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A B S T R A C T   

The fatigue life of safety components is a major issue for many economic sectors, including aeronautics and 
energy. In the scientific literature, the link between surface integrity, particularly residual stresses, and fatigue 
life has long been established. The objective of this paper is to predict the residual stresses induced by a reaming 
operation using a solid reamer. Previous works proposed a method to predict the residual stresses induced by a 
turning operation. This method, implemented in a finite element code, is based on the application of equivalent 
3D thermomechanical loadings onto the final surface of a part. The method is called ‘hybrid’ because it uses 
experimental measurements of the cutting forces to calibrate the intensity of the thermomechanical loadings. 
This paper aims at adapting this 3D hybrid modelling method to the case of a reaming operation in a martensitic 
stainless steel. The model only considers the effects of major cutting edges and not the effects of the margins. A 
comparison between the numerical results and the experimental residual stresses measured from X-ray diffrac
tion shows good accuracy of the model. It is revealed that the reaming operation has a significant effect on the 
residual stress state on the surface and that its action is dominated by plastic deformation, leading to compressive 
stresses.   

1. Introduction 

The fatigue life of safety components is a major issue for many 
economic sectors, including aeronautics and energy. The manufacturing 
processes, and especially the machining processes, involved in the pro
duction of these components are key elements responsible for the fatigue 
resistance [1]. Machining processes affects the ‘surface integrity’ [2] 
that includes microstructure, roughness and residual stresses at the 
surface. [3] summarised several works which showed that cutting pro
cesses are responsible for severe changes in surface integrity. This paper 
only focuses on the generation of residual stresses. During a machining 
operation, residual stresses are generated by the plastic deformation and 
high temperatures that occur simultaneously on the machined surface, 
while the rest of the part remains at room temperature [3]. 

This paper focuses on reaming operations with solid carbide tools 
(Fig. 1). Reaming is a finishing operation, commonly used for many 
critical components, especially in the aerospace industry. A reamer 
removes a few microns from the part by using several cutting edges. It is 

often performed after a drilling operation and, sometimes, after a boring 
operation. Reaming with a solid carbide reamer is an operation that has 
received little interest from the scientific community. Regarding the 
analysis of the residual stress state after reaming, some authors assume, 
without proof, that reaming does not modify the surface residual stress 
state. According to these authors, it only modifies the redistribution of 
residual stresses which were previously present in the bulk of the ma
terial or that were generated by the previous drilling operation [5] or 
cold expansion operation [4]. On the contrary, the work of [6] showed 
that reaming induces compressive residual stresses in both directions 
(circumferential and axial directions), over a depth of 50 to 100 μm 
(Fig. 1). Furthermore, [6] showed that reaming induces its own residual 
stress signature on the final surface and that previous operations (dril
ling, boring) do not influence the final state in this outer layer. 

During a reaming operation, residual stresses are first generated by 
the major cutting edges (6 teeth in the case of the reamer in Fig. 2), and 
then by the 6 margins rubbing on the surface previously generated by 
the cutting edges. This constitutes 12 (6 + 6) zones in which the 

* Corresponding author. 
E-mail address: joel.rech@enise.fr (J. Rech).  

Contents lists available at ScienceDirect 

Journal of Manufacturing Processes 

journal homepage: www.elsevier.com/locate/manpro 

https://doi.org/10.1016/j.jmapro.2024.01.050 
Received 16 July 2023; Received in revised form 4 January 2024; Accepted 18 January 2024   

mailto:joel.rech@enise.fr
www.sciencedirect.com/science/journal/15266125
https://www.elsevier.com/locate/manpro
https://doi.org/10.1016/j.jmapro.2024.01.050
https://doi.org/10.1016/j.jmapro.2024.01.050
https://doi.org/10.1016/j.jmapro.2024.01.050
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmapro.2024.01.050&domain=pdf


Journal of Manufacturing Processes 113 (2024) 47–60

48

machined surface is plastically deformed and heated during each revo
lution. In Fig. 2, the reamer machines from top to bottom and then exits 
from the hole; the reamer then has to return to its original position over 
the part. This causes a third contact [6], which may change the final 
residual stress state. So, the final residual stress state is induced by the 
sequential effects of 3 contacts. The configuration is very different from 
a turning operation (the most investigated case study in the scientific 
literature) in which the cutting tool has only a single contact zone and 
does not return over the previously machined surface. 

The objective of this paper is to propose a method to model the re
sidual stress state induced by a reaming operation with a solid carbide 
reamer. In particular, this paper only models the effects of major cutting 
edges. The effects of the margins are not considered. The effect of the 
reamer's ascent is not considered. The purpose of the proposed model, 
therefore, is to predict the influence of a multi-teeth rotating axial tool 
that removes a thin layer. 

