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SUMMARY 

 

The influence of different microstructural attributes on the material properties 

such strength, hardness, residual stress or other physical properties are very well 

understood. During the manufacturing of mechanical parts utilized in important 

industries such as energy, aerospace or biomedical, the effect of the processing in 

term of thermal and mechanical loading is very important as it is directly influencing 

the microstructure evolution and the properties. The understanding of how the 

manufacturing process such as high precision machining will affect first the 

microstructure and therefore the part properties. In this work, we propose the 

Materials-Affected Manufacturing (MAM). It is a new paradigm helping to 

understand the interaction between the manufacturing process parameters, materials 

microstructure attributes and the properties. This is solved using a computational 

approach using an iterative blending to relate different models. Residual stresses are 

also studied. An enhanced analytical model is proposed. The model is capable for the 

first time to predict analytically the residual stress regeneration in the multi-step 

machining problem. An enhancement of the existing model is proposed. The (MAM) 

method was applied to the case of turning process of Aluminum 7075. The average 

grain size and the crystallographic texture were predicted and validated 

experimentally. The residual stress regeneration was computed for the case of milling 

of Aluminum 2024. Experimental validations using X-ray technique were performed 

for validations. 
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CHAPTER I 

INTRODUCTION 

 

  

 The recent advances in precision machining technology contributed 

significantly to the enhancement of human life through the development of higher 

quality and more complex components used in daily life technology. These 

achievements are possible because of the results of research programs on machines 

tools, materials and control theory. The definition of precision machining in the 21
st
 

century went beyond the traditional geometrical understanding of precision. High 

accuracy in metrology is possible thanks to high resolution controller. In the 

manufacturing community, the term precision machining refers more and more to the 

capacity to manufacture complex part based on very hard to cut materials while being 

able to control the evolution of the part properties. The materials properties of a 

workpiece are known to have a great impact on it functionality. Mechanical 

properties, physical properties as well as some microstructure attributes are now part 

of the requirement requested during the precision machining of a component. Due to 

the recent advances in technology, manufactured parts are more and more working 

under very hard conditions. Applications in aerospace such as turbofans or energy 

production such as turbine are very critical and request a high tolerance as well as 

resistance to high temperature and pressure conditions. 
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Figure 1: Turbofan propeller and dental implant made of Titanium alloy. 
 

 Other uses in biomedical application request light-weight materials with high 

resistance to cyclic loading. Materials scientists were traditionally were at the front of 

the problem resolution; they develop and produce continuously new materials that are 

temperature resistant such as Nickel based alloy and Titanium alloy as shown in 

Figure 1). More recently, and typically for biomedical application, the emergence of 

new processes such as SPD (Severe Plastic Deformation) based like ECAP are 

capable of producing materials with very high strength due to the grain refinement 

happening, Figure 2). 
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Figure 2: ECAP processing method. 

 

 

 

As the manufacturing and especially the machining process are the final step before 

the product utilization, it is important to understand how the cutting process will 

affect the product final quality and if the machining process as an SPD process can 

enhance the properties of the machined surface. For many years, people were 

interested in the surface finish quality or roughness. Recently, new surface integrity 

parameters are to be investigated before the utilization of such components. 

Manufacturing and quality engineer are now interested in the residual stress. The 

machining induced residual stresses are actually critical on the crack propagations, 

resistance to corrosion as well as fatigue behavior. Finally, more requirement coming 

from leader industries such as the nuclear one, introduced new requirement on the 

grain size and other properties such as the hardness. It is obvious that the machining 
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process will affect the properties of the workpiece. The large thermo-mechanical 

loading introduced due to high speed application of dry machining configurations will 

undeniably influence the stability of microstructure ad therefore influence the 

materials properties. It is important to understand the thermo-mechanical loading 

induced by machining. It appears that machining induces the larges deformations with 

a very high rate. The machining is also a source of heating, temperature during the 

machining of some hard to cut materials can be as high as 1300° degrees.  

Based on all this, it is clear that relating the process mechanics or more accurately the 

process input to the properties of the workpiece as well as the microstructure is 

critical in order to optimize the machining process. A design tool capable of helping 

the manufacturing engineer choosing the right machining conditions is therefore 

necessary to achieve desirable properties. 

Figure 3) shows the context of this research, such a tool set will be capable of relating 

the manufacturing science knowledge that includes cutting forces and temperature 

predictions to a more general continuum mechanics approach solving the strain, strain 

rate and stress experienced by the workpiece materials. Based on this, tools developed 

by materials scientist can be implemented in order this time to understand how the 

microstructure and therefore properties will evolve. We can imagine such a tool 

providing valuable information to the design engineer. This approach will reduce the 

product life cycle as well as provide a platform to optimize the manufacturing 

process. 



4 5 

 

 

Figure 3: Material manufacturing and design interactions. 

 

 In the context of this identified need. Some research questions are imposed naturally 

and need to be addressed in order to solve this research challenge. Is the machining 

process capable of affecting the workpiece properties and microstructure? Through 

which mechanisms the machining process will affect the microstructure? How to 

relate the process input parameter to the properties of the workpiece? Is the evolution 

of properties will affect the process mechanics?  

To addressee this question, a step by step analysis is applied and a research strategy is 

proposed in order to solve the research questions.  

 

Figure 4: Materials-Affected Manufacturing paradigm. 
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The Materials-Affected Manufacturing (MAM) approach consists of relating the input 

of process parameters to the materials properties through a defined path. Figure 4) 

shows the MAM paradigm. After predicting process forces and temperature, the 

equilibrium and compatibilities are solved in order to derive the generated stresses, 

strain and strain rate. Then, the materials synthesis is used. In the materials synthesis, 

we have two analysis steps, the microstructure evolutions predictions. In this step and 

based on the thermo-mechanical load, the evolution of some microstructure attributes 

that have a direct influence on the materials properties is predicted. Grain size, 

texture, etc. are predicted and used in the next step. The last step of the materials 

synthesis is the materials genome analysis. In this step, the mechanical, physical 

properties such as hardness, flow stress and moduli are predicted based on 

microstructure attributes. Finally, it is important to notice that the process prediction 

will iteratively be affected by the evolution of the properties. The cutting forces are 

expected to increase if the flow stress increases, the opposite is also true. 

The implementation of MAM as a powerful predictive tool set will allow a drastic 

enhancement of the manufacturing process optimization and control. A physics driven 

understanding of the part final properties and therefore some quality aspect will lead 

to an enhancement of the standards. 

Residual stress is an important part of the global image that needs to be investigated. 

During the machining process, one of the most important attributes affecting the 

functionality is residual stress remaining in the workpiece. It is obvious that the 

understanding of residual stress is critical. The nature of residual stress (tensile vs 

compressive) will play a key role in the crack propagation. The peak compressive in 

subsurface will provide helpful information about the fatigue behavior. The global 

distribution in all directions is also important for dimensional accuracy issues such as 
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distortions. Different research investigated residual stresses in machining. The 

accuracy of the output was always complicated to evaluate especially that most of the 

proposed predictive models are based on numerical solution such as FEM. The large 

computational time as well as the limited physics based understanding was always at 

the origin of the poor usage of this method. Recent research in the field of analytical 

modeling proposed powerful method to predict residual stress using better model and 

especially a short computational time. However, theses mathematical models 

considered a simple case of one machining pass as well as other simplifying 

assumptions that affected strongly the surface residual stresses. 

In this work, and for the first time, an enhanced mathematical model for residual 

stress is proposed. Large number of assumptions were reduced or corrected in order to 

enhance the predictive capacities. The model was also adapted for the uses of multi-

steps machining process. An algorithm was proposed for this purpose. The nonlinear 

cyclic plasticity was also included in order to enhance the predictions. Experimental 

work is performed on aluminum alloy for the milling process. It is important to 

understand the state of art in the research of materials, manufacturing and mechanics. 

How these challenges are handled and what are the models that we can explore in 

order to achieve the research objective. The next chapter covers the existing research 

and results regarding the process mechanics, microstructure evolution in machining 

and finally the properties. 
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CHAPTER II 

LITERATURE REVIEW 

 

2.1 MICROSTRUCTURE EVOLUTION IN MACHINING 

 

2.1.1 Grain evolution 

 

During machining a high amount of shear stress, strain and strain rate are 

experience by the materials. It is also known that during the cutting process, most of 

the plastics deformation energy is transformed into heat. Therefore, the machining 

process will induce a very high temperature especially in some specific machining 

configurations such as dry cutting. Also to mention is the non-uniform temperature 

gradient, generated by machining, which affects the materials microstructure and the 

surface integrity [1] [2] [3]. Those mixed mechanical and thermal loadings, applied by 

the cutting tool on the workpiece, are expected to drive and activate different 

phenomena within the materials that will strongly affect the microstructural attributes 

such as the grain size, texture and dislocation density. 

One of the main microstructural attributes that directly affects the materials properties 

is the average grain size. The grain size can affect the physical properties such as the 

conductivity as well as mechanical properties like the flow stress or the hardness. 

