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Abstract 

The present work aims at improving tool wear simulation in orthogonal turning operations by considering local wear properties at the scale of 

the coating. A multi-step procedure developed in previous studies is first employed to predict cutting tool wear by combining a pure thermal 

model to an Arbitrary-Lagrangian-Eulerian (ALE) thermomechanical sub-model in order to predict the thermomechanical loadings applied 

onto the tool. The tool geometry is updated by moving the tool nodes, taking into account the local contact pressure, sliding velocity and 

temperature. The key improvement of this paper is to implement a specific wear model for each of the coating layer and substrate depending on 

the current position of each node at the contact interface. A comparative study is performed between the homogenous wear equation and the 

improved multi-layer model. This work highlights that an adaptive wear rate calculation based on nodal position has to be considered to 

achieve an actual predictive model. 
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1. Introduction 

Tool wear is one of the main physical phenomena 

determining production costs and thus its prediction remains a 

key issue. Nowadays, numerical simulations are widely used 

in order to simulate machining operations. Computation 

analyses offer the possibility to study the tool-material 

interactions at low costs compared to experimental campaigns. 

It allows to develop predictive models based on physical 

understanding of the severe thermo-mechanical loadings 

withstood by the cutting tools. The contribution of a large 

number of papers has been summarized in [1]. Most of the 

models are concerned with 2D orthogonal cutting operations 

[2–6].  For instance, Rech et al. [6] developed a numerical 

iterative procedure to simulate tool wear in orthogonal cutting. 

This work investigated crater and flank wear of a solid carbide 

tool during the machining of a 304L steel. However, advanced 

carbide tools are now coated with single or multilayer coatings 

in order to increase their wear resistance. It is obvious that the 

wear resistance of the coatings differs from the substrate one. 

So this work aims at updating the previous numerical 

simulation of cutting tool wear by considering a coating, 

characterized by a specific wear model, on top of a carbide 

substrate. The case study of this paper concerns the orthogonal 

cutting of a 15-5PH martensitic stainless steel with a coated 

carbide tool. 

At first, the numerical model is described. Then a 

sensitivity study is conducted for 3 different cutting speeds. A 

comparison is performed between two tool-system 

formulations. The first one is multilayer formulation with a 

bilayer coating. The second one is a homogeneous formulation 

in which the averaged wear properties of each layer plus the 

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S221282712100754X
Manuscript_c9ed72f910ed56fb016fcf405db7c866

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S221282712100754X
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S221282712100754X


2 Author name / Procedia CIRP 00 (2019) 000–000 

substrate is used.  It is important to note that this paper will 

not present any comparison with some experimental results. It 

mainly aims at introducing a multilayer coating in a wear 

simulation, to propose a first theoretical sensitive investigation 

to coating’s structure, and emphasize the need of considering 

the tool at this scale in a tool wear simulation 

2. Numerical Model 

2.1. Wear Simulation 

A multi-step tool-wear modelling procedure was developed 

by [6]. The principle of this iterative method is illustrated in 

Fig. 1. This model enables to reach rapidly a mechanical 

steady state thanks to an Arbitrary Lagrangian Eulerian (ALE) 

model developed in Abaqus/Explicit©. Then, the thermal 

steady state is reached within a long thermal simulation in 

Abaqus/Implicit©. Based on these two models, the 

thermomechanical loadings at the tool-workmaterial interface 

can be estimated, i.e. the normal stress σn, the sliding velocity 

Vsl, and the temperature T. Then, based on a wear model 

considering the influence of (σn, Vsl, T), tool geometry is 

updated by moving the tool edge nodes. In this paper, the 

effect of temperature is not considered in the wear model 

(Eq.1). This strong assumption is possible as temperature is 

strongly related to sliding velocity [6] that is already present 

in the wear model. Moreover there is a huge uncertainty on 

this parameter due to a great lack of scientific knowledge on 

thermal issues in this narrow tool-workmaterial interface [7]. 

So this enables to simplify the simulation by performing only 

the ALE explicit simulations.  

 

Fig. 1. Wear simulation iterative method  

The wear model, used in this study, was developed by 

Archard et al. [8]. It considers abrasive wear by a simple 

combination of sliding velocity Vsl and contact pressure σn: 

 

��
�� �	

�
� ∙ 	
� ∙ �
                           (1) 

 

Where 
��
��	  is he tool wear rate, k is a wear coefficient and H  

is the material hardness (N/mm²).  

The ALE simulated cutting time was set at 1ms which 

enables to reach a steady-state for the thermomechanical 

loadings due to the rapid chip stabilization. The corresponding 

thermomechanical loadings withstood by the tool are assumed 

to be constant during 5 seconds of continuous cutting. Then 

the geometry is updated based on the wear model included in 

the MATLAB routine. A new ALE simulation is run and so 

on for the next 5 seconds of cutting. In this work, 30 iterations 

have been simulated, which correspond to 150 seconds of 

cutting. The computation time lasted 20 hours on a standard 

computer. 