As far as residual stress modelling is concerned, no scientific paper 
has addressed the reaming application. On the contrary, a huge number 
of models have been developed for turning applications. Historically, 2D 
analytical models such as those developed by [7] were the most popular 
as they provide rapidly qualitative results with a short time. However, 
these analytical models have strong assumptions that limits their ability 
to provide quantitative results. So, several researchers proposed nu
merical models thanks to the development of computational capabil
ities. For instance, [8] have used a numerical Lagrangian formulation in 
orthogonal cutting. Such models assume that the cutting operation can 
be considered as a 2D plain strain configuration, which is far from a 3D 
industrial longitudinal cutting operation. The second issue comes from 
the high strain around the cutting edge radius (separation) that leads to 
mesh distortions as highlighted by [9]. The third issue comes from the 
weak modelling of friction at the boundaries of two Lagrangian meshed 
solids in movement as explained in [10]. As a consequence, [11] have 
also used 2D Arbitrary Lagrangian Eulerian (A.L.E) formulation to 
improve mesh distortion and contact modelling issues. Unfortunately, as 
these works use an explicit time integration algorithm, they lead to 
difficulties in modelling the relaxation time (crucial for residual stress 
prediction). Finally, even these 2D models are of scientific interest to 
understand the mechanisms leading to residual stresses in an orthogonal 
cutting configuration, the industrial interest is related to 3D surfaces 
generated by a large number of revolutions (longitudinal turning). 
Indeed, the cutting tool modifies the residual stress state obtained dur
ing the previous revolutions. As shown by [12], several cutting revolu
tions are necessary to reach a steady state in turning. So, some 

researchers, such as [13], proposed a 3D Lagrangian formulation to 
predict residual stresses in cutting. This paper brings a better under
standing of the physical phenomena leading to residual stress genera
tion. More recently, [14] introduce a Coupled Eulerian Lagrangian 

Fig. 1. Comparison of various machining sequence (drilling ≥ Boring ≥ Reaming) on the residual stress state of a 15-5PH martensitic stainless steel (since [6]).  

Fig. 2. Presentation of a reaming operation (a) with the various active parts of 
the cutting edges (b, c and d), the action of the margins (e), and the various 
angles in the planes Pn (f and i) and Pr (h). 
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approach. However, the previous weaknesses of the Lagrangian formu
lation remain, and the computational time is not realistic for industry. 
An alternative approach proposed by [15], and improved by [16], 
consists in modelling the residual stress generation by removing the chip 
formation and cutting tool modelling and replacing it with equivalent 
thermo-mechanical loadings (Fig. 3). These equivalent loadings are 
moved onto the machined surface with a velocity equal to the cutting 
speed during several revolutions on the machined surface. The loadings 
induce high local temperatures and severe local plastic deformation in 
the near surface, whereas the bulk of the part remains unaffected. These 
temperature and plastic deformation gradients are responsible for re
sidual stress generation in the near surface. The shapes of the thermo
mechanical loadings are determined by several 2D orthogonal cutting 
simulations along the cutting edge. The loading intensity is calibrated 
using force measurements during the machining operation. This com
bination of an experimental and a numerical approach means that it is a 
‘hybrid method’. After the cooling phase, this model makes residual 
stress prediction possible. This hybrid model for residual stress predic
tion, based on an implicit formulation, presents advantages like the 
absence of highly distorted mesh, the possibility to obtain accurate 
mechanical equilibrium computation and the possibility of 3D multi- 
revolution simulations that is necessary to reach a steady state in re
sidual stress generation. 

The present work aims at proposing a numerical model of residual 
stress generation in solid reaming by adapting the method developed by 
[16] for the case of longitudinal finishing turning. The method will be 
applied on a reaming operation in a martensitic stainless steel 15-5PH 
with a solid carbide reamer. 

2. Technical study of reaming 

Reaming is a finishing operation for enlarging and calibrating the 
diameter of a cylindrical surface. It is performed with a solid carbide 
reamer (Fig. 2a) and aims to remove a few micrometers (ap: 50–500 μm). 
The reamer is composed of several cutting edges (6 edges in the case of 
Fig. 2a), followed by 6 margins (Fig. 2a). The purpose of each cutting 
edges is to remove material. The material removal is influenced by the 
lead angle Kr (Fig. 2b), the tool inclination angle λs (Fig. 2b), the local 
rake angle γn (Fig. 2i), the corner radius Rε (Fig. 2e) and the cutting edge 
radius Rβ (Fig. 2i). 

The margins are used to guide the tool (Fig. 2e). The action of the 
margins is influenced by their width and the back taper angle Kr′ 
(Fig. 2b). 

The cutting conditions of this process are very low compared to other 
cutting processes. Thus, the cutting speed Vc is a few m/min (Vc = 5–15 
m/min) and the feed f (f = 0.1–0.5 mm/rev) is of the order of a few 
millimetres. 

Regarding the generation of residual stresses, [17] showed that both 
parts, cutting edges and margins contribute to the generation of residual 
stresses. In the case of reaming 15-5PH martensitic stainless steel, the 
axial and circumferential stresses are in compression, with an affected 

depth of about 100 μm. 

3. Residual stress modelling: a two-scale approach based on 
advanced equivalent thermomechanical loadings 

We present a method for modelling the residual stress state induced 
by a reaming operation with a solid carbide tool. It is inspired by the 
method developed by [16], for the case of finishing by longitudinal 
turning, and is based on the identification of equivalent 3D thermo
mechanical loadings moving on the surface. The detailed description of 
the previous longitudinal turning model is available in [16]. It is rec
ommended (but not mandatory) to read this paper to have a better 
understanding of the present paper. 

Fig. 4 gives a rapid overview of the proposed reaming method. Then, 
in Section 3.1 to 3.6, each step is presented in detail. 

First of all, the undeformed cut section (CS), generated by a single 
tooth out of 6 teeth, needs to be defined (Fig. 4b) by the geometry of the 
reamer (κr, Rε) and the cutting conditions (fz, ap). Then, this section is 
divided into several elementary 2D orthogonal sections, named S(i). Each 
section S(i) has an uncut chip thickness h(i). In each elementary section 
S(i), the material removal can be simulated by a 2D finite element model 
in ABAQUS Explicit (Fig. 4c). 