Different studies investigated the effect of machining on the average grain size on the 

surface [4] [5]. The grain size variation was mainly attributed to the dislocation 

dynamics and the dynamic recrystallization happening due to the large strain and 

strain rate induced by the machining process as reported recently by [6] . Although 

the mechanical aspect of the machining process (i.e. strain and strain rate) might be 

the dominant driving force of microstructural changes on the workpiece surface, the 
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temperature, conducted through the whole workpiece, will inevitably affect the 

microstructure in the subsurface region depending on the materials system as shown 

in Figure (2). Therefore in some thermo-mechanical processing, grain growth is 

observed and attributed to different sources. Recent studies highlighted this fact 

through the investigation of diffusion based grain growth, generally considered as a 

thermally activated phenomenon [7].  This was reported in [8] where a grain growth 

was observed during the machining of aluminum alloys in the subsurface area. 

Therefore the grain refinement and grain growth are expected to happen during the 

machining process at different locations in depth and can even be a competing 

behavior. In a previous study [8] , the microstructure evolution in the orthogonal 

cutting was investigated. In [9] the effect of strain and strain rate were investigated in 

an orthogonal cutting situation with different cutting speed conditions. It was 

observed that for OFHC Cu the high strain is generating a very refined structure of 

grain, while at high strain rates, the effect of temperature is limiting the refinement 

process. This can be attributed to a possible grain growth that was not investigated in 

the case of machining. In a different work [10] it was similarly investigated that this 

microstructure evolution in the orthogonal machining of pure Copper and pure 

Titanium, a framework describing the evolution of the microstructure as a function of 

strain, strain rate and temperature, was given. It was observed that at high and low 

strain rates and relatively high temperature an equiaxed nano-sized grain were 

obtained. While at high strain rate and high temperature either a mixed structure with 

micron and nano-sized grains or twinned nano-structure were observed. This 

suggested that the combined thermo-mechanical load will generate a competing 

behavior that can be understood and modeled, based on physical modeling. 
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2.1.2 Texture  

 

 

The texture or crystallographic orientation in metals and alloys is one of the main 

microstructural attributes that affects their mechanical properties and therefore the 

materials behavior. The crystallographic anisotropy also has a significant effect on the 

manufacturing process, especially metal cutting at micro-scale in which the grain 

level characteristics are important. For decades, investigations of the crystallographic 

anisotropy were conducted to understand the process product interactions. In fact, 

extensive experimental work using recent available technologies such as X-ray 

diffraction and EBSD has opened the opportunity for a better understanding of the 

crystallographic anisotropy, especially in the machining processes. Pioneering work 

that investigated how the machining process affects the surface texture was conducted 

in an ultra-precision context of β-Brass using a diamond tool by [11]. They 

discovered that the cutting forces changed regarding the crystallographic orientation. 

Using FEM, a strain gradient based approach was used by [12] to investigate the 

micro-machining of single crystal FCC material. Recent work by [13] experimentally 

investigated the relationship between the specific cutting energy and the crystal 

orientation of pure aluminum. They discovered that the specific energy relied more on 

the crystal orientation rather than the process parameters and this specific energy can 

vary between (25 MPa up to 450 MPa). The same authors proposed in [14] a rate 

sensitive plasticity model to predict accurately the cutting forces in the 

micromachining of FCC single crystal materials. This model considered the hardening 

of the materials as well as the effect of lattice rotation. Hence, a strong relationship 

between the crystallographic orientation on which the cut is made and the wear rate of 

a cutting tool can be established as suggested by the recent studies of [15] based on a 

diamond cutting tool. Further, [16] has proven that the crystallographic orientation 



4 11 

affects the surface roughness, since the amount of machine tool vibration depends on 

the cutting direction, these experiments were made on single crystal copper using a 

diamond tool. The severe plastic deformation generated by the machining process was 

investigated by [17], in their study, the microstructure evolution was analyzed in the 

PDZ (Primary Deformation Zone) and the SDZ (Secondary Deformation Zone). 

Researchers have discovered a microstructure evolution during the machining process 

using SEM image and EBSD investigations. The crystallographic anisotropy is also 

important to investigate, different theoretical analysis were made to capture the 

mechanisms describing the relationship between the manufacturing process 

mechanics and the texture evolution. In the machining field, there exist models that 

were proposed to investigate this issue. A micro-plasticity model was proposed by 

[18] where the shear angle variation was investigated as a function of the main crystal 

orientation to understand how the cutting force were affected in the case of 

micromachining. They concluded that the most likely shear place is the one that has 

the most negative texture softening factor among the ones with the minimum shear 

strength. In the same way [19] implemented the crystallographic orientation in the 

flow stress and proposed an analytical method to predict the cutting forces in the 

micromachining of brittle materials. This approach enabled the possibility to 

accurately predict the ductile brittle transition point. In a very recent evolution of the 

modeling work, [20] and [21] presented a flow stress model capturing the flow stress 

evolution as a function of microstructural attributes such as the dislocation density 

and the average grain size. Important experimental investigations performed by [22]  

shown that during the cutting of single crystal aluminum of known orientation under 

the same cutting conditions, the cutting forces and the chip thickness ratios vary with 

the crystal orientation. All these recent evolution in the experimental and modeling 
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work contributed to enhance the understanding of the interaction between 

microstructural attributes and the metal cutting process. However, few studies have 

been done in term of physics-based model to capture the texture evolution during and 

after machining.  Predicting the anisotropy is therefore an important issue that needs 

to be addressed in order to build an accurate understanding of the machining 

processes. During the machining process, a large plastic deformation is taking place. 

Mechanical and thermal loading are induced while driving microstructural changes on 

the workpiece surface and subsurface. Fundamental work has been conducted to 

understand accurately the state of stresses and strain during the machining process 

[23]. To the best of the author’s knowledge, no physics-based model was proposed in 

the machining community to fully address and capture the texture evolution in the 

cutting processes. 

Previous works by [24] presented an accurate model to predict temperature. 

Theoretical models based on the physics of large plastic deformation were introduced 

by [25] to capture the crystallographic anisotropy evolution for large deformation of 

polycrystals. This theory was derived from a single crystal constitutive relation by 

solving integral equations from the field equations. A self-consistent approach is 

developed, where each grain is assumed to be a single ellipsoidal inclusion in a 

homogeneous equivalent medium as introduced previously by [26]. This approach has 

been used extensively in predicting the texture for basic testing processes such are 

compression and tension. Researchers at Los Alamos National Laboratory developed 

a Viscoplastic (VP) self-consistent (SC) robust and validated code to predict the 

texture called VPSC. This code was used by [27] to predict the texture evolution of 

zirconium. Other theories where introduced to predict texture for polycrystals. The 
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statistical continuum theory was used by [28] and offered an alternative to the self-

consistent approach. The statistical method has been proven for tension, compression 

 

2.2 RESIDUAL STRESS 

 

During the last few years the understanding of the effect of machining parameters on 

the residual stress profile contributed to the enhancement of surface integrity in 

machining. As a consequence enhancement of part functionality needed in aerospace, 

energy and medical applications become possible as reported in [29] . Analytical 

model have shown their capacity to predict residual stress accurately in a very short 

computational time. They also offer the possibility to investigate the physics of the 

phenomena in contrast to FEA methods, known for their very large computational 

time and their small physics based interaction. In [30] and [31]. Based upon this 

knowledge, a new analytical model to predict residual stress induced distortion was 

proposed [32]. Unfortunately, these models were based on a simplifying assumption 

that reduces the complexity of machining (Turning, milling) to a single pass 

operation. As a consequence, the residual stress regeneration after each pass was not 

considered. Different behavior induced by the multi-steps nature of the machining 

processes such as cyclic plasticity hardening or the evolution of initial condition as 

well as the residual strain history evolution were not considered. The model proposed 

in this research will enable to integration of the analytical prediction based tool into 

the design and manufacturing life cycle of a part as shown in Figure (1). As a result, a 

faster residual stress prediction can be performed based on the output of the CAM 

proposed G-Code. 

Previous researchers were interested in the problem of residual stress regeneration. 

FEA was used to investigate the effect of different machining passes on the final 
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residual stress profile. In [33] recently investigated the effect of multi-step orthogonal 

cutting using a constant cutting conditions. It was discovered that due to the increase 

of temperature during the last step, a tensile surface residual stress was predicted. The 

authors of this study highlighted the fact that large amount of simplification were 

made in order to reduce the large computational time. In another study [34], it was 

discovered that controlling the undeformed chip thickness can help in order to 

optimize the surface residual stress from tensile generally generated during roughing 

to compressive while using a small undeformed chip thickness during the  finishing 

step. Another conclusion was that the specific cutting energy for similar steps 

changed due to the change in the materials flow characteristics and therefore the shear 

angle. Due to the large computational time, machining validation was performed for 

very small cutting speed (13 mm/min) to avoid temperature rise. The few previous 

research effort that focused on the residual stress prediction in multi-step helped to 

understand the fundamentals mathematical challenges as well as showing different 

limitations due to simplifying assumptions as well as the limitations associated to the 

FEA method.  
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 CHAPTER III 

EFFECT OF MACHINING PROCESS ON AVERAGE GRAIN 

SIZE 

3.1 INTRODUCTION 

 

The microstructure plays a key role in determining the properties of a material. 

