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AERONAUTICS 

The Airbus group's data is beyond question, the global civil aviation market is doing wonders. 

The most optimistic projections show an increase in air traffic of 4.4% per year (Airbus, 2018). 

This indicates an increase of about 37,390 new aircrafts, 30% being replacement units. It is 

therefore clear that the aeronautics industry has strong economic potential as shown in Figure 

0.1. 

 

(a) 

 

(b) 

Figure 0.1: (a) air traffic projections from 2017 to 2037 based on past evolution and (b) evolution 

of the world fleet for the next 20 years(Schulz, 2018) 

 

The constraints of civil aviation lead to the introduction of expensive and sophisticated 

technologies to enable people around the world to move freely and quickly over long distances 

while remaining economically competitive with other modes of transportation. In addition, the 

qualification for civil flight requires the processes implemented to meet important safety 

requirements. It is all these factors that have led manufacturers to invest massively in R&D 

services. As a result, the average kerosene consumption of aircraft has been reduced by 70%. In 

the same way, to be able to stay as close as possible to cities, aircrafts had to reduce their noise 

pollution by 75% compared to the 1970 rate. The elimination of cigarettes and the development 
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ALUMINIUM ALLOYS IN AERONAUTICS 

Aluminium due to its quality has established itself as an asset in the aeronautics industry. While 

the composition of the aluminium alloys has improved, the advantages of aluminium remain the 

same. Aluminium allows designers to build a plane that is as light as possible, can carry heavy 

loads, uses the least amount of fuel and is impervious to rust. Those manufacturing progress have 

thus been transferred to the civil aviation and so, in modern aircraft manufacturing, aluminium is 

used everywhere. The Concorde, which flew passengers at over twice the speed of sound for 27 

years, was built with an aluminium skin. The Boeing 737 (Figure 0.3 (c)), the best-selling jet 

commercial airliner which has made air travel for the masses a reality, is 80% aluminium. A short 

evolution of the aluminium base airplane is shown in Figure 0.3. Today’s planes use aluminium in 

the fuselage, the wing panes, the rudder, the exhaust pipes, the door and floors, the seats, the 

engine turbines, and the cockpit instrumentation. It now competes with other materials such as 

titanium and composites (Figure 0.2) but remains a key material in aircraft manufacturing. The 

work presented in this dissertation is thus focusing on aluminium and the final process in airplane 

part manufacturing: machining. 

  

(a) (b) (c) 

Figure 0.3: (a) Junker J 1, the first metal plane (b)the “tin Goose” in aluminium and (c) the 

Boeing 737 with 20% imbedded aluminium 

 

SIMP AERO PROJECT  

The results presented in this dissertation have been carried out in the framework of the SIMP 

aero project and is the direct sequel of the OFELIA project with its main partners. 

OFELIA PROJECT LEGACY  

This project aimed to optimise the eco-efficiency of AIRWARE® alloys sector for the aeronautic 

industry (‘Optimisation d’une filière Eco-efficiente Aluminium Lithium pour Aéronautique” in 

French) and finished in 2015. 

This project focused, in particular, on the study of distortions after machining of parts, 

manufactured from a new aluminium-lithium alloy. This work made it possible to initiate 

discussions on scientific issues related to master the deformation of the machined parts due to the 

rebalancing of internal stresses in machining with high material removal rate. The studies 

conducted revealed that during the machining, the deformation of the part depends on the 
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machining situation and in particular on the type of clamping used, as well as the machining plan 

(Cerutti, 2014; Hassini, 2015). 

PRESENTATION OF THE PROJECT  

The aim of the SIMP-Aero project is to propose a theoretical and experimental model of the 

distortion of the part during machining. It has been funded by the French National Research 

Agency (ANR N°15-CE10-0005). The project is structured in five parts: 

I. Characterization of residual stresses in industrial forged and rolled parts, to identify the 

stress fields required for simulation for different materials and processes. The 

measurement of residual stresses and the assessment of its uncertainty are complex 

problems in the case of massive industrial parts. 

II. Digital development under the FORGE® software, to model material removal and 

estimate distortions by reducing computation times and improving the quality of the 

prediction. 

III. Development of a non-intrusive method for measuring the distortions of the part during 

machining applicable in the polluted environment of the machine tool and based on DIC 

developments. 

IV. Optimization of manufacturing ranges, to control the influence of deformation and 

compliance with geometric specifications and adapt the design of parts. 

V. Validation of numerical approaches on industrial parts in comparison with experimental 

results. 

The thesis work presented in this manuscript is part of the second part of the project. More 

details on the other parts of the project can be found in Appendix A. 

. 

INVOLVEMENT IN THE PROJECT  

The work presented in this dissertation will focus on the study and prediction of the quality of 

machined industrial parts. Machining quality can be defined as the ability of the process to 

produce parts of the desired size repeatedly. Therefore, the closer the final geometry is to 

theoretical geometry (CAD), the better the quality of the process will be. The quality of 

machining is mainly driven by 5 machining parameters which are: 

- Clamping device 

- Tool path 

- Machining plan 

- Cutting conditions 

- Initial condition and dimensions of the part 

All these parameters can have a greater or less influence on the overall quality of the part. 



Introduction 

 14 

Following the work of (Cerutti, 2014), a computational tool is available to simulate the machining 

influences on the final part. This tool developed to simulate the machining process is based on the 

commercial software FORGE®. Indeed, this software originally intended to model the forging 

process has already been modified during the OFELIA project in order to model the machining 

process. During an initialization step, the residual stress map is used as a volume loading within 

the part. A first simulation is used to position and hold the part on the machining table using 

rigid tools. Then for each material removal step the software performs 2 operations: The material 

to be machined is represented by a geometer used to cut the mesh and then this resulting mesh is 

used to perform a mechanical computation to restore the stress balance in the part and observe 

distortions. 

This first software showed the feasibility of such a simulation in a parallel environment and 

allowed to manage the influence of the different parameters on the post-machining distortions. 

Several parameters have been identified as essential to the assessment of post-machining 

distortions of large industrial parts with high material removal rate: 

- Clamping 

- Machining plan 

- Initial state of the part 

The interaction between the tool and the material has been overlooked because the thermally 

affected areas in the aluminium are too weak (in amplitude and volume affected) to cause 

macroscopic deformation of the part. The tool path and the residual stresses induced by 

machining were also discarded because the project only dealt with large dimension products that 

did not have thin walls and were therefore not affected by the residual stresses resulting from the 

machining.  

As part of SIMP-AERO project, we will focus on the simulation of the machining of thinner 

products (but still of large dimensions and still made out of aluminium material) in order to 

observe the influence of these other parameters on the machining quality.  

The main numerical lock for performing these machining operations is the difference in magnitude 

between the residual stresses induced by thermo-mechanical history and those induced by 

machining, as explained in chapter 1. In order to overcome these locks, different methods have 

been examined to reduce computation time and adapt mesh size in order to deal with these 

different problems. Several objectives have therefore been identified: 

- Make the FORGE® computation compatible with a systematic and more robust 

remeshing method than the one developed during the OFELIA project 

- Drastically reduce computation times in order to be able to achieve the ambitions of 

simulating thin walls 

- Machining an aeronautic forged part by our partner Aubert & Duval 
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- To carry out the joint machining of an aluminium part from a long product, produced by 

Constelium machined and measured at SIGMA as described in the PhD work of G. 

Rebergue (Rebergue, 2018). 

- Perform thin wall machining and residual stress measurements to compare the results 

with our simulations 

ORGANISATION OF THE DISSERTATION  

This dissertation will therefore deal with the problem raised during this introduction "how to 

numerically model the machining of large aeronautical parts presenting thin walls?" in four 

chapters.  

In the chapter 1, a non-exhaustive literature review will be presented. It will serve the reader as a 

background to understand the machining process and its challenges. Several key concepts will be 

introduced such as the different parameters of the machining process and the residual stresses. 

The link will then be made by presenting the generation of these stresses during the part 

manufacturing process. This review will focus on aluminium alloys. Then a quick benchmark of 

different machining simulation methods will be presented. Finally, special attention will be paid 

to present the software that will be the starting point for this dissertation: FORGE® OFELIA. 

Emphasis will be placed on the resolution method, and the weaknesses of the software that will be 

overcome during this dissertation.  

In a chapter 2, the numerical developments related to the cutting procedure will be presented. 

The notions of remeshing will be introduced here with the use of the FITZ library and then, the 

different evolutions of the method will be introduced: 

I. In a sequential framework 

II. Its parallelization within the FORGE® software 

This chapter will focus in particular on understanding the numerical steps of remeshing, 

partitioning and field transfer that are essential for cutting simulations. Finally, the new cutting 

method will be tested on an industrial case from the OFELIA project. 

In chapter 3 we will discuss the simulation of aeronautical parts. First, we will present the 

resolution model developed specifically for this application. Then we will use the coupling of this 

resolution method and the cutting algorithm of chapter 2 to model large parts. The first part to 

be treated is an 886 mm long product made of aluminium in the SIGMA laboratory and 

measured as part of the SIMP-Aero project. The results of the simulations will be compared with 

those of the DIC and MMT measurements (Rebergue, 2018). The robustness of the modelling 

algorithm will be illustrated with different parameters such as the offset of the final part in the 

blank.  

Finally, chapter 4 will focus on the simulation of machining parts exhibiting thin walls. As 

chapters 2 and 3 have validated a method for rapid simulation of large aeronautical parts, the 
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method will be extended here to products with thin walls for which Induced residual stress cannot 

be ignored. First, we will present the evolutions of the cutting method allowing considering these 

residual constraints. The numerical method will then be tested on a case of the literature and 

finally on industrial part produced as part of the SIMP-Aero project. This chapter will identify 

the parameters and configurations that favour the influence of residual stresses from machining 

on machining distortions. 

The manuscript will end with a conclusion and a presentation of the project's perspectives. 
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CHAPTER 1 

REVIEW OF LITERATURE 

 

This first chapter will be dedicated to a non-exhaustive review of literature on the different 

aspects of machining simulation and how to predict machining quality. This literature review is 

organised in 4 main sections and will be used as a reference during the whole dissertation. 

The first section will be used to introduce the machining process and the parameter used to 

control it. Then the author will present the physical phenomena that occur in the material during 

the machining process. 

Then in the second section, the residual stresses will be introduced. The author will first focus on 

their genesis during the manufacturing process and then on their influence on workpiece 

distortions. 

In a third section, the different numerical methods to simulate the machining process and some of 

the models used will be presented.  

In the fourth and last section, a focus will be made on the formulation and simulation performed 

during the thesis of X. Cerutti (Cerutti, 2014)  as the OFELIA software will be the core base of 

the developments presented in this dissertation.  
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The first three operations are the most commonly found in the industry. The last one is including 

very specific machining processes such as grinding, sawing, electrical discharge machining (Figure 

1.1 (d)), electro chemical machining or even laser and water jet cutting. Nevertheless, the 

machining process need to be chosen depending on the shape of the final piece, the aimed 

geometric accuracy level, the cost and the production speed needed for the final product. 

In aeronautical industries the milling process is preferred when dealing with the production of 

large aluminium alloys parts. Thus, this process is the one studied in this dissertation.  

Milling is a cutting process that uses a milling cutter to remove material from a workpiece. The 

milling cutter is a rotary cutting tool with multiple cutting edges. As opposed to drilling, where 

the tool is piercing along its rotary axis, the milling cutter is moving perpendicular to its rotation 

axis. The cutting action is shear deformation; material is pushed off the workpiece in tiny clumps 

that will form chips. Finally, the milling process removes material by performing many separate, 

small, cuts. This is accomplished by using a cutter with many teeth (flutes or edges), spinning at 

high speed and advancing thought the cut workpiece slowly. The speed at which the piece 

advances through the cutter is called feed rate. It is measured in length of removed material per 

tooth per minute.  

There are two major classes of milling process: 

- Face milling, in which the cutting action occurs primarily at the end corners of the 

milling cutter. Face milling is used to cut flat surfaces into the workpiece or to cut flat-

bottom cavities.  

- Peripheral milling, in which the cutting action occurs primarily along the circumference of 

the cutter, so that the cross section of the milled surface ends up receiving the shape of 

the cutter. 

For both classes, milling is usually performed in CNC machines to meet the quality and speed 

requirements of industrials. 

1.1.1.2 History of CNC milling machines  

1.1.1.2.1 Beginning 

If wood turning machine have been used since ancient times, it is necessary to wait for the 

beginning of the 19th century to see the arrival of the first metal-working machines. That’s how 

in 1800, Henry Maudslay invented the first metal turning machine. At this time the machine 

consisted of a mandrel that allowed the rotation of the part while the tooling was manipulated 

manually by an operator via cranks and hand wheels. At the same time the first milling machine 

was invented by Eli Whitney (1818). In this one the tool was placed in a spindle, rotating, and 

the part was positioned on a table. The table movements were then controlled manually, again 

via cranks. Apart from the arduous work of the operators, these first machine tools did not offer 

good repeatability, which was limited by the operator's ability to reproduce the same sequence of 

movements. The scrap rate was then very high, generating a waste of material and working time.  
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Even if the operating principle of turning and milling machines has not changed much since that 

time, more recent innovations made it possible to automate tasks.  

1.1.1.2.2 Automation 

The first automation attempts consisted in using a cam system. The rotation of the cam caused 

the table or tool to move through a mechanism. The rotation speed of the cam was used to 

control the feed speed of the tool. If the adjustment of such machines was difficult, they offered 

good guarantees in terms of repeatability, and some of them have come down to us and have keep 

the name "Swiss machine" in reference to their precision (Betts, 1995). 

It was in the textile industry that the ancestor of current numerical control (NC) can be found. 

Indeed, as early as 1805, Falcon and Jacquard demonstrated that it was possible to control the 

movements of a machine, in this case a loom, through a perforated card. However, it was not 

until the middle of the 20th century, with the development of the electronics industry, that NC 

has been implemented on an industrial scale. John T. Parsons is one of the pioneers in the field. 

At the end of the World War II, Parsons worked on the manufacture of helicopter rotor blades, 

the shape of which was particularly complex to obtain. The method he used consists in making a 

roughing of the desired profile by drilling a multitude of holes in a blank whose depth and 

position are calculated by an IBM computer using perforated cards. The finishing was then 

carried out by manual polishing. However, Parsons realized that this method is too approximate 

when entrusted with the manufacture of even more complex parts in the construction of 

supersonic aircraft. He understands that only continuous machining in three dimensions can allow 

the manufacture of such parts. 

He wins a contract with the Air Force for the design of a machining machine and approached 

MIT at the beginning of 1949 to whom he entrusted the development of servo systems capable of 

controlling a machine receiving instructions via a perforated card. This project gave birth to the 

Cincinnati prototype, presented in September 1952. The name NC was then chosen in reference 

to the mathematical information underlying the concept. However, this prototype is complex to 

use, voluminous and very expensive. Figure 1.2 shows the size of this first prototype and the 

progress made since with a 2018 CNC machine. 

  
(a) (b) 

Figure 1.2: Evolution of CNC machine from the (a) Cincinnati prototype (1952) to (b) a 2018 

Manford VU620 
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In the 60’s, the cost of those machines became more affordable. They were being disseminated in 

various industry sectors. These machines were equipped with direct current motors that set the 

flywheels and the tool in motion. Their operation was always based on perforated cards read by a 

computer and which allow the motors to be operated (position and sequence of the holes 

represented a sequence reproducing the operations formerly carried out manually). 

At the end of the 1960s, integrated circuits made NCs more compact and more efficient. The 

integration of mini-calculators and finally micro-processors in the 80s considerably increased their 

computing capacity. 

About the programming, the perforated cards have gradually been replaced by floppy disks, then 

USB-type devices or by networking the machine tool. 

Numerical controls now benefit from the latest advances in terms of electronics, computing and 

mathematics, and are capable of advanced calculations these constant innovations over the past 

sixty years have made these machines able to ensure a production in quantity and quality, 

difficult to imagine at the beginning. 

1.1.1.3 Machining parameters 

To face the new problematic raised by the XXIst century industrials expectations, machining 

needs to adapt several parameters. In the next section the 4 most important parameters of the 

machining process will be described. This section will focus on the importance of each of those 

parameters to ensure the geometric precision, reliability and speed of the process. 

1.1.1.3.1 Cutting condition  

As explained previously, in milling the material removal is performed by moving the workpiece 

against a rotating milling cutter. The cutting edges of the milling cutter therefore penetrate the 

surface of the workpiece. The material is plastically deformed and slides along the rake face of the 

cutting edge before breaking, creating a chip. Assuming that the deformation is two-dimensional 

and considering the major material flow occurs within the orthogonal plane, the mechanism can 

be illustrated by five deformation zones, as presented in Figure 1.3. The main deformation zone is 

located between the front of the cutting edge and the area of the free surface (primary shear 

zone). For productivity reasons, a high material removal rate (𝑀𝑅𝑅, in cm3/mm) is requested in 

industry. It can be obtained by varying machining parameters, especially the cutting speed, as 

shown in the following equation:  

 𝑁 = ×× ; 𝑉 = 𝑓 × 𝑍 × 𝑁; 𝑀𝑅𝑅 = × ×
 ( 1.1 ) 

with 𝑁 being the spindle speed in (rpm), 𝑉  the cutting speed in (m/min), 𝐷 the largest tool 

diameter in (mm), 𝑉  the feed speed in (mm/min), 𝑓 the feed per tooth revolution in (mm/r), 𝑍 

the number of teeth, 𝑎  the axial depth of cut in (mm) and 𝑎  the radial depth of cut in (mm). 

The removal of material during machining being obtained by chip formation, high levels of strains 

and strain rates can be observed depending on the machining parameters. The use of cutting 
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conditions allowing a high 𝑀𝑅𝑅 therefore results in an increase of the needed power to remove 

the material and in significant cutting forces and heat generation. These cutting forces and 

temperature can therefore have a direct impact on the mechanical behaviour of the workpiece 

during machining as well as they can induce residual stresses which can also affect the behaviour 

of the workpiece. Numerous studies ((Korkut and Donertas, 2007; Toenshoff and Denkena, 2013; 

Madariaga et al., 2018; Saez-de-Buruaga et al., 2018) focus on the tool/chip interactions. This 

approach is vital for the industrial because it leads to important information about the tool wear 

and the chip formation. Those phenomena won’t be studied in this dissertation but it is necessary 

to rely on literature to setup the hypotheses of our model. 

 

 
Figure 1.3: Illustration of the local continuous chip formation (Toenshoff and Denkena, 2013) used 

to establish analytical models of cutting force and stress prediction 

 

1.1.1.3.2 Machining sequence and tool path 

Pocket milling has been regarded as one of the most widely used operations in machining. It is 

extensively used in aerospace and shipyard industries. In pocket milling the material inside an 

arbitrarily closed boundary on a flat surface of a workpiece is removed to a fixed depth. Generally 

flat bottom end mills are used for pocket milling. Firstly roughing operation is done to remove 

the bulk of material and then the pocket is finished by a finish end mill (Kramer, 1992). Most of 

the industrial milling operations can be taken care of by 2.5 axis CNC milling. This type of device 

can machine up to 80% of all mechanical parts. Knowing the importance of pocket milling, 

effective pocketing approaches have been developed  in order to reduce the machining time and 

costs (Held, 1991). NC pocket milling can be carried out mainly by two tool paths, linear and 

curvilinear (Choy and Chan, 2003). 
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- The machining sequence represents the order in which the machining pockets are going to 

be machined. 

- The tool path represents how each machining pocket is going to be machined (contour 

parallel path, zig-zag path, etc). Examples are shown in Figure 1.4. 

    
(a) (b) (c) (d) 

Figure 1.4 : Examples of the four main tool paths: (a) Zig-zag, (b) Zig, (c) Contour-Parallel and 

(d) Curvilinear 

 

When dealing with CNC machining, the machining sequence and the tool path strategy chosen 

are directly defined in the program. The machining time and therefore the machining 

productivity are strongly governed by these two parameters. The main objective of past research 

works realised on the machining sequence and the tool path has therefore been related to the 

increase of the machining productivity ((Bieterman and Sandstrom, 2003; Pateloup, Duc and 

Ray, 2004). 

Some work has also been realised to develop models allowing adapting tool paths depending on 

unexpected relative movements between the workpiece and the tool. For example,(Mayr et al., 

2012) used the Finite Difference Element Method (FDEM) to compensate the thermal effects on 

the machine tools. The finite difference method is used to compute the temperature distribution 

in the machine tool whereas the finite element method is used to compute the resulting 

deformation of the machine tool structure. The developed model is then used to compensate 

thermally-induced displacements at the tool centre point (relative to the workpiece coordinate 

system) in real time in order to improve the machining accuracy. 

(Poulhaon, 2015) proposed an approach to correct the trajectory of the tool depending on the real 

workpiece geometry identified using on-line measurements. The cutting forces that the tool 

undergoes are monitored and used as input data for the numerical model from which the depth of 

cut and therefore an approximation of the geometry is derived. A correction of the tool path is 

then computed and updated on the machine.  

Other research works focused on the influence of the machining sequence on the machined 

quality. In their work, (Prete et al., 2018a) show that changing the machining sequence have a 

significative influence on the final wall thickness of an aeronautical turbine disk. In his PhD work 

(Cerutti and Mocellin, 2015) have set up a software and a methodology to also take into account 
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the machining sequence in the prediction of post-machining distortions. The algorithm and the 

conclusions of this study will be presented in section 1.4. 

Finally, only few works have been focused on the influence of the tool path on the machining 

distortions. 

1.1.1.3.3 Fixture system  

Fixtures are fundamental devices in a manufacturing process and play an important role in the 

final product quality. In machining, the two objectives of fixture systems are to provide an 

accurate and repeatable location of the workpiece surfaces with respect to the machine tool axes, 

as well as to prohibit the motion, deflection and distortion of the workpiece during the machining 

(Nee, Whybrew and Senthil kumar, 1995). The fixtures used during the machining therefore have 

to be designed to counteract all loads which could provoke changes in the position and orientation 

of the workpiece as well as its deflections. During the machining, both cutting loads (forces and 

temperature) and the redistribution of the residual stresses can generate such problems. 

1.1.1.3.3.1 Fixture Elements 

A fixture system is usually composed of several elements which can be classified into four 

groups:  

- Locator: A locator is a fixed element which allows establishing the position and 

orientation of the workpiece in the machine tool by restricting its degrees of freedom. The 

contact between the locators and the workpiece is realised on the datum surfaces of the 

workpiece. The accuracy of the workpiece positioning is therefore strongly governed by 

the choice of the locators. Some examples of locators can be seen in Figure 1.5. 

 
Figure 1.5: Examples of locators (Manufacturing and Staff, 1992) 

 

- Support: A support is a fixed or adjustable element which allows restricting the 

movement and the deflection of the workpiece during the machining due to the cutting 

load and the redistribution of the residual stresses. Some examples of supports can be seen 

in Figure 1.6. 

 
Figure 1.6: Examples of supports (Manufacturing and Staff, 1992) 
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- The shear zone model, of which one of the best known is the Oxley’s model (Oxley, 1989). 

The two first show similar results while agreeing only relatively poorly with experimental results, 

mainly due to the fact that the material is considered as perfectly plastic and that friction is only 

characterised by one constant friction coefficient. Later, some researchers have also extended 

them to three-dimensional oblique cutting conditions (Lin, 1978). The third one introduces the 

strain hardening as well as the strain rate and therefore the cutting speed. However, this model 

presents some limitations which make it difficult to use for industrial purposes: 

- It is only valid for continuous chip formation and can therefore not be used to predict 

what type of chip formation will be obtained depending on the machining conditions. 

- It cannot predict accurately the behaviour of the material in the chip formation area. 

- It cannot be quickly applied to new materials, new machining methods or new phenomena 

due to the use of a new tool or new coating for example. 

Analytical models presenting these drawbacks, an interest for the numerical modelling of cutting 

processes has grown. Among the numerical methods, the finite element models are the most 

commonly used to simulate the chip formation process and to predict cutting forces and the 

temperature depending on cutting conditions and tool geometry. Since the first models in the 

1970s, significant work has been realised (Lee and Shaffer, 1949; Molinari and Dudzinski, 1998). 

Several commercial software products even offer special solutions for the simulation of the chip 

formation using the machining input parameters (Arrazola et al., 2013): 

- the material behaviour laws 

- the friction models 

- the fracture models and the wear models 

Cutting forces can thus be calculated and the accuracy of the results will closely be linked to the 

description of the input and the chosen model. Furthermore, this approach can be generalized to 

cutting forces in milling. 