NB: It is assumed that each 2D section is independent from its 
neighbours. This strong assumption has been validated for turning by 
[16]. 

In each 2D simulation, thermomechanical loadings are applied on 
the machined surface (Fig. 4c) and extracted along the ‘extraction path’ 
for each section S(i). The linear heat flux density distribution φth-2D(i), the 
linear normal stress distribution σn-2D(i) and the linear tangential stress 
distribution σt-2D(i) are obtained along the extraction path. From these 
2D thermomechanical loadings for each section S(i), the 3D thermo
mechanical loadings can be estimated: the heat flux distribution φth-3D- 

appro, the normal stress distribution σn-3D-appro and the tangential stress 
distribution σt-3D-appro (Fig. 4e). This 3D thermomechanical loading 
distribution is the combination of Fig. 4b (position of each section in the 
plane X-Z) and of Fig. 4c (the 2D thermomechanical loadings in the 
plane eX(i) – Y). 

However, the elementary 2D orthogonal cut models in ABAQUS are 
not able to accurately simulate thermomechanical loadings, as shown by 
[16]. The shapes of these thermomechanical loadings are considered to 
be acceptable, but not their magnitudes. Therefore, the magnitudes need 
to be calibrated and a so-called ‘hybrid’ method is used. The experi
mental forces (in the cutting direction FY(EXP) and in the penetration 
direction FY(EXP)) (Fig. 4a) are measured for each tooth during a real 
reaming operation and compared with the numerical forces (FY-TOT(
NUM) in the cutting direction and FeXX-TOT(NUM) in the penetration direction) 
(Fig. 4d). The ratio between the measured forces and the numerical 
forces provides two calibration factors (GFY and GFX) that enable cali
bration of the magnitude of the thermomechanical loadings (Fig. 4f). At 
this stage, the equivalent 3D thermomechanical loadings are known for 
a single pass, induced by a single tooth of the solid reamer. The next step 

Fig. 3. Principle of the 3D hybrid model of residual stress generation in turning (since [16]).  
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consists of moving the 3D calibrated thermomechanical loadings over 
the surface with a speed corresponding to the cutting speed Vc (Fig. 4f). 
As the solid reamer has 6 teeth, it is necessary to simulate several passes, 
in order to take into account the interactions between the passes, as 
shown by [16]. After the cooling step, the residual stresses can be 
quantified. 

So a global overview of Fig. 4 shows that the model is based on 4 
main steps:  

- The undeformed cut section is divided in several 2D orthogonal cuts 
(assumed as independent from each other)  

- The calculation of the 2D thermomechanical loadings of each 2D 
orthogonal cuts thanks to a well-known explicit 2D model in 
ABAQUS.  

- The application of several 2D thermomechanical loadings on the 
curved machined surface, that creates the 3D thermomechanical 
loadings.  

- The 3D loadings are then calibrated thanks to the experimental 
cutting force FY(EXP) and penetration FY(EXP))  

- Finally residual stresses are computed in 3D thank to an implicit 3D 
model in SYSWELD. The 3D thermomechanical are moved other the 
machined surface during several revolutions until the model leads to 
a steady state in residual stress generation. 

Each step is now described in detail. 

Fig. 4. Flowchart of the 3D hybrid method in solid reaming.  
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3.1. Geometrical approach 

Step 1 (Fig. 4b): the first step of the simulation method considers a 
single tooth (among 6) and a small volume of the real part. In Fig. 5, the 
strategy of the discretisation of the cutting edge is presented. First of all, 
a simplified machined part is defined (Fig. 5a). Then the undeformed cut 
section CS is obtained and can be discretised into several orthogonal 
sections (Fig. 5c). 

The model of the machined part is defined in the reference system SR 

= (O, X→, Y→, Z→) (Fig. 5). The volume and dimensions must be large 
enough to simulate residual stress generation at the centre without being 
disturbed by boundary effects. The base of the machined part is 
considered to be parallelepipedic. The curvature of the part is neglected, 
as the radius of the part is very large compared to the volume of the 
element being modelled. The initial surface is considered to be flat and 
the tool path is considered as linear. The tool generates a grooved sur
face with a radius equal to the corner radius Rε of the tool (Fig. 5). 

The undeformed cut section CS defined in the reference plane (O, X→,

Z→) (Fig. 5) depends on:  

• the cutting conditions (depth of cut ap, feed per tooth fz);  
• the tool geometry (the corner radius Rε, the lead angle κr). 

The cutting edge is composed of a linear part and a curvilinear part. 
It is discretised with several points M(i), i = 1 to n, where n is the number 
of points. For each point M(i), a section S(i) is defined in a local reference 

SL(i)=

(

M(i) , e→X(i) , Y→, eZ(i)
̅̅→

)

. Each section S(i) is defined by the locally 

undeformed chip thickness h(i), as well as the local rake angle γn(i), the 
local clearance angle αn(i), and the cutting-edge radius Rβ(i). 

The two-coordinate systems SR and SL(i) are related by the angle θ(i) =
(

eX(i)
̅̅→

, X→
)

(Fig. 5b). 

Examples of the sections S(i) are shown in Fig. 5. In each section S(i), it 
is assumed that the tool performs an orthogonal cutting operation and 
that the sections are independent of each other. 