Grain size, is particularly important as it is related to the processing history of the 

material. Grain size and shape are important to investigate in order to understand the 

materials behavior as well as predicting the properties. Empirical models introduced 

by Hall-Petch to relate strength to the grain size or Nabarro-Herring to capture the 

creep effect are the some of the example that illustrates the key role of the grain size 

as shown in Figure 5). 

 

Figure 5: The relation between materials strength and the grain size (Hall-Petch 

effect [35]). 

 

As a direct consequence of the Hall-Petch empirical equation, different research 

groups started studying the effect of machining on the average grain size. New 
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methods based on orthogonal cutting was developed in order to achieve a refined 

grain structure based on the ECAP method. Machining, especially the shear zone 

called the primary deformation zone was investigated. Nano-indentation results as 

well as SEM scanning showed some strong gradient happening due to the shearing. In 

the shearing zone where strain can be very high microstructure changes was observed. 

Using TEM, the effect of the severe plastic deformation was captured. Grain 

refinement was captured as shown in the Figure 6). 

 

Figure 6: Metallography of the shear zone area [36]. 

 

Due to the instability of microstructure, the refinement stability was also investigated 

for different materials at different heat treatment condition [35]. However, most of 

these initial studies focused on the chip. Only few studies investigated the machined 

surface microstructure evolution and especially the grain size. In a recent study, the 

fundamental understanding of the effect of machining parameters on the grain 

evolution was investigated in the case of single crystal copper [36]. The main 

parameter affecting the refinement is related to the rake angle as the rake angle will 

define the amount of strain induced on the workpiece. They also discovered the same 

level of deformation on the chip and the machined surface to 10 μm beneath the 

surface. The effect of depth of cut was very minor. All this study was however 
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performed in the case of single crystal material and at very low cutting speed (1mm/s 

to 10mm/s). It is known that during the regular machining process, the cutting speeds 

are higher and can go to more than 800 m/min in the case of turning process. Further 

most of the materials used in industry are alloys. Therefore the effect of precipitates 

may affect the microstructure behavior. In this chapter, the different mechanisms that 

can affect grain growth in machining all considered. The effect of machining 

temperature is also included. The model is developed and validated for the case of 

AA-7075. Experimental grain size measurements are performed at each point in the 

depth of the workpiece. Predictions are performed and validated. Finally, this model 

is used to capture the effect of the evolution of machining parameters on the average 

grain size. Preliminary experiments and measurements showed that in the 

conventional machining, grain can experience growth and refinement. Refinement is 

mainly due to dynamic recrystallization (DRX), while grain growth source is yet to be 

determined accurately. Most of studies showed that due to the high heating rate during 

the machining growth can be experience due to grain boundary diffusion due to the 

relaxation of dislocation in order to achieve a low energy level for more stability. 

Figure 7) show an EBSD image of before and after machining. We can clearly 

observe refinement and growth of some grains. Details of the modeling and more 

physics argument are explain in the next section. 
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Figure 7: EBSD scan of the machined surface before and after machining. 

 

3.2 MODELING 

 

Based on the analysis of machining experiments, a surface average grain prediction 

model, considering the different thermo-mechanical loading experience, generated by 

the machining process in the profile of the workpiece is developed. Based on the 

nature of the multi-step machining process, it is assumed that two main behaviors are 

observed, a severe refinement driven by the large plastic deformation that activates 

the dynamic recrystallization and the grain growth driven by the temperature. It is also 

assumed that these two competing behaviors are happening at the same time. 

Therefore a linear superposition of these two behaviors is applied using the method of 

average. The refinement function (𝑑−) on the surface was predicted using the 

Arrhenius equation from where the well-known Zener-Hollomon parameter is 

derived. It uncovers the approximate hyperbolic law between the Z parameter and the 

flow stress using Johnson-Cook. Z = ε̇  exp (Q/RT)  where ε̇  the strain-rate predicted 

using the process mechanics approach presented in the previous section, 𝑅 =

8.3145𝐽/(𝐾 𝑚𝑜𝑙), 𝑅 is the universal gas constant; 𝑄 =  116.7 𝑘𝑗/𝑚𝑜𝑙, is the 
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apparent activation energy for mechanical deformation process; 𝑇 is the machining 

temperature 𝐾.  The Zener-Hollomon parameter 𝑍 can be written in term of the 

machining flow stress 𝜎. The activation energy was chosen from the literature. As the 

DRX activation energy depends on the temperature and the strain rate, this constant 

was selected in a range of temperature and strain rate close to the once experienced in 

the machining process. Details about the activation energy can be found in [37]. 

𝑍 = 𝐴(sinh𝛼𝜎)𝑛 (1) 

𝜎 is the flow stress induced by the machining operation and calculated using Johnson-

Cook as described [38]. The average grain size variation during the machining 

operation was captured using an incremental approach introduced previously by  [39]. 

The grain growth phenomenon is known to be induced by temperature when it 

achieves the activation level. Grain growth takes place by grain boundaries diffusion 

processes when the process time and temperature are large enough and the heating 

rate are fast. This therefore can happen during long machining operations inducing 

high temperature and strain rate as presented in  [40]. Thermally activated cross-slip is 

the mechanism commonly believed to be responsible for growth based on thermal 

activation of vacancies without long rang diffusion that will control dynamic recovery 

rates during plastic deformation as presented by [41]. During the machining of AA-

7075, temperature was measure using thermocouple and simulations were performed. 

The machining temperature was always equal to 0.5 𝑇𝑚 or greater. The grain growth 

during the machining 𝑑+ is used in this study based on the models presented by  [42] 

and  [43] and shown in Eq. (5). During the cutting operation the heating rate is 

assumed to be constant during the heating as shown in Figure.3, therefore the 

equation yielded to a new equation where the final grain size is function of the heating 

rate �̇�. The initial temperature 𝑇𝑖, final temperature 𝑇𝑓 and 𝑛, 𝑘. Therefore, equation 
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(2) presents a unified model based on the consideration of grain growth under the 

temperature effect and the grain refinement introduced by the machining severe 

plastic deformation.  

{

𝑑− = 𝑑0. 𝑏. 𝑍
𝑚,                                                                   

𝑑+ = (
𝐾𝑅

�̇�𝑄
)(𝑇𝑓

2 exp(
−𝑄

𝑅𝑇𝑓
) − 𝑇𝑖

2 exp (
−𝑄

𝑅𝑇𝑖
)) + 𝑑0

𝑛,
 

 

                  (2) 

The final surface grain size is therefore calculated assuming both component of Eq (2) 

using the average concept. 𝑑 =
𝑑++𝑑−

2
. 

3.3 EXPERIMENTAL VALIDATIONS 

 

 

 

Figure 8: Machining configuration and experimental setup. 

 

Machining experiments were conducted for turning of Aluminum alloy AA-7075-T6, 

heat treated. The initial material characterization revealed an initial grain size of 

35μm, while the initial Hardness was 154 kg/mm
2
. A dry machining was conducted 

using a PCBN cutting insert with a rake angle of 8 degrees (Figure (7)). The cutting 

insert was fresh as at each new experiment a new insert was used. Depth of cut was 

changed from 0.5mm, 1mm and 2mm. feed was of 0.1mm/rev and cutting speed was 
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0.5m/s. In this first set of experiments on AA-7075-T6, the result of the process 

mechanics suggesting the existing of two affected area in the workpiece. Average 

grain size was measured before and after the machining process. In this first 

experiment, the cutting conditions were selected in order to make sure a high cutting 

forces temperature will be generated, as we can verify the case where growth and 

refinement has to be superposed. For the second material AA-6061-T6  [44], an 

orthogonal machining configuration with a 5° rake angle and 100 μm depth of cut and 

a very low cutting velocity of 10mm/s was applied in order to avoid temperature rise 

during the machining. The bulk materials average grain size was found 75 μm while 

the hardness was 110 kg/mm
2
. The microstructure evolution across the shear plane 

from the bulk to the chip was investigated using a sequence of TEM taken before and 

after machining as shown in Figure (11).  

For AA-7075-T6,  𝛼 𝑎𝑛𝑑 𝑛 are two constants found as 0.012 𝑚𝑚2/𝑁 and 5.3 

respectively  [45]. 𝐴 is given as 20 ∗ 109 𝑠−1.  𝑛 = 3.2 , 𝐾 = 28.5 10−4  and 𝑄 =

 116 𝑘𝑗/𝑚𝑜𝑙 are the grain growth exponent, the rate constant and the activation 

energy. The temperature was predicted based on the approach presented by [46]. Each 

of these constants is assumed to be independent from temperature 𝑅 = 8.3145𝐽/

(𝐾 𝑚𝑜𝑙) is the gas constant. The two sets of experiments were selected in order to 

validate the average grain size prediction model. In the second set of experiments, we 

assume that the effect of temperature can be neglected therefore we expect only 

refinement. However, for the case of AA-7075 both grain growth and refinement are 

expected. 

