߪ)

impact of feed on plastic deformation and thus the residual stress in the tangential direction. The

most compressive tangential residual stress occurs at the upper boundary of the variables. A similar

parabolic behavior of (σ଴୸୸)ୖ୘  with respect to feed under a given ball diameter and rolling

pressure, has also been previously reported for conventional deep rolling of Ti64 [7, 22] and

AISI1045 [90].

The effect of the thermal relaxation on ଴௭௭ߪ  is shown in Figure 4-6 (b) where the variation of

ସହ଴(଴௭௭ߪ) is presented. The most compressive tangential residuals stress is achieved at the upper
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bound of the feed and rolling pressure variables which is similar to the behavior observed at room

temperature. Comparing the surface plots of ோ் and(଴௭௭ߪ) ସହ଴(଴௭௭ߪ) reveals that by increasing the

design variables the level of thermal relaxation increases which is due to higher dislocation. This

is in agreement with the experimental findings where surface layers with medium dislocation

density show a better thermal stability of residual stresses compared with surface layers with

extremely high dislocation densities [14, 22]. Further examination of the results also reveals that

due to thermal relaxation, the residual stress can alter from compressive to tensile at lower feed as

the plastic deformation in tangential direction is not high enough to maintain a compressive

residual stress at elevated temperature.

(a) (b)

Figure 4-6: Effect of the rolling pressure and feed on the surface residual stress in tangential
direction for (଴୸୸ߪ) D=6mm  (a) at room temperature 25℃, and (b) at elevated temperature 450
℃

Figure 4-7 shows the surface plot of (୫ୟ୶ߪ) ௭௭ at room temperature (a) and elevated temperature

(b), with respect to rolling pressure and ball diameter for the given feed f=0.125 mm. A small ball

diameter generates a high localized plastic deformation resulting in compressive residual stress

closer to the surface. The plastic deformation, however, decays faster through the depth resulting

in a smaller ௠ܻ௜௡ , ଴ܻ and ௠ܻ௔௫ (shown in Figure 2-1) and thus creating a higher balancing tensile

stress as it can be observed in Figure 4-7(a). Moreover as it can be realized, at lower bound of ball

diameter where the induced localized compressive residual stress on the surface does not influence

over the complete thickness and (௠௜௡ߪ) ௭௭ occurs closer to the surface, increasing the rolling
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pressure increases the balancing tensile stress which agrees with understanding from Hertzian

contact stress. On the other hand, deep rolling a thin plate with larger ball diameters creates a lower

compressive residual but deeper in the thickness and as a result the balancing residual stress

decreases when higher rolling pressure is applied.

Redistribution and rebalancing of the residual stress beside softening of the material is clearly

observed in Figure 4-7(b) depending on the ball size. The material softening is more dominant at

medium size ball where the compressive residual stress is neither high nor deep. While in the lower

and upper bounds, redistribution and rebalancing the stresses are more significant which is due to

thermal relaxation of a high but shallow compressive residual stress in small ball diameter; and

low but deep compressive residual stress due to large ball size.

(a) (b)

Figure 4-7: Effect of the rolling pressure and ball diameter on the balancing residual stress in
tangential direction (୫ୟ୶ߪ) ௭௭ for f=0.125 mm  (a) at room temperature 25℃, and (b) at elevated
temperature 450 ℃

The effects of ball diameter and rolling pressure on total area of the residual stress profile given

feed of f=0.125 mm are shown in Figure 4-8(a) and (b) for room and 450 ℃ temperature,

respectively.  As the surface plots show the most negative total area occur at the higher bound of

the ball diameter and rolling pressure variables for both room and elevated temperature. When the

process is performed using lower bound of the variables, the induced compressive residual stress

is not deep nor high enough and thus exposure to the elevated temperature leads to relaxation of
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the compressive residual  stresses which can be observed as very low positive values of ସହ଴( ܽ݁ݎܣ)

in Figure 4-8(b).

The effect of ball diameter and rolling pressure on has been (௘௤ߝ) investigated for the given feed

of 0.125 mm and presented in Figure 4-9(a). Results clearly show that for the given feed, increasing

the rolling pressue and ball diameter increases the plastic deformation on the surface and the effcet

of pressure is more significant than the ball diameter. The effect of rolling pressure and feed on

the equivalent palstic deformation on the surface for the given ball diameter of 6 mm is also

demonstrated  in Figure 4-9(b). As expected, results show that the maxium plastic deformation on

the surface is achieved at the upper bound of pressure and feed design variables. As it can be

realized the effect of feed becomes more dominant at higher pressure level.

(a) (b)

Figure 4-8: Effect of the rolling pressure and ball diameter on total area of the residual stress
profile (Area) for f=0.125 mm  (a) at room temperature 25℃, and (b) at elevated temperature
450 ℃
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(a) (b)

Figure 4-9: Response surface of equivalent plastic deformation (௘௤ߝ) with respect to process
parameters (a) for constant feed 0.125 mm, and (b) for constant ball diameter 6 mm.

4.4 Optimization Problem

The ultimate objective of DCR is to improve fatigue life of a component by creating a deep

compressive residual stress and plastic hardening in the surface layer of the component at the room

temperature. The experimental results show that the affected depth of the surface treatment (i,e,

the depth of compressive residual stresses and strain hardening) has a significant effect on the

fatigue enhancement of the treated component [3]. However, the optimal profile of the induced

residual stress strongly depends on the state of stress distribution due to the applied external load.

A deep residual stress is more essential in components subjected to a push-pull loading than in

parts under bending or torsional loads with high stress gradients where a more comprehensive

stress on the surface layer is beneficial [19].

As discussed before, optimal selections of the process parameters in thin-walled components

where the depth of the residual stress is comparable with the thickness of the component is more

crucial as the process can easily result in a tensile residual stress in the surface layer [11]. In

addition, the exposure of the deep cold rolled components to elevated temperature relaxes and

redistributes the residual stress induced by the DCR process at the room temperature [3, 7, 16].

Therefore, identifying optimal process parameters to achieve an optimal residual stress profile at

the room temperature does not necessarily result in the most optimum solution for operations at
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elevated temperatures. The fatigue enhancement is a mandated process requirement that should

not be compromised because of maltreatment of the component. Therefore, the impact of the

process parameters on the fatigue life of Ti64 needs to be considered in formulating the

optimization problem.

It was discussed in section 2.3 that crack nucleation in deep-rolled Ti64 specimens in the HCF

regime occurs in regions of peak tensile residual stress. Thus, appropriate constraints based on

fatigue endurance of the material needs to be considered in the DCR process in order to mitigate

the detrimental effect of tensile residual stress on HCF life. Since Ti64 also shows Anomalous

Mean stress Sensitivities (AMSS), the effect of mean stress; including the balancing tensile

residual stress caused by DCR, on the fatigue life cannot be explained by the conventional fatigue

life approaches [98]. As an alternative approach, Smith, Watson and Topper (SWT) and Manson-

Coffin techniques will be respectively implemented to describe the HCF and LCF strength of the

deep-rolled Ti64.

SWT is a well-used strain based fatigue assessment method in which a single stress-strain function

is used to combine the effects of mean stress and alternating strain as [98]:

ඥߪ௠௔௫ɛ௔ܧ = ݐ݊ܽݐݏ݊݋ܿ (4-12)

where σmax, εa and E are maximum stress, alternating strain and module of elasticity of the material,

respectively. Also one can write:

ඥߪ௠௔௫ߪ௔ = ܵ௘ (4-13)

where ܵ௘ is the fatigue endurance of the material and .௔ is the alternating stress. Thus, the Eqߪ

(4-13) can be rewritten as:

௠௘௔௡ߪ) + ோ௘௦௜ௗ௨௔௟ߪ + (௔ߪ ∗ ௔ߪ = (ܵ௘)ଶ (4-14)

where ௠௘௔௡ andߪ ௔ߪ represent the mean and alternating stresses due to repeated external loading ,

and ோ௘௦௜ௗ௨௔௟ߪ  is the induced residual stress during the process. The fatigue endurance of untreated

Ti64 under fully reversed axial load (ߪ௠௘௔௡ = 0) , ܵ௘ , at 25℃ and 450℃ has been reported to be

380 MPa [8] and 200 MPa [99] , respectively.  In the current study, the maximum balancing

residual stress generated by the process is limited to the half of the fatigue endurance i.e. 190 MPa

and 100 MPa for operation at room temperature and 450℃, respectively.
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As mentioned before the LCF life of deep-rolled Ti64 shows a strong correlation with the

accumulated plastic strain during the cycles, and the cracks are initiated on the surface and

propagates toward the interior. On the other hand, the residual stresses are the result of substantial

plastic deformation caused by the process in the surface layer. However, the level of plastic strain

induced by the process needs to be controlled to prevent over consumption of accumulated plastic

strain and introducing unnecessary cumulative damage due to the process. Therefore, the amount

of plastic strain based on fatigue properties of the component is considered as another constraint

function in the current study in order to prevent compromising the LCF life.

Based on Coffin-Manson model, damage of material under LCF is correlated to cyclic plastic strain

amplitude [8, 100]. Manson-Coffin relates the plastic strain amplitude as a function of the number

of cycles to failure in LCF-regime as given by Eq. (4-15)

௉ߝ = ܽܰ௕ (4-15)

where ௉ andߝ N represent the amount of equivalent plastic strain and the number of cycles to

failure, respectively. It is noted that log(ߝ௉) = log(ܽ) + ܾ log(ܰ) which is a linear line used to

evaluate parameters a and b using experimental data provided in log-log scale. Figure 4-10 shows

the experimental data together with linear line models in log-log plot of the plastic strain amplitude

with respect to number of cycles to failure for treated and deep-rolled Ti64 at different ambient

temperatures published by Altenberger et. al [8]. The values of ܽ and b have been obtained by

least-square minimization and provided for deep-rolled Ti64 alloys which are presented in Table

4-3.
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Figure 4-10: Manson-Coffin-plot for deep-rolled and untreated Ti–6Al–4V at room temperature
and elevated temperature [8]

Table 4-3: Manson-Coffin coefficients [8]

Temperature (℃) a b
22 34.47 -0.61
550 12.67 -0.47

Although the coefficients have been provided only at 550℃, based on the authors’ arguments in

the same reference [8], the coefficients at 450℃ should be very similar to what has been presented

for 550 ℃.  Considering Table 4-3 and Eq. (4-15), the cumulative plastic deformation to failure at

10,000 cycles (here defined by ௙ߝ
ᇱ ) at 25 and 450℃ are found to be 0.125 and 0.167 (µm/µm),

respectively.