In our case study, the local tool geometry is considered constant 
along the cutting edge: the clearance angle α(i) = α = 1◦, the rake angle 
γn(i) = γ = 6◦ and the cutting-edge radius Rβ(i) = Rβ = 10 μm (Fig. 5). The 
tool inclination angle λs (helix angle) is considered to be negligible (λs =

0). These assumptions should be investigated in detail in a future paper. 

3.2. Elementary 2D orthogonal cutting – ALE modelling 

Step 2 (Fig. 4c): the material removal mechanisms are modelled for 
each section S(i) with a 2D orthogonal numerical cutting model. The 2D 
orthogonal model is based on the model developed by [18] in Abaqus ® 
Explicit. An Arbitrary Eulerian Lagrangian (ALE) formulation is used 
with an adaptive Lagrangian mesh. The elements used are CPE4RT for 
the tool and the material. The tool is modelled with only the properties 
of the carbide substrate, without considering the properties of the 
coating. Indeed, the few micrometre-thick coating is thermally trans
parent during a continuous cutting operation [19]. However, the influ
ence of coating on friction and heat partition at the interface between 
the tool and the material is considered, in accordance with the equations 
proposed by [12]. 

The tool is considered to be rigid while the material part is 
deformable. The mesh is refined around the tool edge radius (Fig. 6) 
with a mesh size of 1 μm and the boundary conditions are shown in 
Fig. 6. More details on this 2D model can be found in [18]. The simu
lations in each section take 30 ms, until the steady state of the me
chanical and geometrical parameters and heat flows are reached. This 
requires 120 h of computation, on a computer with a 3.2 GHz processor. 

At the end of the simulation in section S(i), it is possible to obtain the 
2D thermomechanical loadings that the tool applies on the machined 
surface (Fig. 7). These loadings can be extracted along the extraction 
path (Fig. 7a): 

Fig. 5. The simplified machined part (a) with the theoretical undeformed cut section CS (b) discretised in various orthogonal cutting sections S(i) (c).  
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• The heat flux density φth− 2D− ext(i);  

• The tangential stress σt− 2D− ext(i) parallel to Y→;  
• The normal stress σn− 2D− ext(i) parallel to eX(i)

̅̅→. 

The loading shapes are complex and must be simplified by straight 
lines, shown as dashed lines in Fig. 7. 

Using all the loading shapes for each section S(i), it is possible to 
propose an equation between the loading shapes and the undeformed 

chip thickness h(i) (Eqs. (1)–(3)). 

φth− 2D− appro(i) = f (h(i) ,Y) (1)  

σn− 2D− appro(i) = f(h(i) ,Y) (2)  

σt− 2D− appro(i) = f(h(i) ,Y) (3)  

Fig. 6. 2D Elementary ALE cutting model.  

Fig. 7. 2D equivalent loadings extracted from the 2D ALE cutting model: a) the heat flux density, b) the tangential stress, and c) the normal stress distributions along 
the extraction path. 
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3.3. Approximated 3D equivalent thermomechanical loadings 

Step 3 (Fig. 4d): based on the approximated 2D thermomechanical 
loadings in each section S(i), it is possible to build the 3D thermo
mechanical loadings on the machined surface. These loadings can take 
the form of a distribution via Eqs. (4)–(6). 

φth− 3D− appro(i) = f (X, Y, Z) (4)  

σn− 3D− appro(i) = f(X,Y,Z) (5)  

σt− 3D− appro(i) = f(X,Y,Z) (6)  

3.4. Macroscopic forces 

Step 4 (Fig. 4e): from the numerical simulations of orthogonal cut
ting in each section S(i), the cutting force DFY(NUM)(i) and the penetration 
force DFeX(NUM)(i) can be obtained (Fig. 8). By summing all the 
elementary cutting forces DFY(NUM)(i) and elementary penetration forces 
DFeX(NUM)(i) of each section S(i), it is possible to calculate the numerical 
macroscopic cutting force FY− TOT(NUM) and penetration force FeXX(NUM)

induced by each of the tool teeth (Eqs. (7)–(9)). 
NB: To obtain the numerical macroscopic penetration force 

FeXX(NUM), it is necessary to introduce the elementary penetration forces 

DFeX(NUM)(i) into the reference system SR = (O, X→, Y→, Z→), even though 
they have been identified in the system, SL(i) = (M(i), e→X, Y→, eZ

→) (Fig. 8). 

FY − TOT (NUM) =
∑n

i=1
FY (NUM)(i) (7)  

FeXX (NUM)(i) = FeX (NUM)(i)
̅̅̅̅̅̅̅→

• X→= FeX (NUM)(i) • cos
(
θ(i)

)
(8)  

FeXX− TOT(NUM) =
∑n

i=1
FeXX(NUM)(i) (9)  

3.5. Calibration of 3D equivalent loadings 

Step 6 (Fig. 4f): the approximate 3D thermomechanical loadings 
defined in Section 3.3 were proposed through orthogonal cutting sim
ulations. It has been established that these simulations do not quanti
tatively predict the macroscopic forces [16]. It is proposed to calibrate 

the 3D thermomechanical loadings using the experimental values of the 
FY(EXP) and FX(EXP) forces. Thus, the calibration coefficients GFY and GFX 
can be defined as: 

GFY =
FY(EXP)

FY− TOT(NUM)