1.1.2.1.2 Generalisation for milling 

The milling process is an intermittent process making the prediction of cutting forces more 

difficult than in orthogonal cutting. Based on the above-mentioned studies, specific models for the 

milling process have been developed. In this section a brief summary of some predictive milling 

force models based on cutting theory is presented. 

(Oxley, 1989) showed that the machining theory can be applied to predict the milling cutting 

forces depending on the workpiece material properties and cutting conditions. Later, authors in 

(Ulutan, Erdem Alaca and Lazoglu, 2007; Agrawal and Joshi, 2013) developed an approach based 

on Oxley’s machining theory to predict the cutting forces in end-milling. In these studies, the 

milling cutter is considered as a multiple single point cutting tool and the effect of intermittent 

cutting on temperature and workpiece material behaviour is considered. Measurements of 
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1.1.2.2 Heat transfers 

During machining, almost all the energy needed to realise the metal cutting is converted into 

heat. The main part of this heat generation is due to plastic deformation in the shear zones, the 

rest being due to the friction between the tool and the chip as well as the tool and the workpiece 

(Fleischer, Pabst and Kelemen, 2007). Most of the generated heat is considered to be carried out 

by the chip (>80%), the rest being dissipated in equal parts into the tool and into the workpiece 

(>10% each) (Swift and Booker, 2013).  

Several researches have been performed in the past on the prediction of the heat dissipated into 

the workpiece during cutting. Specific mathematical models allowing to determine the surface 

heat flux into the workpiece depending on the cutting conditions have for example been 

developed and used for the prediction of the behaviour of the workpiece during cutting (drilling 

and milling operations) (Fleischer, Pabst and Kelemen, 2007; Pabst, Fleischer and Michna, 2010). 

However, they have not been used for the cutting of aluminium alloys. 

In this section, a brief description of past research work on the prediction of heating during 

milling operations of aluminium alloys is given. Several techniques have been used in order to 

determine the cutting temperature. They can be classified into two categories, the experimental 

one and the analytical one (Bacci da Silva and Wallbank, 1999; Abukhshim, Mativenga and 

Sheikh, 2006) 

1.1.2.2.1 Prediction of the heating during milling operations 

Due to the fact that chip formation is a localised phenomenon, high gradients of temperature can 

be observed. Accurate measurements of cutting temperatures are therefore difficult to perform. 

This is even more problematic for milling, where more difficulties are encountered due to the 

cutting tool rotation and confined cutted area. To face these difficulties, several specific 

measurement techniques have been developed to determine the cutting temperature during the 

milling of aluminium alloys. In his thesis (de Léon Garcia, 2010) performed tests to determine the 

surface temperature of a 7449-T7651 alloy workpiece during milling using an infrared thermal 

camera. The temperature is measured on the milled surface once the cutting tool has moved 

further. Figure 1.14 shows the results obtained. A temperature range between 20°C and 65°C can 

be observed. In these measurements, temperature cannot be clearly related to a defined body 

(tool, chip or workpiece) and the temperature near the cutting edges cannot be analysed. It is 

therefore difficult to analyse the results to evaluate local heating of the machined surface. 

Finite element models have also been developed in (de Léon Garcia, 2010) to predict the surface 

temperature. These models consist in the application of a moving heat source reproducing the one 

observed during cutting on the machined surface. Both the thermal power and the heat source 

speed are computed as function of the machining parameters. Using this model, the cutting speed 

and feed per tooth influences on the surface temperature have been studied. Due to the low 

temperature observed, the author concludes that the thermal influence on the workpiece 

subsurface and on the induced residual stresses during milling is not significant compared to the 
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value of residual stresses induced by the cut (section 1.2.1.5). As such they won’t be able to 

generate distortions. 

 

Figure 1.14: Temperature measurements during milling of aluminium Al 7449 T7651 using an 

infrared thermo-camera (de Léon Garcia, 2010) 
 

 

In their study, (Tang et al., 2008) used infrared thermal measurements coupled to a finite 

element model. They initially performed the measurement of the evolution of the temperature in 

the chip during the machining of a 7050-T7451 alloy part with an infrared camera before using 

the data to develop and to validate a finite element model. By using this numerical model, they 

then studied the evolution of the workpiece surface temperature created during the machining 

and the influence of certain parameters such as spindle speed and feed per tooth. They found a 

temperature range between around 140°C and 200°C depending on the spindle speed and feed 

rate. 

(Richardson, Keavey and Dailami, 2006) proposed an approach using only thermocouples placed 

at different depths from the machined surface in a block of 7449 aluminium alloy. They obtained 

a maximal temperature range from 35°C to 65°C depending on the cutting conditions. In their 

paper, they also showed that the bigger the cutting speed and feed rate the less heat is 

transferred to the workpiece. 

In order to reach a better understanding of the influence of some parameters such as the tool 

corner radius on the cutting temperature, (Denkena, Garcia and Köhler, 2007)developed three-

dimensional finite element simulations of milling. These simulations have been realised with 

material parameters linked to a 7075 aluminium alloy and using the finite element software 
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Deform3D. The model used and the analysis performed are shown in Figure 1.15. A maximum 

temperature of approximately 250°C was found at the machined surface at the time of material 

separation. A relatively high gradient in the first 400 µm of the machined subsurface is also 

observed.  

In their studies, (Rai and Xirouchakis, 2008) implemented the average shear plane temperature 

(Oxley’s cutting temperature model) into a finite element environment to perform the transient 

thermal analysis and to obtain the transient temperature distribution in the workpiece during the 

material removal process. The thermal loads were applied with the cutting forces on the mesh 

representing the workpiece in the areas where the machining is in progress. The finite element 

model has been validated by experimental comparisons (measurements performed using 

thermocouples). 

Figure 1.15: Description of the finite element model used in (Denkena, Garcia and Köhler, 2007) 

 

Whereas only dry machining is considered in the other studies, (Rai and Xirouchakis, 2008) also 

analysed the influence of coolant on the heat dissipation rate. It was found that whereas the 

temperature profile rises gradually in dry machining due to the continuous heat flow into the 

workpiece, the rise of the temperature is negligible in wet machining, as illustrated in Figure 1.16. 

The temperature rise is therefore limited in industry where coolants are usually used. 
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(a) 

 

(b) 

 

Figure 1.16: Comparison between predicted and measured temperature (Rai and Xirouchakis, 

2008): a) Test without coolant b) Test with coolant 
 

 

study Alloy Cutting conditions Result temperature max (°C) 

Numerical Experimental 

(Ming et 

al., 2003) 

2024 N = 2,500; 7,500; 15,000 rpm 

F = 0.05 mm.z-1 

Ap = 1.5mm; ae = 15mm 

~250 - 

(de Léon 

Garcia, 

2010) 

7449-

T7651 

Vc = 250; 750; 1250 m/min 

F = 0.05; 0.2; O.35 mm.z-1 

Ap = 4mm ; ae = 20mm 

F(Vc) = 32; 39; 48 with 

f = 0.2 

F(f) = 37; 48; 52 with 

Vc = 1250 

~65° with Vc = 1250 and 

f = 0.2 

(Denkena 

et al., 

2016) 

2196 N = [1,000 … 10,000] rpm 

Fz = [0.08 … 0.3] mm.z-1 

Ap = 25mm, ae = 1mm 

- ~290° with N = 4,000 

rpm and fz = 0.18 mm 

(Deng et 

al., 2008) 

A356 Vc = 7539; 3770; 628 mm.s-1 

Fz = 0.3 mm.z-1 

Ae = 1mm; ae = 1.2mm 

F(Vc) = 325, 251, 127 F(Vc) = 234, 225, 137 

Table 1.1: A literature overview of the studies realised on the prediction of the temperature under 

the machined surface 

 

1.1.2.2.2 Conclusion on heat transfer 

It can be observed that depending on the material, the approach used to determine the 

temperature and the cutting conditions, various results are found in literature. However, it can be 
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concluded that even if the machining parameters have a strong influence on the heat generated 

during the cutting, only the machined subsurface is affected. In addition, the temperature is lower 

when dealing with massive parts (without thin walls) and the heat is relatively quickly dissipated 

due to the thermal properties of aluminium. It has also been observed that with coolant, which is 

usually used in industry, the temperature has limited effects and heat transfer can be neglected. 
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1.2 RESIDUAL STRESSES  

In order to achieve a better understanding on the residual stresses, a brief introduction on their 

origins and influences is realised in this section. The residual stress genesis and control during the 

manufacturing of aluminium alloy parts is also presented. 

1.2.1 GENERALITY ON RESIDUAL STRESSES 

1.2.1.1 General formation 

Residual stresses are by definition “static multiaxial stresses existing in an isolated system of 

uniform temperature and in the absence of such a system of any external loads” (Barralis, Castex 

and MAEDER Gérard, 1999). 

The residual stresses are the result of a heterogeneous deformation of the material that can take 

place at different scales. The materials considered in this work are only metallic and have a 

polycrystalline structure. Three scales are commonly considered: macroscopic (several grains), 

microscopic (one grain or a portion of grain) and sub-microscopic (some interatomic distances of 

the network crystalline), Figure 3.1. 

 

 

 
Residual stresses of 1st order Residual stresses of 2nd 

order 

Residual stresses of 3rd order 

Macro stresses 

 

Micro stresses 

 

Figure 1.17: 3 scales of residual stresses (Barralis, Castex and MAEDER Gérard, 1999) 

 

1st order or type I constraints, 𝜎  are associated with deformations existing on a domain 

extending over several grains. In every section of the workpiece, the balance of forces resulting 

from these constraints as well as that of the moments associated with these forces is verified. If 

this balance is broken, it results in a change of part geometry at macroscopic scale. 

2nd order or type II constraints, 𝜎 , are associated with different orientation between grains 

from the same area, which thus have mechanical properties and thermal 

differences/incompatibilities. In addition, type II constraints are present when several phases or 

phase transformations are present. They are homogeneous and the field does not exceed the grain 

size. It is on this scale that the balance of forces and associated moments is checked. A 

disturbance of this balance can cause a macroscopic deformation, by addition of microscopic 

deformations. The type II is generally of smaller amplitude in comparison to the macro-

deformation that can occur in the presence of type I. 
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Finally, 3rd order or type III constraints, 𝜎 , affect zones whose size does not exceed some 

interatomic distances. They are the result of deformations generated in the vicinity of crystalline 

defects: dislocations, voids...etc   

The balance of forces and moments resulting from these stresses is verified in very small portions 

of grain. The modification of the equilibrium does not cause any deformation at macroscopic 

scale. 

Finally, the residual stress field 𝜎  is the superposition of these three states of stress: 

 𝜎 = 𝜎 + 𝜎 + 𝜎 	 (1.2) 

Type II constraints can be seen as fluctuations around a mean value corresponding to type I 

constraints,(Totten, Howes and Inoue, 2002). Similarly, the type III constraints can be seen as 

fluctuations around a value of associated with type II stresses, as shown on Figure 1.18. 

 
Figure 1.18: Superposition of the three states of stresses (Barralis, Castex and MAEDER Gérard, 

1999) 

 

Only type I residual stresses can generate macro-deformations. Thus, they will be the only one 

considered in the following dissertation. Drilling mechanisms, methods as well as the relaxation 

treatments presented in the next section concern these macro-constraints. 

1.2.1.2 Formation mechanisms of the type I residual stresses 

As discussed in the previous section, residual stresses result from heterogeneity of deformation of 

the structure. Several sources that can act alone or from combined ways are to be distinguished. 

First, external mechanical stresses can cause heterogeneous plastic deformation between the 

surface and the core of the part. This is particularly the case for shot blasting and more generally 

matting processes where a surface of plastic deformation is deliberately introduced to improve the 

mechanical performance of the final workpiece. This is also the case during rolling processes used 

for the shaping of large panels, omnipresent in aircraft. These two processes will be discussed in 

more detail in the section 1.2.1.3.  

Then, thermal stresses can also induce plastic deformation. One of the most common example is 

hardened parts. The driver of deformations is here the temperature gradient between the surface 
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and the core of the workpiece. At the beginning of the hardening process, the contraction of the 

microstructure close to the surface causes a compression of the heart, which is warmer and 

therefore less resistant, and which undergoes irreversible deformation. Later, the complete cooling 

of the surface prevents the contraction of the core fibres, which are then in tension. These 

internal tensile stresses are balanced by the compressive stresses that are developing in near-

surface areas,(Younger and Eckelmeyer, 2007) 

1.2.1.3 Thermo-mechanical history of the workpiece 

Aerospace parts are usually machined from rolled plates or forged parts. In a first step, the mix of 

alloying elements is melted and cast into an ingot. To obtain a plate, the ingot is then hot-rolled 

before being heat-treated and quenched. The quenching step allows avoiding precipitation but 

also produces high levels of residual stresses. In order to decrease these residual stresses, a 

mechanical stress relief operation is realised by stretching. It is performed in the rolling direction 

until a uniform plastic strain of about 4% is reached (Lequeu, Smith and Daniélou, 2010). To 

achieve precipitation strengthening, thermal aging is finally performed. Figure 1.19 illustrates the 

needed successive manufacturing steps to obtain the AIRWARE® 2050-T84 alloy rolled plates. 

For forged parts, the forming is also performed with a hot working process. At the end of the 

forging, parts are heat-treated and quenched. Mechanical stress relief operations are also 

performed to suppress the high residual stresses induced during quenching. These operations are 

done by cold compression and then, depending on the case, thermal aging can be performed 

additionally. However, the residual stress patterns in a forged part are not uniform like they are 

in rolled plates. The determination of residual stresses is therefore more complex for forged parts 

than for rolled plates. 

Overall, residual stress distributions are complex to determine. The multiple sources and their 

interactions (mechanical, thermal, metallurgical) make the use of analytical analyses almost 

impossible. The understanding of residual stresses can therefore only be realised by two 

approaches, the experimental trials and the numerical modelling. Purely experimental approaches 

being often expensive, numerical modelling and especially finite element modelling is nowadays 

commonly used in the numerical analysis of manufacturing processes and great progress has been 

made in this field during the last few decades. In addition, numerical modelling is a cost-effective 

approach allowing a closer and more in-depth understanding. However, the quality of the 

modelling is strongly governed by accuracy on the inputs like for material behaviour. 

Experimental and numerical approaches are therefore required when dealing with residual stresses 

and distortion (Totten, Howes and Inoue, 2002). 
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To achieve the objective of a good understanding of residual stresses and their effects, several 

measurement methods have thus been developed. Depending on the residual stress type and the 

part’s characteristics the measurement techniques used have to be adapted (Rossini et al., 2012). 

A list of possible measurement techniques can be found in Table 1.2. 

Technique Residual stress type Comments Depth (mm) 

Hole drilling Type I Semi destructive 0.05 - 5 
Sectioning Type I Destructive 5 - 100 
Layer removal Type I Destructive 8 - 100 
X-Ray Type I, II & III Non-destructive 0.001 - 0.02 
Neutron diffraction Type I & II Non-destructive 1 - 12 
Ultrasonic Type I, II & III Non-destructive 0.1 - 2 
Magnetic Type I, II & III Non-destructive 0.008 – 0.02 

Table 1.2: Different residual stress measurement techniques 

 

1.2.1.4 Simulation of the Residual stresses in the FORGE® OFELIA 

software 

In case of a workpiece being obtained using forging and/or quenching processes, the residual 

stresses can be determined by numerically reproducing the sequences. The fields are then used as 

input data for the machining simulation. Considering rolled plates, the residual stresses can also 

be determined numerically, or through experimental tests. 

The residual stress profile is, in this case, quite simple as it is almost similar everywhere in the 

plate excluding boundary condition effects (Coules et al., 2017). 

To use experimental results as an input data for the simulation of machining, a specific script has 

been developed. It allows computing residual stress profiles on a mesh using the coefficients of 

polynomial functions which approximate the experimental profiles. Figure 1.20 shows an example 

of experimental values and of the polynomial functions which can be used to approach the 

residual stress profiles. Complex residual stress profiles can in this way be approximated and 

computed on a mesh furthermore allowing obtaining a continuous residual stress field. 
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Figure 1.20: Example of polynomial functions used to approximate experimentally measured 

residual stress profiles in rolled plates. Only one half of the residual stress profiles are illustrated 

along the thickness direction because of the symmetrical distribution. The L direction represents 

the longitudinal axis (rolling direction) and the TL direction represents the transverse direction 

(Cerutti and Mocellin, 2015)	

 

1.2.1.5 Prediction of the residual stresses produced by milling 

As explained, the chip formation mechanism is provoked by plastic deformation of the material 

due to the combination of the mechanical and thermal cutting loads (cutting forces and 

temperature). Only the machined subsurface is affected by the cutting loads during the milling of 

aluminium alloys, resulting in unequal plastic deformations as well as in metallurgical 

transformations and therefore in residual stresses. These residual stresses can have a significant 

effect on the performance and fatigue strength of parts. As seen previously, the cutting loads 

depend on the different cutting parameters, as the cutting speed, the tool geometry and the feed 

rate. In order to predict residual stresses due to the machining and to study the influence of these 

parameters on the machining residual stress profiles, previous research based on experimental, 

analytical and finite element methods has been conducted. 

1.2.1.5.1 Analytical modelling 

(Fuh and Wu, 1995) were one of the first to propose an empirical model to predict the residual 

stresses produced by milling of an aluminium alloy (2014-T6). In their work the influence of 

cutting parameters such as cutting speed, feed rate, cutting depth, nose radius or even flank wear 

has been studied. However, no real physical relationship between the cutting parameters and the 

residual stresses induced during the milling could be determined. More recently, (Su et al., 2013) 

have proposed an analytical model using cutting parameters, cutting conditions, and workpiece 

material properties as inputs to predict the residual stresses induced during milling. In their 

model, cutting forces, cutting temperatures and the related residual stress magnitudes and profiles 

are predicted without needing calibration steps. The results have then been compared with 

experimental ones obtained by X-ray diffraction measurements on a titanium alloy (Ti 6Al-4V), 

showing a good agreement. 
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1.2.1.5.2 Measurements 

Regarding machining-induced residual stresses in aluminium alloys, considerable work has been 

realised by (Denkena and Schmidt, 2007; Denkena, Boehnke and de León, 2008; Dreier and 

Denkena, 2014; Dreier, Brüning and Denkena, 2015; Madariaga et al., 2018). In these studies, a 

combination of X-ray diffraction measurements and finite element simulations is used to study 

the milling induced residual stresses in aluminium alloy workpieces. Analyses on the influence of 

cutting parameters and tool geometry have been conducted. They prove the influence of the 

cutting speed, the feed rate and cutting-edge geometry on the residual stresses induced during 

machining. Tool corner radius and tool wear have also been found to be a parameter with a big 

influence on the residual stresses induced during the machining, even more significant than the 

cutting speed and feed rate. In all cases, the affected depth is relatively small, staying below 

250 µm. An example of results obtained by hole drilling in Mondragon University is shown in 

Figure 1.21. 

 

Figure 1.21: Example of milling-induced residual stress profiles in aluminium alloys obtained with 

the hole drilling technique (Madariaga et al., 2018) 

 

1.2.1.5.3 Numerical modelling 

Other approach to predict residual stresses using numerical models has been developed. The 

hybrid approach consists in the computation of the mechanical and thermal loads linked to the 

chip formation and in the application of an equivalent thermo-mechanical loading on the 

machined surface of the part. This approach is illustrated in Figure 1.22. 

It has first been developed to predict residual stresses during the turning of steel (Valiorgue, 

2008) and more recently for the ball-end milling of steel (Guillemot et al., 2011) A good 

agreement between predicted and measured residual stress profiles has been obtained. This 

approach has as a main benefit to avoid the time-consuming simulation of the chip formation. 
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Figure 1.22: The hybrid approach developed for ball-end milling in (Guillemot et al., 2011) 

 

Machining-induced residual stresses are strongly governed by cutting conditions and the tool 

geometry. A change in one of these parameters can lead to changes in the residual stress profiles 

(tensile or compression stress) and amplitudes. However, the depth affected by the residual 

stresses stays in all cases below 250 µm when dealing with the milling of aluminium alloys. 

1.2.1.6 Conclusion on residual stresses 

Residual stresses will appear during cutting process despite the efforts that are being made to 

control their generation during the primary shaping processes as shown on the Figure 1.19. The 

level of stress remaining in the workpiece can lead to distortion of the parts manufactured with 

CNC machine. 

A state of residual stress can decrease mechanical performance of the part if it is not in agreement 

with the “in service” solicitations. We know, for example, that the fatigue resistance of the part 

can be very downgraded by the presence of tensile stresses on the surface. The consideration of 

residual stresses is therefore essential to predict the in use properties of the part (James et al., 

2007). However, this aspect will not be addressed in the rest of this dissertation. 

In addition, the presence of macro-stresses is a source of macro-deformations. Like explained in 

section 1.2.1.1, the type I residual stresses considered in this work are balanced over a domain 

extending over several grains of the polycrystalline structure of the metal. A disruption of this 

balance then brings a change in the morphology of the part manifesting itself on a macroscopic 

scale. The modification of this equilibrium occurs when the initially constrained material is 

removed as it is the case when machining the semi-finished product. 

1.2.2 RESIDUAL STRESSES AND DISTORTIONS  

The distortion of machined parts is a major problem for the industrial sector and is a significant 

expense item, (Sim, 2011). The aeronautics sector is particularly exposed to this problem as 

explained in the Introduction. This problem occurs mainly at the end of the manufacturing 

process and can lead to irreversible non-conformities. In any case, the rectification of the parts if 

it is possible at a significant cost. The management of these distortions is thus a major issue in 

order to improve the effectiveness of the manufacturing process. The dissertation will present a 

numerical tool that can help to consider those distortions in the design of a machining process. 
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1.2.2.1 Distortion mechanisms 

When machining a workpiece, several parameters can cause unexpected or undesired 

deformations. In some cases, this deformation takes place during the machining operation, leading 

to the dimensional unconformity of the final workpiece. The amount of material processed is less 

controlled, which can result in under and/or over-machining which can lead to the destruction of 

the part by drilling for example. In others no change of shape is required. 

The part is not only deformed during the operation, but also when the part is unclamped. The 

final part may then not respect the dimensional tolerances, making impossible its assembly 

without additional conforming steps in the rest of the structure. 

Among the parameters influencing this distortion we can distinguish three categories:  

I. The material and the initial state of the workpiece 

II. The geometry of the part being manufactured 

III. The configuration of machining 

1.2.2.2 Material and initial state of the workpiece 

1.2.2.2.1 Material 

The mechanical properties of the material have an influence on all parameters that are discussed 

in this section. The elastic limit of the material has a significant impact on the generation of 

residual stresses during shaping steps but also on the constraints generated during machining. 

Machinability of the material is also an essential characteristic. Even if it doesn't have a formal 

definition, it designates the capacity of a material to be cut by causing reasonable tool wear. It 

therefore determines the cutting conditions to be used as well as the type of cut and therefore has 

an impact on the stress generated during machining. 

1.2.2.2.2 Initial state of stress 

The residual stresses initially present in the part are by definition a self-balanced system. When 

material is machined, the initial balance is broken:  

The resultant forces as well as the associated moment are no longer null in some sections of the 

workpiece. In response to this, the part deforms until a new balance is reached which, when it 

takes place during machining, leads to a degradation of the accuracy of the machining operation. 

The amplitude of the relaxation deformation of the initial residual stresses depends on the 

amplitude of the stress, but also of parameters independent of the workpiece characteristics: the 

position of the machined material in the blank and the clamping system used. 
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cutting parameters). It is therefore difficult or impossible to simulate the machining sequence of 

large and complex parts such as structural aerospace parts, which can reach lengths of more than 

six meters. Indeed, the machining simulations of parts with irregular machining features (i.e. non-

rectangular) or with complex initial geometries (i.e. forged parts) seem difficult to be performed. 