Using the constraint functions established based on the fatigue properties of Ti64, a design

optimization strategy has been proposed here to find the optimum process parameters to achieve

an optimum residual stress distribution not only at the room temperature but also at elevated

temperature considering the impacts on the fatigue life, which to the best of our knowledge has

not been previously addressed. The optimal solutions obtained at each of the ambient temperatures

are then compared.

The depth and magnitude of the residual stress profile is optimized by minimizing a multi-

objective function which considers surface residual stress in tangential direction and the
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summation of the area of induced compressive and tensile residual stresses throughout the

thickness of the workpiece.  The tangential residual stress at ܻ = ௠ܻ௔௫  and plastic strain on the

surface will be considered as constraint functions to prevent undesirable impact of the DCR

process on fatigue strength of the material. It is assumed that the component is under a uniaxial

external loading imposing a maximum principle stress in the Z direction.

The proposed multi-objective design optimization problem can be formally formulated as:

݁ݖ݅݉݅݊݅݉ ℎ݁ݐ ݊݋݅ݐܿ݊ݑ݂ ଵݓ ܽ݁ݎܣ + ௭௭(଴ߪ)ଶݓ

(4-16)
ݐ݆ܾܿ݁ݑܵ ݋ݐ ℎ݁ݐ ݐ݊݅ݎܽݐݏ݊݋ܿ ௭௭(௠௔௫ߪ) ≤ 0.5 ܵ௘

଴(௣ߝ) ≤ 0.08 µm/µm

6 ݉݉ ≤ ܦ ≤ 12 ݉݉
0.05 ݉݉ ≤ ݂ ≤ 0.2 ݉݉
10 ܽܲܯ ≤ ܲ ≤ 30 ܽܲܯ

where ܵ௘ as explained before is the fatigue endurance of Ti64 which will be adopted according to

the operating temperature considered in the optimization problem. The constraint functions

prevent the over utilization of the fatigue endurance in HCF regime due to high levels of tensile

௭௭ and over consumption of(௠௔௫ߪ) ௙ߝ
ᇱ  due to high level of plastic deformation induced by the

process on the surface of the component i.e.(ߝ௣)଴. The proposed objective function can be tailored

based on the stress distribution in the plate due to the external applied loading and temperature.

Based on the fundamentals of mechanics of material, the weighting factors presented in Table 4-4

could be considered in the optimization problem according to the expected stress distribution due

to external loads. The impact of the tangential residual stress in the final state is pronounced by

assigning high weighting factor, in applications where a high gradient unidirectional stress

distribution (bending) is expected.

Table 4-4: Assigned weighting factors in the optimization problem

Type of loading ଵݓ ଶݓ

Bending 0 1

Uniform axial 1 0

Combined ଵݓ > 0 1 − ଵݓ
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It should be noted that the developed analytical response functions given in Eqs. (4-5)-(4-11) can

be effectively used to establish the objective and constrain functions presented in Eq. (4-16)

analytically and explicitly with respect to the design variables at both 25 ºC and 450 ºC operating

temperatures. Considering this, the optimization problem formulated in Eq. (4-16) can be

efficiently solved using gradient based optimization algorithms.

The sequential quadratic programming (SQP) technique is a powerful nonlinear mathematical

programming technique which is capable of capturing a local optimum solution accurately. SQP

is a local optimizer without any mechanism to search for global solution.   Executing SQP with

different initial points may generally result in different local optimum solution in a multimodal

nonconvex problem. Here first SQP algorithm in the MATLAB optimization toolbox has been

utilized to solve the optimization problem. To catch the global optimum solution, a computer code

was written to generate random initial points across the design domain and then the optimization

problem was executed for each randomly generated initial point. The optimal objective functions,

obtained from each initial point, are then compared in a loop and a minimum value with the

corresponding design variables are reported as the solution of the optimization problem.

As number of random points increases the chance to catch the global optimal solution increases.

Thus, a sensitivity analysis was performed on the impact of the numbers of random points on the

identified global optimum solution. It is found that results for the number of random points above

1000 were identical in all cases.

Next to assure the optimum solution captured by SQP is a true global optimum solution, genetic

algorithm (GA), which is a widely used and popular stochastic-based global optimizer has been

utilized in combination with SQP algorithm. In this hybrid method, instead of providing large

number of random initial points for SQP, the optimal solutions from GA which is in neighborhood

of the true global optimum solution are forwarded as the initial points to the SQP method in order

to accurately capture the global optimal solutions. This method has been successfully employed in

design optimization of multiphysics problem where finding a global solution was not analytically

guaranteed [80]. Figure 4-11 shows the flowchart of the proposed design optimization process.
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Figure 4-11: Design optimization procedure

4.5 Results and Discussion

Design optimization problem formulated in the previous section has been used to obtain the

optimum set of design variables (i.e. ball diameter, rolling pressure, and rolling feed) in order to

achieve an optimal residual stress profile at room and at elevated temperature of 450℃.  The

optimization problems were solved first by SQP using the 1000 randomly generated initial points

and then using GA combined with SQP method. Optimum results found to be identical for all

cases.  The optimization results are presented in Table 4-5 for different weighting factors, at

ambient temperature of 25℃.

Table 4-5: Optimization results at 25 ℃ based on constraint functions ௭௭(୫ୟ୶ߪ) < and ܽܲܯ 190
௘௤ߝ < 0.08

ଵݓ ଶݓ D
(mm)

f
(mm)

P
(MPa)

ோ்(଴௭௭ߪ)

(MPa)
ோ்(ܽ݁ݎܣ)

(MPa.m)
௠௔௫ߪ) ௭௭ )ோ்

(MPa)

௘௤ߝ
(µm/µm)

1 0 12.00 0.200 10.36 -209 -0.3832 141 0.08

0 1 10.22 0.188 11.82 -327 -0.3377 190 0.08

0.5 0.5 9.96 0.200 11.47 -326 -0.3526 190 0.08
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As it can be realized the optimal set of parameters depends on the specific duty cycle defined for

the component. The optimization results also show that when the objective is to reach a high

compressive tangential stress on the surface (larger weighting factor, w2) selecting a correct

optimal rolling pressure is important which is somewhere between lower and upper bounds and

not on the boundary. Based on the understandings from the fundamentals of contact mechanics it

is expected to achieve the maximum depth of the residual stress with higher rolling pressure which

does not agree with the results provided in Table 4-5. However, as the constraint functions are

active in considered loading conditions, it appears that the allowable level of rolling pressure is

limited by the constraints.  To demonstrate this fact, the optimization problem was solved without

constraint functions and optimal results are presented in Table 4-6.  As it can be realized rolling

pressure reaches the upper limit when the constraint on the plastic strain is removed. However, as

it can be realized for all cases the level of ௘௤ߝ  is very high.

Table 4-6: Unconstrained optimization results at 25 ℃

ଵݓ ଶݓ D
(mm)

f
(mm)

P
(MPa)

ோ்(଴௭௭ߪ)

(MPa)
ோ்(ܽ݁ݎܣ)

(MPa.m)
ோ்(௠௔௫௭௭ߪ)

(MPa)
௘௤ߝ

(µm/µm)

1 0 12.00 0.200 30.00 -473 -0.6117 -110 0.2956

0 1 6.00 0.200 27.60 -918 -0.3416 211 0.1998

0.5 0.5 7.64 0.200 29.41 -769 -0.4427 162 0.2360

The optimization problem was then solved for elevated temperature 450℃ using the relevant

objective and constraint functions provided in Section 4.2 and the results are presented in Table

4-7. Comparing results in Table 4-7 with those in Table 4-5, it can be realized that the service

temperature changes the optimal design variables. For further clarification, the desired output

responses at 450℃ have been evaluated using the optimal design process parameters (optimal D,

f  and P) obtained at room temperature and compared with those optimal values obtained at 450

℃ and results are provided in Table 4-8. As it can be realized optimal results obtained at room

temperature while provides optimal distribution of residual stress at room temperature, it generates

a residual stress distribution at the elevated temperature of 450 ℃ which might not be the most

optimal solution. For example, the optimization for bending load (i.e. ଵݓ = 0) solved at room

temperature results in ସହ଴ of -141 MPa which is significantly lower than -459 MPa achieved(଴௭௭ߪ)

by optimization at elevated temperature.
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Table 4-7: Optimization results at 450 ºC based on constraint function ௭௭(୫ୟ୶ߪ) < 100 and ܽܲܯ
௘௤ߝ < 0.08

ଵݓ ଶݓ D

(mm)

f

(mm)

P

(MPa)
ସହ଴(଴௭௭ߪ)

(MPa)

ସହ଴(ܽ݁ݎܣ)

(MPa.m)

௠௔௫ߪ) ௭௭ )ସହ଴

(MPa)

௘௤ߝ
(µm/µm)

1 0 12.00 0.200 10.36 -26 -0.1844 91 0.08

0 1 6.00 0.200 14.13 -459 -0.1149 98 0.08

0.5 0.5 6.00 0.200 14.13 -459 -0.1149 98 0.08

Table 4-8: Output results at 450 ℃ using optimal design variables obtained at room temperature
versus at elevated temperature

weighting
factors

Optimized at room temperature Optimized at elevated temperature

ଵݓ ଶݓ

ସହ଴(଴௭௭ߪ)

(MPa)
ସହ଴(ܽ݁ݎܣ)

(MPa.m)
௠௔௫ߪ) ௭௭ )ସହ଴

(MPa)
ସହ଴(଴௭௭ߪ)

(MPa)
ସହ଴(ܽ݁ݎܣ)

(MPa.m)
௠௔௫ߪ) ௭௭ )ସହ଴

(MPa)

1 0 -26 -0.1844 91 -26 -0.1844 91

0 1 -141 -0.1361 113 -459 -0.1149 98

0.5 0.5 -172 -0.1625 70 -459 -0.1149 98

The influence of the constraint function is more significant at the room temperature as the

achievable optimum solutions are more affected. Comparing Table 4-5 and Table 4-6 shows that

more compressive ୘ୖ(଴௭௭ߪ) can be achieved after relaxing the constraint function. Therefore, there

is a trade-off between achieving the most negative ୘ and the balancing residual stress whichୖ(଴௭௭ߪ)

can only be decided based on the knowledge of external load. Solving the optimization problem

without any behavior constraint for the 25℃-case resulted in very high plastic strain on the surface

which was deemed to be unacceptable and confirming that the assumed constrained function is

important and required.  Results reveal that the impact of the service temperature on the achieved

optimal process parameters is substantial and cannot be ignored in the optimization of the process

parameters.