(10)  

GFX =
FX(EXP)

FeXX− TOT(NUM)

(11) 

The calibration coefficients require the measurement of the experi
mental forces generated by each of the teeth of the reamer. This leads to 
two difficulties. First, the reamer has 6 teeth. It is, therefore, necessary to 
isolate the effect of a single tooth. Secondly, the tool is symmetrical, 
which makes it difficult to access the radial components, as they 
compensate each other. To solve these two problems, an experimental 
set-up was developed by [17], as presented in Fig. 9a. The part studied is 
cut by electrical discharge machining into two parts: a blue part and a 
red part (Fig. 9b). The whole (blue part + red part) is reamed according 
to the hole making sequence. The blue part is small, to ensure that it is in 
contact with a single tooth of the reamer. It is fastened to a dynamom
eter, to measure the penetration force produced by a single tooth in the X 
direction and the cutting force in the Y direction. The red part is fixed on 
a stiff support. More details about this set-up can be found in the article 
[17]. 

Fig. 10 shows an example of 3D thermomechanical loadings cali
brated from Eqs. (12)–(14). It corresponds to the case study presented in 
Section 4. 

Heat flux density : φth − 3D(calibrated) = GFY • φth − 3D − appro (12)  

Normal pressure : σn − 3D(calibrated) = GFX • σn − 3D − appro (13)  

Tangential pressure : σt − 3D(calibrated) = GFY • σt − 3D − appro (14)  

3.6. Thermomechanical simulation (residual stress modelling) 

Step 7 (Fig. 4g): the last step of the methodology (Fig. 10) is the 
application of calibrated 3D thermomechanical loadings on the 
machined surface. These loadings move in the cutting direction at the 
cutting speed Vc. The model for the application and displacement of the 
thermomechanical loadings is developed in the finite element software 
SYSWELD® using an implicit formulation. The dimensions and mesh of 

Fig. 8. Macroscopic numerical forces for an undeformed cut section CS and force distribution extracted from 2D ALE models.  

T. Leveille et al.                                                                                                                                                                                                                                 



Journal of Manufacturing Processes 113 (2024) 47–60

54

the 3D model are shown in Fig. 11. The boundary conditions consist of 
mechanically locking all faces in all three directions, except the face 
where thermomechanical loadings are applied. Heat transfers are also 
allowed to model the conduction phenomenon with the bulk of the part 
and the heat exchange with the external environment (air and liquid). 

The first step consists of moving a first loading. During the loading 
application, the surface is plastically deformed and the temperature 
increases, then decreases. At the end of the loading, the temperature has 
not returned to room temperature in the whole volume. The temperature 
continues to decrease over time because of the diffusion in the bulk of 
the part via the boundaries of the model. However, the cooling of the 
machined part is probably not complete because the thermomechanical 
loading of the next tooth arrives very quickly (6 teeth ≥ 6 loadings per 
revolution of the tool). These successive loadings interact with each 
other, as explained by [12]. It is necessary to simulate the passage of 
several teeth to obtain a stable state of residual stresses. Indeed, the 
thermomechanical loadings applied by the tooth (r) affect the residual 
state obtained after the previous teeth (r-1), (r-2) etc. Thus, to simulate 
several teeth and several revolutions, the model is geometrically modi
fied between two revolutions to take into account the material removal. 
Between each tooth, the residual stress field generated by the previous 
tooth must be transferred to the simulation of the next tooth loading 
(more details can be found in [16]). 

NB: Fig. 12 illustrates the need to take 2 phases into account. In the 
first phase, the cutting time tcutting is expressed in seconds and corre
sponds to the duration for a tooth to cross the length T of the simulated 
part (in red in Fig. 12). The tool moves at the cutting speed Vc. Then, the 
second phase corresponds to the cooling time tcooling between the end of 
the machining by the tooth (r) and the beginning of the machining of the 
next tooth (r + 1). During this period tcooling (s), there is no contact be
tween the teeth and the simulated part. These two times are calculated 
by Eqs. (15) and (16). 

tcutting =
60 × T

1000 × Vc
(15)  

tcooling =
60 × (π × D − T)

1000 × Z × Vc
(16) 

D is the diameter of the hole (mm), T is the thickness of the 3D model 

(mm) (Fig. 11) and Z is the number of teeth of the reamer. 

4. Validation of the model with a case study 

The aim of this section is to apply the modelling method to a case 
study. 

4.1. Case study and experimental results 

The reamer is presented in Fig. 2. It had a diameter of 15 mm and was 
made of tungsten carbide with a TiAlN coating. It had 6 teeth, a rake 
angle γn = 6◦, a clearance angle αn = 1◦, a cutting edge radius Rβ = 10 
μm, a corner radius Rε = 80 μm and a lead angle κr = 45◦. Regarding the 
cutting conditions, the cutting speed Vc was set to 5 m/min, the feed f to 
0.18 mm/rev and the depth of cut ap to 0.05 mm. Abundant lubrication 
was used during the testing. 

The objective of this work was to simulate the influence of the 6 main 
cutting edges of the tool. The effect of the margins was not considered. A 
reamer with a high back taper angle (κ'r = 0.23◦) was designed to limit 
the contact between the margins and the machined surface. Moreover, 
the proposed model only simulated the descent of the reamer into the 
hole and not the ascent. So as to be consistent, the reaming operation 
was stopped in the lower position when the reamer had completed its 
work. The reamer was manually removed in the bottom direction, to 
avoid any additional contact with the machined surface. 