The grain refinement model for AA-7075 was implemented and calculated. Figure 9 

shows how the Zener-Hollomon parameter will drive the refinement of the grains. 

The predicted final grain is around 3µm. The grain growth was calculated as a 
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function of the cutting temperature. Using the iterative approach and the superposition 

method, the final grain size after machining was found to be around 25 µm. 

 

Figure 9: Zener-Hollomon parameter for grain refinement and growth for AA-

7075 alloy. 

 

However, for the case of AA-6061 alloys, the temperature was not included in the 

model and the grain refinement was predicted to be reduced to values as small as few 

nanometers as shown in Figure 10). In fact, based on the experimental results 

captured using TEM microscope, it is clear that on the machined surface the average 

grain was less than a micron. Hence, the refinement induced by dynamic 

recrystallization and captured in this model using the Zener-Hollomon parameters 

proves a high capability to capture the trend of refinement during non-thermal 

processing. 
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Figure 10: Zener-Hollomon parameter and grain refinement in the machining of 

AA-6061 alloy. 

 

In this study, an iterative computational approach was used in order to predict and 

blend the evolution of grain growth and refinement. This computational approach can 

be shown in Figure 11), where the average grain size at the steady state of the 

machining was calculated at the convergence point in this case around (300000 

iterations). This shows that the iterative approach used as a computational technique 

to predict the effect of machining was converging to the correct value. Further the 

computational time was very short compared to numerical methods. The total 

computational time was in order of few minutes. 
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Figure 11: Iterative convergence of the grain size. 

 

(a) 

 

(b) 

Figure 12: (a) Average grain size before and after machining of AA6061-T6  [45]  

(b)AA7075-T6 before and after machining. 

 

On the machined surface, the new grains showed a new structure. The equiaxed initial 

structure changed to smaller elongated grains. Very small grains that are a result of 
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dynamic recrystallization were also observed and contributed to the reduction of the 

average grain size as shown in Figure 12). Knowing that the machining process will 

induce high shear stress and strain, it is therefore expected to observe a texture 

evolution on the machined surface as suggested by previous study [47]. In order to 

verify the proposed model experimental investigation of average grain size as a 

function of depth is proposed in Figure 13). It shows a superposition of the measured 

grain at different depth and the predicted values. This shows that the model is capable 

of predicting the grain size at different locations depending on the thermo-mechanical 

history of the location.  

Average grain size was measure on a two dimensional sections of the microstructure. 

The method is based on the ASTM by measuring the number of grain per inch
2
. If 𝑁 

is the count average number of grains per inch2, ASTM grain size number 𝑛 is give as 

fellow: N = 2
(n-1)

. 

 

Figure 13: Predicted and measured average grain size in depth (d=0.5 mm, 

v=3m/s, α= 8°). 
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3.4 INFLUENCE OF PROCESS PARAMETERS ON THE 
AVERAGE GRAIN SIZE 

 

Thanks to the machining process signature section it is possible to investigate the 

effect of the process parameters on the average grain size of the machined surface. 

Therefore, the effect of the rake angle, cutting speed or even the depth of cut can be 

investigated using the validated model presented in the previous section. Using the 

proposed model it is therefore possible to optimize the machining cutting conditions 

and tool geometry in order to achieve a desirable surface grain size. A very recent 

work was proposed in order to capture the effect of machining condition on the 

microstructure  [48]. This model was based on a dislocation dynamics physics model. 

 

Figure 14: Effect of rake angle on average grain size at different cutting speeds. 

 

Based on the simulated results the different process parameters are affecting the 

surface average grain size. In fact, regarding the tool geometry, it is known that the 

shear strain as one of the primary parameter is depending on the rake angle. 

Increasing the rake angle will have less effect on the grain size. The smaller the rake 

angle, the more refinement is observed Figure 14). However, while increasing the 

cutting speed, the increase of the cutting temperature can therefore affect the rake 
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angle effect on the grain size. Hence, it is important to observe the effect of the 

cutting speed on the grain size.  

 

Figure 15: Effect of cutting speed on average grain size at different rake angles 

values. 

 

The cutting speed as the rake angle is a critical parameter in order to capture the 

process mechanics and especially the shear strain. While increasing the cutting speed, 

the increases of the cutting temperature and the strain rate will affect the dynamics 

recrystallization. From a critical value around 2 m/s, the grain refinement will be very 

weak Figure 15).  However, at a very high rake angle, the refinement won’t be 

observed. 
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Figure 16: The effect of the depth of cut on the average grain size at constant 

rake angle and cutting speed. 

 

The depth of cut as independent parameter will affect the process mechanics. As we 

increase the cutting depth of cut the cutting forces are increasing. Hence, it is 

expected that this parameter can affect the average grain size on the machined surface. 

In fact, before 2mm depth of cut, and at a constant speed and rake angle, the grain will 

observe a refinement. However at higher depth of cut, the extreme cutting forces and 

temperature will activate grain growth and stop the nucleation dynamics Figure 16).  

 

3.5 CONCLUSION 

 

The importance of the microstructure evolution during the machining process is 

fundamental to understand in order to achieve desirable functionalities. The materials 

properties are in fact affected by the microstructure, especially the grain size. In this 

study, a new approach to predict the grain size on the machined surface is introduced 

by superposing two simultaneous mechanisms: Grain growth and refinement. This 

approach considers the grain refinement due to dynamic recrystallization as well as 

the observed grain growth due to the machining temperature. The dynamic 
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recrystallization induced by the severe plastic deformation on the chip and part of the 

surface was captured using the well-known Zener-Hollomon parameter. The observed 

grain growth attributed to temperature was in this study captured based on a thermal 

diffusion growth model. The linear superposition of this two method lead to a good 

prediction of the final average grain size. The advantage of this method is that it can 

be used on different machining configuration depending on the cutting process 

parameters. This was demonstrated on two machining cases: the first experiment on 

AA7075 aluminum alloy with high machining temperature and the second one on a 

machining of AA6061 with conservative cutting conditions in order to avoid the 

machining temperature. The experimental validations offered the possibility to 

validate the average grain size as a depth profile. The experimental results were also 

useful in order to separate the mechanical and thermal effect. Further, the effects of 

process parameters on the average grain size were investigated. 
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CHAPTER IV 

TEXTURE EVOLUTION IN MACHINING PROCESS 

4.1 INTRODUCTION 

 

 

Texture is defined as the distribution of crystallographic orientations of a 

polycrystalline material. We say there is no texture when these orientations are fully 

random. If there is preferable orientation, we say there is texture. Texture can be 

weak, moderate or strong. Texture is observed in almost all engineered materials and 

depends strongly on the manufacturing process. A Solid with a perfectly random 

texture is called isotropic, in a perfect single crystal is strongly anisotropic. This 

means that the properties are changing depending on the direction.  In many materials, 

properties are texture-specific, and development of unfavorable textures when the 

material is fabricated or in use can create weaknesses that can initiate or exacerbate 

failures. Here, it is clear that texture of a material is a critical attribute that need to be 

understood during the engineering or a materials or at the manufacturing level, the 

production of a component. It have been reported in different studies how 

manufacturing process such as rolling or extrusion are affecting the texture [49] [50] 

especially in new materials such as Magnesium. An evolution from random or weak 

texture was always changed to strong preferred orientation. Recent studies 

investigated the effect of different parameters on the texture. The effect of the 

materials composition and type of crystal structure was investigated. How the plastic 

deformation is affecting the texture of the machined surface. How machining compare 

to other well understood processes. Finally, a method based on a crystal plasticity 

model is proposed in order to predict the texture evolution in the machining process 
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for the first time. Experimental investigations using X-ray technic are performed in 

order to compare the simulated and predicted data. 

 

4.2 VISCOPLASTIC SELF-CONSISTENT MODEL 

 

The Viscoplastic Self-Consistent (VPSC) approach is inspired by the early work of 

Hill [25] on the self-consistent theory and later developed into a substantial scheme of 

texture evolution prediction for large inelastic deformations [27] [51] and been 

recently modified for different materials systems and conditions [52] [53]. The self-

consistent approach assumes each grain is an anisotropic ellipsoidal Eshelby inclusion 

embedded in homogeneous equivalent medium (HEM) as shown in Figure 17) 

 

 

Figure 17: Eshelby’s ellipsoidal inclusion assumption. 

 

 The difference from Eshelby’s approach [53] is the non-linear interaction between 

strain and stress. The HEM is represented by the polycrystalline aggregate. The 

consistency condition requires the volume average of the local fields be equal to 

macroscopically applied fields. Obviously, the HEM should possess uniform 

properties.  The kinematic interaction equation that relates the strain rate and stress in 

the grain is: 

Polycrystal Models 

• The aggregate is represented by a 

collection of crystal orientations with 

associated volume fractions chosen to 

reproduce the texture. 