In addition, large parts where parallel computing is required to deal with meshes containing a 

significant number of nodes and elements have not been studied (no information is available on 

the parallelization of this removal method). Most of the studies were performed on parts of small 

dimensions where some authors have already highlighted problems associated with the mesh 

requirements. The increase in size and complexity of the part makes the mesh generation difficult, 

as well as it provokes an increase in the number of nodes and elements resulting in longer 

computation time. To overcome these problems and to avoid mesh generation problems and the 

use of meshes composed of many nodes, some researchers developed the so-called restart-

calculation method where remeshing steps are added (Yang, Li and Li, 2014a) in function of the 

machining sequence used. For each machined pocket a different mesh is generated. The mesh size 

is defined depending on the cutting conditions in the area where the material removal has to be 

performed and a coarser mesh everywhere else in the workpiece is used. Once the new mesh is 

obtained, a field transfer of the previous mesh to the new one is performed. It is thus impossible 

to change the geometry during machining. A new phase of deactivation of elements and of 

computation of the residual stress redistribution can then be started. This leads to a new 

simulation of deactivation of elements with a new mesh for each machining feature, as 

represented in Figure 1.24. The main advantage of this method is its low computation time, as 

there is no remeshing step the computation is only about solving the mechanical problem. On the 

other hand, as the mesh is prepared a priori it can’t be used to render the distortions that appear 

during machining making this kind of simulation unable to predict the thickness of the part. 
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1.3.2 MASSIVE REMOVAL 

(Ma, Goetz and Svrivatsa, 2010) have proposed three procedures to perform material removal 

that can all be classified as massive removal approaches with DEFORM® from Scientific Forming 

Technology and FORGE®. 

The first procedure consists in the mapping of the initial residual stress state of the workpiece on 

the designed part (CAD) and in the computation of the redistribution of the residual stresses to 

obtain the post-machining distortion. This procedure is illustrated in Figure 1.25. A similar 

approach is used in (Denkena and Schmidt, 2007) to predict post-machining distortions of thin-

walled parts in taking into consideration both the initial residual stresses and the machining-

induced residual stresses. 

 

Figure 1.25: the One step procedure (Ma, Goetz and Svrivatsa, 2010) 

 

The principle of the second procedure is quite similar to the method by deactivation, the principal 

difference being the amount of material removed at each step. With this procedure, the material 

is removed in several steps and material removals are based on a predetermined machining 

sequence. The workpiece is therefore composed of several sections meshed in advance which are 

removed step by step depending on the machining sequence, as illustrated in Figure 1.26. 

 

Figure 1.26: the multi-step procedure (Ma, Goetz and Svrivatsa, 2010) 

 

These first two procedures are rather simple and easy to implement, they avoid the remeshing 

associated with the modelling of each machining operation and allow predicting correctly the part 

distortion. However, material removals do not represent the real machining path because the 

influence of the shape changes during the machining on the fixture-workpiece interface and on the 

machining quality is ignored. In addition, with the second procedure the simulations have to be 

entirely redone if changes in the machining sequences have to be analysed. 

The last procedure presented in this article is a procedure where the material removals follow the 

real machining path and where workpiece deflections and fixture-workpiece interactions are 

considered. The material removals are realised using a Boolean procedure. This means that for 
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each material removal the new geometry is obtained by a subtraction operation between the 

current geometry of the workpiece and the machining path, as illustrated in Figure 1.27. 

 

Figure 1.27: The Multi-step procedure with path-dependent material removal (Ma, Goetz and 

Svrivatsa, 2010) 

 

This new geometry is then remeshed before the computation of the new residual stress state and 

of the associated deflection. 

This procedure is therefore a more realistic representation of the machining process and allows 

the simulations of complex parts by fully respecting the machining path. Its implementation is 

nevertheless more complex and remeshing steps are required. 

1.3.3 THE FE MODELS FOR THE PREDICTION OF THE MACHINING 

DISTORTION 

Several kinds of models can be distinguished in literature. Differences in the choice of the material 

removal techniques, in the application of cutting loads and in the boundary conditions (i.e. the 

fixture modelling) can be observed. Table 1.3 presents a literature overview of the finite element 

models developed to predict machining distortions with their main modelling choices. It can be 

observed that the deactivation method is the main material removal method used and that in 

most of these studies the fixture-workpiece interaction is often modelled by simply restricting the 

degrees of freedom in the concerned zones. It also becomes obvious that the cuttings loads are not 

always considered. 
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Study Material 

removal 

method 

Cutting load Fixture 

(Wanjin Bai, Rufu Hu 
and Xuxia Zhu, 2010b) 

Deactivation Force and 
temperatures 

Restriction of the DoF 

(Ma, Goetz and 
Svrivatsa, 2010) 

Massive removal - - 

(Liu, 2010b) Deactivation - Restriction of the DoF 
 

(Yang, Li and Meng, 
2010) 

Deactivation Cutting Forces and 
temperature 

Restriction of the DoF 
 

(Denkena and Dreier, 
2014) 

Massive removal Residual stresses Contact simulation 

(Cerutti and Mocellin, 
2015) 

Massive removal - Contact simulation 

(Gao et al., 2017) Deactivation Residual stresses Contact simulation 

(Prete et al., 2018b) Massive removal - - 
Table 1.3: Recap of the different studies and models realised on the prediction of the 

machining distortions 

 

1.3.4 THE FE MODEL OF FORGE® OFELIA 

As reminded in the Introduction the FORGE® OFELIA software will be the basis of the 

development presented in this dissertation. As such this section will focus on the hypothesis and 

the approach used in this software 

1.3.4.1 Model hypothesis 

The simulation of the machining with the massive removal method through the FORGE® 

software is based on the following hypothesis: 

I. The initial residual stresses are the main reason of post-machining distortion and form 

errors. They have therefore the biggest influence on the machining quality of aluminium 

alloy parts. 

II. The cutting loads and associated induced residual stresses will be ignored. This 

assumption is justified by the fact that the subsurface residual stresses induced by the 

milling only affect a maximal depth of approximately 250 µm (Denkena, Boehnke and de 

León, 2008) and have therefore a small impact on parts with relatively thick walls (at 

least 5 mm). The induced machining residual stresses are therefore of second order 

compared to the initial residual stresses. In addition, it would be difficult to numerically 

consider such residual stress profiles. The mesh would have to be able to capture the 

profiles in the subsurface (250 µm) and would therefore require a high mesh density in 

these areas. 

III. Fixture layout and machining sequence have an important influence on the redistribution 

of the residual stresses during the machining and therefore on the machining accuracy. 
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Depending on the material removal and fixture layout used, workpiece deflections can 

occur during the machining which lead to a loss of accuracy (overcut and/or undercut). 

The machining sequence furthermore has to be modelled by multiple material removals to 

be representative of the real machining behaviour. 

1.3.4.2 Approach 

To create the version of FORGE® adapted to machining simulations several steps had to be 

added. These steps can be summarized in three principal tasks. 

- The first one was to give the possibility to use simulation and experimental results as an 

input to obtain the initial mesh with initial residual stress fields. 

- The second one was to develop a numerical procedure to perform material removing 

simulations using a massive removal approach. 

The last one was to adapt FORGE® to the simulation of the machining process with the chosen 

approach. 

The numerical developments are presented in the next section. 
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1.4 PRESENTATION OF THE FORGE® OFELIA SOFTWARE 

(CERUTTI, 2014) 

1.4.1 THE NUMERICAL METHOD FOR MATERIAL REMOVING 

In Forge®, P1+/P1 elements are used; meshes obtained are therefore composed of tetrahedrons 

which are capable to describe accurately complex parts. To simulate the machining of large and 

complex parts, our approach therefore had to be adapted to unstructured meshes composed of 

tetrahedrons. 

A method using a Boolean deletion procedure has been developed to perform the removal of 

material in this numerical tool. The new geometry (after removal of material) is obtained by a 

subtraction operation between the current geometry of the part and a given volume (Figure 

1.28 (a)).  

The volume is characterised by a surface mesh which is automatically generated with a 

CAD/CAM-software linked to the machining program and therefore represents exactly the 

volume swept by the tool (mill) during the machining sequence. 

At each new step of material removal, a signed distance (a level-set) between each node of the 

current mesh and the geometry of the volume which has to be removed is computed (Figure 

1.28 (b)). To limit the computation time, a sorting method is used to find the closest triangle 

facet (of the surface mesh) to each node. During the reading of the surface mesh, the triangle 

facets are sorted by subgroups in function of their positions. For each node, the distances to the 

subgroups are computed. When the closest subgroup is found, a loop to find the closest triangle 

facet of this subgroup is done. The distance to this triangle facet is then computed. 

A distance field is therefore obtained and is used to perform the Boolean operation. If the 

distance is positive or zero, the node is not on the machining path and has to be kept. If the 

distance is negative the node is in the area which has to be removed. When an element has nodes 

with positive and negative distances, the element crosses the machining surface and has to be cut. 

Several cases are possible in three dimensions. For each element the case is analysed and in 

function of that a particular way to cut the element is used. 

Depending on the number of nodes of the element which have negative distances and distances 

equal to zero, five principal cases can be found. For each case new nodes on the cut edges and/or 

centroid nodes are created to determine new connectivity and new elements to obtain the cut 

mesh. 

The four principal cases which can occur are presented in Table 1.4. Other specific cases can 

appear in function of the number of nodes having a distance equal to zero. The machined parts 

are therefore obtained by massive removal of material. As illustrated in Figure 1.28 (c) a 

remeshing is then performed to improve the quality of the new mesh. 
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For each new removal of raw material, a new mesh with non-equilibrated fields is therefore 

obtained. To integrate this procedure in FORGE® the classical incremental functioning of the 

software has been modified. Time step discretisation is moved to process step. The simulation of 

the machining is therefore realised with constant step time and a new material removal is carried 

out giving a new mesh with a non-equilibrium fields one increment of two. Each removing of 

material is followed by an increment of computation to achieve the re-equilibrium of the 

workpiece and thereby to obtain the distortion according to the new geometry. 

In the simulation of the machining as well as in the real process, the contact condition between 

fixture and the workpiece may have a major influence on distortion and has therefore to be 

considered. In FORGE® a penalty method is used to model the unilateral contact between the 

tools and the workpiece (Chenot, Fourment and Mocellin, 2002). In the simulation of the 

machining process, the same method is used to model the fixture/workpiece contact. 

A Coulomb limited Tresca Law is added for the friction modelling. This law is defined as in the 

following equation:  

 
𝜏 = 𝜇𝜎 	𝑖𝑓	𝜇𝜎 < 𝑚 √𝜏 = 𝑚 √ 	𝑖𝑓	𝜇𝜎 ≥ 𝑚 √  (1.3) 

With 𝜇 being the Coulomb friction coefficient, 𝜎  being the contact pressure, 𝜏 the shear stress, 𝑚 

the Tresca coefficient and 𝜎  the Von Mises stress. As a conclusion on this part, a procedure 

based on several techniques used in this finite element software has been developed. It enables to 

simulate automatically all kinds of machining operations with complex geometries and to compute 

the associated distortions considering the evolution of the contact between the fixture and the 

workpiece and the deformation of the workpiece during the machining. All the necessary steps to 

simulate the removal of material are automated (Boolean subtraction operations on mesh, 

remeshing, field mapping and re-equilibrium of the residual stresses). 

1.4.3 PARALLELIZATION OF THE CODE 

In order to perform simulations of the machining of large and complex parts, large meshes and 

complex fixture layouts are required which cannot be performed with a sequential program. To 

improve the efficiency of this numerical tool, the procedure therefore had to be parallelized. The 

parallel strategy used in this numerical tool involves SPMD modules (Single Program Multiple 

Data) and the use of MPI library (Message Passing Interface (Snir et al., 1996)). Depending on 

the number of available cores and on the mesh size, the initial mesh is divided into several sub-

domains (partitions), each corresponding to a core. Each core executes the same program and 

when needed an exchange of information is performed between neighbouring cores. Cores use 

their own local memory during computation and the exchange of data is performed through 

communications by sending and receiving messages (MPI). 
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Figure 1.30 illustrates the main steps of the removal of material procedure on the same problem 

described in Figure 1.28 on two cores. The parallel procedure executed by each core during the 

simulation is summarized in the simplified Algorithm 1.1. 

Initial mesh composed of two 
partitions 

 

 

New cut mesh 

 

 

 
 

New cut mesh after remeshing 

 

(a) Initial settings (b) Computation of distance 

on each core 

 

(c) Cutting remeshing and 

mesh migration 

Figure 1.30: The main steps of the parallel massive removal of material method with Boolean 

procedure developed in the numerical tool 
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Initial mesh 

 

Volumes removed (machining path) 

 

Initial mesh partitions 

 
Mesh partitions after 4 
material removing steps 

 

Mesh partitions after 8 
material removing steps 

 

Mesh partitions after 12 
material removing steps 

 

Mesh partition after 16 
material removing steps 

 
Mesh partition after 20 
material removing steps 

 

Mesh partition after 24 
material removing steps 

 

Mesh partition after 28 
material removing steps 

 

Final mesh 

 

Figure 1.31: Evolution of the mesh partitions during a material removing simulation 

 

1.4.3.1 OFELIA experimental validation 

In this part an example of machining of a medium size part is presented. The initial blocks are 

taken from a 70 mm depth rolled plate made of AIRWARE_ 2050-T84 alloy and are cut in the 

rolling direction. The dimensions of these initial blocks are 500 mm × 100 mm × 70 mm. The 

residual stress profiles have been determined experimentally by the layer removal method and are 

applied on the initial mesh in the same way than explained section 1.2.1.5.3. Then a one-

millimetre layer is removed from the top and bottom surfaces of these blocks. 
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(a) (b) 

Figure 1.32: (a)Geometry of the part and (b) pocket numbers 

 

Two other removals are performed at the sides to obtain the initial geometry shown in Figure 

1.32 (a). The machined part is composed of ten pockets and is illustrated in Figure 1.32 (b). The 

initial mesh is composed of about 3,500,000 elements and 675,000 nodes. The simulation of the 

machining of the ten pockets has been performed on twelve cores. The fixture layout is realised 

with three locators and the part is maintained with two clamps as shown in Figure 1.33. Clamps, 

locators and the table are considered as rigid bodies and the clamping force is 11 kN. 

 
Figure 1.33: Fixture layout used for the simulation of machining 

 

The simulation of the machining of the ten pockets has been done with forty-two massive 

removals of material. The depth of the layer removed during the forty-two massive removals of 

material are in function of the experimental depth of cut. It is fixed to 7 mm to be as close as 

possible to real machining process. The pockets are machined from one to ten as shown in Figure 

1.32. 

Distortion measurements have been performed on the bottom surface of the part using a 

coordinate-measuring-machine (CMM). The distortion of the part can therefore be obtained and 

compared to the one resulting from the simulation. 

Figure 1.34 shows the evolution of the displacement of the workpiece and the mesh partitions at 

different steps of the simulation of the machining. It can be seen that the displacements due to 
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the residual stress re-equilibrium during the machining go up to maximum amplitude of 0.14 mm. 

Due to these displacements the material removed (wall thickness) is not exactly the same as the 

expected one. A difference of about 2% on the final volume of the part can be observed between 

the perfect geometry (CAD geometry) and the predicted geometry. The variation in the thickness 

of the walls of the part does not have an influence on the global distortion of the part after 

unclamping in this case. 

Norm of 
displacement  
max = 0.14 

Min = 0 

After the machining: pocket 1 
 

 

After the machining: pocket 2 
& 3 

 

After the machining: pocket 4 
& 5 

 
 After the machining: pocket 6 

 

 

After the machining: pocket 7 
& 8 

 

After the machining: pocket 9 
& 10 

 
Figure 1.34: Evolution of the workpiece displacement (mm) during the simulation of the 

machining 

 

In Figure 1.35 (a) the distortion observed on the bottom surface of the part is plotted for the 

simulation and two experimental tests. For both experiments, very similar distortions have been 

obtained, showing a good repeatability of the tests.  

The distortion predicted by the numerical tool is therefore a good representation of what can be 

observed during real machining. 

 
Figure 1.35: Comparison between experimental and simulation distortion 

 

1.4.4 LIMITATION OF THE SIMULATION AND STARTING POINT OF 

THE STUDY 

In this study, a new finite element tool to predict the distortion due to the redistribution of 

residual stresses is presented. The approach developed and numerical methods used are described 
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and results have been validated with experimental tests. A good agreement between the 

numerical and experimental results shows the validity of the approach developed in this 

numerical tool. The following conclusions can be done on the case presented (part of 

small/medium dimension with medium level of complexity) 

- Prediction of the workpiece’s non-linear behaviour during machining due to its changing 

geometry and elasto-plastic material properties can be done. No plastic strain in the 

simulations presented in this article can be observed, but yielding can occur in some cases 

and are considered in the simulation. 

- Evolution of the fixture-workpiece contacts can be predicted considering the clamping 

devices as rigid or deformable bodies. 

- Simulation of the machining process can be done respecting the real geometries and 

considering the deformation of the part under clamping and during the machining. 

- Simulation of the machining of parts made from rolled plates can be done.  

We can as well point out the following limitations of the approach: 

- the size of the simulated part remains limited by the relatively long calculation times 

- the method chosen to model residual stresses does not allow the integration of residual 

stresses directly from machining 

- the selected cutting method suffers from robustness problems when confronted with overly 

complex geometries, which limits the shape of the parts that can be modelled. 
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1.5 RESUME EN FRANÇAIS 

Dans ce chapitre, nous avons établi une revue de la littérature traitant du problème de l’usinage. 

Ce procédé de fabrication étant un procédé complexe et multi-physique, ce chapitre est 

conséquent et a été séparé en 4 grandes parties. 

Dans un premier temps Nous avons présenté le procédé d’usinage qui sera traité tout au long de 

ce manuscrit. Cette présentation passe tout d’abord par la description exhaustive de l’usinage 

CNC en passant par l’apparition des machines à commandes numériques ainsi que les différents 

paramètres pouvant être manipulés pour améliorer la qualité de l’usinage. Toujours dans cette 

présentation exhaustive du procédé nous enchainons sur la présentation des deux phénomènes 

intervenant lors de l’arrachement de matière : le transfert de chaleur ainsi que les efforts de 

coupe. 

La seconde partie est exclusivement dédiée aux contraintes résiduelles. Nous nous sommes 

attachés à représenter les différentes formes de contraintes résiduelles pouvant exister au sein de 

la matière. Celle-ci sont au nombre de trois et les distorsions apparaissant lors de l’usinage sont 

exclusivement dirigées par des contraintes résiduelles de type I. On s’attarde ensuite sur la 

présentation de la modélisation des contraintes résiduelles dans un lopin laminé à l’aide d’un 

polynôme de degré 7. Le lien est ensuite fait entre contraintes résiduelles et mécanismes de 

déformation ce qui nous permet de conclure sur la nécessité de les inclure dans notre simulation.  

La troisième partie s’attache à présenter les différentes méthodes de simulation de l’usinage. Nous 

nous sommes concentrés sur 3 approchent qui permettent de rendre compte des distorsions qui 

apparaissent lors de l’usinage : la méthode de désactivation, l’enlèvement de matière massif et la 

méthode utilisée par X. Cerutti (Cerutti, 2014) au sein de FORGE® OFELIA. 

Finalement dans la quatrième et dernière partie, nous présentons le logiciel qui servira de base à 

nos futurs développements : FORGE® OFELIA. L’algorithme général est entièrement décrit ainsi 

que l’approche retenue pour l’identification des éléments à supprimer ainsi que la découpe du 

maillage. Un cas de validation qui sera réutilisé au cours du chapitre 0 est aussi présenté. Ce 

chapitre se conclut avec une présentation des limitations de la méthode et donc des 

développements à venir. 
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CHAPTER 2 

NEW PREDICTION APPROACH FOR 

MASSIVE MACHINING PART 

SIMULATION 

 

In this section we will present the new method developed in the framework of the SIMP-Aero 

project. The first objective is to overcome the main drawbacks introduced by the simulation in 

FORGE® OFELIA (chapter 1). Thus, the cutting algorithm will be transformed to meet the 

demands in term of CPU computation time, robustness and parallelisation. As a very specific 

problem, the introduction of stresses induced by machining and the associated computational 

research will be treated in chapter 4. 

The implementation of FITZ into the FORGE® software will help us dealing more efficiently 

with the capture of interfaces which, in our case, represent the material to be removed at each 

step. Starting from now we will refer to the volume to remove at each step of the plan as a 

“pocket” as the machining of the representative aeronautical pieces is done with pocketing 

strategies.  In this section, we will present several algorithms developed during this study to 

improve the approach of X. Cerutti (Cerutti, 2014). Several developments and algorithms will be 

kept such as the integration of a cutting procedure in an incremental version of FORGE® (1.4.2). 

Therefore, for each pocket there are two incremental steps: 

I. Remove the elements and nodes that are inside the pocket, called the cutting 

II. Mechanical balancing of the residual stresses leading to distortion in the workpiece 

In a first part we will present the FITZ remeshing library and how it can be used to deal with 

mesh cutting which is not the reason why it has been developed. Then a first approach for the 

massive material removal will be demonstrated in a sequential framework. As the approach needs 

to be extended to parallel framework, a reminder on how FORGE® deals with repartitioning and 

parallel remeshing will be given. Finally the approach will be validated on an academic case 

presented by (Cerutti and Mocellin, 2015). A comparison in term of reproducibility and efficiency 

will be given. 
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2.1 INTRODUCTION ON MESH FITTING 

In the case of massive material removal, a challenging problem arises in transient simulations: tracking 

the volume that needs to be removed. In (Rai and Xirouchakis, 2008; Madariaga et al., 2018) and other, 

the authors prepare the starting mesh to introduce element separation at the exact interface. This 

operation is functional but expensive and cannot be generalized to numerous geometries. This kind of 

simulation shows interesting results when comparing to the global distortion but fails to predict the 

errors in thickness. As the mesh is prepared in advance it cannot take in account the over or under 

machining issues. Apart from the method presented in this chapter other research have been done on 

mesh cutting. For example in (Dreier and Denkena, 2014) X-FEM are used to identify the elements to be 

removed. Others like (Cerutti and Mocellin, 2015) used a systematic identification of the interface nodes 

between those which are inside or outside the pocket, a time consuming method with robustness problem 

when dealing with parallel computation. Nevertheless, these last two methods show excellent results 

when it comes to predict the overall distortions and thickness of the pocket bottoms. As based on the 

method of (Cerutti and Mocellin, 2015) and FORGE® our objective is to improve the mesh cutting 

algorithm in order to improve robustness and computational time. The first step of the cutting is the 

identification of the interface. We have thus decided to use the FITZ remesher, developed in CEMEF 

that explicitly represent interfaces into a mesh. The aim is to replace elements by elements explicitly cut 

with an efficient mesher. This remesher will be used to represent the volume of the pocket. As a 

standalone library, the software will be easily updated with any progress made in CEMEF. 

2.1.1 FITTING OF THE INTERFACE WITH FITZ 

The objective is to create a conform mesh at the interface where the pocket intersects with the initial 

volume. An element located in the inside of the pocket will therefore be removed from the simulation 

allowing the equilibrium of the residual stresses to deform the workpiece. 

For the generation of these conform FE meshes at interface, standard tools based on the Delaunay 

criterion or a frontal approach can be used as in GMSH (Geuzaine and Remacle, 2009). However, as our 

geometry will be generated step by step, we need to use an alternative method. Indeed, the mesh will 

evolve during the simulation and as such will need actualization, which is impossible with GMSH as it 

cannot be coupled with FORGE®. Level-set functions are well suited to play this role, as any geometric 

definition (.stl file in our case) can be converted into a signed distance function.  

The aim of the method proposed in (Shakoor, 2016) is to generate immersed meshes  overcoming the 

volume loss and interface dilution caused by the remeshing process itself. In this case the interface is 

described by an initial level set. The procedure will thus immerse the level set into the initial mesh and 

then remesh it accordingly. The algorithm used to perform this step is presented in the next section. 

2.1.1.1 Volume conserving mesh adaptation 

Mesh adaptation is an open research field that has motivated various approaches. Most techniques 

consist in defining a certain set of operators, and applying them one by one in order to improve mesh 
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quality. In the present FITZ remesher, the quality is defined for any simplex T as detailed in (Gruau and 

Coupez, 2005) which is presenting the actual remeshing algorithm of FORGE®. 

 𝑄(𝑇) = min 𝑐 | | , ℎ ,  (2.1) 

Where 

- 𝑐  is a normalization factor so that a regular simplex would have a quality of 1,𝑐 = !	√ 2 / 	 
- |𝑇| is the volume of 𝑇 and |𝑇| = det 𝑀(𝑇)  

- ℎ  is the Euclidian norm of edge lengths ℎ = ∑ ‖𝑆 − 𝑆 ‖ ( )( , )∈ (| |), , with 𝑁({𝑇}) being 

the set of nodes of T 

- 𝑐  is th e number of edges in a simplex, 𝑐 = ( )
 

- ‖𝑣‖ = √𝑣 𝐴𝑣, 𝑣 ∈ ℝ , 𝐴 ∈ ℝ × ℝ  

In these formulae, 𝑀 is a metric field defined at mesh nodes which drives anisotropic mesh adaptation, 

and 𝑀(𝑇)  is the interpolation of 𝑀  at the centre of 𝑇 . Although the presented algorithms enable 

anisotropic meshes, only isotropic meshes are used in this work, FORGE® actually does not support 

introduction of metric for the mechanical computation. 