4.6 Conclusion

A high-fidelity 3D nonlinear finite element model has been devolved to model the DCR process

on a 1mm thick Ti64 plate and then to predict the resultant residual stress profile after relaxation

at an elevated operating temperature of 450ºC.
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Efficient analytical surrogate models have been derived to approximate the residual stress profiles,

using developed 3D non-linear thermo-mechanical finite element simulation executed on a set of

design points optimally located by the DoE technique in the design domain. It was shown that the

developed surrogate models with full quadratic polynomial form can accurately predict the

response of the system in the given design domain and thus replacing computationally expensive

full-scale FE model.

The developed analytical functions have then been effectively used for systematic parametric study

to investigate the impact of key process parameters on the profile of the residual stress components

at the two operating temperatures of 25℃ and 450℃. Moreover, they have been utilized to

formulate design optimization problems to identify the optimal processing parameters to maximize

the induced compressive residual stress profile in DCR process. Combined GA and SQP

algorithms were used to accurately catch the true optimum solution in the proposed optimization

problems.

Using the developed optimization methodology, a clear knowledge of the correlation between

process parameters and the induced residual stress profiles at both room (25℃) and elevated

(450ºC) operating temperatures can be established. This knowledge can be used as a guideline in

early stage of a design to determine optimal process parameters for a given duty cycle. The main

conclusions driven in this chapter can be summarized as follow:

1. The thickness of the component has a significant impact on the profile of the residual

stresses induced by the process.

2. HCF crack initiation of deep-rolled component is observed in deeper depth of the

component where the tensile balancing stress region exist. Therefore, the process

parameters optimization is required to maximizing the compressive residual stress on the

surface while limiting the unavoidable tensile balancing stress.

3. The exposure to the elevated temperature relaxes and redistributes the residual stresses

which are induced by DCR process at room temperature. Therefore, consideration of the

operating temperature is important in developing the optimal process parameters.

4. The optimal design variables achieved at the room temperature will not guarantee an

optimal solution at the elevated temperature and in some cases even creates undesirable

stress profiles for elevated temperature applications.
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5. Conventional DCR of thin plate can result in unfavorable tensile residual stresses on the

untreated side of the components. Double-sided deep rolling can be considered as an

alternative solution as it treats the both sides simultaneously and can be efficiently

employed to introduce compressive residual stress on both side of the thin-walled

components.
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5 Analysis and Design Optimization of Double-Sided Deep

Cold Rolling Process of a Ti-6Al-4V Blade

In this chapter, a high-fidelity non-linear finite element model is first developed to simulate the

double-sided DCR process on thin Ti64 plate to predict the residual stress profile introduced by

the process and after thermal relaxation due to subsequent exposure to high temperature. The

accuracy of the developed finite element model is validated by comparison with the experimental

measurement available in the literature. Well-established machine learning principles have then

been carried out on data generated by the high-fidelity FE model to develop predictive analytical

models to approximate residual stresses induced by the double-sided DCR process. The developed

analytical functions are considerably lower in order than a full-scale finite element simulation and

thus can efficiently replace FE models to perform sensitivity analysis and design optimization of

process parameters. Load distribution at high stress areas of a generic compressor blade is

considered to formulate a design optimization problem of double-sided DCR process in order to

achieve optimal residual stress distributions at room temperature and after thermal relaxation at

elevated temperature of 450℃.

5.1 Double-sided DCR

As mentioned before, Ti64 is a titanium alloy with a high strength-to-weight ratio and excellent

corrosion resistance making it an excellent material for gas turbine applications. The main usage

of Ti64 is in compressor blades which their lives are mainly limited by fatigue.  Therefore,

improving the fatigue life to enhance durability and reliability of the blades while maintaining their

airfoil shape is of paramount importance.  DCR is a promising mechanical surface treatment which

can be effectively used to improve the fatigue life of components by introducing deep and high

beneficial compressive residual stresses on the surface and sub-surface layers. However, the

application of conventional DCR on thin walled geometries such as compressor blades can be very

challenging and has some short falls outlined as follow:

1. Bending and damaging the component during the process.

2. Creating tensile stress in the untreated side of the component.

3. Developing asymmetrical strain and stress states which can cause the thermal distortion

of the treated part at elevated temperature.
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As discussed in section 2.1, a special tool which has been illustrated schematically in Figure 2-4,

has been designed to simultaneously perform the DCR process on both sides of the part in order

to address this issue. Double-sided deep rolling on thin-walled components has been proven to be

a viable alternative solution as both side of the component are treated simultaneously which thus

decreases the risk of component distortion.

The FE simulation of conventional DCR (burnishing on one side) process on a thick component

as well as on a thin plate Ti64 have been presented in the previous chapters and the FE model was

validated comparing to XRD measurements. However, the distribution of residual stresses in thin

geometries is considerably different from bulk geometries. Bulk geometries are only affected in

the surface layer while thin-walled geometries are influenced over their entire thickness. The

simultaneously developed RS from both sides of the part interact with each other through the

thickness and this interaction determines the final state of induced residual stress which needs to

be captured in the FE model.

5.2 Finite Element Simulation and Validation of Results

It was discussed earlier that DCR process inherits high level of nonlinearity due to rolling dynamic,

friction contact and plasticity behavior of the material. Thus, the prediction of the residual stresses

introduced by the process requires FE simulation. The level of nonlinearity is even higher on the

double-sided DCR process of thin walled geometries as both sides of the component are treated

simultaneously and the induced plastic deformation (and thus the strain hardening) from one side

affects the process of the other side and as a result the introduced residual stresses.

ABAQUS software has been utilized to develop the nonlinear 3D FE models to simulate the

double-sided DCR process on a thin Ti64 plate and then the subsequent short-time thermal

exposure to 450℃. The steps for conducting the FE analysis are similar to those provided

previously in Figure 4-1 where the sequence and pertinent details of each step are also presented.

The predicted residual stress profile after spring back analysis using the developed FE model has

been compared with experimental measurement reported by Klocke et al [53] for the purpose of

validation. The thermal relaxation analysis has been subsequently conducted using the validated

finite element methodology.

The FE model to simulate the DCR process has been developed in the ABAQUS/Explicit

environment as it can handle the high nonlinearities due to friction contact, plastic deformation
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and dynamic loading efficiently and accurately.  However, the spring back and thermal relaxation

analysis steps are quasi-static in nature and thus have been modeled in ABAQUS/Standard

environment which employs implicit integration methodology. The simulation sequences

presented in Figure 4-1 have been followed to model the process and the following thermal

relaxation in order to predict the residuals stresses at room temperature and after thermal relaxation

at 450℃ .

The workpiece is made of titanium alloy, Ti64 with a 1 mm thickness. It has been reported that the

effect of friction coefficient on the simulation is negligible as long as the friction is nonzero as any

level of friction will allow the ball to be in a pure rotating state of motion [59].  Considering a

frictions coefficient above 0.2 seems unrealistic as the pressurized fluid acts as the coolant and

lubricant in the process and the burnishing ball is hydrostatically suspended and free to rotate

within the tool holder. Isotropic Coulomb friction model with friction coefficient of 5×10-3 has

been considered in this study to model the interaction between the workpiece and ball.

The double-sided DCR process; which is schematically demonstrated in Figure 5-1 (a), is

symmetry with respect to X-Z plane. Thus only half of the workpiece is modeled and the YSYMM

symmetry boundary condition (BC) in ABAQUS is applied on the midface (symmetry plane). The

process induces residual stresses with high gradient in the neighborhood of contact region which

demands a very fine mesh to obtain an accurate stress prediction. Therefore, the surface layer

beneath the contact zone has been discretized with a very fine mesh with the size of 25μm. Since

the model benefits from the defined symmetry BC to reduce the computational cost, it was possible

to mesh the whole symmetric geometry uniformly using 640,000 C3D8RT elements in ABAQUS

environment as presented in Figure 5-1 (b). This element is as discussed before is an 8-node

thermally coupled brick element accommodating temperature degree of freedom (DOF) in addition

to translational displacement DOFs.

The DCR process can be applied under either force control or displacement control of the rolling

ball. While the force control mode ensures that a constant load (pressure) is applied to the ball

during the process, under displacement control mode the process is performed under a defined

displacement which is prescribed at the end of ball indentation step. Although the reference

experimental study reported by Klocke et al [53] was conducted under load control, in this study
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the FE simulation will be conducted under both displacement and force control procedures  for the

sake of comparison.