• The aggregate properties are given by 

averages performed over the grains. 
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𝜀̇′𝑖𝑗 = �̇�0∑𝑚𝑠
𝑖𝑗(
𝑚𝑠: 𝜎′

𝜏𝑠
)𝑛 = 𝑀𝑖𝑗𝑘𝑙𝜎

′
𝑘𝑙

𝑠

 
                   (3) 

where s denotes the slip system of the crystal. 𝛾0̇ represents a reference shear rate. 

𝑚𝑠
𝑖𝑗 = 𝑏𝑖

𝑠𝑛𝑗
𝑠  is the geometric Schmid tensor and n

s
 and b

s
 are respectively the slip 

plane normal and slip plane direction for the slip system s. 𝜏𝑠 is the critical stress 

controlling the activation of the slip system and n is the inverse of rate sensitivity. 

𝜎′ designates the deviatoric stress tensor.  Assuming the following equation holds in 

the HEM: 

𝜀̅̇′𝑖𝑗 = �̅�𝑖𝑗𝑘𝑙𝜎
′
𝑘𝑙                   (4) 

A bar on the top of symbols denotes the macroscopic quantities. The 4
th

 rank tensor 

M is the compliance of the HEM and relates macroscopic strain rate to macroscopic 

deviatoric stress.  

Therefore, one can prove [16]: 

𝜀̇′𝑖𝑗 − 𝜀̅̇
′
𝑖𝑗 = −�̃�𝑖𝑗𝑘𝑙(𝜎

′
𝑘𝑙 − 𝜎

′
𝑘𝑙                  (5) 

where the 4
th

 rank tensor M is the interaction tensor and is equal to: 

�̃�𝑖𝑗𝑘𝑙 = (𝑰 − 𝑺)−1
𝑖𝑗𝑚𝑛

𝑆𝑚𝑛𝑝𝑞�̅�𝑝𝑞𝑘𝑙                  (6) 

Where I is the 4
th

 rank identity tensor and S is the Eshelby tensor [53]. The VPSC 

procedure as explained elsewhere [52] consists of an initial guess (through Taylor’s 

approach [54]) of the stress tensor in the grain and the iterative solving of the 

macroscopic compliance tensor and then calculating the stress in each grain from the 

kinematic interaction equation till the error between the two consecutive values of 

stress becomes smaller than a tolerance amount. 𝜏𝑠  the critical shear stress is updated 

by a modified version of the hardening law proposed by Voce [55]: 

𝜏𝑠 = 𝜏𝑠0 + (𝜏
𝑠
1 + 𝜃

𝑠
1Γ)(1 − exp (−Γ |

𝜃𝑠0

𝜏𝑠1
|))                      (7) 
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Where 𝛤 is the accumulated shear in the grain. 𝜏0, 𝜏1, 𝜃0 and 𝜃1 are respectively the 

initial and asymptotic critical shear stresses and initial and asymptotic hardening rates 

of the slip system s. 

The implementation procedure of the VPSC to predict the texture evolution in the 

orthogonal cutting was achieved following the procedure described in Figure 18). In 

order to accurately capture the materials behavior during the machining process, the 

strain and stresses history were derived in the case of plain strain machining process.  

 

 

Figure 18: Texture evolution prediction methodology. 

 

It was proven that the deformation history implied by the different deformations and 

heat treatments have a great influence on the texture. The plastic deformation defined 

by the plastic strain 𝜀𝑝. Shear strain based deformation such as machining creates a 

dislocation motion based on the glide of loops on crystallographic planes. The 

restricted glides through the deformation volume will generate a uniform shear. Based 

on the compatibility condition in a solid, it is expected that the shear will produce a 
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lattice rotation to maintain the grain alignment. In this chapter, the evolution of 

texture in the machining is investigated using VPSC code from Los Alamos. This 

crystal plasticity based model is capable of predicting texture evolution based on the 

deformation velocity gradient as well as the initial texture and other microstructure 

attributes. It is clear that the deformation generated by the machining has to be 

clarified in order to implement the right inputs the crystal plasticity model. An 

approach based on the physics based understanding of the machining deformation is 

used. The velocity gradient composed of strain rate and spin rate are derived.  

 

Figure 19: Strain evolution during machining [56]. 

 

During the machining cycle, each point will experience an evolution of the strain. In 

Figure 19), the cumulative shear strain along the trajectory is shown. This trajectory 
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shows that the strain evolves from zero to a high value in the chip then there is 

stagnation. The maximum point is happening in the shear plane. However in the 

workpiece the strain history is slightly different. In fact, the strain and stress will 

increase and decrease to come back to almost the initial value. Figure 20) shows how 

the stress magnitude changes during the machining pass. Most importantly, the strain 

history was also captured as a function of time during the machining process. Strain 

component in most of the concerned direction can be seen in Figure 21). In this 

figure, strain over the yy direction is zero based on the plane strain assumption. The 

other strain components show a similar behavior, which will lead to the deformation 

gradient needed in this study to capture the texture evolutions. 

 
Figure 20: Effective tress evolution during the machining pass. 
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Figure 21: Strain component history during a machining pass. 

 

A multi-step velocity gradient is therefore derived in order to implement the correct 

strain history experienced by the workpiece during the machining process. It is 

assumed that the workpiece is stress free and therefore does not present any residual 

strain. Based on this method, the VPSC simulations were performed to compute in a 

multi-step manner the texture evolution. The resulting pole figures were plotted using 

mtex software in matlab. The details of this procedure are proposed in Figure 22. 

 

 

Figure 22: Technical procedure used to predict texture. 
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described in Table 1. A CBN cutting insert with a rake angle of 5 ° was used for this 

experiment. Forces were measured on a multicomponent dynamometer KISTLER 

type 9257B with a range of [-5, 10] kN mounted on a HARDINGE lathe. Results of 

predicted and measured cutting forces are presented in Figure 24. A fresh cutting 

insert was used for each experiment in order to keep the edge radius constant. The 

tool didn’t present any wear.Table 2 summarizes the cutting conditions. The cutting 

condition where selected as 𝑉 = 0.5𝑚/𝑠 and the width of cut was 3 𝑚𝑚. The effect 

of depth of cut was investigated by changing it from 0.1𝑚𝑚, 1𝑚𝑚 and 2𝑚𝑚. As 

shown in Figure 23, the initial material properties are attributes of the VPSC 

algorithm. The workpiece used was rod with a diameter of 3.5 𝑐𝑚. Material 

microstructure characterization was performed in order to measure the initial grain 

size and the initial texture before machining. The initial texture and the initial average 

grain size (45 𝜇𝑚) of the machined rode. The initial texture have shown a strong 

texture in the [101] direction. This is due to the drawing process used for the 

fabrication of this specific rod. 

 

Figure 23: (a) Initial average grain size (b) initial texture distribution. 

 

In this work, the effect of the depth of cut will be investigated. The depth of cut is 

important independent parameters affecting the tool wear and the productivity of the 
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process. Although, different previous researches highlighted the fact that depth of cut 

has a small influence on the evolution of microstructure compared to the rake angle, 

we propose in this study to see how depth of cut will affect the texture evolution. 

Since, from a pure mechanistic understanding of machining, higher depth of cut are 

expected to generate higher cutting forces. 

Table 1: Al7075-T651 materials properties. 

 

ρ (g/cc) γ E (MPa) H (HV) UTS (MPa) 

2.81 0.33 71.7 150 572 

Table 2: Cutting conditions for orthogonal cutting. 

 

Case Rake Angle 

(deg) 

Speed 

(m/s) 

Depth of Cut 

(mm) 

Edge Radius 

(mm) 

A 5 0.500 0.1 0.013 

B 5 0.500 1.00 0.013 

C 5 0.500 2.00 0.013 

 

The pole figures were extracted from x-ray diffraction measurements performed by a 

Panalytical Xpret PRO XRD machine with a 1.8kW ceramic Cu tube source and a 

solid state point detector. 0.04 rad Soller slits were used to make sure the x-ray beams 

are parallel. The textures were obtained by ϕ-scans in the range of 2.5°-357.2° in 

0.01° increments. The ψ angle was changed from 0° to 85° in 5° increments. The 

scans were done at the corresponding 2θ angles of the (111), (200), (220) and (311) 

peaks of Al-7075. Defocusing and background data of the same peaks were applied to 

plot the normalized final pole figures.  
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Figure 24: Predicted and measured cutting forces. 

 

 

4.4 RESULTS AND DISCUSSION 

 

Using the process mechanics approach, deformation velocity, velocity gradient and 

strain rate tensor associated to each of the cases A, B and C were simulated. The three 

cases were decided in a way to investigate a large spectrum of possibilities and test 

the approach for different cutting conditions, from low cutting force to a very large 

cutting forces configuration as the cutting forces are increasing with the depth of cut. 

Although the experimental dataset is small, the orthogonal cutting was decided as a 

test bed realization to investigate the feasibility of the proposed method. After 

simulations of texture using VPSC and X-ray measurement for the three cases studied 

in this paper, a comparison is therefore possible based on Figure 25, Figure 26 and  

Figure 27.  Both experimental and simulated results are presented on a normalized 
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scale pole figures in order to make comparison of the direction and magnitude of 

texture. 