The reaming operation was performed on 15-5PH martensitic 
stainless steel parts within a H1025 state (annealing at 1025 ◦C during 4 
h). 

It was assumed that the part did not contain residual stresses induced 
by the previous manufacturing operations. To be consistent with this 
assumption, a relaxation heat treatment was applied to the samples. In 
addition, prior to the reaming operation, the samples were drilled and 
bored until they reached a diameter of 14.9 mm. [6] showed that these 
roughing operations do not influence the residual stresses generated by 
the reaming operation (Fig. 1). Thus the part is assumed to be free from 
residual stresses. 

After the reaming operation, the characterisation of residual stresses 
in a hole is not a turn-key method and X-ray diffraction techniques 
cannot be used directly. The protocol developed by [20] (Fig. 13) was 

Fig. 9. Comparison of experimental (a and b) and macroscopic numerical forces (c) to obtain macroscopic force calibration coefficients.  
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applied. It consisted of applying a heat treatment (Fig. 13b), then milling 
the upper surface (Fig. 13c), and then performing the machining range 
(drilling, boring and, finally, reaming). The sample was cut gently with a 
hand saw to limit heating. The machined surface was then accessible for 
residual stress evaluation by X-ray diffraction in the axial and circum
ferential directions. 

The X-ray measurements have been performed with a XRD system 
provided by the PROTO company, using a MGR40 head and equipped 
with a 2-mm diameter collimator. 

Diffraction conditions: 
- Cr Kα Radiation with 18 kV, 4 mA 
- λ = 0.229 nm, plans {211} 
- Bragg's Angles: 2θ = 155,00◦

- Ω acquisition mode 
Acquisition conditions: 
- 7 β-angles (from − 30◦ to +30◦) in both directions X and Y 
- β Oscillations: ± 6◦

Stress calculation: 
- Elliptic treatment method 
- Radio crystallographic elasticity constants: ½ S2 = 5.92 × 10− 6 

MPa− 1 /S1 = − 1.28 × 10− 6 MPa− 1 

The in-depth residual stress distribution has been investigated after 
successive layer removal by means of an electrochemical polishing 
system. 

Three samples were manufactured with the same manufacturing 

conditions so as to evaluate the natural deviation of the reaming process. 
The 3 residual stress profiles are plotted in Fig. 14. 

It can be seen that the surface machined by the reamer had a 
compressive stress in the range of − 600 to − 800 MPa in the axial di
rection, and − 300 to − 500 MPa in the circumferential direction. Further 
down, the stress profile rose towards its initial state (stress free) and the 
affected depth was of the order of 100 μm. One can observe deviation 
between the 3 stress profiles, which illustrates natural experimental 
deviation. According to [3], the shape of these compressive residual 
stress profiles suggests that the reaming process is essentially driven by 
mechanical phenomena (plasticity). Indeed, in processes where thermal 
heating is dominant, the residual stress state is, preferentially, in 
tension. 

4.2. Numerical results 

4.2.1. 2D ALE modelling in Abaqus explicit 
Section 4.1 introduced the step of the discretisation of the 

Fig. 10. 3D thermomechanical calibrated loadings.  

Fig. 11. Residual stress thermomechanical model description: element mesh 
size, dimensions and boundary conditions. 

Fig. 12. Presentation of the cutting and cooling time.  

T. Leveille et al.                                                                                                                                                                                                                                 



Journal of Manufacturing Processes 113 (2024) 47–60

56

undeformed cut section CS (Fig. 4b) into several sections S(i). For each 
section S(i), it is necessary to perform a 2D orthogonal cutting simulation 
using ABAQUS Explicit (assumption of plain strain without any in
teractions among the neighbouring sections), with an undeformed cut 
thickness of h(i) (Fig. 6). It was decided to divide the undeformed cut 
section CS into n = 10 elementary S(i) sections. In practice, it is not useful 
to simulate the 10 conditions of h(i) because several sections almost have 
the same thickness h(i); 3 to 5 simulations are sufficient. In this case 
study, 3 thicknesses were simulated: h(1) = 10 μm, h(2) = 25 μm and h(3) 
= 40 μm. The thermomechanical loadings for the remaining values of h(i) 
were then interpolated to build the 3D thermomechanical loadings for 
the 10 sections. 

For the orthogonal cutting model in ABAQUS Explicit, the thermo
physical properties of the workpiece (15-5PH steel) and the cutting tool 
(carbide) are listed in Table 1 and Table 2. These properties have been 
previously identified by [12]. 

In the literature, there is no friction law for the TiAlN (tool coating) 
rubbing against the 15-5PH steel (work material). [12] identified a 
friction law for a TiN coating rubbing against a 15-5PH. It is assumed 

that the TiAlN coating has similar friction properties to the TiN coating. 
This tribological system has been shown to exhibit a high value of 
friction coefficient (0.8) at low sliding speed. As the cutting speed is very 
low in reaming (Vc = 5 m/min), it is assumed that the friction coefficient 
remains constant at 0.8 [12] in the proposed model. 

A Johnson-Cook flow stress constitutive equation, identified by [12], 
was used to model the mechanical behaviour of 15–5 PH (Table 3, Eq. 
(17)). 