Thus, the metric field is defined as 𝑀 = 𝑑𝑖𝑎𝑔( ), where ℎ is a prescribed mesh size from the FORGE® 

framework. Summing up (2.1): an over-sized, under-sized or ill-shaped element has a quality close to 0, 

while an appropriately sized and shaped element has a quality close to 1. Though this criterion considers 

both element shape and size, it is possible in the implementation to define different regions in the mesh 

so that the full expression (2.1) is considered for some, while only the shape term (i.e., 𝑐 |𝑇| /ℎ ) is 

considered in other ones. 

In FITZ, the technique introduced in (Gruau and Coupez, 2005) is used. This technique is presented in 

Algorithm 1.1. All nodes and edges of the mesh are considered one by one. The patch of elements to 

improve is defined as all elements that contain the given node or edge. The external faces of this patch 

are extracted easily by searching for the faces that belong to only one element of the patch. Then, for 

each node of the patch, the generic operator consists in connecting all the external faces to this node. 

The quality of the elements built by this procedure is computed for each tested candidate, and the 

optimal configuration is the one having its worst element with the highest quality. 

This generic operator, named “star-connection” operator, has the advantage of considering all swapping, 

splitting, and collapsing operations at once. Node insertion and smoothing are implemented by adding 

the centre of the patch to the list of candidates. 

An example of patch for a nodal target is described in Figure 2.1 (a). After extraction of the external 

faces, as shown in Figure 2.1 (b), several candidates are tested (Figure 2.1 (c-h)), with swapping 

operations that cover a larger set of topological possibilities than a simple edge swap. Finally, the node 

smoothing candidate in Figure 2.1 (h) seems to be preferable (in the isotropic case). 
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(a) (b) (c) 

   
(d) (e) (f) 

  
(g) (h) 

Figure 2.1: Example of patch at the neighbouring of a node: (a) initial patch, (b) external faces 

extraction, c-h) candidates (Shakoor, 2016) 

 

   
(a) (b) (c) 

  
(d) (e) 

Figure 2.2: Example of patch at the neighbouring of an edge: (a) initial patch, (b) external faces 

extraction, (c-e) candidates(Shakoor, 2016) 

 

The main logic is implemented in the function isConform() of Algorithm 1.1. In the standard definition, 

this function only has to verify that the new candidate is a conform (in an FE sense) mesh of the domain 
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and elements around a node and observe the intersection of the level-set with edges. This intersection of 

a plane and an edge is very simple as we can still use the splitting definition of (2.2). 

For the 3D applications, this constraint proves to be insufficient because it allows aggressive interface 

remeshing. Therefore, another constraint is added by comparing the distribution of phase volumes in the 

initial patch and in the new patch. The tolerance on relative change 𝜖  for the volume occupied by each 

phase inside the patch is given by a Gaussian law based on two parameters 𝑄  and 𝑄  

 𝜖 (𝑄 ) = exp − 𝑄 > 𝑄 ,𝑄 > 00 𝑄 > 𝑄 ,𝑄 = 01 𝑄 ≤ 𝑄  (2.3) 

Where 𝑄  is the worst quality of the initial patch. This constraint is really restrictive and nearly blocks 

interface remeshing for shapes with high curvature when element quality is acceptable, while it is 

released to prevent issues during FE solution when element quality is poor. For example, the operation 

in Figure 2.5 (c) always leads to a conform configuration, while only relaxation on the volume 

conservation can enable the operation in Figure 2.5 (d). 

In practice, both values 𝑄  and 𝑄  are chosen empirically as small as possible, but high enough so that 

the influence on the conditioning of the FE problems is negligible. Typical values are 0.05 ≤ 𝑄 ≤0.1, 0 ≤ 𝑄 ≤ 0.1. For higher values, relaxation would be too important and volume conservation would 

be severely affected. For lower values, convergence of the FE solvers would be affected, depending on 

whether metric anisotropy is significant.  

Thus, the method is less robust in 3D but numerous adaptations have been made during previous work 

to ensure the functionality of FITZ.  

2.1.2 LIMITATION AND POSSIBILITIES OF FITZ IN A CUTTING 

ALGORITHM 

In the previous two subsections, the capabilities of the FITZ library to fit and remesh have been shown. 

It can deal with complex geometries with high curvature thanks to the adaptation criterion (2.3). It 

shows high potential for machining simulation. Indeed, by creating a conform mesh including the 

interfaces before cutting operations, a new method including FITZ could overcome the difficulties 

encountered in (Cerutti and Mocellin, 2015) in term of mesh quality, robustness and computation speed. 

We have thus decided to implement this new remeshing library into the FORGE® algorithm. 

Several numerical locks must be considered: 

- The library is not parallelized. During its implementation the communication between the 

computation processors and the partitioning operations will have to be processed outside the 

FITZ Framework. Not being aware of the other processors, each instance of FITZ will have to 

keep a rigid surface to maintain its interface with the other processors. Many exchanges between 

the library and the partitioning system are to be expected. 
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- FITZ uses a different mesh structure than the one used in FORGE®, so it will be necessary to 

interface the two numerical objects through new objects. 

- FITZ does not deal with field transfer after remeshing. Only the fields relative to its operation 

(quality 𝑄 metric 𝑀 and level-set 𝜑) are transferred. Its use within FORGE® framework will 

therefore require the use of another transfer method. 

These locks are of course overtaken by the advantages of the library: 

- Being a standalone library to benefit from the latest improvements made at CEMEF. 

- Automatic and robust procedure for creating immersed meshes. This step is essential for 

machining complex geometries. 

- An expected execution speed higher than the one of OFELIA's identification method (splitting of 

each element one after another). 

In the following section we will present the modifications that have been made to FORGE® in order to 

be able to use FITZ as a cutting remesher and the associated modifications to the remeshing algorithm. 

We will first present our cutting method in a sequential framework and then show the adaptations made 

to make this method compatible with parallel computing. 
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2.2 NEW MACHINING ALGORITHM USING FITZ IN A SEQUENTIAL 

FRAMEWORK 

Starting from the software developed by (Cerutti and Mocellin, 2015) presented in section 1.4 the 

objective is to change the paradigm used in 2015. The authors identified the nodes inside the pocket (the 

node to be removed from the mesh) and performed at the same time a local remeshing and a removal of 

both elements and nodes from the mesh structure. This technique leads to numerous mesh renumbering 

and particular cases identification. In our approach as the cutting process could numerically be seen as a 

particular case of remeshing, the cutting and remeshing technique will be separated in two different 

operations using two different remeshing libraries. For the splitting and cutting operation, the FITZ 

library presented in section 2.1.1 is very well suited. The different steps used to transform the FORGE® 

remeshing process will be detailed in the next subsections. The reader will note that every algorithm is 

drawn in colours. Each colour corresponds to the different codes used by the different library to illustrate 

the coupling effort done in this study. This classification will be kept all along this dissertation, with the 

colour code presented in Table 2.1. They will be referenced only by their names during the rest of the 

dissertation. 

Colour Software Language 

 FORGE® Fortran 90 
 MTC C++ 
 FITZ C 
Table 2.1: Presentation of the colour code used in this dissertation to magnify the coupling efforts 

 

2.2.1 PRESENTATION OF THE ACADEMIC CASE 

To present the algorithm used in this dissertation we will focus during this chapter on a very simple 

case. The objective will be to represent the machining of a penguin. This penguin is the Linux mascot 

(Tux) and as a free of right representation it can be used here.  

This penguin will be machine from a cube of raw material of 100x100x50 mm. It is embedded with a 

non-symmetric temperature field. The raw part is at the air temperature (20°C) and the bottom left 

corner (50x50x50 mm) has an initial temperature of 100°C. This temperature will diffuse during the 

simulation as each FORGE® step represent a second. It helps us illustrate the problem of field transfer 

during the computation operations. The machining process will be composed of 7 body parts of the 

penguin removed one after another as shown on Figure 2.6 (b) as pocketing operation. 

In the end, the machining will thus render a mould to create other Tux and presenting a diffusion of 

temperature thorough the material. As a demonstrator the penguin does not present any clamping 

system. It is maintained in contact with the table (in grey on Figure 2.6 (d)) by a bilateral sticking and 

adiabatic contact condition. The problem of clamping in the simulation will be treated in section 2.5. 
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- Volume precision  

- Mesh quality  

- Max mesh quality  

- Phase precision  

- Yield quality  

 

The Volume precision defines the volume loss authorized when the FITZ algorithm fits a level-set. Mesh 

quality and Max mesh quality are obviously parameters to control the quality of the mesh after 

remeshing. When remeshing heterogeneous patches, FITZ always preserves internal frontiers, but a 

relative drop or increase of phase volumes is authorized, the bound being given by a Gaussian law on 

minimal patch quality with mean Yield quality and standard deviation Phase precision (further 

information on these criterions can be found in (Shakoor, 2016)). Under Yield quality, total volume loss 

is allowed (though once again, frontiers have to be preserved). In our case only 2 phases can be found in 

our simulation: in or out of the pocket. A sensitivity study has been performed on the volume precision 

parameter (Figure 2.8). In this simulation we practiced the first increment of the academic case. The 

computer used is described in Table 2.2 and the parameters of the simulation are given in Table 2.3.  

 

Computer Intel® Xeon® CPU E5-2630 v4 @ 2.20GHz 2.19Ghz 
RAM 64 Go 
OS Windows 7 Professional 
Table 2.2: Characteristics of the computer used for the simulation in this dissertation 

 

Mesh size  1 mm 
Number of nodes 119366 
Number of cores  1 
Table 2.3: Parameters of the TUX machining simulation 

 

The numerical convergence is reached as early as 10-6 mm on the Volume precision criteria and offers a 

gain of 10 s on the default parameter (10-15 mm). This represents a gain of 5% of efficiency on this 

3 min 20 s computation. The precision of the tools used in the industry are around 10-3 mm so there is 

no use to continue using the default value of FITZ. As the geometry of cut industrial workpiece are 

simple with regards to the geometry of the penguin, a set of parameters have been decided for the FITZ 

algorithm presented in Table 2.4. The other parameters have shown no influence on the computation 

time or the quality of the obtained mesh so we decided to keep the default values. 
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Parameters value 

point_precision 1e-16 
volume_precision 1e-6 
quality_precision 1e-8 

quality_shape_max 1 
quality_size_max 1 
phase_precision 0.0 
yield_quality 0.5 
yield_volume 1e-8 

Table 2.4: Values of the parameters used in FITZ to perform machining operations 

 

 
Figure 2.8: Evolution of the final volume (blue) and the computation time (red) with respect to 

the Volume precision parameter when fitting a level-set 

 

After this operation, the mesh presents a conform configuration and fits the geometry to remove. This 

configuration is illustrated in Table 2.5 (b). In order to supress the elements inside the level-set, we 

proceed with an enumeration. Every single element that has no negative nodes (nodes located outside the 

pocket) is supressed from the elements list and all the connectivities associated with this element are also 

removed. In a second loop the neighbourhood of every single node is recalculated. All the nodes that 

present an empty neighbourhood will be removed from the simulation. Fitz offers a new mesh that does 

not content any positive node (inside the level-set) and presents new nodes and new surface elements on 

the iso-value 0 (Table 2.5 (c)). 
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To improve this mesh a first solution is to use the FitzADapt() function which is the remeshing function 

of FITZ library that can adapt size or shape of the elements to respect the quality and size parameters. 

It presents encouraging results but needs a high computation time (Table 2.6). A second solution consists 

in using the standard remesher of FORGE® (mentioned as Historic MTC remeshing in the source code). 

It has already been optimised by both CEMEF and Transvalor and is more performant than FITZ to 

deal with the refining of surfaces which is exactly (around the iso-value 0) where the mesh needs quality 

improvement. The Table 2.6 shows the results of the academic case first increment (in the same 

configuration described in Table 2.2 with the parameters of Table 2.3) using MTC or FITZ as the 

remeshing library.  

 

 Remeshed with FITZ Remeshed with MTC 

Average surface quality  0.841 0.825 
Average volume quality 0.876 0.874 
Computation time 10h 36min 27s 41 min 29 s 
Nodes number 213 457 214 029 

Table 2.6: Comparison between two remeshing strategies, one using FITZ (left) and the other 

using MTC (right) 

 

The results of the final comparison between those two approaches show that the use of MTC instead of 

FITZ is far more efficient both in term of resultant mesh quality and computation time (Table 2.6). 

That’s the solution selected for the rest of our work. This remeshing operation with MTC is associated 

with the same field transfer operation as mentioned in Algorithm 2.4. 
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 SIMP-Aero OFELIA 

Result mesh 

  

Computation time 19 min 20s 51 min 28s 
Max quality  1 0.999 
Min quality 0.06 0.04 
Average quality 0.875 0.791 
Nodes number 107 913 113 998 
Table 2.7:Comparaison of the results obtained by the SIMP aero and OFELIA software on the academic 

case 

 

2.2.5 MESH ADAPTATION ON NEAR SURFACES  

When calculating the finite element solution, the size of the system to be solved is directly linked to the 

number of nodes of the mesh. To save computation time, it is therefore a good idea to reduce the 

number of nodes. The use of an adaptive mesh is therefore recommended here in order to refine only in 

areas where it is necessary. 

As a reminder to deal with the mechanical problem using P1+/P1 element, a wall must have at least 5 

nodes in thickness(Cerutti, 2014). This constraint is related to the rigidity of the element formulation 

used by FORGE®. From the beginning, homogeneous mesh size is used and has therefore been calibrated 

on the thinnest wall of the final geometry. We will therefore add here a remeshing step to adapt this 

mesh size and reduce the number of nodes used to discretize the geometry. 

During a remeshing the standard FORGE® algorithm is able to generate meshes in accordance with 

mesh size gradients of up to a factor 4 from one element to another. The reference size remaining based 

on the thinnest wall of the part; the mesh size ℎ will be adapted as: 

 ℎ = min(4 ∗ ℎ , ℎ )  (2.5) 

With ℎ  being the mesh size used for the thin wall and ℎ  the mesh size calculated for the 

thickest place of the workpiece which is in our case the bottom of the pockets. ℎ  is multiplied by 4 to 

consider the limitations of the remesher. 

This ℎ mesh size will be our reference. A new parameter is then added to the simulation to process this 

change in mesh size: 𝑑 . It represents the thickness of the thinnest wall of the final workpiece. A new 
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mesh size ℎ  is computed as: ℎ = 𝑑 5⁄  to respect the 5 elements in wall thickness specified in 

(Cerutti, 2014). And this new mesh size is applied locally on the mesh according to (2.6): 

 
ℎ = ℎ 𝑖𝑓	|𝜑(𝑛)| ≤ 2 ∗ 𝑑ℎ = ℎ 𝑖𝑓	|𝜑(𝑛)| > 2 ∗ 𝑑  (2.6) 

With 𝜑 being the level-set function and 𝑛 a node of 𝒩. 

This remeshing operation will be performed before each cutting operation. The description of a geometry 

by the level-set is directly dependent on the mesh size. Indeed, the level-set is a P1 field carried by the 

nodes of the mesh. As such, it cannot provide accurate information on changes in curvature within an 

element (e. g. a sharp angle) if the mesh size is too large as shown on Figure 2.10 (a). The local 

remeshing operation proposed in (2.6) can be applied on this unprecise configuration thanks to the 

margin of 2 ∗ 𝑑  propose in the formulation. However, the obtained mesh won’t be able to improve the 

previous description of the level-set as it’s just interpolating the previous values on the new mesh. So, 

this remeshing operation needs to be separated from the cutting algorithm to allow FORGE® to re-

compute the level set on the new mesh. By doing so, the accuracy of the cutting algorithm is enhanced 

because geometries with high curvature (sharp angles) will thus be more accurately described before the 

fitting of FITZ. This operation is illustrated in Figure 2.10 (b) with 𝑑 = ℎ which explain why all the 

nodes around the arm are concerned by the local remeshing. 

  
(a) (b) 

 
(c) 

Figure 2.10: Description of a sharp angle (the armpit of the academic case) (b) with and (a) 

without mesh adaptation from 3 mm to 1 mm. (c) show the global penguin with the mesh 

adaptation 
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SIMP-Aero Without mesh adaptation With mesh adaptation 

Result mesh 

  
Computation 

time 
4h 5 Mn 56s 4h 1 mn 36s 

Max quality  1 1 
Min quality 0.001 0.029 
Average quality 0.858 0.874 
Initial nodes 

number 
672105 25121 

Final nodes 

number 
449412 352598 

Table 2.8:Comparaison of the results obtained by the SIMP aero with and without mesh adaptation on 

the academic case 

 

Since the cutting algorithm takes place into the parallel framework of FORGE®, updates have to be 

done to the algorithm to allow an optimal functioning with several processors. In the next subsection the 

parallel environment of FORGE® will be presented and more importantly how the software deals with 

repartitioning which is going to be a key feature in the parallelisation of the Algorithm 2.6. 
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2.3 THE PARALLELISATION IN FORGE® 

In this subsection, we are going to introduce several notations and concepts that help the reader to 

understand the parallel cutting algorithm presented in the section 2.4. 

In FORGE® the repartitioning is apprehended as a renumbering of elements and nodes under constraint. 

The repartitioning problem is of course supported by the notion of mesh. A quick reminder of a mesh 

definition will be done introducing the notations used in this subsection. The introduction of bi-

numbering will then allow seeing the repartitioning step as a renumbering. 

2.3.1 STRUCTURE 

A mesh is an object representing a discretisation of a finite part of space ℝ where 𝑑 = 1,2,3 is the 

dimension of the considered space. It is composed of two sets: 

- A finite set of nodes 𝒩, every single node is defined by its coordinates in the space. A node 𝑛, in 

a space of dimension 𝑑, is so defined by its 𝑑 coordinates, 𝑥 ⇔ (𝑥 ,… , 𝑥 ). 
- A finite set of elements ℰ. Each element 𝑒 is determined by a sub-set of 𝒩 written 𝑇(ℰ) where 𝑇 

is the following application: 

 𝑇 ∶	𝜀 ⟶ 𝒫(𝒩)	𝑒 ⟼ 𝑇(𝑒) = {𝑛 , 𝑛 , … } (2.7) 

𝒫(𝒩) represents all the sub domain of 𝒩 and 𝑇(𝑒) the set nodes from 𝒩 defining the element 𝑒. 
The application 𝑇, called mesh connectivity, gives for each element 𝑒 the set of its constituting nodes. 

In the case of a mesh built with one type of element constituted of 𝐷 nodes, the application T (called 

connectivity) can be expressed as: 

 𝑇 ∶	 ℰ ⟶ 𝒩𝑒 ⟼ 𝑇(𝑒) = {𝑛 , 𝑛 , … , 𝑛 } (2.8) 

Where 𝐷 represents the number of nodes per element. 

The connectivity of the mesh defines an element as the set of nodes that constitutes it. In FORGE® the 

mesh is three-dimensional (𝑑 = 3) and tetrahedric (𝐷 = 4). 
A classical way of representing the relation between nodes and elements is to use a numbering. 

Numbering is a bijection between a set of ℕ and ℰ for the element and ℕ and 𝒩 for the nodes. In the 

following those two ℕ-numerotation will be noted 𝒩 (resp. ℰ) for the nodes (resp. elements). 

For a computational optimisation of the function dealing with the mesh; those two ℕ-numerotations need 

to be compact which means with only consecutive numbers. 

2.3.2 PARTITIONING 

In this subsection, we will focus on partitioning/repartitioning of a mesh. This consists in attributing to 

each entity (nodes and element) of the mesh a host processor. Each processor then hosts: 
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𝒩 ∶	 𝑃 ⟶ 𝒫(𝒩)𝑝 ⟼𝒩 (𝑝) = {𝑛 = (𝑛 , 𝑝)} (2.10) 

The application ℰ  and 𝒩  define, from a domain number ∈ 𝑃 , respectively its constituting elements and 

nodes. Using this bi-numbering allows to define a mesh partition as a ℕ -numbering. The problem of 

partitioning/repartitioning a mesh is to find a renumbering 𝑅 = (𝑟 , 𝑟 ) where: 

- 𝑟  is a ℕ -renumbering of elements: 

 
𝑟 ∶	 ℰ ⊂ ℕ ⟶ ℰ = 𝑟(ℰ) ⊂ ℕ𝐸 = (𝑒 , 𝑒 ) ⟼ 𝐸 = 𝑟(𝐸) = (𝑒 , 𝑒 ) (2.11) 

- And 𝑟  a ℕ -renumbering of nodes: 

 
𝑟 ∶	 𝒩 ⊂ ℕ ⟶𝒩 = 𝑟(𝒩) ⊂ ℕ𝑁 = (𝑛 , 𝑛 ) ⟼ 𝑁 = 𝑟(𝑁) = (𝑛 , 𝑛 ) (2.12) 

This renumbering 𝑅, aiming at optimising a partition, needs to verify the following constraints: 

- 𝑅 needs to be compact for numerical optimisation (usage of table) 

- 𝑅 needs to minimise a cost function Φ, which allows to compare the quality of a partition. 

Starting from this description and using several local criteria described in (Digonnet, 2001), a parallel 

repartitioning program has been build. In this algorithm the repartitioning is considered as an iteration 

of elementary renumbering 𝑅  (between partition  𝑝 and 𝑖). From the partition 𝑝 point of view, they are 

defined as such:  

- the identity 𝑅 doesn’t modify the domain 𝑝 (the set of nodes and element from this domain 

remain unchanged as there numbering); 

- the local renumbering𝑅  doesn’t change the structure associated with the processor 𝑝. The 

constituting nodes and elements stay the same but there local numbering may change. For 

example, the node (7, 𝑝) may become (1, 𝑝); 
- the coupled renumbering 𝑅  allows to move an entity from a domain 𝑝 to a domain 𝑞. This is 

the only renumbering that changes the partition and as such this the only one that requires 

synchronisation;  

The repartitioning consists finally in adding a succession of elementary renumbering while the quality of 

the new partition improves as shown in the Algorithm 2.7. 
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Algorithm 2.7: Local optimization method, further information can be found in (Digonnet, 2001)2 

 

The Algorithm 2.7 can be used in numerous configurations and partitions problems of different natures 

by changing the definition of the “friendship” function and the 𝜑  function to optimise. In this 

dissertation we will only focus in the optimisation of two different “friendship” functions definition: 

- Optimisation on working weight 

- Optimisation on communication 

2.3.3 OPTIMISATION ON WORKING CHARGE 

Let’s first consider that the working charge of a processor is linear with respect to the number of 

elements and nodes of the mesh it hosts. Furthermore, processors are considered to have equal working 

speed. The working charge of a processor can thus be defined as 𝑑 .  

With this definition of working charges, balancing the pair (𝑝, 𝑞) leads in the equilibrium configuration 

to: 

 𝑑 = 𝑑 =  (2.13) 

 
2 The notation �̅�	represents the logical function NOT applied to the Boolean variable 𝑥.	

INITIALISATION: 

    A set of processors 𝑝 with their respective domains (𝒩 , ℰ ) 
    A logical variable 𝑜𝑝𝑡𝑖𝑚𝑢𝑚 = 𝑓𝑎𝑙𝑠𝑒 
WHILE 𝑜𝑝𝑡𝑖𝑚𝑢𝑚 

    FOR processor 𝑝 in processors 

        Build neighbourhood 

            𝒱p set of processors having communication with p 

        Coupling processors 

            Search of a “loved on” processor p ∈ 𝒱p with a “friendship” function 

            Weather it forms a pair (p, p) or p stays isolated 

        IF 𝑝 THEN 

            Optimisation of the formed pair with the Φ cost function: 

                𝑁𝑏𝐶ℎ𝑎𝑛𝑔𝑒𝑠𝐿𝑜𝑐𝑎𝑙 = number of Exchange in the pair (𝑝, 𝑝) 
        ELSE  

            Isolated processor 𝑁𝑏𝐶ℎ𝑎𝑛𝑔𝑒𝑠 = 0 

        END IF  

    END FOR 

    A global communication with all processors 𝑁𝑏𝐶ℎ𝑎𝑛𝑔𝑒𝑠𝐺𝑜𝑏𝑎𝑙 =𝑠𝑢𝑚(𝑁𝑏𝐶ℎ𝑎𝑛𝑔𝑒𝑠𝐿𝑜𝑐𝑎𝑙) 
    If 𝑛𝑏𝐶ℎ𝑎𝑛𝑔𝑒𝑠𝐺𝑙𝑜𝑏𝑎𝑙 then 𝑜𝑝𝑡𝑖𝑚𝑢𝑚 = 𝑡𝑟𝑢𝑒 
END WHILE 
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𝑔(𝐸) = 𝑑𝑝−𝑑𝑞2 − 𝑑𝑝−𝑑𝑞2 − 𝑑(𝐸) 	𝑖𝑓	𝐸 ∈ ℰ1(𝑝)𝑔(𝑁) = 𝑑𝑝−𝑑𝑞2 − 𝑑𝑝−𝑑𝑞2 − 𝑑(𝑁) 	𝑖𝑓	𝐸 ∈ 𝒩1(𝑝) (2.18) 

Naturally the influence of heavy weighted nodes or element will have a bigger influence on the balance of 

the pair (𝑝, 𝑞) of processors. 