 

(a)                                                     (b) 

Figure 25: (a) Simulated texture for case A (b) Experiments for case A. 
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(a)                                                      (b) 

Figure 26: (a) Simulated texture for case B (b) Experiments for case B. 
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(a)                                                            (b) 

Figure 27: (a) Simulated texture for case C (b) Experiments for case C. 

 

Based on the comparison between experimental and simulated results, it appears that 

the VPSC is capable of predicting the concentration of texture on the [101] direction. 

Prediction shows strong correlations with experimental results. The experimental 

result shows a dispersed texture at very low depth of cut. The average texture is more 

and more concentrated on the [101] direction when increasing the depth of cut. 

Figure 28 shows a comparison of the magnitude of the texture density at the [101] 

direction. It is clear that the VPSC predicted linear increases of the magnitude on this 

direction while increasing the depth of cut. It is believed that the texture of the 

machined surface will be the same as the shear plane texture [17]. The analytical and 

the experimental results of this study suggest that the shear induced by the cutting is 

not the only driving force of the texture. Texture is affected also by the hydrostatic 
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compression induced by the cutting tip as the input to the VPSC included both aspects 

of the metal cutting deformation (shear, compression). These changes of the texture 

magnitude are expected to affect the mechanical properties through the Young’s 

Modulus. On the basis of the results obtained in this study, additional comments with 

regard to machining forces and therefore the process stability are pertinent. For a 

given precision machining system, it is known that the cutting forces depends on 

materials microstructural attributes such as the average grain size of the metal being 

machined. Based on the results of this work, it is clear that the crystallographic 

orientation changes during the process will affect the cutting forces. Due to the typical 

low natural frequencies in the machine tool, chatter might be observed due to these 

forces variations. It is important to notify that for Aluminum which is an FCC metal, 

the deformation is favorable in the (111) plane following <101> direction.  

 

Figure 28: Comparison of predicted and measured magnitude in (101). 

 

4.5 CONCLUSION 

 

This chapter presented a new approach to model and to predict texture evolution in 

the orthogonal cutting process. A series of analytical and numerical models were 
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implemented to calculate the forces and therefore the stress, strains, strain rate and 

velocity gradient. The experiments and simulations agreed that machining processes 

is inducing a favorable texture and therefore affecting the materials anisotropy. This 

will lead to an evolution of the mechanical properties of the machined part. This study 

presents a first step in the exploration of texture evolution during machining 

processes. In the future, the texture evolution can also be used to predict the bulk 

mechanical properties resulting from machining. This allows the use of a 

homogenization procedure with a statistical approach to predict essential materials 

attributes such as Young’s Modulus and therefore the hardness. It is necessary to 

investigate the reverse problem and understand how the crystallographic orientation 

changes are expected to affect the machine tool system through the stability analysis. 

The VPSC approach could be extended to other complex manufacturing processes 

involving grain level property variations such as laser assisted machining. 
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CHAPTER V 

ANALYTICAL MODEL FOR RESIDUAL STRESS 

REGENERATION 

5.1 INTRODUCTION 

 

The utilization of analytical model to optimize manufacturing process can lead to 

better manufacturing results especially regarding the prediction of residual stress, 

distortions and fatigue behavior. The analytical models give a deep physics based 

understanding of the problem to solve. Regeneration was handled in multi-step 

loading and unloading situation very accurately due to the simplicity of tension-

compression test. In the machining field, multi-step machining can be handled using 

Finite element modeling. The analytical model capable of predicting residual stress 

suffered from some weaknesses: 

 Large amount of assumptions that affect the accuracy 

 No analytical model was capable of predicting residual stress regeneration in 

the case of multi-steps machining 

This step was important in order to bring the analytical models on the same ground as 

the existing methods used by FEM techniques to solve real engineering problems. The 

residual stress regeneration can therefore fill the gap and help this technique achieve a 

maturity level to be capable of being implemented in the production life cycle as 

shown in Figure 29). 

In this chapter, we propose to enhance the exciting mathematical model capable of 

predicting residual stress. We also propose for the first time an algorithm capable of 

defining the regeneration problem and solving it using step by step analysis. The 
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model was validated in the case of multi-step milling process. The experimental 

results obtained using X-ray were compared to the numerical predictions. The model 

was capable of predicting accurately the results. The surface residual stress issue was 

solved thanks to the new enhancement performed in this study. 

 
Figure 29: Residual stress regeneration using analytical modeling. 

 

 

5.2 ENHANCED RESIDUAL STRESS MODEL 

 

Analytical modelling is a powerful tool to predict residual stresses accurately in a 

very short computational time. Close form solutions are always preferred since they 

provide a thorough understanding of the physics of residual stresses. In previous 

published paper some aspects of the modeling of residual stresses in machining was 

discussed [32]. The proposed model considers different aspects of the machining 

process. First, the process mechanics equations to predict cutting forces are 

implemented using [57]. During the machining process, it is known that the process 

induces a mechanical loading as well as a thermal loading. Theses loadings have to be 

determined accurately in order to predict the loadings stresses that will be used in the 

McDowell based model for residual stresses. For this purpose, different models were 

used in this work to predict the elastic loading as well as the stresses induced by the 

non-uniform heating. 
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Different model were proposed in order to predict the temperature in the machining 

process. For oblique machining a new model based on finite differences was proposed 

by [58], more traditional models based on the moving heat sources were also 

proposed. In this thesis we will not focus on the temperature prediction modeling, 

however, the temperature predicted is used in order to predict thermal stress. In fact, 

Timoshenko in [59] presented a complete theory of thermal stresses in elastic bodies. 

In this study, we assume we are in elastic domain. This assumption is valid since in 

this study we are interested in the section of the workpiece that was not affected by 

the plastic deformation. In machining the plastic deformation is happening in the 

shear plane and the chip that is technically removed.  

5.2.1 THERMAL PLASTIC STRESSES 

 

It is known that thermal stresses in a semi-infinite body will be the result of the 

superposition of: 

 Stresses due to body force 𝐗 = −(𝛂𝐄/(𝟏 − 𝟐𝛎))(𝛅𝐓/𝛅𝐱) and 𝐙 = −(𝛂𝐄/(𝟏 −

𝟐𝛎))(𝛅𝐓/𝛅𝐳), 

 Stresses due to a tensile surface traction of 𝛂𝐄𝐓/(𝟏 − 𝟐𝛎), 

 A hydrostatic pressure of 𝛂𝐄𝐓/(𝟏 − 𝟐𝛎), 

In this work, the non-uniform heating induced by the cutting temperature is assumed 

to be known. The stresses induced by the non-uniform temperature in the workpiece 

are obtained from the Green functions of stresses due to a point body load. Based on 

the literature review, the explicit solutions for such Green functions are available for 

the plane stress and plain strain. As in the machining configuration we are considering 

the plan strain case. Derivations of this configuration were inspired from the previous 

work of [60]. Therefore, 
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Hence, we can write: 

 therm therm therm
yy xx zz      

                            (12) 

 

and (Gxh , Gxv , Gxh , Gzh , Gxzh , Gxzv) are the plain strain Green’s functions, α is the 

coefficient of thermal expansion, E Young’s Modulus and ν Poisson ration for the 

workpiece material. It is important to notice that the thermal stresses are function of 

instantaneous temperature at each point of the workpiece. We assume that during the 
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machining, every point of the workpiece will experience the same temperature 

gradient. Therefore, we developed a spatial distribution of the thermal stresses. The 

workpiece materials are assumed isotropic and homogeneous.  

5.2.2 MECHANICAL ELASTIC STRESSES 

 

The mechanical loading can be derived as the elastic loading experienced by the 

workpiece. The cutting force is modeled as a distribution of load with radial and 

tangential fractions. An oblique transformation is therefore applied to the cutting 

geometry. The problem is reduced to two dimensions problem. Again, the workpiece 

is modeled as a semi-infinite, homogeneous, isotropic, elasto-plastic materials 

exhibiting rate independent, isotropic hardening with a Won Mises yield surface. The 

plastic modulus is denoted ℎ. Therefore stresses induced by normal compressive 

forces and tangential traction can be calculated using the following equations: 

    

 

𝜎𝑥 = −
2𝑧

𝜋
∫

𝑝(𝑠)(𝑥 − 𝑠)2

[(𝑥 − 𝑠)2 + 𝑧2]2
𝑑𝑠

𝑎

−𝑎

−
2

𝜋
∫
𝑞(𝑠)(𝑥 − 𝑠)2

[(𝑥 − 𝑠) + 𝑧]2
𝑑𝑠

𝑎

−𝑎

 

𝜎𝑧 = −
2𝑧3

𝜋
∫

𝑝(𝑠)

[(𝑥 − 𝑠)2 + 𝑧2]2
𝑑𝑠

𝑎

−𝑎

−
2𝑧2

𝜋
∫

𝑞(𝑠)(𝑥 − 𝑠)

[(𝑥 − 𝑠)2 + 𝑧2]2
𝑑𝑠  

𝑎

−𝑎

 

 

𝜏𝑥𝑧 = −
2𝑧2

𝜋
∫

𝑝(𝑠)(𝑥 − 𝑠)

[(𝑥 − 𝑠)2 + 𝑧2]2
𝑑𝑠

𝑎

−𝑎

−
2𝑧

𝜋
∫

𝑞(𝑠)(𝑥 − 𝑠)2

[(𝑥 − 𝑠)2 + 𝑧2]2
𝑑𝑠 

𝑎

−𝑎

 

 

 

 

 

             (13) 

Where the span of the integrals [−𝑎. 𝑎] as a function of the cutting edge radius, 

where 𝜎𝑥, 𝜎𝑧 , 𝜏𝑥𝑧 are the principle stress components on the plane (xz), a,b are 

integration boundaries,  𝑝(𝑠)𝑎𝑛𝑑 𝑞(𝑠) are the normal and tangential pressure induced 

by the cutting tool on the workpiece. 
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Finally, mechanical and thermal stresses are added to compute the total elastic 

stresses experienced by the workpiece. This addition is possible since the uncoupled 

linear elastic theory is utilized in this case based on the Duhamel-Neumann 

hypothesis. 