2.2. ALE simulations 

The basement of the wear simulation is a 2D ALE 

orthogonal cutting model developed in Abaqus/Explicit©. 

Such models are well known in the literature [9-11]. They 

have been successfully employed to predict: cuttings force, 

tool temperature, stresses in the workpiece and chip 

formation. The present model is composed of a deformable 

workpiece and a rigid cutting tool (Fig.2). The tool is fixed 

while there is a material flow through the workpiece. This 

material flow is defined through two Eulerian borders located 

at the top of the chip and at the right output of the modeled 

part. Heat exchange is allowed by thermal contact 

conductance between the tool and the workpiece. Value of the 

conductance was set at 104 W/m².K [7]. Regarding the mesh 

properties, both parts are meshed with 4-node coupled 

temperature-displacement elements (CPE4RT). The model is 

composed of 9,000 elements mostly located at the contact 

interface which is the region of interest in our case.  

 

Fig. 2. 2D ALE model and boundary conditions 

Regarding the flow-stress model, a Johnson-Cook (Eq.2) 

equation has been used.  
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Parameters of this model were determined by Mondelin et 

al. [12], they are listed in Table 1.  
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Regarding the coating thermal properties, their role is 

neglected due to their very thin thickness, based on Rech et al. 

works [13-14] but the tribological properties of the tool-

system are taken into account via the friction model. Tool 

geometry is defined with a 2° rake angle and 5° clearance 

angle. The cutting conditions were set at a feed of 0.3 mm, 

whereas cutting speed varies in the range: 100-180-250 

m/min. 

2.3. Multilayer coating 

The main aim of this paper is to introduce a coating on top 

of the carbide substrate so as to make wear simulation in 

accordance with modern cutting tools. As coatings are often 

composed of several layers, two formulations are considered. 

A first formulation considers a double layer coating with two 

coatings with specific wear properties in addition to the 

carbide characterized by its own ones. 3 wear models are thus 

necessary for each material as shown in Fig.3. A second 

formulation considers a homogenized tool system, with the 

same thickness, having wear properties corresponding to 

averaged properties of the two previous coatings and the 

substrate. In this second configuration, a single wear model is 

necessary as shown in Fig. 3. This second configuration 

corresponds to the state of art proposed by [6]. 

 

Fig. 3. Wear coefficients for a) the homogeneous coated tool and b) 

multilayered coated tool 

The two coatings considered in this paper are the one 

observed on a cutting tool from SECOTOOLS having an 

Al2O3 layer (2 μm) deposited on top of a TiCN layer (5 μm) 

making the interface with the WC-Co substrate.  

During wear simulation, nodes are moved after each 

iteration. For each node, the active wear model depends on 

their actual position within the tool system as shown in Fig. 4. 

At the beginning (Fig.4.a), the wear properties of the first 

layer is affected to all the nodes at the tool top surface. Then, 

after some iterations (Fig.4.b), the wear model of the second 

layer is activated for the nodes x and y as their updated 

coordinates (x’ and y’) are now located in the second layer. 

However nodes w and z remains with the same first wear 

equation because their coordinates (w’ and z’) stands in the 

first coating layer. Fig.4.c shows the worn tool geometry after 

several iterations. The nodal displacement of x is calculated 

using the third wear equation of the substrate as its position x’ 

is located in the WC-Co. In this study, different wear 

coefficients were introduced in Archard wear model to 

simulate the different coating layers. In the current paper, the 

objective was not the identification of each actual wear model 

but rather to emphasize the importance of considering this 

location variation of wear properties compared to an 

homogenized tool system. However a consistent order of 

magnitude for each wear coefficient has been extrapolated 

from [15] leading to k = 1 for Al2O3, k = 2 for TICN and k = 4 

for the substrate (Fig.3). So the TiCN coating wears twice 

faster than the Al2O3 coating. The WC-Co substrate wears 

four times faster than the Al2O3 coating.  

Regarding the formulation considering a homogenous tool 

system, an averaged coefficient of k = 2.33 has been chosen 

(Fig. 3).  

 

Fig. 4. Multilayer coating formulation (a) Initial tool; (b) Nodal displacement 

after first iterations; (c) Nodal displacement after several iterations. 

2.4. Friction at the interface 

Several papers have shown that friction at the tool-

workmaterial interface plays a major role on the 

thermomechanical loadings on the tool edge [1,7,16,17]. In 

this study, friction is set to be dependent of sliding speed (Vsl) 

at the interface following Equation 3: 

 

-.	
/ � -� � .-
 % -�/ ∙ 0(12∙345               (3) 

 

Where μk is the kinematic friction, μs is the static friction and 

dc is the decay coefficient. 

Mondelin et al. [12] performed friction tests with a pin-on-

cylinder experimental set-up with an Al2O3 coated pin on a 

15-5PH workpiece. Based on their results, μk was set at 0.8, μs 

at 0.15 and dc at 1.0.  