(a) (b)

Figure 5-1: (a) Geometric model and (b) FE BC and mesh of the workpiece in the 3D simulation

The DCR process is modeled as a sequence of analysis steps until a stable residual stress field is

achieved in the contact zone. The rolling ball has been modeled as an analytical rigid component

and its kinematics is described in four steps namely indentation, rolling, feed and retraction [7]. In

the indentation step the rolling ball is forced normally into the top surface in –Y axis until it reaches

the full load. Then the ball rolls freely in the +X direction to complete one rolling pass while either

the applied force (force control) or Y displacement of the ball (displacement control) is kept

constant. In the feed step, the ball is moved in lateral direction (+Z) perpendicular to the rolling

pass with the amount of feed and then again rolling back the ball but now in –X direction. Based

on the amount of feed, overlap exists between successive rolling passes. Finally, the ball is

withdrawn from the surface in the retraction step. The Johnson-Cook material model presented in

Table 3-1 has been used to describe the material behavior in the simulation of cold rolling

processes.

As discussed before in Chapter 3, the residual stress state changes by preforming each rolling pass

until it reaches to a saturation state in a stabilized region where further rolling the workpiece will

not alter the residual stress. It has been previously shown that 10 rolling passes; which covers a

part of the surface, is sufficient to achieve a stabilized region in order to extract the results while
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saving the numerical computation time. Twelve vertical line normal to the treated surface and

through the component thickness has been considered in the stabilized region to extract the FE

results and calculating the average value at each depth (y-coordinate from the top surface).

The residual stress and strain fields evaluated at the end of the DCR process are then imported as

initial conditions to the spring back analysis which is modeled using isotropic plasticity behavior

of the material at a low strain rate.  The relaxation and redistribution of the residual stresses during

the following short-term thermal exposure to temperature of 450 ℃ is then modeled through the

plastic softening mechanism where the outcome of the spring back analysis is considered as the

initial state input for the analysis.  Since the thermal relaxation is quasi-static, the plastic material

model at lower strain rate is required for the analysis. Temperature dependent quasi-static stress-

strain curves at the strain rate of 1 sec-1 presented by Haight et al. [89] had been successfully

adapted in form of isotropic plasticity to simulate the thermal relaxation of DCR-induced residual

stresses in Ti64.

The double-sided DCR process treats both sides of the component simultaneously which results in

a different material flow and plastic hardening and deformation compared with conventional DCR

process. In this study, both processes have been simulated on a plate with a 1 mm thickness with

process parameters of ball diameter 9 mm, feed 0.200 mm and rolling pressure 20 MPa under load

control mode. The results for tangential residual stress (z-direction) through the thickness are

presented in Figure 5-2.

As it can be realized that the residual stress profile induced by double-sided DCR process is

significantly different than that induced by the conventional DCR process performed on the same

workpiece under identical processing parameters. Under simultaneous deep rolling process of the

two sides of a thin walled component, the strain hardening induced from one side is deep enough

to interact with the rolling process on the opposite side which consequently lowers the plastic

deformation imposed from the opposite side and subsequently the induced residual stress through

the thickness. However, as it can be seen the double-sided DCR process creates a more uniform

RS profile which is compressive on both sides of the component which can be very beneficial for

fatigue enhancement under some applications.
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Figure 5-2: Residual stress profile in tangential direction conventional versus double-sided DCR

5.2.1 Double-sided DCR process under force control

The simulation and results of double-sided DCR process under force control is explained in this

section. The results have been compared with simulation and experimental results reported by

Klocke et al [53] where double-sided DCR treatment of a 1 mm thick Ti64 plate was performed

using ball diameter of 6 mm, rolling pressure of 150 bar, rolling velocity of 10 mm/s and coverage

of 60% . Since the amount of the lateral movement of the rolling ball in Z-direction (feed) was not

explicitly mentioned in the reference [53], the simulation was first run for only one rolling pass to

obtain the track width and then the feed was evaluated using the given coverage. The DCR process

was then continued considering the calculated feed of 0.240 mm for the next nine subsequent

rolling passes until a stabilized region is achieved.

Figures 5-3 and 5-4, respectively show the material flows and plastic deformation in the stabilized

region for the process parameters of D=6 mm, f=0.240 mm and P=150 bar (15 MPa) using the

developed FE model. It is noted that to reduce the computational cost, the simulation was

conducted only on half of the thickness due to the symmetry about the X-Z plane. The deflection

scale has been set to 6 and the component has been sectioned using cutting plane for the sake of

better visualization.
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(a) ܷ௫ at room temperature (b) ܷ௭ at room temperature

Figure 5-3: Material displacement after spring back at room temperature in the stabilized region
(a) in axial direction and (b) in tangential direction, under force control DCR

(a) ௫௫௣ at room temperatureߝ (b) ௭௭௣ at room temperatureߝ

Figure 5-4: Plastic strain after spring back at room temperature in the stabilized region (a) in axial
direction (ߝ௫௫௣) and (b) in tangential direction (ߝ௭௭௣), under force control DCR

Residual stresses are the result of inhomogeneous plastic deformation generated in component

during DCR process. The final state of the material flow defines the direction of reaction forces

by the surrounding materials which subsequently defines the nature (compressive or tensile) of the

introduced residual stresses.  In another words, under a certain rolling force with a given ball
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diameter, the sign of the residual stresses in axial and tangential directions can alter depending on

the net material flow caused by the different amount of feed.

It has been demonstrated that the residual stress distribution can be explained by the net material

flow and the resulting plastic strain [59]. The plastic deformation mechanism during the DCR

process is the superposition of the material displacements in the treated zone attributed to three

simultaneous deformation mechanisms, namely as the ball rolling (in x direction), the lateral

movement of the ball (the feed in z direction) and the vertical movement of the ball (under the

rolling force in y direction) which interact with each other during the whole process.

The equivalent stress beneath the ball reaches the yield stress of the workpiece material under a

substantial rolling force which results in plastic deformation. A detailed stress analysis of the

process reveals a large area of vertical compressive stress directly beneath the rolling ball causing

a vertical plastic compression, which leads to plastic extension in the surface of the workpiece.

Because of the constant volume of the material, the extension of the surface of the material in one

direction, leads to a transverse contraction of the material in the perpendicular directions on the

surface as well as in the material beneath the surface layer. This results in lateral displacement of

the material surrounding the contact zone and consequently developing residual stresses as a

reaction to this plastic material displacements.

Figures 5-5 and 5-6 respectively show the residual stresses in axial and tangential directions in the

stabilized region at both room temperature and 450 oC predicted by the developed FE model. As

it can be realized the process introduces anisotropic residual stress fields which are significantly

different in the axial and tangential directions. The thermal relaxation causes material softening

and the subsequent material flow and plastic deformation which redistributes the residual stresses.

Developing residual stresses in the treated area results in a compensatory residual stress in the

surrounding material which plays an important role in the final state of the residual stress field in

the treated region after thermal relaxation.
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(a) ௫௫ at room temperatureߪ (b) ௫௫ at 450˚Cߪ

Figure 5-5: Residual stress (Pa) in axial direction (ߪ௫௫) sectioned in the stabilized region (a) after
spring back at room temperature (b) after thermal relaxation at 450˚C, under force control DCR

(a) ௭௭ at room temperatureߪ (b) ௭௭ at 450˚Cߪ

Figure 5-6: Residual stress (Pa) in tangential direction (ߪ௭௭) sectioned in the stabilized region (a)
after spring back at room temperature (b) after thermal relaxation at 450˚C, under force control
DCR

The tangential residual stress values (ߪ௭௭) through the depth of the components were extracted

along twelve lines in Y-direction spread over the stabilized region and the average values were

calculated and compared with the experimental measurements. Figure 5-7 shows the results of the

tangential residual stress through the thickness predicted using the developed FE model in the
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present study and comparison with those of experimental measurements and the simulation results

reported by Klocke et al [53].  As it can be seen the developed FE model in the current study can

accurately predict the trend and behaviour of the residual stress profile and is in better agreement

with experimental results compared with those reported  by Klocke et al [53].

Figure 5-7: Comparing tangential residual stress profile through the depth obtained using FE and
experiment at room temperature

Compared with the current simulation results, experimental results mainly underpredicts the

residual stress.  It should be noted that the residual stress measurement involves material removals

which causes inevitable relaxation and redistribution of the initial residual stress profile. The

equilibrium of forces between the tensile region and compressive region must maintain after each

step of layer removal resulting in reduction or even elimination of the compressive stress region

[25]. The relaxation can be greater for thin walled specimen as the volume of the treated region is

less in compared with thick components. The inevitable stress relaxation caused by the material

removal in electro polishing was not basically considered in the measurements reported by Klocke

et al [53] which may result in slight under prediction of the residual stress beneath the surface.

Considering the measurement errors and assumptions involved in the FE simulation including the

assumed material model and ignoring the impact of initial surface roughness and residual stress of
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the component prior to the deep rolling, the results of the FE models developed in the current study

are generally in a very good agreement with the experimental measurements and thus the model

can be confidently utilized to simulate the double-sided DCR process.

Figures 5-8 and 5-9 show induced residual stress distribution in axial (sxx) and tangential (szz)

directions through half the thickness, respectively at both room and temperature 450 oC. As it can

be realized, the double-sided DCR process generates significantly different residual stress

distribution in axial and tangential directions at the room temperature and the subsequent exposure

to elevated temperature causes relaxation and redistribution of the stresses. As it was discussed

before, the anisotropy of the developed residual stresses at the room temperature can be explained

by the plastic deformation caused during the process.

Figure 5-8: Residual stress profile in axial direction at 25 ℃ and 450 °C
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Figure 5-9: Residual stress profile in tangential direction at 25 ℃ and 450 °C

5.2.2 Double-sided DCR process under displacement control of the rolling ball

One may prefer applying DCR process under displacement control mode as programming

displacements for Computer Numerical Control (CNC) machines are usually easier than

controlling the fluid pressure during the process. However, the residual stress profiles achieved by

the two methods are quite different and thus should be carefully examined. The simulation results

for double-sided DCR process under displacement control of the rolling ball and their comparison

with those under force control mode are discussed in this section. The process is performed under

the prescribed displacement of the ball reaching at the end of the indentation step.