    

𝜎𝑥𝑥
∗ = 𝜎𝑥𝑥

𝑚𝑒𝑐ℎ + 𝜎𝑥𝑥
𝑡ℎ𝑒𝑟𝑚, 𝜎𝑧𝑧

∗ = 𝜎𝑧𝑧
𝑚𝑒𝑐ℎ + 𝜎𝑧𝑧

𝑡ℎ𝑒𝑟𝑚 

𝜏𝑥𝑧
∗ = 𝜏𝑥𝑧

𝑚𝑒𝑐ℎ + 𝜏𝑥𝑧
𝑡ℎ𝑒𝑟𝑚 ,        𝜎𝑦𝑦

∗ = 𝜎𝑦𝑦
𝑚𝑒𝑐ℎ + 𝜎𝑦𝑦

𝑡ℎ𝑒𝑟𝑚 − 𝛼𝐸𝑇 

 

(14) 

5.2.3 MODIFIED MCDOWELL RESIDUAL STRESS MODEL 

 

However, these models are built based on different assumptions that affect the 

accuracy in some cases. The model introduced by McDowell and used in the case of 

orthogonal cutting by [31] showed a very good capacity to predict residual stresses in 

depth. However, this model showed limitations in predicting surface residual stress. It 

appears that the normal stress 𝜎𝑧𝑧  normal in direction to the machining surface and 

�̇�𝑥𝑧
∗  were considered as elastic. It is known that in processing like machining, the 

surface experience a severe plastic deformation with strain from 1 to 10 and strain rate 

in the order of 10
9 

s
-1

. We believe that correcting this assumption by considering the 

plastic aspect of the machining operation and therefore of the normal stress to the 

machining surface will enhance the accuracy of the model, especially the surface 

residual stresses that play a key role in the functionality of the manufactured part. For 

this, it is known that the total strain will be a sum of elastic and plastic strains as 

shown in Equation (15). 

𝜀𝑖𝑗 = 𝜀𝑖𝑗
𝑒 + 𝜀𝑖𝑗

𝑝
   (15) 

In this study, a plan strain configuration is assumed, therefore the 𝜀𝑦𝑦 = 0. Metal in 

plastic deformation verify the volume invariance described in Equation (16). 



4 51 

𝜀𝑥𝑥̇ +  𝜀𝑧𝑧̇ = 0                              (16) 

Plastic strain rate can be written as Equation (17). <> is the MacCauley brackets, and 

�̇�𝑘𝑙 the deviatoric stress increment, 𝑛𝑘𝑙  component of unit normal in the direction of 

plastic strain rate and can be written as a function of the back stress 𝛼𝑖𝑗 as described 

by Equation (18). 

{
𝜀�̇�𝑥
𝑝 =

1

ℎ
〈�̇�𝑘𝑙𝑛𝑘𝑙〉𝑛𝑥𝑥

𝜀�̇�𝑧
𝑝 =

1

ℎ
〈�̇�𝑘𝑙𝑛𝑘𝑙〉𝑛𝑧𝑧

 

 

                            (17) 

{
 

 𝑛𝑥𝑥 =
𝑆𝑥𝑥 − 𝛼𝑥𝑥

√2𝑘

𝑛𝑧𝑧 =
𝑆𝑧𝑧 − 𝛼𝑧𝑧

√2𝑘

 

 

                           (18) 

After substitution of these equation in Equation (16), we can conclude and due to the 

strict positivity of 〈�̇�𝑘𝑙𝑛𝑘𝑙〉 that  𝑛𝑥𝑥 + 𝑛𝑧𝑧 = 0. This will systematically lead to 

𝑆𝑥𝑥 + 𝑆𝑧𝑧 = 0. Based on the definition of deviatoric stresses, given by: 

{
𝑆𝑥𝑥 = 𝜎𝑥𝑥 −

1

3
(𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧)

𝑆𝑧𝑧 = 𝜎𝑧𝑧 −
1

3
(𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧)

 

 

                            (19) 

Therefore we can conclude that:  

𝜎𝑥𝑥 −
1

3
(𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧) + 𝜎𝑧𝑧 −

1

3
(𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧) = 0                              (20) 

Then the new condition on normal stresses in term of stress rate can be written as: 

�̇�𝑦𝑦 =
1

2
(�̇�𝑥𝑥 + �̇�𝑧𝑧) 

(21) 

This condition can be directly derived from the plane strain assumption and the 

isochoric aspect of the plastic deformation. In this study we proved this through 

rigorous derivations. 
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This new elastoplastic relationship between the three normal stresses is written in it 

incremental form, and added to the incremental residual stress model in order to 

satisfy the plastic aspect of the stress orthogonal to the machined surface. This model 

therefore includes three equations for three unknowns. Compared to the original 

McDowell’s model, this model correct the elastic assumption made to the model 

regarding �̇�𝑧𝑧. It is noteworthy to say that the shear stress �̇�𝑥𝑧
∗  however in the first 

equation is still assumed elastic. A relaxation procedure is applied upon these stresses. 

The relaxation details can be found in [31]. 

 

{
 
 
 
 

 
 
 
 𝜀𝑥𝑥̇ =

1

𝐸
[�̇�𝑥𝑥 − 𝑣(�̇�𝑦𝑦 + �̇�𝑧𝑧)] +

1

ℎ
(�̇�𝑥𝑥𝑛𝑥𝑥 + �̇�𝑦𝑦𝑛𝑦𝑦 + �̇�𝑧𝑧𝑛𝑧𝑧 + 2�̇�𝑥𝑧

∗ 𝑛𝑥𝑧)𝑛𝑥𝑥 

= 𝜑 (
1

𝐸
[�̇�𝑥𝑥

∗ − 𝑣(�̇�𝑦𝑦 + �̇�𝑧𝑧
∗ )] +

1

ℎ
(�̇�𝑥𝑥

∗ 𝑛𝑥𝑥 + �̇�𝑦𝑦𝑛𝑦𝑦 + �̇�𝑧𝑧
∗ 𝑛𝑧𝑧 + 2�̇�𝑥𝑧

∗ 𝑛𝑥𝑧)𝑛𝑥𝑥)    
                                                                                                    

𝜀𝑦𝑦̇ =
1

𝐸
[�̇�𝑦𝑦 − 𝑣(�̇�𝑥𝑥 + �̇�𝑧𝑧)] +

1

ℎ
(�̇�𝑥𝑥𝑛𝑥𝑥 + �̇�𝑦𝑦𝑛𝑦𝑦 + �̇�𝑧𝑧𝑛𝑧𝑧 + 2�̇�𝑥𝑧

∗ 𝑛𝑥𝑧)𝑛𝑦𝑦 = 0

�̇�𝑦𝑦 =
1

2
(�̇�𝑥𝑥 + �̇�𝑧𝑧)

 

 

 

 

         (22) 

Where, E is the elastic moduli, h the plastic moduli, 𝜑 the blending function and ν the 

poisson ratio. �̇�𝑥𝑥, �̇�𝑦𝑦, �̇�𝑧𝑧 are the  relaxed stress increment of normal direction xx, yy 

and zz. While �̇�𝑥𝑥
∗ , �̇�𝑧𝑧

∗ , �̇�𝑥𝑧
∗  are the incremental form of the loading elastic stresses.   

The stress increments in x and z direction are integrated in order to find the residual 

stresses. A relaxation procedure is applied upon parameters until they fulfil the 

boundary condition. This new equation is used in this study for the residual stress 

prediction for multi-step machining process. As it is shown in the next section, the 

surface residual stress results were enhanced drastically. 

The constitutive equations are described in Table 3. 

 



4 53 

Table 3: Constitutive equations used in the model. 