2.3.4 OPTIMISATION ON COMMUNICATIONS 

As for the working charge, let’s first consider that the communication costs are homogeneous between 

nodes and elements. The heterogeneous case won’t be treated in this dissertation. Interested reader can 

refer to (Digonnet, 2001). An element will have a communication cost with one of its nodes if this very 

node doesn’t belong to the same processor. Likewise, a node will have a communication cost with each of 

its neighbouring element belonging to a different processor. 𝑐  defines the communication cost between 

the processor 𝑖 and 𝑗. The communication cost between a processor 𝑖 and himself is by definition null as 𝑐 = 0.  
Locally in a pair of processors (𝑝, 𝑞) the optimisation of communication consists in optimizing 𝑐 	and 𝑐  

as in the optimization on working charges. The two components are decomposed as such: 

 
𝑐 = 𝑐 + 𝑐∈𝒫,𝑐 = 𝑐 + 𝑐∈𝒫, 	𝑤𝑖𝑡ℎ	 𝐶 = 𝑐𝑐∈𝒫, + 𝑐∈𝒫, = 𝐶  (2.19) 

With 𝐶  the global communication cost with the rest of the processors. 

So, to form a pair with the processor that maximise the difference of working charge the algorithm will 

use de following definition (2.20) for the “friendship” function. This definition allows to form pairs that, 

when balanced, lead to the best minimisation of communication charges. 

 𝑓𝑟𝑖𝑒𝑛𝑑𝑠ℎ𝑖𝑝(𝑝, 𝑞) =  (2.20) 

With the “friendship” function now defined, the intern optimization of the pair (𝑝, 𝑞) from the transfer of 

an element or a node can be formalised as the following gain: 

 
𝑔(𝐸) = 𝑐(𝐸, 𝑝, 𝑞) − 𝑐(𝐸, 𝑞, 𝑝) + 𝑐 − 𝑐 − 𝑐 −∑ 𝑐(𝐸, 𝑝, 𝑖), − 𝑐 +∑ 𝑐(𝐸, 𝑞, 𝑖), 	𝑖𝑓	𝐸 ∈ ℰ (𝑝)𝑔(𝑁) = 𝑐(𝑁, 𝑝, 𝑞) − 𝑐(𝑁, 𝑞, 𝑝) + 𝑐 − 𝑐 − 𝑐 − ∑ 𝑐(𝑁, 𝑝, 𝑖), − 𝑐 + ∑ 𝑐(𝑁, 𝑞, 𝑖), 	𝑖𝑓	𝑁 ∈ 𝒩 (𝑝) (2.21) 

With 𝑐(𝐸, 𝑖, 𝑗) (resp. 𝑐(𝑁, 𝑖, 𝑗)) the communication cost per element (resp. node) between the processor 𝑖 
and 𝑗. 
The objective here is to improve the interface between processors in term of communication as illustrated 

on the Figure 2.13. As shown the initial partitioning presents a bad interface between the two processors (𝑝, 𝑞)  with numerous communications. With the application of the algorithm, the interface 𝐼  is 

reshaped to minimize the local communication. The reader needs to keep in mind that an improvement 

on local communication can lead to an increase of the global communications and thus a rise of 
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remeshing. The mechanical fields are transferred to the new mesh via the 

TransitDesChampsATransporte function (Algorithm 2.8 (6)). This function only allows the transfer of 

fields from equivalent meshes with different partitioning. The mesh is then duplicated in two meshes:  

- pMFinal which will be remeshed; 

- pMInit that will support the mechanical fields; 

In order to work with the historical remesher of FORGE®, the mesh still needs to undergo a structural 

transformation (Algorithm 2.8 (7)). So, coordinates and topology data are sent to a mesh structure that 

has similar characteristics to maillageT called maillage (literary “mesh” in French). This one can be 

remeshed by MTC using the mesh size and quality criteria sent from the Fortran 90 part(Algorithm 2.8 

(8)). The output mesh is again transferred to the pMFinal  maillageT object (Algorithm 2.8 (9)). 

The use of the EffectueTransportParallel transfer function (Algorithm 2.8 (10)) allows transferring the 

mechanical fields from ListChamp carried by pMInit to pMFinal. This function allows transferring a P1 

field between 2 meshes with the same partitioning. To do this, it uses the function described in section 

2.2.3 and cannot search for coordinates outside its processor. pMFinal is now remeshed and carries the 

fields. 

pMFinal is again partitioned (Algorithm 2.8 (11)). All node weights are reset to 1 and the criterion 

described in section 2.3.3 is used. This ensures the balance of the processors for mechanical computation. 

The repartitioning is completed by a TransitDesChampsATransporte function already presented 

(Algorithm 2.8 (12)). 

The fields and mesh are finally sent back to the Fortran 90 to be used in the rest of the computation 

(Algorithm 2.8 (13-14)). 
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2.4 PARALLELISATION OF FORGE® SIMP 

Despite the excellent performance of our method on a simple academic case, the sequential analysis of 

the machining cannot deal with the machining plan of an industrial part, especially when dealing with 

large workpieces. 

The massive material removal machining algorithm and its components must then be adapted to become 

compatible with FORGE®'s parallel framework. 

2.4.1 NEW PARALLELISATION METHOD FOR CUTTING ALGORITHM 

A new problematic appears when dealing with cutting algorithm in a parallel framework. Indeed, when 

running, the computation is distributed on every single processor which communicates with the others 

via interface nodes as presented in section 2.3. Those interface nodes mustn’t be displaced nor modified 

by a processor. If so, the link between the two processors will be broken as the two processors don’t 

communicate on the same set of nodes anymore. In the particular case of cutting, the situation could be 

worse if some nodes are supposed to be “killed by the cutting algorithm” in some processor and not on 

its neighbour. This situation is illustrated in Figure 2.14. The Partition 1 (in blue) and the partition 2 

(in red) communicate with each other through several nodes (Figure 2.14 (a)). The dotted line (orange) 

represents the iso-value 0 of the level set. The upper space is supposed to be removed and the lower part 

needs to be kept. In the Figure 2.14 (b) we split the two partitions and apply the cutting algorithm to 

each one. For green nodes the partition 1 will declare that the node has no neighbour and with the 

application of the Algorithm 2.2 those nodes will be removed from partition 1. On the other hand, 

partition 2 has no reason to delete the green nodes because they still have neighbours in the red area. 

The interface nodes list will not match any more between the two processors (Figure 2.14 (c)), so the 

computation will stop immediately. 

Interface nodes are represented as an ordered and compact list of nodes for communicating between 

processors. A first approach could therefore be to remove the nodes marked with a cross in Figure 

2.14 (c) from the list of interface nodes in Processor 2. Thus, this one will no longer search for non-

existent nodes from processor 1. Unfortunately, this technique would be computationally too expensive in 

the context of the FORGE® partitioner. Indeed, as recalled in 2.3.1 these interfaces are ordered compact 

lists. Therefore, it is impossible to remove a node from the list of interface nodes without completely 

renumbering it and that for all the processors belonging to its neighbourhood. We have therefore simply 

prohibited the cutting algorithm from removing the interface nodes and by transitivity the elements 

containing at least one interface node as shown in Figure 2.14 (d). As shown in the figure, this method 

alone is not sufficient to address the problem of parallel material removal and further remeshing steps 

had to be added. 
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realize the global field transfer, 2 transfer operations will be performed for each loop so 2 ×𝑁𝑏𝑅𝑒𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑛𝑖𝑛𝑔 in total. This is a real loss of performance and thus we decided to limit this field 

transfer only between the initial mesh and the very last one obtained after cutting. As it is not possible 

to perform the transfer from so different meshes with the algorithms presented above, we have chosen to 

use another field transfer method. 

2.4.3.2 Using the CIMLIB library  

Ideally, the computation should allow realizing only one transfer from the initial geometry to the final 

one whatever the partitioning. A locator which could identify the positioning of a node in another mesh 

even if it’s not in the current processor anymore is the key to our problem. This tool would allow us to 

use the technique presented in section 2.2.3 to performed P1->P1 transfer in parallel framework. This 

locator has already been developed in CEMEF and is coded in the CIMLIB library. We have then 

introduced an interface to call this library from the FORGE software by writing scripts on the fly and 

transferring mesh and list pointer from one program to another. As these two programs are products 

from the CEMEF they share the same data structure. Using the CIMLIB, the software is totally free 

from the old standard transfer technique of FORGE and can use the parallel transfer method built in 

CIMLIB as shown in Algorithm 2.11. 

The number of calls to transfer function is now reduced from 2 × 𝑁𝑏𝑅𝑒𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑛𝑖𝑛𝑔 to 1. It should be 

noted that localisation is a costly operation for the software as it implies communication between 

processors. The transfer time is so not reduced by a simple factor 2 × 𝑁𝑏𝑅𝑒𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑛𝑖𝑛𝑔. In any case it 

shows a sensible reduction of the computation time. 

For example, the computation time of the first operation in the academic case is reduced by factor 21% 

as illustrated in the Table 2.10.  

 With historical field transfer With CIMLIB field transfer 

Computation time 21 Mn 2 s 16 Mn 37 s 
 

Table 2.10: Comparison between the historical and the CIMLIB transportation technique on the first 

cutting operation of the academic case on 2 processors 
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2.6 CONCLUSION AND DISCUSSION 

This chapter is dedicated to the development of a new numerical remeshing method for large 

aeronautical parts using a massive material removal method. It is presented in five main sections. 

In the first section, we have presented the new remeshing method that will be used within the cutting 

algorithm. This will replace the systematic identification process developed during (Cerutti, 2014). This 

method is implemented within the FITZ library and will allow fitting the mesh on the level-set 𝜑 defined 

in chapter 1. The method identifies the intersections between an edge of an element and the plane 

described by the level-set. A new mesh node is inserted at each of these intersections and then a 

renumbering and remeshing operation is performed to obtain the desired quality. However, this method 

has some disadvantages such as its non-parallelisation, the use of different mesh structures and the 

absence of post-mesh field transfer. Despite this, its significant advantages (speed of execution, robust 

procedure tested on complex geometries) led us to use FITZ to prepare the mesh before cutting. 

In the second part, the sequential cutting algorithm is presented. In order to achieve the latter, we took 

advantage of the different code structures available within the FORGE® software. Machining is 

represented here by massive material removal. Thus, for each "pocket" the algorithm will set up five 

operations to perform the cutting:  

I. Calculate the distance function phi 

II. Exit the distance function using the FITZ library 

III. Remove positive elements 

IV. Adaptive local networking 

V. Transport the mechanical fields to the new mesh 

The calculation of the distance function is performed using CAD files (in a .stl format) that describe the 

geometry of the volume to be removed. The closest nodes to 𝜑 are then projected onto the surface to 

avoid degradation of the mesh quality. The FITZ library is used to perform the fitting of the current 

distance function. The parameters of the latter have been adapted to respond as quickly and precisely as 

possible to the mesh cutting problem. Only the Volume precision parameter allowed us to obtain a 

significant improvement in calculation times. At the end of this fitting the elements are totally 

discriminated between those inside the distance function (positive) and those outside (negative). Positive 

nodes representing the material removed by the tool will be discarded. The mesh is then locally adapted 

to reduce the mesh size only in the vicinity of the machined surfaces. This greatly reduces the number of 

initial nodes in the simulation and thus the final computation time. The mechanical fields are finally 

interpolated on this new mesh in order to continue the numerical simulation. This method has been 

tested on an entertaining case of the linux mascot mold: TUX which has a geometry complex enough to 

handle cases of sharp edges and curvature changes within the mesh. A dummy temperature loading 
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allows us to observe the field transfer without significantly influencing the calculation times (thermal 

diffusion is a low-cost problem numerically). 

The third introduces the parallelization mechanisms of the FORGE® software. It is in this context that 

our cutting algorithm will be adapted in order to be able to process large parts. We will come back to 

the notions of partitioning under constraints and in particular the two main constraints at work are 

optimization in relation to the balance of loads and in relation to the balance of communications. These 

will be used in Part 4. The FORGE® parallel remeshing algorithm is also presented. It is this database 

that will be modified in the next section.  

In the fourth part the evolutions of the numerical method necessary to allow the massive cutting of 

material within a parallel frame is presented. We outlined here the difficulty of removing positive 

interface nodes and at the same time justify the use of a repartitioning loop to treat the mesh as a whole. 

The dissertation then focuses on the field transport problem, which becomes more complex with the 

partitioning of the mesh. Another CEMEF library (CIMLIB) will be used here to carry out this 

operation at once, saving 21% of calculation time compared to historical transport operations. 

Finally, in the last part the numerical method implemented in the FORGE® SIMP-Aero software was 

compared to FORGE® OFELIA on a case study from the literature. The two software packages have 

similar results in terms of distortion and the use of our method offers a reduction of computation time of 

76% for a 100,000 nodes simulation where we remove approximately 90% of the raw material. In the next 

chapter we will look at the use of our cutting model on industrial parts. 
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2.7 RESUME EN FRANÇAIS 

Ce chapitre est dédié au développement d’une nouvelle méthode numérique de remaillage pour les 

grandes pièces aéronautiques en utilisant une méthode d’enlèvement massif de matière. Elle se présente 

sous la forme de cinq parties principales. 

Dans la première, nous présentons la nouvelle méthode de remaillage qui va être utilisée au sein de 

l’algorithme de découpe. Cette dernière viendra remplacer le processus d’identification systématique 

développé pendant la thèse de Xavier Cerutti. Cette méthode est implémentée au sein de la librairie 

FITZ et permettra d’ajuster le maillage sur la fonction distance phi définie au chapitre 1. La méthode 

permet d’identifier les intersections entre une arête d’un élément et le plan décrit par la fonction 

distance. Un nouveau nœud de maillage est inséré à chacune de ces intersections puis une opération de 

renumérotation et de remaillage de l’ensemble permet d’obtenir la qualité désirée. Cette méthode 

présente cependant quelques inconvénients comme sa non parallélisation, l’utilisation de structures de 

maillage différentes de celle du logiciel FORGE® et l’absence de transport de champs post remaillage. 

Malgré cela ses avantages non-négligeables (rapidité d’exécution, procédure robuste et testée sur des 

géométries complexes) nous a conduit à utiliser FITZ afin de préparer le maillage avant la découpe. 

Dans la seconde partie, l’algorithme de découpe séquentielle nous est présenté. Afin des réaliser ce 

dernier, nous avons tiré parti des différentes structures de codes disponibles au sein du logiciel FORGE®. 

L’usinage est ici représenté par de l’enlèvement massif de matière. Ainsi pour chaque « poche » 

l’algorithme mettra en place cinq opérations pour réaliser la découpe :  

I. Calculer la fonction distance phi 

II. Fitter la fonction distance à l’aide de la librairie FITZ 

III. Retirer les éléments positifs 

IV. Maillage locale adaptatif 

V. Transporter les champs mécaniques sur le nouveau maillage 

Le calcul de la fonction distance est réalisé à l’aide de fichiers .stl qui décrivent la géométrie du volume à 

retirer. Les nœuds les plus proches de cette dernière sont ensuite projetés sur la surface pour éviter la 

dégradation de la qualité du maillage. La libraire FITZ est ensuite utilisée pour réaliser le fitting de la 

fonction distance courante. Les paramètres de cette dernière ont été adaptés pour répondre le plus 

rapidement et précisément possible au problème de découpe de maillage. Seul le paramètre de Volume 

precision nous a permis d’obtenir une amélioration sensible des temps de calcul. A l’issu de ce fitting les 

éléments sont totalement discriminés entre ceux qui sont à l’intérieur de la fonction distance (positif) et 

ceux à l’extérieur (négatifs). On se débarrassera des nœuds positifs qui représentent la matière retirée par 

l’outil. Le maillage est ensuite adapté localement afin de réduire la taille de maille uniquement en proche 

surface des surfaces usinées. Cette opération permet de réduire grandement le nombre de nœuds initial de 

la simulation et par là même les temps de calcul. Les champs mécaniques sont finalement interpolés sur 

ce nouveau maillage afin de continuer la simulation numérique. Cette méthode a été testée sur un cas de 

moule de la mascotte de linux : TUX qui présente une géométrie suffisamment complexe pour traiter les 

cas d’arrête vive et de changement de courbure au sein du maillage. Un chargement en température 
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factice nous permet de valider l’efficacité du transfert de champ sans influencer de manière significative 

les temps de calcul (la diffusion thermique est un problème peu coûteux numériquement). 

Dans la troisième, on introduit les méthodes de parallélisation du logiciel FORGE®. C’est dans ce cadre 

que sera adapté notre algorithme de découpe afin de pouvoir traiter des pièces de grande dimension. On 

reviendra sur les notions de partitionnement sous contraintes et notamment les deux contraintes 

principales à l’œuvre sont l’optimisation par rapport à l’équilibre des charges et par rapport à l’équilibre 

des communications. Ces derniers seront mis à profit dans la 4ème partie. L’algorithme de remaillage 

parallèle de FORGE® est aussi présenté. C’est cette base qui sera modifiée dans la section suivante.  

La quatrième partie présente les évolutions de la méthode numérique nécessaires pour permettre de 

réaliser la découpe massive de matière dans le cadre d’un calcul parallèle. Nous présentons ici la difficulté 

à retirer les nœuds d’interfaces positifs et justifie par la même occasion l’utilisation d’une boucle de 

repartitionnement afin de traiter le maillage dans son ensemble. Nous nous intéressons ensuite à la 

problématique de transport de champ qui se complexifie avec le partitionnement sur un maillage qui 

évolue beaucoup au cours de l’opération. Une autre bibliothèque du CEMEF (CIMLIB) sera ici utilisée 

pour réaliser cette opération en une fois faisant gagner 21% de temps de calcul par rapport aux 

opérations de transport historiques. 

Enfin dans la dernière partie la méthode numérique implémentée dans le logiciel FORGE® SIMP-Aero a 

été comparée à FORGE® OFELIA sur un cas de la littérature. Les deux logiciels présentent des résultats 

similaires en termes de distorsion et l’utilisation de notre méthode offre une amélioration de temps de 

calcul de l’ordre de 76% sur un maillage de 100 000 nœuds où l’on retire environ 90% de la matière 

initiale.  Dans le prochain chapitre on s’intéressera à l’utilisation de notre modèle de découpe sur les 

pièces industrielles. 
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CHAPTER 3 

SIMULATION OF LARGE 

AERONAUTICAL PARTS 

 

While the previous chapter was only dedicated to the simulation of the mesh cutting step; in this 

chapter; we will focus on the simulation of large aeronautical parts and the implementation of an 

adapted and accurate mechanical model for the description of post-machining distortions as well as the 

study of the various parameters of the process.  

First, we will present the mechanical model used during these simulations in order to solve the problem 

of balancing residual stresses from the thermo-mechanical history (the residual stresses from the cutting 

will be discussed in Chapter 5). The computation will be based on a pure elastic model, which will 

further simplify the modelling of the process presented in (Cerutti, 2014). This model reduction will help 

to save computation time.  

Then the machining of part cut in a rolled sheet of aluminium is presented. It was machined and 

measured in the SIGMA Clermont laboratory (Rebergue, 2018). A detailed comparison of the simulation 

results and the measurements on the real workpiece is presented. This section will also focus on the 

reliability of the method in relation with the evolution of some machining parameters such as offset or 

machining plan. 

Finally, the machining of a forged part will be presented. The same procedure as for the rolled part will 

be applied. The aim here is to show the robustness of the method with different types of initial residual 

stresses. In addition, thermomechanical state of forged parts can be simulated directly in FORGE®, 

which will allow the implementation of a fully chained simulation to describe the full process from the 

initial ingot to the final machined part.
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3.1 FINITE ELEMENT FORMULATION FOR MACHINING  

The work presented in this thesis is based on the finite element software FORGE® which has been 

developed in CEMEF since the 1980s. FORGE® is an implicit finite element software developed for the 

simulation of material forming using the so-called MINI element (P1+P1) with a mixed velocity-pressure 

formulation (Chenot et al., 2010). A small strain approach with the updated Lagrangian formulation is 

implemented in this software. The MINI element is a linear isoparametric tetrahedron element enriched 

with an additional “bubble” degree of freedom at its centre for the velocity field. This element ensures 

the Brezzi/Babuska stability condition of existence and uniqueness of the solution. During Xavier 

Cerutti's thesis (Cerutti, 2014), an elastic-plastic model has been considered to simulate the balancing of 

the residual stresses in the mechanical part. In this work, it has been shown that in most of the 

configuration of interest, only elastic deformation is induced during machining. In this section, the use of 

a pure elasticity model in the context of machining simulation using the FORGE® software is then 

presented. First, the evolution of the method for machining simulation is justified, then a description of 

the resolution algorithm available in FORGE® is shown and finally the proposed evolution to use a pure 

elastic model is demonstrated. The use of this model will be presented on the case of the section 2.5 to 

quickly illustrate the evolution of the computation time and the accuracy in the description of the 

distortions. 

3.1.1 JUSTIFICATION OF THE ELASTIC MODEL  

P1+/P1 processed by FORGE® is superfluous when modelling post-machining distortions. Indeed, the 

problem treated is a problem of linear elasticity. The mixed formulation used in FORGE® is introduced 

to deal efficiently with volume conservation but in our context, we can consider abandoning the mixed 

formulation currently used. In this report we will present the strategy currently used in the software and 

show what can be modified to switch to P1 modelling. All this will save a lot of computing time by 

reducing the number of unknowns of the mechanical problem and the number of iterations necessary for 

the resolution of the linear system by the PETSC library. 

3.1.2 SOLVING THE ELASTICITY PROBLEM WITH P1 VELOCITY 

FORMULATION 

In this section, the whole elastic-plastic formulation of FORGE® won’t be presented but interested 

reader can refer to (Gratacos, 1991; Aliaga, 2000) for further information. Instead, only the modified 

features will be described in order to present the modifications and adaptations of the model. 

In FORGE® the P1+/P1 mixed velocity-pressure element is used, which is the element with the smallest 

interpolation degree ensuring the Brezzi-Babuska compatibility condition. It is a linear tetrahedral 

element enriched with the so-called “bubble” degree of freedom. The pressure is therefore linear whereas 

the velocity field is decomposed into a linear and a “bubble” part as represented on the Figure 3.1. The 

problem of pure elasticity is usually solved in displacement, but it would be numerically too ambitious to 

change the MINI element used by FORGE® throughout the code. The feasibility of a formulation of 

pure elasticity in velocity was therefore studied here using the element P1 presented in Figure 3.1. 
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P1+/P1 P1 

   
Pressure velocity velocity 

Figure 3.1: The velocity and pressure degrees of freedom in a p1+/P1 formulation and a P1 

formulation 

 

3.1.2.1 Fundamental equations of the elasticity problem 

In order to solve the linear elasticity problem, the method is based on 3 hypotheses: 

I. The material studied is homogeneous 

II. Hypothesis of small displacements and small deformations 

III. Linear isotropic elasticity into the raw material 

From the hypothesis of small displacements and small deformations the 𝜀  Cauchy strain tensor 

(infinitesimal strain tensor) is expressed such as: 

 𝜀(𝑢) = (∇⃗�⃗�+ ∇⃗�⃗� ) (3.1) 

Where 𝑢	is the displacement vector and ∇⃗ the nabla3 vector operator.  