Figures 5-10 and 5-11 demonstrate the time history of the rolling force and normal displacement

of the rolling ball for both force and displacement control methods, respectively. Results show that

when one of the controlling parameters is fixed the other one must change to compensate the plastic

deformation and effect of the strain hardening on the dynamic movement of the rolling ball.  As it

can be realized from Figure 5-12, the material displacement in Y-direction is quite different under

the two processes and significantly higher when the process is performed under force control mode

which ultimately results in a different plastic deformation and residuals stress in the perpendicular

directions (X and Z).
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Figure 5-10: Variation of rolling force versus time

Figure 5-11: Normal displacement of the rolling ball (Uy) versus time
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(a) force controlled DCR (a) displacement controlled DCR

Figure 5-12: Comparison of material displacement in Y-direction after spring back at room
temperature in (a) force controlled DCR (b) displacement controlled DCR

The material flow in x and z direction under displacement control mode has been shown in Figure

5-13 (a) and (b) respectively. Comparing Figure 5-3 and Figure 5-13 shows that although the net

material flows closer to the surface can be similar for force and displacement control modes, they

deviate by increasing the depth and material displacement in X and Z directions are higher  under

force control which is attributed to deeper indentation of the rolling ball as it can be observed in

Figure 5-12.  Figure 5-14 also shows the plastic strain distribution in the axial and tangential

direction under displacement-controlled process which again differ with those for force control

mode shown in Figure 5-4.
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(a) ܷ௫ at room temperature (b) ܷ௭ at room temperature

Figure 5-13: Material displacement after spring back at room temperature in the stabilized region
(a) in axial direction and (b) in tangential direction, under displacement control DCR

(a) ௫௫௣ at room temperatureߝ (b) ௭௭௣ at room temperatureߝ

Figure 5-14: Plastic strain after spring back at room temperature in the stabilized region (a) in axial
direction (ߝ௫௫௣) and (b) in tangential direction (ߝ௭௭௣), under displacement control DCR

Figures 5-15 and 5-16 , respectively show the predicted residual stresses in axial and tangential

directions in the stabilized region at both room temperature and 450 oC under displacement control

mode.  By comparing Figures 5-15 and 5-16 with Figures 5-5 and 5-6 for force control mode, one
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can realize the differences in material displacements and plastic strains developed by the two

modes have resulted in different level of residual stresses.

(a) ௫௫ߪ  at room temperature (b) ௫௫ߪ  at 450˚C

Figure 5-15: Residual stress (Pa) in axial direction (ߪ௫௫) sectioned in the stabilized region (a) after
spring back at room temperature (b) after thermal relaxation at 450˚C, under displacement control
DCR

(a) ௭௭ at room temperatureߪ (b) ௭௭ at 450˚Cߪ

Figure 5-16: Residual stress (Pa) in tangential direction (ߪ௭௭) sectioned in the stabilized region
(a) after spring back at room temperature (b) after thermal relaxation at 450˚C, under displacement
control DCR
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To better realize the difference in induced residual stresses under displacement and force control

modes, the residual stress profiles through the thickness have been extracted for the force and

displacement controlled DCR and the results at 250℃ and 450℃ are presented in Figures 5-17

and 5-18, respectively. The two methods introduce a very similar pattern for residual stress profile

through the thickness. Results for residual stresses based on both approaches are fairly close in

regions near to the surface layer while they deviate for deeper layers which is attributed to a

different material flow. When the process is performed under the displacement control mode, the

imposed net material flow is lower in Y direction; which means will be lower in the perpendicular

directions (X and Z), thus  resulting in a lower compressive residual stress in tangential and axial

directions compared with  force-controlled process.

Figure 5-17: Residual stress profiles induced by force and displacement control DCR processes
at room temperature 25℃
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Figure 5-18: Residual stress profiles induced by force and displacement control DCR processes
at 450℃ .

5.3 Design of Experiments and Response Surface method

Each simulation run of the DCR process and the following spring back and thermal relaxation

analysis took about 188 hours on a computer with four core i7 2.70 GHz CPU and 64 GB available

RAM. As it can be realized performing sensitivity analysis, design optimization or assessing

uncertainty of the process parameters on the residual stress profiles using FE simulation models is

computationally expensive and impractical.

The development of an efficient methodology to establish an explicit correlation between process

parameters and the induced residual stress profiles (at both room temperature and 450℃) for

double-sided DCR process are discussed in this section. The depth of the created compressive

layer and the distribution of dislocation density caused by cold working of the surface layers

depend upon the process parameters such as ball size, rolling pressure, feed and the rolling speed.

As discussed before in Chapter 4, the previous experimental and numerical research works have

unanimously confirmed that the impact of the rolling speed on the residual stress is negligible [9,

11, 52, 82]. Therefore like one-sided DCR process, ball diameter D (6-12 mm), the feed f (0.05-
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0.20 mm) and the fluid pressure P (10-30 MPa) are considered as design variables (design features)

in the current study.

The results presented in the previous section confirmed that the residuals stress profiles achieved

under force or displacement control of the rolling ball are not significantly different on the surface

and the variance is mainly observed in deeper depth from the surface. Thus, without loss of

generality, it was decided to consider force controlled DCR process for further investigation.

Design of experiments (DoE) has been employed to discretize the design domain at intelligently

selected sampling points named design points. The design points are the most representative input

configurations for simulation or physical experiments in a given design domain. DoE refers to a

collection of statistical techniques that provides a frame work to maximize the knowledge sought

over a design domain with minimum number of required simulations (or experiments) performed

at the design points [80, 81].

Ten output response have been considered in the current study which can effectively describe the

residual stress profile.

· The summation of the total area of the residual stress calculated using both negative and

positive areas of the stress components throughout the thickness in x and z directions, i.e.

ܽ݁ݎܣ] ௫௫ߪ + ܽ݁ݎܣ ௭௭] which represents the depth of the residual stress. This will beߪ

represented by ோ்(ܽ݁ݎܣ)  and ସହ଴(ܽ݁ݎܣ) for room temperature and 450 ℃, respectively.

· The residual stress components (parallel and perpendicular to the rolling direction) on the

surface of the workpiece which are represented by ோ் and(଴௫௫ߪ) ோ் at room(଴௭௭ߪ)

temperature, and (σ଴୶୶)ସହ଴ and (σ଴୸୸)ସହ଴  at 450˚C.

· The residual stress components in the depth of 500µm (mid thickness of the workpiece)

which are represented by ோ்(ହ଴଴௫௫ߪ)  and ோ் at room temperature, and(ହ଴଴௭௭ߪ) (σହ଴଴୶୶)ସହ଴

and (σହ଴଴୸୸)ସହ଴  at 450˚C.

Central Composite Design (CCD) method available in Mintab© software was used to design the

experiments and identify the design points. The developed high-fidelity FE model has then been

executed at each design point to evaluate the desired output responses described above.  Table 5-1

and 5-2 summarize the design points and their associated desired responses at room and elevated

temperature of 450 ºC, respectively.
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Table 5-1: Design points and the FE results (training data set) at room temperature

D
(mm)

f
(mm)

P
(MPa)

(σ଴୶୶)ୖ୘

(MPa)
(σ଴୸୸)ୖ୘

(MPa)
(σହ଴଴୶୶)ୖ୘

(MPa)
(σହ଴଴୸୸)ୖ୘

(MPa)
ோ்(ܽ݁ݎܣ)

(MPa.m)

6 0.050 10 -44 -80 156 575 -0.4907
6 0.200 10 285 -144 -71 233 -0.6530
6 0.050 30 314 244 -822 56 -1.1037
6 0.200 30 216 -504 -446 -550 -1.2341
6 0.125 20 153 54 -651 -326 -1.1461
9 0.050 20 -132 200 -947 -141 -1.1846
9 0.200 20 110 -257 -522 -706 -1.2258
9 0.125 10 126 327 -749 -247 -1.1546
9 0.125 30 -210 162 -822 -782 -1.4541
9 0.125 20 -82 123 -861 -674 -1.3957

12 0.050 10 -118 115 -947 1 -1.0802
12 0.200 10 110 -73 -660 -716 -1.2613
12 0.050 30 -594 44 -1105 -544 -1.4769
12 0.200 30 -402 -169 -536 -688 -1.2911
12 0.125 20 -333 174 -814 -781 -1.4047

Table 5-2: Design points and the FE results (training data set) at 450℃

D
(mm)

f
(mm)

P
(MPa)

(σ଴୶୶)ସହ଴

(MPa)

(σ଴୸୸)ସହ଴

(MPa)

(σହ଴଴୶୶)ସହ଴

(MPa)

(σହ଴଴୸୸)ସହ଴

(MPa)

ସହ଴(ܽ݁ݎܣ)

(MPa.m)

6 0.050 10 21 -48 458 196 -0.3180
6 0.200 10 328 -79 226 69 -0.3615
6 0.050 30 430 246 92 -473 -0.6403
6 0.200 30 266 -203 -259 -267 -0.7068
6 0.125 20 252 144 -326 -394 -0.6946
9 0.050 20 100 249 -49 -582 -0.6874
9 0.200 20 180 -5 -350 -315 -0.6669
9 0.125 10 235 353 -114 -468 -0.7060
9 0.125 30 -40 295 -440 -522 -0.8531
9 0.125 20 64 240 -408 -575 -0.8609

12 0.050 10 96 163 55 -534 -0.5959
12 0.200 10 193 142 -377 -422 -0.7011
12 0.050 30 -228 138 -356 -647 -0.8542
12 0.200 30 -156 106 -347 -282 -0.6629
12 0.125 20 -97 320 -461 -508 -0.8090



106

Response Surface Methodology based on well-stablished regression-based machine learning

technique has been utilized to train and validate the best polynomial approximate to the responses

of interest (residual stress profile in this study), by minimizing the error of the approximation. As

mentioned in Chapter 4, the accuracy of the developed surrogate models is usually examined by

R2 (i.e. R-Squared) which is also known as the coefficient of determination. R2 is a statistical

measure of how close the data are to the fitted regression models and is always between 0 and

100% in which a model with a higher R2 better fits the training data. The coefficient of

determination, R2, has been presentenced by Eq.  (4-4) in Chapter 4.