σeq =
[
A+B.ϵn

p

]
•

⎡

⎣1+C.ln

⎛

⎝ϵ̇p

ϵ̇0

⎞

⎠

⎤

⎦ •

[

1 −
(

T − T0

Tm − T0

)m ]

(17) 

where ϵn
p is the current plastic strain, ϵ̇p is the plastic strain rate [s− 1], 

ϵ̇0 is the reference plastic strain [s− 1], A is the yield strength [MPa], B is 
the strain hardening modulus [MPa], n is the hardening coefficient, C is 
the strain rate sensitivity coefficient, m is the thermal softening coeffi
cient, T is the current temperature [◦C], T0 is the room temperature [◦C] 
and Tm is the melting temperature [◦C]. From a rheological point of 
view, three terms can be distinguished in the equation; the first repre
sents the elasto-plasticity, the second the viscosity, and the third, the 
thermal softening. 

At the end of the 3 simulations for the 3 values of h(i), the 3 thermal 
and mechanical loadings for each of the 3 sections were plotted in 
Fig. 15: the heat flux distribution φth− 2D− ext(i), tangential stress 
σt− 2D− ext(i), and normal stress σn− 2D− ext(i). From this, the loadings for the 
remaining 7 sections were interpolated (7 + 3 = n = 10). The 3D ther
momechanical loadings can be approximated by juxtaposing the 10 
thermomechanical loadings. Their shapes are illustrated in Fig. 10. 

4.2.2. Calibration of the 3D thermomechanical loadings 
The intensity of the 3D thermomechanical loadings must be cali

brated using experimental force measurements. The forces produced by 
a single tooth on the workpiece were measured via the test bed described 
in Section 3.5 and in [17] (Fig. 9). On average, the tangential cutting 

Fig. 13. Experimental protocol designed by Girinon [20].  

Fig. 14. Residual stresses measured experimentally.  

Table 1 
Thermophysical properties of the 15-5PH material.  

Parameters Temperature [◦C] Value 

Thermal conductivity λ 
[W.m− 1.◦C− 1] 

0 
1200 

8.7 
29.2 

Specific heat C [J.kg-1.◦C− 1] 0 
1200 

248 
1400 

Density ρ [kg.m3] 0 
1200 

7810 
7450 

Young's Modulus E [MPa] 0 
1200 

197,000 
128,600 

Thermal expansion coefficient 
α [◦C− 1] 

− 73 
1200 

0.0000104 
0.0000145 

Poisson's coefficient ν [− ]  0.272  

Table 2 
Thermophysical properties of the tool carbide substrate.  

Parameters Value 

Thermal conductivity λ [W.m− 1.◦C− 1]  110 
Specific heat C [J.kg− 1.◦C− 1]  288 
Density ρ [kg.m3]  14,600 
Young's Modulus E [MPa]  620,000 
Thermal expansion coefficient α [◦C− 1]  0.0000049 
Poisson's coefficient ν [− ]  0.235  

Table 3 
Flow stress model: Johnson-Cook parameters for 15-5PH.  

A [MPa] B [MPa] n C ε̇0 m Tm [◦C] T0 [◦C] 

855 448 0.14 0.0137 1 0.63 1440 20  
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force FY(EXP) is 18 N and the penetration force FX(EXP) is 23 N, in the 
radial direction reported in Table 4. 

The numerical cutting forces FY-TOT(NUM) and penetration FeXX-TOT 

(NUM) are calculated from the 3D orthogonal cutting simulations as 
presented in Section 3.4 (Fig. 8). It was then possible to calculate the 
calibration coefficients GFY and GFX (defined in Section 3.5). It is 
confirmed that the ABAQUS simulations underestimate the forces, 
which was already observed by [16]. The estimation of the cutting force 
is closer to reality (GFY = 2.23) than the penetration force (GFX = 5.15), 
which is a common weak point of the orthogonal cutting simulations as 
reported by [21]. The calibrated 3D thermomechanical loadings were 
then determined and illustrated in Fig. 10. 

4.2.3. 3D residual stress modelling in SYSWELD 
The thermomechanical loadings were applied and moved in the 

model developed in SYSWELD and the meshing conditions are sum
marised in Table 5 and Fig. 11. 

Most of the thermophysical properties of the material parts are the 
same as those presented for the ABAQUS model. The air/part heat ex
change coefficient was set to 5000 W.m− 2.◦C− 1 and the heat transfer to 
the mass of the material was allowed with a coefficient set to 2000 W. 
m− 2.◦C− 1. These values are in accordance with the previous work of 
[12]. 

However, the constitutive equation of the workmaterial 15-5PH used 
in SYSWELD was different from the one used in the ABAQUS cutting 
model. Indeed, it is necessary to take into account the cyclic thermo
mechanical loading/unloading, which is based on the Von-Mises elas

toplastic behaviour law associated with a kinematic strain hardening 
law from Armstrong Frederik (Eqs. (18)–(19)). This model was identi
fied by [12] by cyclic testing and the parameters are summarised in 
Table 6. 

f =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3J2(σ
̿
− χ̿ )

√

− σy (18)  

χ̇ =
2
3

Cϵ̇p − γχ̿ ṗ (19)  

where C and γ are material parameters, σy is the yield strength and p is 
the plastic strain defined by Eq. 20. The values are presented in Table 6. 

ṗ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2
3
ϵ̇p : ϵ̇p

√

(20) 

It is necessary to simulate the passage of 13 teeth (k = 13 in Fig. 16a) 

Fig. 15. 2D thermomechanical loadings extracted from ABAQUS for 3 uncut chip thicknesses.  