With the linear isotropic elasticity hypothesis, we can relate the 𝜀 Cauchy strain tensor and the 𝜎 stress 

tensor with the Hooke's law which is expressed as:  

 
𝜆𝑡𝑟 𝜀(�⃗�) 𝛿 + 2𝜇𝜀(�⃗�) = σ ⟺ 𝜎 = 𝜆𝑑𝑖𝑣(�⃗�)𝛿 + 2𝜇𝜀(�⃗�)𝜀 = 𝜎 − 𝑡𝑟(𝜎)𝛿  (3.2) 

Depending on  

- 𝜆, 𝜇 the Lamé’s coefficients, homogeneous to a stress 

- 𝐸, the homogeneous Young's modulus homogeneous to a pressure 

- 𝜈, the dimensionless Poisson coefficient 

- 𝛿 Identity matrix 

The fundamental expression of the mechanical problem is the momentum balance (3.4) and the mass 

conservation (3.3). 

 
3 For 𝑓(𝑀, 𝑡) a vector defined on a point 𝑀 at a time 𝑡, ∇⃗𝑓 = ⃗
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Fundamental equations  

 + ρ. 𝑑𝑖𝑣(�⃗�) = 0 (3.3) 

 𝑑𝑖𝑣(𝜎) + 𝜌 𝑓 − �⃗� = 0 (3.4) 

 

With 𝜌 the mass density, �⃗� the velocity, 𝑓 the volumetric force (gravity) and �⃗� the acceleration vector. 

In the manufacturing process modelling of large and thick aeronautical parts, the inertial and 

gravitational forces are neglected. Those parts present a significant stiffness, so the gravitation doesn’t 

affect the distortion that appear during and after the machining process. Concerning the inertial forces, 

the dynamic aspects such as the vibration of the machine are neglected in this work. Considering those 

assumptions, the Momentum balance (3.4) can be written on a Ω volume as: 

 𝑑𝑖𝑣(𝜎) = 0 (3.5) 

For a pure elastic constitutive model, the application of the elastic compressibility on the mass 

conservation equation (3.3) leads to: 

 �̇� = −𝜒𝑑𝑖𝑣(�⃗�)	 (3.6) 

With 𝜒 = ( ), the bulk modulus and �̇� the hydrostatic pressure rate. 

A new system of fundamental expression is thus described. Then, by decomposing 𝜎 into a volumetric 

and deviatoric part we can express the following strong formulation of the mechanical problem on the 

volume Ω: 

 
𝑑𝑖𝑣(𝑠 − 𝑝𝛿) = 0�̇� = −𝜒𝑑𝑖𝑣(�⃗�)  (3.7) 

with 

 
𝑠 = 2𝜇 𝜀(�⃗�) − 𝑡𝑟 𝜀(𝑢) 𝛿̇
�̇� = −𝜒𝑡𝑟 𝜀(�⃗�)  (3.8) 

For the purpose of numerical simulation, the incremental problem must be addressed so the variables 𝑠′ 
and 𝑝′ are introduced such as: 

 
𝑠 = 𝑠 + �̇�Δ𝑡𝑝 = 𝑝 + �̇�Δ𝑡 (3.9) 

With �̇� (resp. �̇�) being the partial derivation of 𝑠 (resp. 𝑝) as �̇� =  (reps. �̇� = ). We can deduce the 

following equations: 

 
�̇� = 2𝜇 𝜀(𝑣) − 𝑡𝑟 𝜀(�⃗�) 𝛿�̇� = −𝜒𝑡𝑟 𝜀(�⃗�)  (3.10) 
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Based on (3.7), the mechanical problem to be solved in the simulation thus becomes: 

 𝑑𝑖𝑣(𝑠 − 𝑝 𝛿) = 0 (3.11) 

In the next subsection the evolution of the numerical resolution method will presented. 

3.1.2.2 Resolution using the FORGE® NXT P1+/P1 formulation 

The weak formulation is a mixed velocity-pressure formulation. These two variables are considered as 

problem’s unknown after the deviatoric and volumetric decomposition of 𝜎. The functional spaces of 

cinematically admissible velocity fields 𝑉  and 𝑉  and the functional space of pressure P is introduced 

as follows: 

 

𝑉 = 𝑣 ∈ ℋ (Ω) �⃗� − 𝑣 ⃗ . 𝑛 ≤ 0	𝑜𝑛	𝛿Ω 	𝑉 = 𝑣 ∈ ℋ (Ω) �⃗�. �⃗� ≤ 0	𝑜𝑛	𝛿Ω𝑃 = ℒ (Ω)  (3.12) 

With Ω	the solid considered and δΩ  the contour of this solid in contact with the tools. 

 The weak formulation of the problem is thus obtained by multiplying the equation of the strong 

formulation (3.7) by test functions (𝑣 ∗⃗, 𝑝∗⃗) using part integration. Using the Green theorem, the problem 

becomes: 

Find (𝑣, 𝑝 ) ∈ 𝑉 × 𝑃 such as 

 ⎩⎨
⎧∫ 𝑠 : 𝜀 𝑣 ∗⃗ 𝑑𝑥 − ∫ 𝑝 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥 − ∫ 𝑇 ∙ 𝑣∗𝑑𝑠 = 0	−∫ 𝑝 − 𝑝 + 𝜒Δ𝑡𝑑𝑖𝑣(𝑣) 𝑝∗𝑑𝑥 = 0∀ 𝑣 ∗⃗, 𝑝 ∗ ∈ 𝑉 × 𝑃  (3.13) 

To solve the problem, the velocity 𝑣 is decomposed into a linear (𝑣 ∈ 𝑉 ) and a non-linear 𝑏 called the 

“bubble” velocity (𝑏 ∈ 𝐵). Moreover, the dimensioning factor:  and the homogenisation factor: ̅ are 
introduced to perform the following variable change: 

 𝑞 = ̅ 𝑝 (3.14) 

So that the final problem is described as: 

Find (𝑣, 𝑏, 𝑞′) ∈ 𝑉 × 𝐵 × 𝑃 such as  

 

⎩⎪⎪
⎨
⎪⎪⎧∫ 𝜀(�⃗�) − 𝑑𝑖𝑣(�⃗�) : 𝜀 𝑣 ∗⃗ 𝑑𝑥 − ∫ ̅ 𝑞 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥 = −∫ 𝑠: 𝜀 𝑣 ∗⃗ 𝑑𝑥
∫ 𝜀(𝑏) − 𝑑𝑖𝑣(𝑏) : 𝜀(𝑏∗)𝑑𝑥 − ∫ ̅ 𝑞 𝑑𝑖𝑣(𝑏∗)𝑑𝑥 = 0−∫ ̅ 𝑞∗(𝑑𝑖𝑣(�⃗�) + div(𝑏))𝑑𝑥 − ∫ ̅ 𝑞 𝑞∗𝑑𝑥 = − ∫ ̅ 𝑞𝑞∗𝑑𝑥∀ 𝑣 ∗⃗, 𝑏∗, 𝑝 ∗ ∈ 𝑉 × 𝐵 × 𝑃

 (3.15) 

This problem is numerically solved using the Newton-Raphson algorithm which can be written as:  
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Find 𝑣 ⃗, 𝑏 , 𝑞 ( ) ∈ 𝑉 × 𝐵 × 𝑃 such as:	 
 

⎩⎪⎨
⎪⎧𝑣 ⃗ = 𝑣 ⃗ + Δ𝑣 ⃗𝑏 = 𝑏 + Δ𝑏𝑞 ( ) = 𝑞 + Δ𝑞𝑣 ⃗, 𝑏 , 𝑞 ∈ 𝑉 × 𝐵 × 𝑃	𝑔𝑖𝑣𝑒𝑛  

Where (Δ𝑣 ⃗, Δ𝑏 , Δ𝑞 ) solution of: 

 
𝐻 + 𝐷 0 𝐻0 𝐻 + 𝐷 𝐻	 𝐻 	 𝐻 𝐻

Δ𝑣 ⃗Δ𝑏Δ𝑝 = − 𝑅𝑅𝑅  (3.16) 

With  

𝐻 = 2𝜇Δ𝑡𝜇Δ𝑡 (𝜀 𝑣 ⃗ : 𝜀 𝑣 ∗⃗ 𝑑𝑥 
𝐷 = − 2𝜇Δ𝑡𝜇Δ𝑡 . 13 𝑑𝑖𝑣 𝑣 ⃗ : 𝜀 𝑣 ∗⃗ 𝑑𝑥 
𝐻 = 1𝑙̅ 𝑞 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥 
𝐻 = 2𝜇Δ𝑡𝜇Δ𝑡 𝜀(𝑏 ): 𝜀(𝑏∗)𝑑𝑥 
𝐷 = − 2𝜇Δ𝑡𝜇Δ𝑡 . 13 𝑑𝑖𝑣(𝑏 ): 𝜀(𝑏∗)𝑑𝑥 
𝐻 = − 1𝑙 ̅ 𝑞 𝑑𝑖𝑣(𝑏∗)𝑑𝑥 
𝐻 = − 1𝜒Δ𝑡 𝜇Δ𝑡𝑙 ̅ 𝑞 𝑞 ∗ 𝑑𝑥 
𝑅 = − 2𝜇Δ𝑡𝜇Δ𝑡 𝜀 𝑣 ⃗ − 13𝑑𝑖𝑣 𝑣 ⃗ : 𝜀 𝑣 ∗⃗ 𝑑𝑥 − 1𝜇Δ𝑡 𝑠: 𝜀 𝑣 ∗⃗ 𝑑𝑥 + 1𝑙 ̅ 𝑞 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥 
𝑅 = − 2𝜇Δ𝑡𝜇Δ𝑡 𝜀(𝑏 ) − 13𝑑𝑖𝑣(𝑏 ) : 𝜀(𝑏∗) 
𝑅 = − 1𝜒Δ𝑡 𝜇Δ𝑡𝑙 ̅ 𝑞𝑞∗𝑑𝑥 + 1𝑙 ̅ 𝑞∗ 𝑑𝑖𝑣 𝑣 ⃗ + 𝑑𝑖𝑣(𝑏) 𝑑𝑥 + 1𝜒𝛥𝑡 𝜇𝛥𝑡𝑙 ̅ 𝑞 𝑞∗𝑑𝑥 
All terms specific to the P1+/P1 formulation are specified in red. 

The “bubble” term doesn’t need to be calculated as it can be condensed. Thus, the explicit calculation of 

the “bubble” term is avoided, the (3.16) system is calculated in condensed form as follows: 
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𝐻 + 𝐷 𝐻𝐻 ℎ − 𝐻 ℎ + 𝐷 𝐻 Δ𝑣Δ𝑝 = 𝑅𝑅 − 𝐻 ℎ + 𝐷 𝑅  (3.17) 

The “bubble” is acting in the elastic-plastic formulation as a stabilization term of the zero 𝐻  term. In 

the linear elasticity formulation, this term is no longer null, so the use of “bubble” stabilization is 

superfluous. Moreover, within the framework of the almost incompressible problem treated in this project 

the pressure is not independent from the velocity anymore as shown in (3.7) The mixed formulation is 

therefore not necessary to solve this problem and in the next section a numerical solution of the linear 

elasticity problem with FORGE® and P1 elements inspired by (Sallem et al., 2015) in velocity is 

described. 

3.1.2.3 Resolution using an elastic P1 formulation 

To solve the mechanical problem with P1 formulation the weak formulation (3.13) is transformed to only 

use the velocity unknown as follows: 

 ∫ 𝑠 : 𝜀(𝑣∗)𝑑𝑥 − ∫ 𝑝 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥 = 0 (3.18) 

By keeping the variable change (3.14) and the expression of (𝑠 , 𝑝 ) the problem can be written such as: 

∫ Δ𝑡. 2𝜇 𝜀(𝑣) − 𝑑𝑖𝑣 𝑣 ⃗ : 𝜀(𝑣∗)𝑑𝑥 +∫ ̅ Δ𝑡𝜒𝑑𝑖𝑣(𝑣)𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥= ∫ ̅ 𝑞. 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥 − ∫ 𝑠: 𝜀 𝑣 ∗⃗ 𝑑𝑥  (3.19) 

Considering non-linear terms arising from the contact formulation ( nodal penalty method described in 

(Chenot, Fourment and Mocellin, 2002), we solve this equation using the Newton-Raphson algorithm on 𝑣  as in 3.1.2.2: 

Find 𝑣 ⃗ ∈ 𝑉  such as  

 𝑣 ⃗ = 𝑣 ⃗ + Δ𝑣 ⃗𝑣 ∈ 𝑉 	𝑔𝑖𝑣𝑒𝑛   

With Δ𝑣 ⃗ solution of  

 [𝐻 ] Δ𝑣 ⃗ = [𝑅 ] (3.20) 

With  

 
𝐻 = ∫ Δ𝑡. 2𝜇 𝜀 𝑣 ⃗ − 𝑑𝑖𝑣(𝑣 ⃗)𝛿 : 𝜀(𝑣∗)𝑑𝑥+∫ ̅ Δ𝑡. χ	𝑑𝑖𝑣(𝑣 ⃗)𝛿. 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥  (3.21) 
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𝑅 = −∫ Δ𝑡. 2𝜇 𝜀 𝑣 ⃗ − 𝑑𝑖𝑣 𝑣 ⃗ 𝛿 : 𝜀 𝑣 ∗⃗ 𝑑𝑥−∫ ̅ Δ𝑡. χ	𝑑𝑖𝑣(𝑣 )𝛿. 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥+∫ ̅ 𝑞. 𝑑𝑖𝑣 𝑣 ∗⃗ 𝑑𝑥−∫ 𝑠: 𝜀 𝑣 ∗⃗ 𝑑𝑥
 (3.22) 

As a first test of the formulation, the standard assembly of FORGE® will be used. The software is 

sending the assembled problem to the library PETSC for resolution. In order to meet PETSC's 

parameters in the software, a 16x16 system must be transferred. To do so the Δ𝑝  is kept in the matrix 

assembly but is muted by the null residual and the Identity matrix 𝛿 as shown in the following matrix 

system: 

 𝐻 00 𝛿 Δ𝑣 ⃗Δ𝑝 = 𝑅0  (3.23) 

The computed pressure is thus false by definition and need to be calculated at each increment 

3.1.3 PRESSURE ACTUALISATION  

By using this computation method, the pressure 𝑝 can no longer be calculated directly using the 

solutions of the matrix problem. Indeed, the Δ𝑝  scalar will always be zero in the resolution of (3.23). It 

will therefore be calculated at each increment using the (3.7) expression of �̇�. This expression is naturally 

composed at the integration point of the element. The smoothing method (Kpodzo, 2014) already used in 

chapter 2 will therefore be used to transport the velocity field to the integration point (P1→P0 transfer), 

perform the �̇� calculation of this value, smooth it into P1 field (P0→P1 transfer) and add it to the 

pressure value of the previous increment following: 𝑝 = 𝑝 + �̇� ∗ Δ𝑡. 
3.1.4 EVALUATION OF THE FORMULATION ON LITERATURE CASE 

(CERUTTI AND MOCELLIN, 2015) 

The advantage of this method should be a gain in computation time solving the mechanical problem 

without losing accuracy on the predictive aspect of our model. In order to verify this hypothesis, the 

simulation presented at the end of Chapter 2 (section 2.5) was executed using a pure elastic model. 

Figure 3.2 shows the bottom line of the part after the machining of the sixth pocket. We find thus the 2 

computations presented previously and we notice that the simulation realized with the pure elastic model 

is perfectly overlaid with the one realized on FORGE® SIMP-Aero with an elastic-plastic model while no 

plasticization occurs.  
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Figure 3.2: vertical displacement of the bottom line of the workpiece during the 6th machining 

operation 

 

This result confirms that the use of a pure elastic model allows the machining problem to be properly 

addressed. In term of CPU time it represents a gain of 10% on the case presented here but is dependent 

on the size of the problem so the bigger the case, the greater the gain will be. However, it is important 

for users to pay attention when machining under specific conditions as local plasticity can still be a 

problem (Rai and Xirouchakis, 2008). 

  

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 50 100 150 200 250 300 350 400 450 500

ve
rt

ic
al

 d
is
pl

ac
em

en
t 

(m
m

)

horizontal position (mm)

Elastic pure Elastic-plastic



3.2 Confrontation of the method with experimental results 

 133 

3.2 CONFRONTATION OF THE METHOD WITH EXPERIMENTAL RESULTS 

In this section, the cutting method presented in Chapter 2, coupled with the resolution method presented 

in section 0, will be used to model the machining of a part based on a rolled plate. The results are 

compared with the measurements performed during in SIGMA as part of the SIMP-Aero project 

(Rebergue, 2018). 

3.2.1 GEOMETRY PRESENTATION  

The geometry of the part used in this section was designed during the OFELIA project (Hassini, 2015). 

It is defined in Figure 3.3. This geometry is representative of the aeronautical workpiece encountered in 

industrial environments but with a thicker pocket bottom: 9 mm. This allows the overall structure of the 

part to be stiffened. Use of smooth cutting conditions prevents the occurrence of vibration within the 

part. As the simulation did not consider this solicitation. In addition, in order to limit the effects of 

residual stresses resulting from machining, the walls thickness has been increased to 4 mm. This ensures 

that the thin walls will not have any effect on the distortions observed (see chapter 1 section 1.2.1.6.). 

 
(a) 

 
(b) 

Figure 3.3: description of the geometry of the experimental workpiece in (a) 2D and (b) picture of 

the machining final step 

 

3.2.2 MACHINING PLAN 

The part is machined from a rolled raw material of 1000x100x100 mm of aluminium 7010 supplied by 

our industrial partner: Constelium©. The residual stress map that will be used during this experiment 

was experimentally determined on another block from the same sheet provided by Constellium©. This 

measurement was carried out by the layer removal method first introduced by (Treuting and Read, 



Chapter 3: Simulation of large aeronautical parts 

 134 

1951), and the results are presented in Figure 3.4 with a 7 degrees polynomial interpolation. This 

interpolation will be used in the simulation.  

  
(a) (b) 

Figure 3.4: Normalized residual stresses distribution in a 100 mm thick (presented on half the thickness) 

7010 aluminium sheet obtained using the layer removal method with its polynomial interpolation in (a) 

Long and (b) Transvers-Long directions 

 

The cutting conditions used during machining are given in Table 3.1. 

Tool 𝑽𝒄 
(m.min-1) 

𝒇𝒛 
(mm.tr-1.tooth-1) 

𝒁 𝑽𝒇 
(mm.min-1) 

𝒂𝒑 
(mm) 

𝑵 

(tr.min-1) 

Cutter 

D32 
1000 0.1 3 2984 2 9947 

Cutter 

D100 
 

1000 
 

0.1 
 

6 
 

1911 
 

1 
 

3185 
 

Table 3.1: Cutting condition used during the machining of the BAG 10 geometry 

 

The machining of the part is carried out in 4 phases: presented in Figure 3.6:  

Phase 01: During this phase, the billet is truncated to reduce the length from 1000 to 886 mm. The 

residual stresses being constant in the long direction, this step will not need to be simulated because it 

does not modify the organization of stresses within the billet and therefore does not involve any 

distortion. 

Phase 02: A 2 mm surface milling step will be performed that will provide the lower reference surface of 

the part. During this phase, the part will be held in position by 4 clamps and positioned thanks to 1 

plane support, a straight linear composed of 2 screw heads and a punctual one thanks to a third screw 

head. This positioning will be used for all subsequent phases of the part and is shown in Figure 3.5. 
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(a) 

 

(b) 

Figure 3.5: (a) representation of the positioning system (in red) for the phase 02, 10 and 20 of 

the machining of the BAG 10 and (b) picture of the clamping system of the phase 20. 

 

Phase 10: The part is flipped over on the surface plan machined during Phase 02 and 3 operations will 

be performed: 

- A surface milling of 𝑑  mm corresponding to the offset level chosen, to place the final 

60 mm part in the 100 mm billet 

- The machining of the notches for the clamping of phase 20 

- Machining of the part legs composed of a central open pocket and 2 closed pockets at the ends 

During this operation, the clamping is always carried out by 4 clamps, and the resulting part is shown in 

Figure 3.5 (b).  

Phase 20: The part is turned upside down to be placed on the feet machined during Phase 10. The 

presence of the legs allows the part to deform towards the table and therefore to observe a greater 

variety of configuration during machining. A first surface milling of 38− 𝑑  mm allows the 

positioning of the final part in the raw sheet. In a second step the pockets of the final part are machined. 

This specific phase was observed in DIC by our partner SIGMA during the PhD work of G. Rebergue 
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(Rebergue, 2018). It consists of the removal of 9 pockets of 43 mm high and 29 mm depth for open 

pockets and a 14 mm depth for closed pockets. To maximize deformation during machining and thus 

maximize the in-situ observation, the pockets will be machined one after the other from left to right to 

obtain the final workpiece of Figure 3.6. During these passes the machining operations will be carried out 

with the cutter D32 (Table 3.1). The piece will be clamped out by 4 flanges placed on the notches 

machined during Phase 10. They are tightened with a torque wrench with a torque of 60 N.m, which 

corresponds to a force of 30 KN (using the Kellerman & Klein relation 𝐶 = 𝐾.𝐹) on the flange. 

Phase 01 

 

Phase 02 

 

Phase 10 

 

Phase 20 

 
 Figure 3.6: Representation of the 4 machining step of the BAG 10 geometry with an offset of 

20 mm. The removed material is represented in red 

 

3.2.3 NUMERICAL SIMULATION PARAMETERS 

To simulate a machining operation, 2 levels of description can be obtained from our modelling: 

- Level 0 allows us to obtain the global distortion of the part. During the Level 0, the entire 

process is not simulated, but only the release of residual stresses in the final part. The previous 

work showed that the overall distortion was mainly driven by the initial reissued stress and its 

redistribution after unclamping. The simulation is therefore simply a simulation of rebalancing 

without clamping or positioning tools. This is therefore impossible to evaluate sequence or 

clamping effect with this kind of simulation. 
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- Level 1 allows us to explain the under/over machining that takes place during the machining of 

the part, both on the bottom of the pockets and on the wall thicknesses. This effect is illustrated 

in Figure 1.29. The initial geometry shown in red deforms after the first pass of the cutter the 

initial geometry when using the second pocket therefore deviates from the reference geometry and 

the parts machined by the cutter change rising under or over machining at the walls and bottom 

of the pocket depending on the bending or twisting direction of the part. To carry out this 

simulation, it is therefore necessary to model the entire machining assembly and to use the 

iterative Algorithm 2.6 to model all the subsequent operations of the machining. This modelling 

offers results that will be compared with those obtained by DIC in terms of global deflection and 

geometry deviation. 

Phase 01 does not generate any change in the organization of residual stresses, so it will not be distorted 

and will not be simulated.  

A Level 0 simulation performed on Phase 02 shows a slight change in the residual stress field but no 

measurable influence on the overall distortion of the part. So, we won't go any further. 

The two phases that we will be interesting in for future simulations therefore are the simulations of 

Phase 10 and Phase 20. 

3.2.4  VALIDATION OF THE NUMERICAL RESULTS ON THE BAG 10 

GEOMETRY 

In this section, the machining of a BAG 10 geometry will be studied in the particular case of 20 mm 

offset. In this configuration, the floor of the final workpiece is placed to maximise the distortions. 

3.2.4.1 Post machining distortion validation  

Phase 10 has some interesting simulation features. The measurements made by CMM show that the 

machining does not have any under or over machining, which is consistent with the thickness of the part 

(low local vertical distortion). The Level 0 is sufficient on this phase. 

The results of this computation are presented in Figure 3.7.  
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Figure 3.8: Representation of the vertical displacement of the extrapolated fibre of the billet 

bottom (Appendix B) after unclamping of Phase 10 with DIC, CMM, Beam element modelling 

and FORGE® SIMP-Aero Level 0. 

 

From this first comparison, we will remember the right confidence interval for the maximum distortion 

values. Indeed, the two differ only by 0.2 mm from the CMM reference values. This result is less 

accurate than the one provided by the DIC. This difference will be attributed to the simplification of the 

physics of material removal used in our model. Indeed, we choose here to neglect the distortions due to 

the heat transfer as well as the vibrations of the machine which can lead to slight differences during the 

computation. Moreover, given the mesh size used (1 mm) in the near surface, it will be difficult for our 

software to give more accurate results unless we sacrifice a lot of CPU resources and computing time. In 

addition, the error made is less than 0.3 mm, which is completely acceptable in a roughing step that 

does not affect in any way the final shape of the part. This distortion must still be considered as the 

initial configuration of the part when clamping it for Phase 20. 