It can be realized from Eq.(4-3) that several types of polynomial such as the linear, quadratic and

cubic functions can be considered for the surrogate models. In this research study, a quadratic

model was considered for the response surface functions as R2 value over 85% can be achieved

without overfitting the training data set by higher order polynomials. The derived quadratic

response surface functions for the desired output responses are presented in Eqs. (5-1) to (5-10)

and the R2 values of each developed surrogate model is presented beside it in a bracket which

generally demonstrates the high accuracy of the developed models to approximate the responses

of interest.

ோ்(଴௫௫ߪ) = −362 + 31.0 ∗ ܦ + 793 ∗ ݂ + 47.22 ∗ ܲ + 7764 ∗ ݂ଶ − 5.322 ∗ ܦ ∗ ܲ

− 77.2 ∗ ݂ ∗ ܲ , (ܴଶ = 95.88%)

(5-1)

ோ்(଴௭௭ߪ) = −780 + 113 ∗ ܦ + 7173 ∗ ݂ + 11.17 ∗ ܲ − 6.94 ∗ ଶܦ − 36425 ∗ ݂ଶ

+ 230 ∗ ܦ ∗ ݂ − 118.4 ∗ ݂ ∗ ܲ, (ܴଶ = 87.63%)

(5-2)

ோ்(ହ଴଴௫௫ߪ) = 3316 − 470 ∗ ܦ − 9733 ∗ ݂ − 108.6 ∗ ܲ + 13.1 ∗ ଶܦ + 20617 ∗ ݂ଶ

+0.651 ∗ ܲଶ + 392 ∗ ܦ ∗ ܲ + 5.5 ∗ ܦ ∗ ܲ + 147.7 ∗ ݂ ∗ ܲ, (ܴଶ = 93.31%)

(5-3)

ோ்(ହ଴଴௭௭ߪ) = 2976 − 155.9 ∗ ܦ − 14294 ∗ ݂ − 116.6 ∗ ܲ + 44511 ∗ ݂ଶ + 1.591 ∗ ܲଶ

+ 3.27 ∗ ܦ ∗ ܲ, (ܴଶ = 94.48%)

(5-4)

ோ்(ܽ݁ݎܣ) = 1.774 − 0.3278 ∗ ܦ − 9.36 ∗ ݂ − 0.0563 ∗ ܲ + 0.0116 ∗ ଶܦ

+ 30.34 ∗ ݂ଶ + 0.003198 ∗ ܦ ∗ ܲ + 0.0664 ∗ ݂ ∗ ܲ, (ܴଶ = 95.46%)

(5-5)
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ସହ଴(଴௫௫ߪ) = −396 + 67.4 ∗ ܦ + 96 ∗ ݂ + 42.63 ∗ ܲ − 1.77 ∗ ଶܦ + 8339 ∗ ݂ଶ −

4.255 ∗ ܦ ∗ ܲ − 82.8 ∗ ݂ ∗ ܲ, (ܴଶ = 91.25%)

(5-6)

ସହ଴(଴௭௭ߪ) = −974 + 146.6 ∗ ܦ + 5925 ∗ ݂ + 18.24 ∗ ܲ − 7.24 ∗ ଶܦ − 31135 ∗ ݂ଶ

+ 245 ∗ ܦ ∗ ݂ − 1.029 ∗ ܦ ∗ ܲ − 68.9 ∗ ݂ ∗ ܲ, (ܴଶ = 89.88%)

(5-7)

ସହ଴(ହ଴଴௫௫ߪ) = 2212 − 95.1 ∗ ܦ − 12035 ∗ ݂ − 91.7 ∗ ܲ + 36874 ∗ ݂ଶ + 1.295 ∗ ܲଶ

+ 1.96 ∗ ܦ ∗ ܲ + 53.7 ∗ ݂ ∗ ܲ, (ܴଶ = 93.61%)

(5-8)

ହ଴଴௭௭ߪ) )ସହ଴ = 2647 − 400 ∗ ܦ − 8200 ∗ ݂ − 61.2 ∗ ܲ + 13.09 ∗ ଶܦ + 21402 ∗ ݂ଶ

+ 222 ∗ ܦ ∗ ݂ + 4.30 ∗ ܦ ∗ ܲ + 97.6 ∗ ݂ ∗ ܲ, (ܴଶ = 93.19%)

(5-9)

ସହ଴(ܽ݁ݎܣ) = −1.086 − 0.1966 ∗ ܦ − 7.108 ∗ ݂ − 0.03282 ∗ ܲ + 0.00718 ∗ ଶܦ

+ 24.76 ∗ ݂ଶ + 0.00186 ∗ ܦ ∗ ܲ + 0.0458 ∗ ݂ ∗ ܲ, (ܴଶ = 92.20%)

(5-10)

5.4 Parametric Study- Double Sided DCR process

Figure 5-19 (a) and (b)  respectively show the response surfaces of ோ்(଴௫௫ߪ)  and ସହ଴ with(௢௫௫ߪ)

respect to ball diameter and rolling pressure for the given feed of f=0.125 mm. As it can be seen

for the given feed, increasing the rolling pressure at smaller ball diameter increases ோ்(଴௫௫ߪ)

toward tensile region while at larger ball diameter decreases more toward the compressive region.

Therefore, the impact of the rolling pressure on the axial residual stress highly depends on ball

diameter.  The similar trend can also be observed for ସହ଴ in which increasing the rolling(௢௫௫ߪ)

pressure increases ସହ଴(௢௫௫ߪ) toward the tensile region for the smaller ball diameter while decreases

ସହ଴ toward compressive region for the larger ball diameters.  Comparing the surface plot of(௢௫௫ߪ)

ସହ଴(௢௫௫ߪ) with its counterpart at room temperature shows that the thermal relaxation significantly

reduces the magnitude of the compressive axial residual stress on the surface and the level of

relaxation is significantly higher at the upper bound of the parameters where the plastic

deformation is higher.
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(a) (b)

Figure 5-19: Effect of ball diameter and rolling pressure on ଴௫௫ߪ   for f=0.125 mm (a) at room
temperature 25℃, and (b) at elevated temperature 450 ℃

Figure 5-20 (a) and (b) also show the surface plot of ோ்  and(଴௭௭ߪ) ସହ଴ with respect to ball(଴௭௭ߪ)

diameter and feed for rolling pressure of 20MPa, respectively. Results clearly show the dominant

effect of feed on the responses. For ோ், a higher value of feed is required to guarantee a(଴௭௭ߪ)

compressive surface residual stress in tangential direction. It can be concluded from the results

that the desirable compressive residual stress for .ோ் is only achievable at higher feed values(଴௭௭ߪ)

As it can be realized, results show a parabolic relation between the introduced tangential residual

stresses and the feed. It is noted that similar parabolic behavior has been previously reported for

conventional deep rolling of Ti-6Al-4V [7, 22] and AISI1045  [90]. With respect to ,ସହ଴(଴௭௭ߪ)

one can realize that a high level of feed is required to maintain a compressive residual stress in

tangential direction, particularly for small ball diameters. Moreover, comparing Figure 5-20 (a)

and (b) show that the thermal relaxation decreases the magnitude of the compressive tangential

residual stress on the surface at a higher rate  compared with  tensile tangential residual stresses.

This is mainly attributed to thermal softening and net material movement of the surrounding

material (untreated regions) and therefore imposing a less restrain on the treated region with

compressive residual stress.
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(a) (b)

Figure 5-20: Effect of feed and ball diameter on ଴௭௭ߪ  for P=20 MPa (a) at room temperature
25℃, and (b) at elevated temperature 450 ℃

The results presented in Figures 5-19 and 5-20, show the thermal relaxation of residual stresses on

surface are higher when they are induced by higher rolling pressure and feeds (upper bounds of

the design variables). This agrees with the experimental findings [14, 22], where surface layers

with medium dislocation density show a better thermal stability of residual stresses compared with

surface layers with extremely high dislocation densities.  Nevertheless, it can be realized the

residual stress can alter from compressive to tensile at lower feed as the plastic deformation in

tangential direction is not high enough to maintain a compressive residual stress at elevated

temperature.

The response surfaces for ோ்(ܽ݁ݎܣ)  and ସହ଴ with respect to rolling pressure and feed for(ܽ݁ݎܣ)

the given ball diameter of 6 mm are presented in Figure 5-21 (a) and (b), respectively. As it can be

realized both ோ் and(ܽ݁ݎܣ) ସହ଴ are more dominated by the rolling pressure and for the(ܽ݁ݎܣ)

assumed ball diameter, increasing the rolling pressure creates a deeper residual stress profile at

any given feed. However, comparing Figure 5-21 (a) and (b), one can conclude that the exposure

to the elevated temperature leads to decreasing the depth of the residual stress profiles induced at

the room temperature. It is noted that feed has more significant effect on the residual stress closer

to the surface layer while the profile of the residual stresses through the depth of the component is

more affected by the rolling pressure. The stress relaxation is basically more dependent on the
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level of rolling pressure than the feed and the residual stress profile relaxes more when the process

is performed under higher rolling pressure.

(a) (b)

Figure 5-21: Effect of feed and ball diameter on the stress for  ܽ݁ݎܣ D=6 mm (a) at room
temperature 25℃, and (b) at elevated temperature 450 ℃

Figures 5-22 and 5-23 respectively show the surface plots of and (ହ଴଴௫௫ߪ) with respect ,(ହ଴଴௭௭ߪ)

to ball diameters and rolling pressure for feed f =0.125mm at both room and 450 ℃ temperature.