 

Equation Description Equation 

Von Mises yield surface           

   23
0

2
ij ij ij ijF S S R       

Deviatoric stress                      3ij ij kk ijS      

Plastic strain rate (normality flow rule) 
𝜺𝒊𝒋
𝒑
= 
𝟏

𝒉
〈𝑺𝒌𝒍𝒏𝒌𝒍〉𝒏𝒊𝒋 

Components of unit normal in plastic strain 

rate direction (on yield surface) 
                       

2

ij ij

ij

S
n

k


  

Evolution of back stress for linear kinematic 

hardening 

𝜶𝒊𝒋̇ = 〈�̇�𝒌𝒍𝒏𝒌𝒍〉  

 

It is expected that during the multi-step machining process, a nonproportional cyclic 

plasticity will be experienced by the workpiece. A multiple back stress nonlinear 

dynamic recovery constitutive law was integrated to capture the cyclic plasticity 

generated by the cutting process. More details about the constitutive law can be found 

in [61] 

5.3 REGENERATION ALGORITHM 

 

The residual stress regeneration was solved for manufacturing operation such as 

multi-cycle rolling [61]. For metal cutting, the mechanisms behind are different. The 

fact of eliminating a layer implies that residual stress will mainly regenerate based on 

a reduced profile as the depth of cut will eliminate a layer of it. Phenomena like cold 

working due to the kinetic hardening are not dominant. In order to solve this issue, a 

comprehensive algorithm is designed as shown in Figure 30). The process parameters 

as well as the initial condition regarding the pre-exciting residual stress field are 
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introduced. For simplification purpose, the initial residual stress is none exciting. 

Based on these inputs and using the model described in Equation (20) it is possible to 

predict the residual stress field in the workpiece. If there is another machining step, 

predicted residual stress field is updated using the new depth of cut using Ep (8). 

Figure (4) shows the elimination process in a schematic manner. The reduced stress 

field become therefore a new initial condition used in the Equation (23) to predict the 

new residual stress field. This operation is conducted iteratively until the last 

machining step. 

 

Figure 30: Flowchart for residual stress regeneration algorithm. 
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The elimination procedure is an important step as it is used to generate the initial 

condition to be used in the model in order to predict the residual stresses. Equation 

(23) describes how the depth of cut is used to update the residual stress field after the 

cut is achieved.  

 

{
𝜎𝑥𝑥
𝑛+1(𝑥, 𝑧) = 𝜎𝑥𝑥

𝑛 (𝑥, 𝑧 + 𝑑)

𝜎𝑦𝑦
𝑛+1(𝑥, 𝑧) = 𝜎𝑦𝑦

𝑛 (𝑥, 𝑧 + 𝑑)
 

(23) 

 

Figure 31: Elimination of residual stress due to machining step. 

 

The elimination procedure is described in Figure 31). The obtained stresses are 

therefore used in Equation 21 as an exciting stress field (i.e initial condition) that will 

contribute to the prediction of the final residual stress profile. The effect of 

temperature on the residual stress relaxation is assumed as negligible in this study. 
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Later on in the experimental part this assumption will be discussed. It is expected that 

during the multi-step machining process, the workpiece undergoes non-proportional 

cyclic plastic deformation. Hence, a multiple back-stress nonlinear dynamic recovery 

constitutive law was integrated to capture the cyclic plasticity generated by the cutting 

process: The back-stresses are calculated using Equation (24)  

𝛼𝑖𝑗̇ =  〈𝑆𝑘𝑙̇ 𝑛𝑘𝑙〉𝑛𝑖𝑗 (24) 

where  𝑆𝑘𝑙  is the deviatoric stress and 𝑛𝑘𝑙 stand for the normal vectors. 

 

σ3

σ1 σ2

αij 

Sij 
Sij - αij

 
Figure 32: Schematic of back stress effect on the yield surface. 

 

More details about the constitutive law formulation can be found in [61]. The back-

stress is changing after each machining step and will consequently affect the residual 

stress regeneration, as illustrated by the figure. After each loading and unloading 

operation the yield surface is shifting by 𝛼𝑖𝑗 how the yield surface is changing after 

each machining step in Figure 32) by a translation of 𝛼𝑖𝑗. 

5.4 Material and experiment 

 

In order to validate the proposed model, milling of milling of AA2024-T3 was 

performed on Bridgeport machine (model XR1000). The aluminum alloy is used in 
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automotive industry and have the following composition (Al 93.5%, Cu 4.4%, Mg 

1.5%, Mn 0.6% ). The material properties were measured as (E=73 GPa, ν=0.3, 

ρ=2780kg/m
3
, UTS= 427 MPa, σyield= 276 MPa). A carbide grade end-mill tool with a 

diameter of 6mm was used. It has 4 flutes and a rake angle of 15° a clearance angle of 

6° and a helix angle of 30 °. Tool was fresh. Figure 33) shows the used experimental 

setup for the milling operation. 

 
        (a)                                                 (b) 

Figure 33: (a) Machining setup (b) X-ray measurement setup. 

 

The machining operation followed the procedure described in Table 4. Successive 

operations following the industrial standards were selected in order to investigate the 

regeneration of residual stresses. The operation started by roughing and ended with 

finishing. Continuous cooling was applied in order to avoid an important temperature 

rise in order to support the assumption that no relaxation will be observed. In order to 

investigate the residual stresses in depth, X-ray measurement were performed. A 

high-power Canada PROTO residual stress analyzer (LXRD) was used as shown in 

Figure 33). The X-ray machine had a Cr target with a voltage of 25 KV. The 

AA2024-T3 alloy had a Bragg angle 2θ of 156.31°, a diffracting plane (222). Electro-
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polishing operation was performed using a PROTO 8818-V2 in order to eliminate 

materials layers to observe residual stress in depth. The electro-polishing material 

removal rate was determined experimentally. Polishing five seconds on flat surface of 

the part with voltage of 100VDC and flow rate of 10mm
3
/min will remove a layer of 

37 μm. 

Table 4: Processing schedule and process parameters. 

 

 

 

Processing 

parameters 

Procedures Milling 

speed 

V [rev/min] 

Feed rate 

f [mm/tooth] 

Depth of cut 

𝒂𝒑[mm] 

Roughing 3500 0.1 0.5,0.2,0.1 

Finishing 3500 0.05 0.08,0.025,0.01 

 

For comparison purpose, it is necessary to make sure the initial residual stress profile 

is uniform and close to zero. Stress relieve heat treatment was performed for this 

purpose. The initial material was heated to 495° then kept warm for 80 min, then 

quenched in water at 20°. After this first step, the raw material was again kept warm 

at 195° for 12h, and then cooled to room temperature. The stresses before and after 

the stress relieve treatment can be seen in Figure 34. 
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Figure 34: Stress relief heat treatment results. 

 

5.5 RESULTS AND DISCUSSION 

 

The elastic theory was used to derive the mechanical and thermal loading induced by 

the machining forces and temperature. The elastic stresses were added in a uncoupled 

manner using the linear elastic theory as presented in the section before. Using the 

enhanced model, simulations were performed in order to predict residual stresses in 

millings at the specific case of regeneration. Residual stresses in the transverse and 

the cutting direction are therefore computed. Figure 35) and Figure 36) shows a 

comparison of the simulated and measured residual stress profile for each machining 

step. Error! Reference source not found. presents the experimental and simulated data 

rom the other parameters. 
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Figure 35: Predicted and experimental residual stress in X direction. 

 

 

Figure 36: Predicted and experimental residual stress in Y direction. 
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Some comments can be made regarding the obtained experimental and theoretical 

work: 

 

 The enhancement of the residual stress model helped to enhance the surface 

residual stress predictions. Before the enhancement, residual stresses were 

most of the time tensile. 

 

 The regeneration was successfully implemented in the analytical modeling 

approach. The kinetic hardening helped to enhance the results. 

 

 Simulated results were very close to the experimental work. Very light 

calibration procedure was performed through adapting the hybrid function that 

allows us to fine tune the model 

 

 It is clear that the control of machining steps is important to ensure a 

compressive residual stress on the surface. This model can help in the 

optimization of machining processes. 

 

 A last remaining assumption in the model has to be solved in the future 

regarding the elastic nature of the shear stresses. This assumption can still be a 

source of error in. 

 

 The proposed novel analytical residual stress model to predict regeneration in 

multi-step machining included a kinematic hardening law to capture the cyclic 

plasticity, initial stress functions were used to capture the previous residual 

stresses in the new calculation. The agreement between simulations and 

experimental data prove the accuracy of the used method and it effect on the 

process mechanics. 
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5.6 CONCLUSION 

 

Physics based understanding of residual stress regeneration in multi-steps machining 

operation is proposed using a combined elimination step and cyclic work hardening 

model. Initial stress functions are used to predict the new residual stress from the new 

machining pass. An enhanced residual stress model is also proposed in order to predict 

better residual stress results on the surface. The elastic assumption is replaced by a more 

realistic plastic assumption. The regeneration algorithm is implemented for the case of 

multi-step milling operation. The proposed model is able to capture the residual stress 

profile with a very high accuracy. The experimental and predicted results show that in the 

case of multi-step milling, the successive machining operation can be optimized in order 

to achieve a compressive surface stresses. The proposed model can therefore be utilized 

in designing machining operations to enhance surface integrity. The agreement between 

experiment and simulation supports the proposed utilization of the kinematic hardening 

associated with the initial stress functions.. 
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