Table 4 
Comparison between the experimental and the numerical forces - Calibration 
coefficients obtained.   

Exp Num GFY GFX 

Cutting direction FY(EXP) 18 N FY-TOT(NUM) 8 N 2.23  
Penetration direction FX(EXP) 23 N FeXX-TOT(NUM) 4.5 N  5.15  

Table 5 
3D mesh parameters corresponding to Fig. 11.  

Dimensions [mm] La Lb D T  

0.40 0.20 0.05 0.30 
Mesh size [mm] Ls Ds Ts D1  

0.005 0.003 0.003 0.150 
Mesh refinement [− ] Ba Bb Bd1 Bd2  

1.0 1.0 1.2 1.6  

Table 6 
Flow stress model - Armstrong Frederik hardening law parameters for 15-5PH 
[12].  

Temperature [◦C] σy [MPa] C γ  

20  530  421,405  730  
300  382  284,420  508  
600  197  120,000  600  
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to reach a steady state of residual stress generation. This first result 
highlights that it is necessary to wait for about 2 revolutions (2 revo
lutions = 2 × 6 teeth/rev) of the reamer to reach this steady-state. The 
number of simulations (=passage) is much higher than the turning case 
simulated by [16] (5 revolutions in turning with a single cutting edge ⬄ 
13 passages in reaming). This shows that there is a lot of interactions 
between the various passages of the cutting teeth. This is the conse
quence of the small feed, that leads to a small average chip thickness and 
to the high loading frequency (small diameter + 6 teeth ⬄ large 
diameter in turning with a single edge). 

Fig. 16b shows the theoretical roughness profile and the residual 
stress profile (cutting direction) simulated by the model. It is well known 
that residual stresses vary along the axial direction [22]. The frequency 
of the roughness profile corresponds to the feed per tooth. In the steady- 
state zone, the numerical residual stresses are averaged over 3 tooth 
passages (0.09 mm wide zone). It should be noted that the experimental 

measurements are averaged over a larger area (width of the XRD spot =
2 mm) (Fig. 16a). Fig. 16c reminds that the method developed by [16] 
evaluates the stresses over several depths until the initial residual stress 
state is found. 

4.3. Comparison of residual stress profiles 

Fig. 17 shows the comparison between the residual stresses predicted 
by the model in both axial and circumferential directions, and the cloud 
of experimental values already presented in Fig. 14. The numerical re
sidual stresses show a good consistency with the experimental values. It 
should be noted that the model predicts the compressive stress state in 
both directions well. It also predicts the affected depth, of the order of 
100–150 μm. As reported by [3], such residual stress profiles are the 
consequence of machining processes in which plastic deformation is the 
dominant mechanism, compared to thermal phenomena. 

It is possible to compare the residual stress profiles generated by 
turning and by reaming for the same work material 15-5PH in Fig. 18. 
The residual stresses in turning are reported from the work of [16] with 
the following cutting conditions: Vc = 120 m/min – f = 0.2 mm/rev – ap 
= 0.2 mm/rev. In turning the residual stress profiles are in tension in the 
near surface. Indeed, the high cutting speed is supposed to lead to a 
much larger amount of heat generated in the surface, which is in favor of 
tensile stresses in the surface since [3]. On the contrary, reaming uses 
very low cutting speeds (Vc = 5 m/min) which induces a small amount 
of thermal energy. This analysis is confirmed by the analysis of the heat 
flux distribution and especially the maximum heat flux density that is of 
the order 100 W/mm2 in reaming (Fig. 10), whereas it is 300 % higher in 
turning around 300 W/mm2 [16]. 

As far as the mechanical loadings are concerned, it can be stated that 
the normal stress distribution, and especially its maximum value is of the 
order of 4.1 GPa in reaming (Fig. 10), whereas it is of 3.1 GPa in turning 
[16]. Both values are within the same order of magnitude. However, 
reaming leads to a more severe mechanical loading. So, it can be 
concluded that the residual stress generation in reaming is mainly 
dominated by mechanical phenomena; i.e. plastic deformation. 

It should be reminded that this first version of the model only con
siders the effect of the main cutting edges and neglect the influence of 
the secondary cutting edges and of the margins. The secondary cutting 
edges can generate an additional cut (few micrometers) or a rubbing 
effect, that may disturb the residual stress state. In the present paper, 
this hypothesis is consistent with the use case in which a reamer having a 
high back taper angle has been involved. However, industry also uses 
reamers having a low back taper angle. So, it is of interest to investigate 
the influence of the secondary cutting edges in a future work. 

5. Conclusions 

This paper presents a numerical model for predicting the residual 
stress state generated by a reaming operation with a solid multi-tooth 
reamer. The model simulates the influence of main cutting edges using 
equivalent thermomechanical loadings. These 3D thermomechanical 
loadings are juxtaposed thanks to several 2D orthogonal cutting simu
lations. The 3D thermomechanical loadings are then calibrated by 
experimental stress measurements during an actual reaming operation. 
Finally, the model applies thermomechanical loadings induced by all the 
teeth for several revolutions until a steady state is reached for residual 
stress generation. Numerical results are in good agreement with the 
residual stresses obtained experimentally. The model highlights that a 
reaming operation has a significant effect on the residual stress state at 
the surface, and that its action is dominated by plastic deformation, 
leading to compressive stresses. 
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