The output responses show a very similar behavior with respect to the design variables. As it can

be realized the effect of the rolling pressure is more significant at smaller ball diameter where

increasing the rolling pressure leads to a more compressive residual stress. However, at higher ball

diameters a parabolic behavior is observed which may be attributed to deep strain hardening

introduced due to process applied from both sides which interact around mid surface of the

component. The thermal relaxation especially at higher ball diameter is mainly dominated by

material softening as the plastic strains are developed through the whole thickness.
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(a) (b)

Figure 5-22: Effect of rolling pressure and ball diameter on ହ଴଴௫௫ߪ  for f=0.125 mm (a) at room
temperature 25℃, and (b) at elevated temperature 450 ℃

(a) (b)

Figure 5-23: Effect of rolling pressure and ball diameter on ହ଴଴௭௭ߪ  for f=0.125 mm (a) at room
temperature 25℃, and (b) at elevated temperature 450 ℃

5.5 Optimization

As it was explained and shown in the previous sections, the double-sided DCR process also induces

anisotropic residual stress profiles which are significantly different in axial and tangential

direction. Therefore, the process parameters need to be tailored according to the stresses imposed
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by the external loading.  Double-sided deep rolling of a compressor blade of a gas turbine which

is schematically presented in Figure 5-24 was considered in the current study for the optimization

problem. The external loads on the blades are centrifugal (CF) load due to the shaft rotation and

pressure load imposed by the hot gas. These load result in significant radial stress in ܼᇱ direction

and moments around ܺᇱ axis (ܯ௑ᇲ) at the inner platform zone highlighted in blue. The aerodynamic

definition of the airfoil also results in a very thin trailing edge (zone highlighted in red) which

results in high radial stress in this region. Therefore, the surface treatment can be efficiently

employed to enhance the fatigue life of the part by introducing a compressive residual stress in the

highlighted zones without any design change.

Figure 5-24: Schematic of a compressor blade and the treated areas

The application of the double-sided DCR process in the highlighted zones of the blade is

constrained by the rolling direction imposed by the geometry. As it can be realized, the double-

sided DCR in blue and red zones can be practically performed only in global X’ and Z’ directions,

respectively.  Therefore, while the objective in the blue zone is to achieve the most compressive

residual stress perpendicular to the rolling direction ,note that rolling direction) (଴௭௭ߪ) x in blue

region, coincides with global ܺᇱ ), the objective in the red zone is to achieve the most compressive

stress in the rolling direction ,note that rolling direction) ,(଴௫௫ߪ) x in red region, coincides with

global ܼᇱ ).

The proposed multi-objective design optimization problem can be formally formulated as:
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݁ݖ݅݉݅݊݅݉ ℎ݁ݐ ݊݋݅ݐܿ݊ݑ݂ 0.5 ܽ݁ݎܣ + ௭௭(଴ߪ)ଵݓ + ௫௫(଴ߪ)ଶݓ (5-11)

ݐ݆ܾܿ݁ݑܵ ݋ݐ ℎ݁ݐ ݐ݊݅ݎܽݐݏ݊݋ܿ ௭௭(ହ଴଴ߪ)ଵݓ + ௫௫(ହ଴଴ߪ)ଶݓ < ܽܲܯ100−
6 ݉݉ ≤ ܦ ≤ 12 ݉݉
0.05 ݉݉ ≤ ݂ ≤ 0.2 ݉݉

10 ܽܲܯ ≤ ܲ ≤ 30 ܽܲܯ

The defined constraint function will guarantee sufficient compressive residual stress is introduced

throughout the thickness while avoiding a tensile balancing stress at the mid thickness of the

workpiece. The proposed objective function can be tailored based on the stress distribution in the

blade due to the external applied load using the weighting factors provided in Table 5-3.

Table 5-3: Assigned weighting factors in the optimization problem

Treated area ଵݓ ଶݓ

Inner platform zone (Blue zone) 0.5 0

Trailing edge zone (Red zone) 0 0.5

The developed analytical response functions provided in Eqs. (5-1)- (5-10) can now be effectively

used to establish the objective and constraint functions formulated in Eq. (5-11) with respect to the

design variables at both 25ºC and 450 ºC operating temperatures. Considering this the optimization

problem formulated in Eq. (5-11) can be efficiently solved using optimization algorithms.

A combination of sequential quadratic programming (SQP) and genetic algorithm (GA) techniques

is employed in the current study to solve the optimization problem. As mentioned before, SQP is

a local optimizer without any mechanism to search for global solution but it is a powerful nonlinear

mathematical programming technique which can capture a local optimum solution accurately. On

the other hand, genetic algorithm (GA) is a widely used and popular stochastic-based global

optimizer. In this hybrid optimization method, the optimal solutions from GA which are in

neighborhood of the true global optimum solution are forwarded as the initial points to the SQP

solver in order to accurately capture the global optimal solutions. This method has been

successfully employed in design optimization of multiphysics problem where finding a global

solution was not analytically guaranteed [80].



114

5.6 Results and Discussions

Design optimization problem formulated in the previous section has been used to obtain the

optimum set of design variables (i.e. ball diameter, rolling pressure, and rolling feed) in order to

achieve an optimal residual stress profile at room and at elevated temperature of 450℃.  The

optimization problems were solved using the proposed GA combined with SQP method.

Tables 5-4 and 5-5 present the process parameters to achieve optimal residual stress profiles at the

identified critical areas at 25℃ and 450 ℃, respectively. As it can be realized from comparing

Tables 5-4 and 5-5, the operating temperature slightly changes the optimal design variables for

surface treatment of the trailing edge. For further clarification, the desired output responses at

450℃ have been evaluated using the optimal design process parameters (optimal D, f and P)

obtained at room temperature and compared with those optimal values obtained at 450 ℃ and the

results are provided in Table 5-6. The optimal results obtained for double-sided DCR is less

sensitive to the operating temperature compared with those obtained for conventional DCR. This

is mainly attributed to the more uniform residual stress distribution through the thickness induced

by the double-sided process.

Table 5-4: Optimization results at 25 ℃

Inner platform zone Trailing edge zone

ଵݓ 0.5 0

ଶݓ 0 0.5

D (mm) 6.00 12.00

f (mm) 0.200 0.112

P (MPa) 30.00 30.00

ோ்(଴௫௫ߪ)  (MPa) 289 -563

ோ் (MPa)(଴௭௭ߪ) -474 170

ோ் (MPa.m)(ܽ݁ݎܣ) -1.1644 -1.5347

ோ் (MPa)(ହ଴଴௫௫ߪ) -515 -825

ோ்(ହ଴଴௭௭ߪ)  (MPa) -480 -940
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Table 5-5: Optimization results at 450 ℃

Inner platform zone Trailing edge zone

ଵݓ 0.5 0

ଶݓ 0 0.5

D (mm) 6.00 12.00

f (mm) 0.200 0.129

P (MPa) 30 30

ସହ଴ (MPa)(଴௫௫ߪ) 314 -264

ସହ଴ (MPa)(଴௭௭ߪ) -173 279

ସହ଴ (MPa.m)(ܽ݁ݎܣ) -0.6413 -0.8823

ସହ଴ (MPa)(ହ଴଴௫௫ߪ) -201 -540

ସହ଴ (MPa)(ହ଴଴௭௭ߪ) -276 -538

Table 5-6: Output results at 450 ℃ using optimal design variables obtained at room temperature
versus at elevated temperature for the trailing edge zone

Optimized at 25℃ Optimized at 450℃

D (mm) 12.00 12.00

f (mm) 0.112 0.129

P (MPa) 30.00 30.00

ସହ଴ (MPa)(଴௫௫ߪ) -258 -264

ସହ଴ (MPa)(଴௭௭ߪ) 290 279

ସହ଴ (MPa.m)(ܽ݁ݎܣ) -0.8858 -0.8823

ହ଴଴௫௫ߪ) )ସହ଴ (MPa) -513 -540

ସହ଴(ହ଴଴௭௭ߪ)  (MPa) -580 -538

5.7 Conclusion

A high-fidelity finite element (FE) model has been developed to predict the axial and tangential

residual stress profiles induced by double-sided DCR process on Ti64 thin plate at the room

temperature and the following thermal relaxation at elevated temperature. The process was

modeled under both force and displacement control modes of the rolling ball and the results show
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that the residual stress profiles for displacement and force control configuration are basically very

similar in the surface layer while diverge slightly in higher depth. The results obtained from the

developed FE model are in good agreement with available experimental measurements.

The developed FE model was then utilized to generate training data at intelligently identified

design points using DoE techniques. Regression-based machine learning was subsequently

employed to train and validate predicative analytical models. The developed surrogate analytical

models can efficiently replace full-scale and computationally expensive FE simulation and

accurately predict the residual stress profiles at room temperature and after thermal relaxation at

450℃.

The effects of ball diameter, feed and rolling pressure on the induced residual stress profiles and

their relaxations at elevated temperature were systematically investigated using the developed

surrogate models. A design optimization problem was formulated to enhance fatigue life at high

stress locations of a generic compressor blade considering different operating temperatures. The

developed analytical surrogate models were used to describe the objective and constraint functions.

The conclusions and highlights of the present study are outlined as follows:

1. The residual stress profile induced by double-sided DCR process is significantly different

than that induced by the conventional DCR process performed on the same workpiece

under identical processing parameters.

2. The process generates residual stress profiles which are anisotropic and significantly

different in axial and tangential directions. Therefore, the stress distribution in the

component due to external load should be known prior to selection of rolling direction.

3. Higher rolling pressure and larger ball diameters with lower feed are required to achieve a

more compressive residual stress in the axial direction (σ୭୶୶)ୖ୘. The tangential residual

stress is mainly affected by feed as it significantly influences the tangential plastic

deformation and higher feed values are required to achieve more compressive residual

stress in tangential direction.

4. At any given ball diameter, the level of thermal relaxation is higher for deeper and more

compressive residual stress which is due to high plastic deformation and thermal instability

of dislocations. While the rate of thermal relaxation of axial residual stress is more
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pronounced at lower feed and higher pressure, the tangential residual stress relaxes more

when the process is conducted under higher levels of pressure and feed.