 

3.2.4.2 Validation of the method for distortions during machining with in-

situ measurements 

Phase 20 is the most important phase of the simulation since it can be compared with the results of in-

situ measurements of (Rebergue, 2018). A first simulation is performed in Level 0 in order to observe the 

possible differences between the model and the post-machining measurement.  

The initial part is the part provided by the Level 0 simulation of Phase 10. The presence of the reversal 

between Phase 20 and Phase 10 allows this hypothesis to be validated and the results presented on an 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 100 200 300 400 500 600 700 800 900

v
e
rt

ic
a
l 
d
is

to
rt

io
n
 (

m
m

)

horizontal position (mm)

Forge DIC MMT Bean model



Chapter 3: Simulation of large aeronautical parts 

 140 

unclamped part to be used. The results of this simulation are presented in Figure 3.9 with the same 

colour code as for Phase 10. Once again, the high accuracy of the DIC measurement and the beam 

element modelling is observed. Moreover, the simulation with FORGE® SIMP-Aero keeps all its 

promises as it is very close to the experimental result measured on the CMM table.  

 
Figure 3.9: representation of the vertical displacement of the extrapolated fibre of the billet 

bottom (Appendix B) after unclamping of Phase 20 with DIC, CMM, Beam element modelling 

and FORGE® SIMP-Aero Level 0 

 

A Level 1 simulation was then carried out. During this simulation, the clamping and positioning were 

fully represented. During a first simulation, presented in Figure 3.5, the clamping and positioning are 

carried out by applying a constant force of 30 KN to the flanges with tools allowing to apply a 

movement in a direction (in this case z) controlled by an effort. It is an accurate numerical 

representation of a clamping system. The residual stresses and initial geometry of this simulation come 

from the Level 0 simulation of Phase 10. During this simulation, the first deformations of the workpiece 

can be observed due to the clamping efforts and positioning constraints. Starting from this simulation, 

machining will then be carried out by successive removal of all pockets as described in Figure 3.10. 

Figure 3.11 illustrates the result of this material removal and then the unclamping of the part.  
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FORGE® SIMP-Aero 

 
DIC Measurements 

Figure 3.11: Illustration of the vertical displacement at the end of the machining of each pocket of the 

simulation. Open and close pocket of the same column are machined together.  

 

Finally and lastly, the pocket bottoms were probed at the end of machining, measured at the end of 

simulation and estimated using DIC method (the technique used for the estimation is described in 

(Rebergue, 2018)). Here again the results are very satisfying as the simulations and measurement 

methods agree as shown in Figure 3.12. These results are presented in a specific configuration, the details 

of which are set out in Appendix B. 
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On the Figure 3.12, we focus on the evaluation of the final thickness of the workpiece. In this graph, the 

points probed by the CMM on the upper side of the part are represented (the one with the pocket 

bases). There, discontinuities between pockets can be observed. These differences are due to the under-

machining and over-machining that took place during the various stages of Phase 20. In this graph we 

can see the general path of the part distortions (as a reminder, the final deflection obtained on the other 

side at Level 0 is -0.8 mm). We notice that the DIC manages to describe the distortions measured in 

CMM and that the simulation with FORGE® systematically presents an under evaluation of the 

displacements by 0.1 mm +-	 0.02 mm. The source of this difference probably comes from a physical 

phenomenon not considered by the simulation, such as the interaction of the material tool or the zone 

that is thermally affected. 

 
Figure 3.12: Illustration of the top surface of the billet after unclamping of the Phase 20 with The 

DIC, the CMM measurements and the FORGE® SIMP-Aero simulation. Only the first 6 pocket 

are represented. 

 

To conclude this 20 mm offset is that the numerical tool is efficient to account for the distortions present 

in an aeronautical part from rolling raw material and that the representation of residual stresses by a 

polynomial of degree 7 is functional for long products. These results should now be confirmed with a 

different offset.  

3.2.5 ROBUSTNESS EVALUATION WITH A DIFFERENT OFFSET PARAMETER 

In this section, the machining of a BAG 10 geometry will be studied in the particular case of 20 mm 

offset. This configuration will present different distortions from the section 3.2.4 but still with enough 

deformations to be measured by CMM and DIC. It will help to ensure that the numerical method is 

robust with regards the offset of the same workpiece. 
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3.2.5.1 Validation of the numerical results on Phase 10 and Phase 20 

To perform these simulations the parameters of the previous section have been used. The only difference 

is the placement of the final workpiece in the raw material. It changes the machining plan of the 

Phase 10 and Phase 20 surfacing. Anyhow, the Level 0 simulation is still sufficient to fully describe the 

Phase 10 as shown in Figure 3.13. The FORGE® is still very accurate with regards to the beam element 

method. Due to the increase of the distortions, the correlation is reduced between the two numerical 

method. The methods are thus sensitive to the increase of distortion amplitude. This level of distortion 

will be the starting point of the simulation of Phase 20. 

 
Figure 3.13: representation of the vertical displacement of the billet with an offset of 10 mm after 

unclamping of Phase 10. Beam element modelling and FORGE® SIMP-Aero Level 0 are 

represented. 

 

Considering the Phase 20 the simulation of Level 1 as the robustness of the Level 0 has been confirmed. 

In Figure 3.14, the top surface is represented in Beam and FORGE® SIMP-Aero simulation. The CMM 

measurements have been represented as well in crosses. It gives the reader the access to 2 pieces of 

information. First the global distortion is well represented by FORGE®  SIMP-Aero with respect to the 

CMM measurements and it confirm that the Level 1 simulation of Phase 10 was the appropriate 

starting point of the simulation. We see here that the full simulation of the process with FEM is more 

accurate than the beam model. Both the beam model and the FORGE® SIMP-aero simulation represent 

the whole top surface of the workpiece so we can see that the tops of the walls are not concerned with 

the over-machining. As for the offset of 10 mm, the simulation with our approach is over estimated the 

distortion with regards to the measurements of the CMM. 
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Figure 3.14: Illustration of the top surface of the billet after unclamping of the Phase 20 with an 

offset of 10 mm. CMM, beam element model  and the FORGE® SIMP-Aero simulation are 

represented 

 

3.2.5.2 Conclusion on offsets influence on the simulation 

To conclude, the FORGE® SIMP-Aero is robust to the offset parameter and keeps high levels of 

accuracy whatever the magnitude of the distortions. It is vital to use the methodology set up during the 

OFELIA project and discriminate two machining plans even if the distortions levels are very low. 

3.2.6 CONCLUSION ON MACHINED WORKPIECES FROM LONG PRODUCTS 

In this section, we have tested the capacity of our method on an academic part reproducing the features 

of a large aeronautical piece. On this massive workpiece, the objective was to reproduce OFELIA's 

results in a shorter computation time and by improving the robustness of the remeshing. The objective 

was achieved since FORGE® SIMP-Aero's predictions accurately described the evolution of distortions 

within the machined part. The observation of the pocket bottoms is also fully satisfying. The two offsets 

had no influence on the quality of the predictions made by our method. FORGE® SIMP-Aero can 

therefore effectively replace FORGE® OFELIA in the decision support algorithm presented by Xavier 

Cerutti (Cerutti, 2014). The method has been validated on massive machined parts from rolled product. 
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3.3 CONCLUSION ON NUMERICAL SIMULATION OF WORKPIECE 

In this section, we focused on the mechanical validation of our cutting method on two cases: one 

industrial and the other semi-industrial. This validation was divided into 2 sections. 

The first section will focus on the mechanical model to be used to simulate the machining of large 

aircraft parts. The literature and experience of our industrial partners shows that plastic deformations 

only occur in very specific machining cases. We therefore modified the resolution model initially 

implemented in FORGE® to allow it to perform a simulation with a pure elasticity model. This model is 

traditionally processed in displacement but to continue to be able to use the other functionalities of the 

software (such as penalised contact), a formulation in velocity has been implemented; moving the 

elements used from P1+/P1 to P1. As pressure is no longer one of the solutions to the problem, it is also 

being re-evaluated. This new formulation has been tested on geometry 5 of Chapter 2 to ensure its 

consistency with the elastic-plastic results. As the linear system is easier to solve, these new simulations 

are combined with a reduction in computation time of around 10%. It is this mechanical model that will 

be used for the entire subsequent phase, accompanied by the cutting algorithm developed in Chapter 2. 

In the second section, we tested our model on an academic long product example. This part comes from 

a sheet provided by Constellium© and was machined in 4 steps. Each step describes either a turning or a 

tool change to finally obtain an 886x100x60 mm part with 9 pockets 94 mm wide. The webs are not yet 

thin enough to be treated as thin walls and we can therefore continue to neglect the residual stresses 

resulting from machining. The residual stress values from the thermo-mechanical history are known. The 

machining plane selected is the one with the most distortion (chronological order by machining 1 pocket 

at a time from left to right). 2 offsets were measured (10 and 20 mm) to test the robustness of our model 

against changes in machining parameters. The results obtained in these simulation tests were compared 

to a beam model, a DIC measurement and CMM. The results for both offsets show a high level of 

correlation with the CMM considered here as a reference. These good results concern both the vertical 

distortions observed on the part and the pocket bottom thicknesses measured after unclamping of the 

part. Our method therefore makes it possible to accurately predict the distortions that occur during the 

machining of a long product.  
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3.4 RESUME EN FRANÇAIS 

Dans cette section, On s’intéressera tout particulièrement à la validation mécanique de notre méthode de 

découpe sur deux cas : l’un industriel et l’autre semi-industriel. Cette validation a été découpée en 2 

parties. 

Au cours de la première, on se penchera sur le modèle mécanique à utiliser pour simuler l’usinage de 

grandes pièces aéronautiques. La littérature et l’expérience de nos partenaires industriels montre que les 

déformations plastiques n’interviennent que dans des cas d’usinage très spécifiques. Nous avons donc 

modifié le modèle de résolution initialement implémenté dans FORGE® pour lui permettre de réaliser 

une simulation avec un modèle d’élasticité pure. Ce modèle est traditionnellement traité en déplacement 

mais pour continuer de pouvoir utiliser les autres fonctionnalités du logiciel (comme le contact pénalisé), 

une formulation en vitesse a été mise en place ; faisant passer les éléments utilisés de P1+/P1 à P1/P1. 

La pression n’étant plus une des solutions du problème, elle est réévaluée par ailleurs. Cette nouvelle 

formulation a été testée sur la géométrie 5 du chapitre 2 afin de garantir sa cohérence avec les résultats 

elasto-plastiques. Le système linéaire étant plus simple à résoudre ces nouvelles simulations 

s’accompagnent d’une réduction de temps de calcul de l’ordre de 10%. C’est ce modèle mécanique qui 

sera utilisé pour toute la suite accompagnée de l’algorithme de découpe développé au chapitre 2. 

Dans une seconde partie, nous avons testé notre modèle sur un produit long. Cette pièce est issue d’une 

tôle fournie par Constellium© et a été usinée en 4 étapes. Chaque étape décrivant soit un retournement 

soit un changement d’outil pour finalement obtenir une pièce de 886x100x60 mm possédant 9 poches de 

94 mm de large. Les voiles ne sont pas encore suffisamment fins pour être traités comme des parois 

minces et nous pouvons donc continuer de négliger les contraintes résiduelles issues de l’usinage. Les 

valeurs de contraintes résiduelles issues de l’histoire thermomécanique sont, elles, connues. Ces dernières 

seront approximées par des polynômes de degré 7. Le plan d’usinage retenu est celui offrant le plus de 

distorsion (ordre chronologique en usinant 1 poche à la fois de gauche à droite). 2 offsets ont été mesurés 

(10 et 20 mm) afin de tester la robustesse de notre modèle face à des changements de paramètres 

d’usinage. Les résultats obtenus lors de ces essais de simulation ont été comparés à un modèle poutre, 

une mesure par DIC et de la MMC. Les résultats pour les deux offsets présentent un fort niveau de 

corrélation avec la MMC considérée ici comme référence. Ces bons résultats concernent à la fois les 

distorsions verticales observées sur la pièce et les épaisseurs de fond de poche mesurées après débridage 

de la pièce. Notre méthode permet donc de prédire avec précision les distorsions qui apparaissent au 

cours de l’usinage d’un produit long.  
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CHAPTER 4 

NEW APPROACH FOR THE 

SIMULATION OF THIN WALLS IN 

MACHINING 

 

The previous chapter was dedicated to demonstrate the feasibility of the simulation of massive part 

machining using the new remeshing/cutting method and the new pure elasticity model. Using this new 

algorithm greatly reduces computation times, which offers the opportunity to address the problem of 

thin walls, which has so far been avoided in methods using massive material removal.  

In this chapter we will therefore present the numerical locks that prevented the simulation of thin walls 

and the introduction of residual stresses from machining into our models, as well as the numerical 

method that we have chosen to overcome them. This approach will take maximum advantage of the 

numerical methods presented in chapters 2 and 0.  

In a second step we will compare this numerical method with a recent case in the literature. In this 

project we will study the deformation of a plate subjected to a single surface milling operation 

(Madariaga et al., 2018), which will allow us to conclude on the importance of simulating thin walls and 

residual stresses from machining to obtain exact magnitudes.  

Finally, we will present the results of the study of an academic piece produced in partnership with the 

Mondragon University. During a two-month exchange funded by the ESAFORM 2019 mobility grant 

This part presents the characteristics of an aeronautical part (long product, high material removal rate) 

made of aluminium. By controlling the machining of this part, we were able to measure the residual 

stresses in the thin walls and thus simulate its machining. This simulation will then be compared with 

experimental measurement results to conclude on the feasibility of simulating machining of thin-walled 

parts. 
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4 NEW APPROACH FOR THE SIMULATION OF THIN 

WALLS IN MACHINING 
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4.1 NUMERICAL LOCKS FOR THE SIMULATION OF THIN WALL IN 

MACHINED PARTS 

In chapters 2 and 0 the dissertation focused on the reproduction of OFELIA's results by changing the 

numerical model both from the perspective of mechanical resolution and cutting algorithm. These 

developments will be very useful in order to overcome the numerical locks presented by thin-wall 

machining, which are discussed below. 

4.1.1 MAGNITUDE & DEPTH DIFFERENCE BETWEEN THE TWO SOURCES 

OF RESIDUAL STRESS 

During the resolution of the machining problem, two physical phenomena are to be addressed: residual 

stresses from the thermomechanical history (presented in section 1.2.1.3) and stresses from machining 

(presented in section 1.2.1.5). These two constraints have a significant influence on the distortions found 

in thin walls but show great disparities.  

The first concerns the depths affected: indeed, the residual stress gradient resulting from machining 

evolves over a hundred micrometres where those resulting from shaping evolve over several centimetres 

as shown in Figure 4.1. On this graph, the residual stresses resulting from machining act as Dirac (dark 

blue zone of interest) compared to the type I stress resulting from shaping (red zone of interest). This is 

a difference of 2 orders of magnitude in values and 5 orders of magnitude in depth. It results numerically 

in the need to drastically reduce the mesh size in the near surface to capture these residual stresses and 

predict their influences on distortions. 
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consideration of residual stresses is not anecdotal in the case of thin walls according to the observed 

displacement (-0.261 mm) and can be simulated despite the very thin affected area. 

The second difficulty is to manage the disparity of amplitude between inherited and induced residual 

stresses simultaneously: induced residual stresses have much larger amplitudes than inherited residual 

stresses, about 2 orders of magnitude. Their influence is therefore important for thin walls. As part of our 

study, we use the previous geometry and varied the wall thickness by keeping the small mesh size of 

50 µm. Looking at the results presented in Figure 4.5, it can be seen that the effects of residual stresses 

fade after 4 mm thickness of the wall. This conclusion only concerns this specific tool/material pair with 

the fixed cutting parameters used to obtain these residual stresses. It would have to be reassessed for any 

other use, but it confirms that the residual stresses don’t always need to be simulated. Indeed, during 

these simulations, it will be necessary by all means to try to reduce unnecessary computation times. 

 

Figure 4.4: Maximum horizontal displacement of the top of the thin wall as function of the mesh 

size used in both ABAQUS® and FORGE®  
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Figure 4.5: Maximum horizontal displacement of the top of the thin wall as function of the total 

thickness of the wall performed on ABAQUS® 

 

4.1.3 EVOLUTION OF THE COMPUTATION TIME FOR THE SIMULATION OF 

THIN WALLS 

The second major constraint of this type of machining simulation is computation time. The increase in 

the number of nodes (resp. elements) coming from the mesh refinement in the simulation shown in 

Figure 4.4 resulted in an increase in the computation time of 77 511%, increasing the calculation time 

from 18 s for a mesh size of 300 µm to 13970 s (3h 52 Mn 50s) for a mesh size of 10 µm. These 

computation times can become totally prohibitive for an industrial application. The use of adaptive mesh 

and ensure the need to simulate residual stresses will make it possible to drastically reduce computation 

times according to the problems to be solved and the parts studied. The method used in this dissertation 

and the tests to validate it are presented in the following sections. 
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4.2 NUMERICAL APPROACH WITH RESIDUAL STRESSES INDUCED BY 

MACHINING 

Based on the results and developments of the previous chapters, this dissertation proposes a method to 

deal with residual stresses from machining based on mesh adaptation and localized stress mapping. 

4.2.1 MESH ADAPTATION  

As described in section 2.2.5, the residual stresses must be introduced in the near-surface before the 

calculation phase of Algorithm 2.12. However, since residual stresses only affect 300 µm and machining 

steps generally remove several mm of material, it seems unnecessary to simulate residual stresses on all 

phases of part machining. In this manuscript, residual stresses will only be added for phases where the 

final faces of parts will be machined. They will be called finishing steps.  

For these simulated phases, the mesh adaptation described in Algorithm 2.6 will be used. Instead of 

reducing the near area of the level-set to the ℎ /5 (see section 2.2), the mesh size will be reduced up 

to 100 µm, which is the size adapted to catch the induced residual stresses. The mesh size can be 

reduced by a factor of 3 in a thickness equivalent to at least one mesh size of the initial mesh. The 

algorithm will therefore use the same parameters as for the simulation in Chapter 2 but using much more 

severe mesh size reduction values. The number of iterations to perform adaptive remeshing will therefore 

increase from 3 in chapter 2 to 200 iterations. During an adaptive remeshing, the algorithm aims to 

obtain the mesh presented in Figure 4.6.  

  

(a) (b) 

Figure 4.6: Illustration of the obtained mesh after local mesh adaptation with (a) the original mesh 

with 5 mm mesh size and (b) the refined one with a local mesh size of 0.1 mm in the centre 

 

This adapted mesh can now carry accurately the residual stresses as it now finer than the characteristic 

length of the residual stresses’ gradient. 
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4.2.2 INTRODUCING RESIDUAL STRESSES IN THE SIMULATION 

Based on the developments carried out by (Denkena and Dreier, 2014), simulation of residual stresses 

resulting from machining will be simplified. In these studies, the authors showed that a coarse 

description of the stress field with 2 values is sufficient to simulate the residual stresses resulting from 

machining as shown on Figure 4.7. 

 

Figure 4.7: Discretisation of the residual stresses induced by machining, reproduced from 

(Denkena and Dreier, 2015) 

 

With those two operations (severe local mesh adaptation and single discretisation of the induced residual 

stresses) we can define a new level of precision to our simulation:  

- Level 2: allows us to consider the residual stresses induced by machining and the distortions that 

occurred due to the solicitations they provoke. Based on the Level 1 simulation, an adaptive 

remeshing step is added for each “finishing” surface. The residual stresses as they are dependent 

on the cutting parameters have to be measured on a real part or evaluated with a local cutting 

model. Then using the (Denkena and Dreier, 2014) representation, they are mapped into the 

adapted mesh and available for computation using the FORGE® SIMP-Aero solver. This 

enriched version of the Level 1 should lead to very accurate information on the under/over 

machining in thin walls.  

In the Algorithm 4.1, the subroutine that actually adds the residual stresses issued from machining is 

presented. During a mechanical computation increment the mesh has already been adapted as shown in 

Figure 4.6. The level set is computed again on this very mesh and the normal is calculated. The residual 

stresses are added as such: 

- into 2 directions according to the normal of the level-set (𝜎  and 𝜎 ) residual stresses are added 

as a single value to the existing “STRESSTENSOR” variable. 

- The values are given by the user according to the literature or measurements performed on the 

workpiece	
- The depth affected by those residual stresses is also given by the user. According to literature 

those residual stresses cannot overcome in more than 400 µm	
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4.3.2 SIMULATION SET UP  

In order to perform this simulation with the FORGE® software and the algorithm adapted for residual 

stress, the following protocol was implemented: 

- Perform a Level 1 simulation without residual stresses from machining and only with the stresses 

resulting from the previous manufacturing steps; 

- Perform a Level 2 simulation including residual stresses from machining to observe differences; 

The material used is AL 7175-T7351 and the residual stresses are measured with the Prime’s contour 

method (Prime, 2001). In their article, the authors have not measured or modelled the behaviour of the 

workpiece during machining so, in the FORGE® SIMP-Aero simulation, the clamping system won’t be 

represented. 

4.3.3 RESULTS AND DISCUSSION 

In order to compare the results, we have reproduced, using the SIMP-Aero software, the 3 simulations 

presented in the publication. The first graph (Figure 4.10 (a)) represents the simulation of the 

unclamped part without residual stresses from machining. It is obvious here that the calculated values do 

not make it possible to describe reality since the deflection occurs here in the wrong direction. The other 

two graphs (Figure 4.10 (b) and (c)) represent the two machining conditions tested in the publication 

(Table 4.1). 

Test Cutting speed 
(m.min-1) 

Feed 
(mm.tooth-1) 

Depth of cut 
(mm) 

Coolant 

Roughing 275 0.15 1 No 
Finishing A 275 0.15 0.25 No 
Finishing B 550 0.15 0.5 No 

Table 4.1: face milling condition, reproduced from (Madariaga et al., 2018) 

 

On each graph, the simulation results with FORGE® SIMP-Aero are represented in full line and 
compared with the results of the ABAQUS study and the measurements made on the machined part 
(Madariaga et al., 2018) in dotted line. 

The simulations carried out give equivalent results between the ABAQUS® simulations (Madariaga et 

al., 2018) and those carried out at CEMEF. On the Figure 4.10 (b) though, the FEM simulation fit the 

Test A Exp_1 curve where the simulation performed by FORGE® SIMP-Aero fit the Test A Exp_2. 

The variability in the measurements is linked to the cutting conditions that are less severe in the Test A 

than in the Test B. Indeed, these severe conditions can lead to other disturbance during the machining 

(such as vibration of the machine) that also lead to non-conformity. This is a first confirmation that our 

software is able to simulate the machining of workpieces considering the residual stresses induced by the 

machining itself. We use here the maximum size acceptable with the hypothesis of our model (5 elements 

in the thickness of the affected area) and the results are close to the measurements of the article, so we 
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have decided not to compute the experiment with elements of less than 100 µm. Those good predictions 

will be confirmed in the next section. 
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(a) 

 

(b) 

 

(c) 

Figure 4.10: Vertical displacement of the plate after the surface milling in 3 conditions (a) the 

simulation without residual stresses induced by machining, (b) the test A and (c) the test B of 

(Madariaga et al., 2018) 
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4.4 STUDY OF AN AERONAUTICAL PART WITH RS INDUCED BY 

MACHINING 

As part of collaboration with the Mondragon University (Mondragon Unibertsitatea) and Pr. Arrazzola's 

team, we were able to machine a small part with thin sails. This part will allow us to validate our model 

by integrating all the parts of our developments:  

- Cutting algorithm  

- Pure elastic modelling  

- Polynomial modelling of residual stresses of the shaping (long product) 

- Integration of residual stresses resulting from machining in the finishing phases 

We will first begin with the presentation of the geometry. 

4.4.1 PRESENTATION OF THE ACADEMIC CASE 

The workpiece machined in this section follows the part dimensioning guidelines of section 3.2.1. It is 

smaller in size (400 mm long) but still allows distortions to be observed during the machining phase. It 

consists of 3 open pockets (symmetrical with respect to the centre of the part). These pockets are 

attached to a wall in the long direction, which will allow observing torsional phenomena during the 

machining process. The sails present in the part are also of smaller thickness (3 mm) to be able to 

observe distortions related to the machining of thin walls and thus compare the results of our modelling 

with a less academic case than a surfaced sheet metal. The geometry of the final part is illustrated in 

Figure 4.11.  