5. The operating temperature of the components and the stress imposed by external loading

need to be considered in the optimization problem.
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6 Conclusions, Contributions and future Works

This chapter outlines the main conclusions of the present PhD dissertation and its major

contributions to the advancement of knowledge in the field of FE modeling and optimization of

Deep Cold Rolling. Based on the knowledge gained through the course of the current research

some possible future extensions have been identified which will be presented along with

recommendations. Finally, an outlook on FE-based machine learning and optimizations of cold

deep rolling and the potential industrial applications to save time, material and resources will be

discussed.

6.1 Summary and Conclusions

Ti-6Al-4V (Ti64) is a titanium alloy with a high strength-to-weight ratio and excellent corrosion

resistance making it an excellent material for gas turbine applications. The main usage of Ti64 is

in compressor blades and discs which their lives are mainly limited by fatigue.  Therefore,

improving the fatigue life to enhance durability and reliability of such highly stressed expensive

component while maintaining the original design can play an important role in design stage and

life cycle cost of the engine.

Deep Cold Rolling (DCR) was presented as a promising mechanical surface treatment to improve

the fatigue life of components by introducing deep and high compressive residual stresses on the

surface and sub-surface layers. However, the exposure to elevated temperatures can relaxes most

of the residual stressed induced by the process at the room temperature.  Therefore, in order to

account for the impact of beneficial residual stress on the fatigue life of the treated component,

developing a design tool which can predict the residual stresses induced by the process and after

thermal relaxation at elevated temperature is required.

In the present research work, first a high-fidelity FE model was developed to simulate DCR process

on a Ti64 plate and the following thermal exposure to elevated temperature 450 ℃. The capability

of the developed FE model to predict residual stresses was validated to experimental measurements

available in the literature. It has been shown that the finite element predictions correlate well with

experimental results with error generally less than 10%. The developed model can be effectively

utilized for parametric studies to understand the effect of different process parameters on the

induced residual stresses without performing expensive experimental tests.
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The application of the developed FE model was extended to predict the residual stress profiles in

a deep-rolled Ti64 thin plate at room temperature as well as elevated temperature 450 ℃.  It was

discussed that rolling speed does not have a significant impact on the residual stresses and the

number of the rolling pass cannot be considered as design variable. Three key design variables ball

diameter (6-12 mm), feed (0.05-0.200 mm) and rolling pressure (10-30 MPa) were considered to

form the design domain. DoE was used to discretize the design to main at the design points. The

FE models were then run at the design points to generate a data set to train surrogate models using

well-stablished machine learning techniques. The surrogate models are considerably lower in order

than a full-scale finite element simulation and can efficiently approximate FE models to perform

sensitivity analysis and design optimization of process parameters.

Based on the comprehensive literature review, the tensile balancing residual stress created in

component was identified as a detrimental secondary effect of the process which results in crack

nucleation under HCF regime and needs a particular attention in the design optimization of the

process. Operating temperature of the treated component and fatigue behaviour of Ti64 were

considered in formulating an optimization problem to achieve the best residual stress profiles in a

thin plate using conventional deep rolling. The results revealed that the optimal design variables

achieved at the room temperature will not guarantee an optimal solution at the elevated temperature

and the operating temperature needs to be considered to derive an optimal solution.

The FE results presented in Chapter 4 show that conventional DCR of thin plate (performing

rolling only on one side of the component) can result in unfavorable tensile residual stresses on

the untreated side of the components. It was further discussed that the process inherits

manufacturing challenges as in can bend and damage thin component. In addition, high gradient

asymmetric residuals stress and strain hardening can lead to thermal distortion of the component

at elevated temperatures.  Double-sided deep rolling was presented as an alternative solution as it

treats the both sides of the thin-walled components simultaneously and can be efficiently employed

to introduce compressive residual stress on both sides.

A high-fidelity non-linear finite element model has also been developed to simulate the double-

sided DCR process on thin Ti64 plate and to predict the residual stress profile introduced by the

process and after thermal relaxation due to subsequent exposure to high temperature. The accuracy
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of the developed finite element model was validated by comparison with the experimental

measurement available in the literature.

The residual stress profile induced by double-sided DCR process is significantly different than that

induced by the conventional DCR process performed on the same workpiece under identical

processing parameters. The process generates residual stress profiles which are anisotropic and

significantly different in axial and tangential directions. Therefore, the stress distribution in the

component due to external load should be known prior to selection of rolling direction.

The sensitivity analysis showed that higher rolling pressure and larger ball diameters with lower

feed is required to achieve a more compressive residual stress in the axial direction. The tangential

residual stress is mainly affected by feed as it significantly influences the tangential plastic

deformation and higher feed value are required to achieve more compressive residual stress in

tangential direction.

At any given ball diameter, the level of thermal relaxation is higher for deeper and more

compressive residual stress which is due to high plastic deformation and thermal instability of

dislocations. While the rate of thermal relaxation of axial residual stress is more at lower feed and

higher pressure, the tangential residual stress relaxes more when the process is done under higher

levels of pressure and feed.

Well-established machine learning principles were then carried out on data generated by the high-

fidelity FE model to develop predictive analytical models to approximate residual stresses induced

by the double-sided DCR process. The developed analytical functions efficiently replace FE

models to perform design optimization of process parameters. Load distribution at high stress areas

of a generic compressor blade was considered to formulate a design optimization problem of

double-sided DCR process in order to achieve optimal residual stress distributions at room

temperature and after thermal relaxation at elevated temperature of 450℃. The optimization study

revealed that the operating temperature of the components and the stress imposed by external

loading need to be considered in the optimization problem.
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6.2 Contributions

The main contributions of the current study to the research field of Deep Cold Rolling process can be

summarized as follow:

1. Development of a high-fidelity FE model to simulate conventional and double-sided DCR

processes. The developed models were validated using available experimental results in

literature and thus can be effectively utilized to fundamentally investigate the effect of

process parameters on induced residual stresses instead of expensive and experimental

measurements.

2. Extension of the developed FE models to simulate short-term exposure of deep-rolled Ti64

components to elevated temperature 450℃ in order to investigate the thermal relaxation of

the induced residual stresses.

3. Development of approximate response surface functions using well-established machine

learning techniques and the developed FE models to evaluate the desired output responses

accurately and efficiently.  The developed surrogate models are smooth analytical

functions which are explicitly related to design variables and thus can replace

computationally expensive FE models.

4. Conducting extensive parametric studies to investigate the effect of design process

parameters on the induced residual stresses both at room and elevated temperature.

5. Development of design optimization strategies to identify the optimal process parameters

in both single and double-sided DCR processes.

The results and contributions of the current PhD research work have been published or under review

to be published in form of journal articles, as follows:

1- Hadadian, A. and Sedaghati, R., 2019. Investigation on thermal relaxation of residual

stresses induced in deep cold rolling of Ti–6Al–4V alloy. The International Journal of

Advanced Manufacturing Technology, 100(1-4), pp.877-893.

2- Hadadian A, Sedaghati R, 2019. Design Optimization of Deep Cold Rolling of Ti-6Al-4V

for Elevated Temperature Operations. Submitted to Journal of Manufacturing Processes,

Ms. Ref. No.: SMEJMP-D-19-00860 (Under review)

3- Hadadian A, Sedaghati R, 2019. Analysis and Design Optimization of Double-Sided Deep

Cold Rolling Process of a Ti-6Al-4V Blade. To be submitted to Production Engineering
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6.3 Future Works and Recomendations

The design optimization in the current work was formulated with the emphasise on enhancing

fatigue strength of Ti64 components. FOD and DOD are very common reported damages in

compressor stage blades. Therefore, optimization of the process parameters to enhance the FOD

ad DOD resistance of the component is an absolute need for aerospace and power generation

industries.

Another main application of Ti64 is in compressor discs of gas turbines with life limited features

located on  negative curvature surfaces such as dovetails [101]. The developed FE model in the

current thesis has been validate for flat and positive curvature surfaces. However, it has not been

validated for surfaces with negative curvature due to lack of experimental measurements available

in the literature. The experimental measurements and FE modeling need to be undertaken to

address this caveat.

The thermal relaxation model developed in the current study is limited to short term thermal

exposure due to lack of available experimental measurements to validate the model. Although the

main thermal relaxation is prompt and occurred in the first hours of exposure to elevated

temperature, the long-term thermal exposure must be experimentally investigated. In the absence

of available measurement, updating the creep law of the current FE thermal model to include

longer hours creep strains may be considered as invalidated approach to estimate the thermal

relaxation.

Although the aerospace applications of Ti64 was emphasised in the current research work, the

titanium alloy has long been favored for biomedical applications such as orthopedic, spinal, dental

and trauma surgical implants. The design intent in such applications is to avoid any failure even at

very high number of cycles. However, predicting boundary conditions for implant designers is a

highly challenging task. Therefore, DCR process can be considered for HCF endurance

enhancement of such implants and giving the designer a reserved factor.

To the best knowledge of the author, the design optimization of the DCR process on other super

alloys such as IN738 and IN718 nickel alloys has not been addressed in the available literatures

which can be considered in the future works.
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6.4 Outlook

High strength-to-density ratio, high corrosion resistance and superior biocompatibility are the main

advantages of titanium making it a long been favored metal for aerospace and biomedical

applications. However, high environmental damage, difficulty in casting, rarity and high selling

price are disadvantages of using titanium. Therefore, designing to last longer or refurbishing and

rehabilitation of aged titanium components has both commercials and environmental benefits.

Optimization of the production processes and lowering the final cost while producing more reliable

products in a shorter design time with minimum experimental validation is a widespread challenge

for all industries under the current intense competition. FE methods have found their unique place

particularly in high-tech industries to reduce the project lead times and manufacturing costs by

virtually simulating the manufacturing processes scenarios and predicting the effect of

manufacturing process parameters on the final product.

Advances in machine learning techniques is having a dramatic impact on the design methodologies

as is it allows to continually learn from available data to predict outcomes. These techniques are

getting more attention to develop analytics based on results obtained from computationally

expensive FE models, in order to perform simulation-based optimizations. Hopefully, this new

trend in mechanical design will result in a more durable and reliable products which are also

environmentally friendly.
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