 

Figure 4.11: Illustration of the part geometry machined and measured in Mondragon University to 

compare and validate the respective approaches 

 

This part is issued from two sheets of aluminium whose residual stresses are known and will be 

represented by a polynomial function shown in Figure 4.12. Indeed, since the sheet used has the 

properties of a long product, it is legitimate to use the polynomial model used in chapter 2. These 

residual stresses were measured by Mondragon's teams on a specimen from the same sheet using the 
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Prime’s contour method (Prime, 2001). In both cases the 𝜎  field isn’t symmetric with the middle of the 

plate. It can be associated to an error of measurement as the manufacturing process is fully symmetric. 

In our simulation, only half of the curve will be introduced and then made symmetrical. We chose to 

preserve the first half of each curve as it is the most precise measurements (when most of the material 

was still in the workpiece). 

  

(a) (b) 

Figure 4.12: Polynomial interpolation of residual stresses distribution in a 100 mm thick aluminium sheet 

obtained using the layer removal method in (a) aluminium 7475 T7351 and (b) 7050 T7351 

 

The machining of this part will be done in 3 steps:  

Phase 0: the initial billet is a block of 400×100×40 mm3 and it will be surfaced by 1 mm to guarantee 

the flatness of the initial surface 

Phase 1: Following a reversal, two 3 mm surfacing operations correct the part's altitude error. The "ears" 

are then machined in 3 steps of 4 mm depth and then a finishing step will be carried out with a depth of 

1 mm. 

Phase 2: The clamping is modified to obtain the assembly shown in Figure 4.13. The upper surface of the 

part is finished by surfacing it with a 1 mm surface. Each pocket is then made in 4 passes of 6 mm. The 

machining plane used is the one that maximizes distortion (each pocket one by one from left to right) as 

shown in Figure 4.14. Finally, a 0.5 mm finishing step is added. 
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For all the identified surfaces, the machining-induced residual stresses were measured at the centre of the 

machined surfaces employing the hole drilling technique given in the ASTM-E357. As residual stresses 

generated by machining processes are locked in a very shallow layer, the fine increment drilling 

procedure developed in (Grant et al., 2006) was followed. The surfaces were prepared for gauge 

installation: 

- Applying a degreasing process using acetone; 

- Wiping with 1000 grade abrasive paper (using light hand pressure); 

- Following by the surface conditioning with water-based acid surface cleaner; 

- Neutralisation employing water-based alkaline surface cleaner; 

After that, Vishay Measurement Group target strain gauges EA-06-031RE-120 were bonded in the 

centreline of the specimens. The tests were performed employing a Restan MTS3000 machine, using a 

high-speed air turbine and drill bits of 0.8 mm diameter. The experimental set-up can be observed in 

Figure 4.19 Strains were recorded in a HBM data acquisition system after each increment. Finally, the 

residual stress profiles were calculated by the procedure given in the ASTM-E357. 

  

(a) (b) 

Figure 4.19: Illustration of the experimental set-up with (a) the hole-drilling set up and (b) the gauge 

used to measure the distortion 

 

The results of these measurements for aluminium part 7475 give the results presented in Figure 4.20. 

These results are very interesting because they highlight the importance of cutting conditions in the 

occurrence of residual stresses and their intensity. First of all, we will notice that this set of curve has 

the expected general shape and decreases very quickly to negligible values above 400 µm. This is in 

accordance with the various cases in the literature already mentioned (Ulutan, Erdem Alaca and 

Lazoglu, 2007; Dreier and Denkena, 2014). 

However, it should be noted that the values recorded during the machining of the pockets (walls and 

pocket bottoms) are of very low amplitude (-30 MPa) while those recorded at gauge 1 on the back of the 

part obtain more commonly represented values of -150 MPa. The cutting conditions used during this 

machining were not very severe during Phase 2 to limit vibrations and prevent the part from 
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compromising the clamping due to its asymmetry. Clamping is actually only performed on one side of 

the part as shown in Figure 4.13. These soft cutting conditions result in low amplitude residual stresses 

that will have little influence on part distortion. On the other hand, the backside of the part has high 

residual stress values which, given the thickness of the pocket bottom (5 mm), may cause the part to 

bend during its final unclamping. If neglected they lead to false distortions as detailed in Figure 4.24, we 

therefore decided to consider these residual stresses when simulating Phase 2. 

 

Figure 4.20: Measured values of residual stresses on the Aluminium 7475 specimen in transverse 

direction in 3 different locations of the part 

 

4.4.3.2 Measurement of the distortion 

For this part, the DIC method (Rebergue, 2018) used in Chapter 2, could not be applied, first because it 

wasn’t available on the Mondragon site and then because the twisting movement of the workpiece would 

have taken it out of the camera's focal plane. The distortion measurements were therefore carried out 

using a CMM, the set-up is shown in Figure 4.21. The results of these measurements will be discussed in 

the next section and compared with the results of the numerical simulations. 
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Figure 4.21: CMM set-up for the evaluation of the distortion in the aluminium 7475 workpiece 

4.4.4 COMPARISON WITH THE SIMULATION  

As mentioned in section 4.2.2, residual stresses from machining are added to the simulation using 

subroutines on a depth of 150 µm. The values used for the different areas to be machined are presented 

in Table 4.3. 

Surface Residual stresses in transverse direction (MPa) 

Backside -150 
Web -30 
Pocket bottom -50 
Table 4.3: Values of the residual stresses in the transverse direction used for 

the simulation of the finishing steps. These values are imposed on a 250 µm 

thickness 

 

As the backside of the part was machined during Phase 0, it does not correspond to any finishing 

machining for this part. The mesh size was therefore adapted heterogeneously at the bottom of the part 

manually as shown in Figure 4.22, which allowed us to manually add the residual stresses within this 

surface. The residual stresses induced by machining are therefore present in the backside of the part as a 

starting parameter of the simulation but force us to start with 2,633,644 nodes instead of the 43,081 

nodes in a Level 1 simulation. 
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reversed as in the simulation of the (Madariaga et al., 2018) plate presented in section 0. Residual 

stresses are of crucial importance here as they allow the simulation to correctly describe the measured 

reality as shown in red (inherited + induced). 

 

Figure 4.24: Vertical displacement of the backside of the workpiece taken in the middle of the 

workpiece for the simulations. In square, the CMM measurements; in red a simulation using 

induced and inherited residual stresses; in dotted points a simulation using only inherited 

residual stresses; in blue a simulation using the inherited residual stresses and only the induced 

residual stresses in the backside. 

 

As mentioned above, the computation time required to process the machining problem are extremely 

high with 163 h for the Level 2 computation, mainly due to the size mesh adaptation and the increase of 

nodes number. These durations are not reasonable in the context of an industrial computation. It should 

also be remembered that the residual stresses resulting from the machining present in the walls and 

pocket bottoms are of low intensity (<100 MPa) to analyse the influence of these stresses, we have 

simulated the same part without the residual stresses issued from the machining of the walls and pocket 

bottoms and taking into account only the residual stresses present on the back of the part and resulting 

from the shaping (for a final computation time of 105 h). This adaptation avoids the need to carry out 

steps 10 and 11 costly in terms of computation time. The result presented in Figure 4.24 in blue 

(inherited + induced backside) shows that the curve does not deviate from the previous simulation and 

always allows to describe the reality. This confirms the hypothesis that low intensity residual stresses 

simply have no influence on post-machining distortions and therefore do not need to be simulated. On 

the contrary those on the backside of the workpiece are critical for the simulation as they change the 

direction of the distortion. A further study comparing the level of distortion, the magnitude of the 

residual stresses and the thickness of the material will be needed to conclude on the necessity for the 

simulation to use the Level 2. The magnitude variability between induced residual stresses, mainly due 

to the cutting conditions and the tool-material pair, cannot be determined analytically before machining. 
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In order to carry out the most reasonable simulations possible, it will therefore be necessary to test its 

cutting conditions upstream in order to evaluate the residual stresses in the various walls. Their 

evaluation will then determine whether or not the finishing step needs to be simulated.  

During this machining process, it is realized that the roughing step is the step that has most influenced 

the final distortion of the part. This operation is generally neglected during simulations because the part 

is too thick at this time to show distortions. This study shows that machinists must also remain vigilant 

about the machining of products during each stage of manufacturing. 
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4.5 CONCLUSION AND DISCUSSION 

In this chapter, we are particularly interested in the application of our developments to the simulation of 

thin walls on aluminium aeronautical parts. This application is presented in 4 sections:  

The first focus on the numerical locks that have prevented the simulation of thin walls in numerical 

simulations of machining using the massive material removal method. In particular, it should be noted 

that the additional distortions are caused by residual stresses from machining and that these are only 

present over a very thin material thickness (< 400 µm). To be processed in our simulations, we must 

adapt the mesh to drastically reduce it around the machining surfaces (mesh size < 100 µm). This 

reduction is a costly operation in terms of calculation time due to: 

- The parallel remeshing operation; 

- The increase in the number of nodes in the simulation; 

In a second section, we describe the approach used to deal with the problem of residual stresses resulting 

from machining using the numerical tools previously developed. Local adaptation of mesh size takes best 

advantage of the iterative remeshing developed in Chapter 2 and the use of FORGE® subroutines allow 

residual stresses to be introduced into the simulation on to this locally adapted mesh. The work of 

reducing computation time undertaken in chapters 2 and 0 avoid prohibitive computation times.  

Once finalized, this model was tested on a case of the literature (Madariaga et al., 2018). In this case, the 

surfacing of an aluminium plate is performed. By using the data from the article, we were able to 

accurately reproduce the behaviour of the plate. The results are all the more interesting because they 

were also confronted with simulations carried out on ABAQUS, thus reinforcing the robustness of our 

model. 

Finally, we have designed, machined and measured an industrial part with the characteristics of an 

aeronautical part and thin walls. This allows us to perform machining in a controlled environment and to 

perform all the necessary measurements to feed the simulation. The results are very encouraging since 

the simulation is able to reproduce the post-machining distortions of the part. During this simulation, a 

large inequality was observed between the amplitudes of the different areas presenting residual stresses. 

It is reasonable to assume that below 100 MPa, these have significative less influence on thin wall 

distortions and therefore have no interest in being simulated in order to reduce calculation times. This 

conclusion applies only to aluminium alloys for walls of 3 mm or more.  
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4.6 RESUME EN FRANÇAIS 

Dans ce chapitre, on s’intéresse tout particulièrement à l’application des développements précédents à la 

simulation de l'usinage de pièces aéronautiques en aluminium présentant des parois. Les résultats sont 

présentés en 4 parties :  

Dans la première, on s’intéressera aux verrous numériques qui empêchaient jusqu’à maintenant la 

simulation des parois minces dans les simulations numériques de l’usinage utilisant la méthode de 

l’enlèvement massif de matière. On remarque en particulier que les distorsions supplémentaires 

proviennent des contraintes résiduelles issues de l’usinage et que ces dernières ne sont présentes que sur 

une très faible épaisseur de matière (< 400 µm). Pour les traiter dans nos simulations on doit adapter le 

maillage pour le réduire drastiquement autour des surfaces d’usinage (< 100 µm). Cette réduction est 

une opération couteuse en temps de calcul à cause de : 

- L’opération de remaillage parallèle ; 

- L’augmentation du nombre de nœuds dans la simulation ; 

Dans une seconde section on décrira l’approche utilisée pour traiter le problème des contraintes 

résiduelles issues de l’usinage à l’aide des outils numériques précédemment développés. L’adaptation 

locale de taille de maille tirera meilleur parti du remaillage itératif développé au chapitre 2 et l’utilisation 

de subroutines FORGE® permettra d’insérer les contraintes résiduelles au sein de la simulation sur ce 

maillage localement adapté. Le travail de réduction de temps de calcul entrepris au chapitre 2 et 3 nous 

évitera des temps de calculs prohibitifs.  

Une fois finalisé, ce modèle a été testé sur un cas de la littérature (Madariaga et al., 2018). Dans ce 

dernier on réalise le surfaçage d’une plaque d’aluminium. En utilisant les données de l’article nous avons 

pu reproduire fidèlement le comportement de la plaque. Les résultats sont d’autant plus intéressants 

qu’ils ont aussi été confrontés à des simulations réalisées sur ABAQUS et des essais renforçant ainsi la 

robustesse de notre modèle. 

Enfin nous avons réalisé une pièce industrielle présentant les caractéristiques d’une pièce aéronautique 

avec des parois minces. Cette dernière nous permet de réaliser un usinage en environnement contrôlé et 

de réaliser l’ensemble des mesures nécessaires pour nourrir la simulation. Les résultats sont très 

encourageants puisque la simulation arrive à reproduire les distorsions post-usinage de la pièce. Lors de 

cette simulation on a remarqué une grande inégalité entre les amplitudes des différentes zones présentant 

des contraintes résiduelles. On peut raisonnablement penser qu’en dessous de 100 MPa ces dernières 

n’ont que peu d’influence sur les distorsions de la paroi mince et n’ont donc pas intérêt à être simulées 

afin de réduire les temps de calcul. Cette conclusion n’est valable que pour des alliages d’aluminium pour 

des parois de 3 mm ou plus.  
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CONCLUSION AND PERSPECTIVES 

CONCLUSION  

Within the framework of this thesis project, we were interested in the simulation of machining and 

particularly in the one of thin walls in large dimension aeronautical parts made of aluminium alloy. As 

this work is a continuation of the OFELIA project, it is a natural consequence that we used the software 

developed by X. Cerruti (Cerutti, 2014) as a starting point. We have thus based our work on 3 

hypotheses:  

- Residual stresses issued from forming are the main causes of post-machining non-conformity of 

industrial parts.  

- Thermal interactions and tool-material interaction can be neglected when machining solid 

aluminium parts. 

- The clamping of the part as well as the machining range have a significant importance in the 

final distortion of the part. 

The literature review and preliminary tests carried out on FORGE® OFELIA showed that a new 

approach needed to allow the treatment of thin walls. Indeed, in the context of thin walls a 4th 

hypothesis must be added:  

- The residual stresses resulting from machining have an influence on the distortions of thin walls.  

This raises the issue of the insertion of residual stresses into the simulation. Indeed, the depth affected by 

the latter does not exceed 200 µm. The meshes proposed in OFELIA's machining simulations do not 

allow such a difference in magnitude and depth to be treated.  

The problem was therefore tackled in two stages:  

- first of all, to drastically reduce calculation times by proposing a new numerical method for 

solving the machining problem of massive aluminium parts,  

- then the application of this new method of resolution to a case of a part with thin walls.  

In order to reduce calculation times, the cutting and remeshing method used for the cutting algorithm 

has been completely redesigned. First of all, a new mesh library was used and adapted to mesh cutting as 

part of the FORGE® software. A lot of work has been done to make this library compatible with parallel 

computing. Then, the FORGE® remeshing algorithm was redesigned to allow fast successive remeshing, 

essential to capture residual stresses issued by machining.  

Then, the resolution algorithm was modified to make it more suitable for machining. When machining by 

massive material removal, the historical FORGE® (elastic-plastic) resolution method is superfluous 

because the problem can be treated by a pure elasticity model (no plasticity appears during massive part 

machining). A new pure velocity elasticity model has therefore been added to FORGE® to reduce the 

complexity of the system. These two major modifications were first tested on cases treated during X. 
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Cerutti’s thesis cases to ensure that the results were always in line with those using the FORGE® 

OFELIA software. In a second step we compared our results with a real case study machined and 

measured as part of G. Rebergue's thesis work (Rebergue, 2018) at SIGMA, CEMEF's partner in the 

SIMP-Aero project. The results were sufficiently satisfactory to proceed to the simulation of thin walls. 

 

In a second step, we adapted the previous algorithm to be able to add the residual stresses from 

machining, which are essential to obtain accurate results during our simulations. First of all, the mesh is 

adapted to become extremely fine along the walls to be able to receive the residual stresses. These are 

difficult to calculate and we have therefore chosen to ask for the help of Mondragon University to 

produce a specific aluminium part with thin walls. The residual stresses present in these walls were 

measured and added to the simulation using subroutine. The results obtained on this part are 

satisfactory and promising for improving the measurement of residual stresses from machining.  

 

PERSPECTIVES 

As described above, this thesis is the continuation of work started with the OFELIA project in 2014. 

During this work, particular emphasis was placed on the numerical part of the machining simulation, but 

improvements still need to be considered to enable this method to meet the requirements of the industry 

In order to reduce the calculation time, a new cutting method has been implemented. Its numerical 

optimization and the use of an external library allows it to handle a cutting problem faster than 

FORGE® OFELIA. In doing so, the robustness of the method is in fact less guaranteed on certain 

geometries and partitioning. If an industrial application is engaged, it will therefore be necessary to 

improve this digital robustness beforehand to avoid failures on the calculation of large parts. 

This new cutting method is also compatible with parallel computing but has several major drawbacks 

related to partitioning. As shown in Chapter 2, cutting in a parallel environment requires specific 

processing. The fact of drastically adapting the mesh size in Chapter 4  raises a new problem in the case 

of this parallelization. Indeed, the number of nodes increases significantly to consider residual stresses. A 

simple solution to deal with the parallelization problem would be to increase the number of processors at 

the beginning of the simulation to obtain a sufficient number of cpu during the finishing phases. 

Unfortunately, the cutting problem cannot be solved in the first stages of machining if the number of 

processors is too large. Indeed, the number of interface nodes will be too large to allow the least mobility 

to the mesh and it will therefore not be able to be cut correctly. One solution would be to automatically 

adapt the number of processors before the finishing steps, which would speed up the computation of the 

last steps of our simulation.  

The model change was made in the frameworks of FORGE® which usually deals with an elastic-plastic 

problem using the mini element P1+/P1. The resolution implemented during this work uses P1/P1 

elements to respect the numerical structure inherent in FORGE®. It already simplifies the digital system 
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to be solved but is not optimal. Indeed, based on the equations presented in chapter 3, we could modify 

FORGE® again in order to use an element P1 (pure velocity) which would further reduce the size of the 

system to be solved and thus the calculation time.  

The mechanical problem also needs to be addressed. In this work, a numerical method is presented to 

simulate the machining of solid aluminium parts. A sensitivity study on specific parts with less 

conventional geometries will test the limits of the simulation. In addition, the heat exchanges between 

the part and the tool must be confronted with extreme cutting conditions in order to verify that the 

orders of magnitude given by the software remain consistent with experience. Once its verifications have 

been carried out, the numerical method presented in this manuscript can be used in decision algorithms 

(SIMP-Aero project) as a verification tool. 

The correlation with DIC has only been verified on one workpiece further study on other shapes and 

other material could increase the understanding of the phenomena that leads to differences. By doing so, 

we could increase the correlation level between the two methods. 

The simulation of an industrial Forged part in an end-to-end simulation could have been interesting to 

confirm the feasibility of such a part and verify the robustness of the approach on industrial geometries. 

The use of a forged part can also confirm that this numerical method is also effective when dealing with 

non-symmetric residual stresses. The development of a method to perform a forge and machining 

simulation in synergy will allow a better optimization of manufacturing processes. 

In the context of thin-wall simulation, the simulation of workpieces with residual stresses from machining 

is extremely expensive. Indeed, the reduction in mesh size required to capture residual stresses (as a 

reminder, less than 100 µm) significantly increases the size of the system to be treated. It would 

therefore be appropriate to carry out a campaign to determine from which thickness and under which 

machining conditions the simulation of residual stresses resulting from machining becomes essential.  
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APPENDIX A 

SIMP-AERO PROJECT 

In this appendix, the partners as well as the five principal tasks of the project are presented. 

INDUSTRIAL PARTNERS 

 

Aubert & Duval (A&D), a company of the Eramet Group, designs advanced 

metallurgical solutions in the form of parts or long products for projects in the 

most demanding industries: aeronautics, energy, industrial tool steels, motor 

racing, medical, etc. The core of their business consists in Developing, 

Elaborating and Hot Processing (forging, die-casting and rolling, casting or powder metallurgy) of special 

steels, superalloys, aluminium alloys and titanium alloys, to meet the most demanding specifications of 

their customers. In the case of nickel-based steels and superalloys, A&D is an integrated producer: it 

produces the grades, and transforms the ingots into bars, forged parts or forged parts. In the case of 

titanium and aluminium alloys, A&D purchases ingots or billets from processors and acts as a 

"blacksmith" of forged unit parts, or forged parts. 

The company has 3500 employees and is located on 10 industrial sites. 

 

Opened in 1967 and integrated since 2003 into Alcan Engineered Products 

(renamed Constellium in 2011), the Constellium Technology Centre, near 

Grenoble, is the largest R&D centre in Western Europe for aluminium and its 

alloys. Accompanying the development of Constellium's activities, the Technology Centre has 

continuously enriched its scientific and technical skills and potential, through the successive 

contributions of teams and resources. Today, it has 170 R&D specialists (engineers and technicians), and 

has scientific equipment, prototype and pilot tools and modelling resources maintained at the cutting 

edge of technology. The Technology Centre also maintains scientific collaborations with an international 

network of leading public laboratories. 

Today, the Technology Centre puts this expertise and exceptional resources at the service of European 

industry, to support innovative projects in the field of aluminium products, processes and solutions, in 

relation to key markets: transport, packaging, building, energy, etc. 
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The school is positioned as a bridge between engineering students and industry by supporting a 

Foundation that promotes these links and participates in the implementation of actions in response to 

the challenges of today and tomorrow for companies. 

Research professors develop research work in 3 high-level laboratories linked to the CNRS and the 

university on differentiated themes of chemistry and advanced mechanics 

 

A Joint Research Unit (UMR 6602) created in 2012, the Pascal Institute is under 

the supervision of the Blaise Pascal University, the CNRS and SIGMA. 

It brings together within the same structure more than 300 people (135 teacher-

researchers, 3 researchers, 33 BIATSS/ITA, 138 doctoral students) working in 

disciplinary fields related to Engineering Sciences (automatic, mechanical, electronic, 

process engineering) and Basic Sciences (physics, biochemistry) 

SIMP-AERO PROJECT TASK 

The project is structured in five task:  

Task 1: Characterization of residual stresses in preformed parts, to identify the stress fields required for 

simulation for different materials and processes. The measurement of residual stresses and the assessment 

of its uncertainty are complex problems in the case of massive industrial parts.  

Task 2: Numerical developments under the Forge ® software, to model material removal and estimate 

distortion by reducing computation times and improving the quality of prediction.  

Task 3: Development of a method for measuring the non-intrusive distortions of the part during 

machining applicable in the disturbed environment of the machine tools.  

Task 4: Optimization of manufacturing ranges, to control the influence of deformation on compliance 

with geometric specifications and adaptation of part design.  

Task 5: Validation on industrial parts, simulation by comparison with experimental results.  

This project contributes to the proposal of a faithful simulation of the mechanical behaviour of the parts 

during machining in the same way as other processes such as casting or forging. Indeed, there are no 

tools to evaluate the mechanical loading state of a part during machining. 

At the industrial level, the control of part deformation and the enhancement of Aubert&Duval and 

Constellium's expertise is a major competitive advantage in a fast-changing aeronautical market that 

must absorb a significant increase in production rates and the emergence of low-cost competitors on the 

highly technical markets for obtaining preforms. Customers now expect  
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APPENDIX B 

RESULT COMPARISON BETWEEN 

DIFFERENT MEASUREMENT 

METHODS FOR DISTORTIONS 

EVALUATION OF THE BAG 10 

WORKPIECE 

At the first meeting on the experimental protocol, the three PhD students of the project proposed 

a protocol for comparing the results. The objective is to clarify and detail how the results are 

compared in chapter 3. 

DIFFERENCES BETWEEN METHODS FOR DETERMINING 

DISTORTIONS 

On the example given by the Figure 0.1, is represented a flat face of a fictional part. Points are 

placed on this side and represent as many sensors to evaluate distortions. The middle fibre of the 

“floor” corresponds to the line used in the beam model; it is shown in green in the figure. Finally, 

the area observed by DIC gives us the possible field of comparison with the DIC. The vector 𝑢⃗ 
corresponds to the displacement of the coordinate point 𝑖	(𝑥 ,𝑦 ). This vector 𝑢⃗ is decomposed 

into two coordinates 𝑢  and 𝑢 . 
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These interpolated results are the one presented in chapter 3 and they accurately describe the 

behaviour of the BAG 10 “floor”. This method can only be applied on long product as it is based 

on symmetries assumptions. 

 