As this study is a preliminary work to develop a multilayer 

wear model and because of computation limitations, authors 

decided to apply the same friction formulation for the 

different coating layers. If the local friction variation is not 

indeed taken into account, the friction model still represents 

the tribological behaviour of the tool-system, which can be 

seen as a first assumption. This will also give the possibility 

to highlight the specific effect of the wear model without any 

interaction with the friction formulation. Introducing a 

specific friction model is a perspective of improvement. 

3. Results 

3.1. Wear indicators 

Wear simulations have been performed for the two 

configurations (homogeneous material � double layer coated 

tool). The wear criteria illustrated in Fig. 5 have been 

quantified. 
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Fig. 5. Wear parameters of tool wear 

Figure 6 shows an example of 2 wear formulations after 140 

seconds of machining time. It highlights that these 

formulations result in different wear profiles. It can be noted 

that wear is different at both the crater and flank faces. 

Detailed results are presented in sections 3.2 and 3.3 below.  
 

 
Fig. 6. Wear profiles for homogeneous and multilayer formulations after 140 

seconds of machining time at 180 m.min-1. 

3.2. Crater Wear  

The evolution of crater width (KW) has been plotted in 

Fig.7 for a cutting speed of 180 m.min-1. The multilayer 

coated tool highlights that KW becomes almost stable after 70 

seconds of machining while KW goes on increasing for a 

homogeneous coating formulation. It reveals that the Al2O3 

and TiCN have an effective influence on wear progression on 

the rake face as illustrated in Fig.8. This is due to the much 

lower wear coefficient k for these layers. 

 
Fig. 7. Crater width (KW) value for the homogeneous tool and the 

multilayered coated tool at 180 m.min-1 

 
Fig. 8. Crater width (KW) extension limited for the multilayer formulation 

due to lower coating wear coefficients 

Fig.9 shows the crater width after 140 seconds for three 

cutting speeds and both case studies. It shows that wear 

magnitude is 2 to 3 times higher for the homogeneous 

material than for the multilayer one. The evolution of KW is 

not monotonous between 100 & 250 m/min. This statement is 

the consequence of the friction and flow stress models. 

Friction coefficient depends on sliding velocity as shown by 

Mondelin et al. [12]. The higher is the friction coefficient, the 

higher is the shear strength and by the way, the lower is the 

sliding velocity. For a cutting speed of 100 m/min, local 

friction coefficient are in average higher than for 180 m/min. 

However there is a limit to the shear strength due to the 

constitutive equation of the work material. Below a critical 

level of friction coefficient (around 0.3), the friction model is 

disassociated from the sliding velocity. This explain why 

there is not a monotonous behavior of KW over cutting speed. 

Another analysis has been carried out for the crater depth 

(KT) in Fig.12. The multilayer coated tool shows significantly 

better wear resistance than the homogeneous one. Even if the 

depth of 7 μm (k = 4, substrate layer in the multilayer case) is 

reached after 110 seconds of machining, KT evolution 
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remains stable. This is due to lower sliding speed in the center 

of the crater wear area compared to the sides of the crater 

where sliding speed can be 10 times higher. Figure 10 shows 

the pressure and sliding speed on tool edge for both 

formulations. It can be seen that velocity profiles are very 

different for both formulations. It means that sliding speed is 

mainly affected by the crater profile as the friction and model 

properties are the same in both cases. 

 
Fig. 9. Crater width (KW) value for homogeneous coated and multilayered 

carbide at three different cutting speeds after 140 seconds of machining 

 
Fig. 10. Mechanical loadings on tool edge for both formulations at  

Vc = 180 m.min-1 after 140 seconds of machining 

Regarding the homogeneous coating, it can be observed 

that crater depth increases linearly (Fig.11). Unlike the 

multilayer formulation, as the crater width (KW) increases 

linearly, there is no sliding speed difference between the 

crater borders and its center. It results in a linear increase of 

crater depth. 

Fig.12 highlights the crater depth after 140 seconds for three 

cutting speeds and both case studies. Homogeneous coating 

shows significantly larger crater depth. 

3.3. Flank Wear 

Flank wear evolution is shown in Fig.13 for both 

formulations at a cutting speed of 180 m.min-1. In the case of 

flank wear, a depth of 7 μm is reached after the same time 

(±10%) in both study cases. Fig. 14 shows wear depth 

measurement between an initial (new) tool and its updated 

worn profile. Wear depth is measured orthogonally to the 

initial profile as shown in (Fig.14).  

Even if the substrate is reached after 40 seconds (Fig.13), 

such as in the KW study, the bilayer coating prevents the wear 

extension along the flank face. Flank wear is also twice more 

severe for a homogeneous formulation, as shown in Fig.15. 

 

 
Fig. 11. Crater depth (KT) value for homogeneous coated and multilayered 

carbide at 180 m.min-1 

 

 
Fig. 12. Crater depth (KT) value for homogeneous coated and multilayered 

carbide at three different cutting speeds after 140 seconds of machining 

 
Fig. 13. Flank Wear (VB) value for homogeneous coated and multilayered 

carbide at 180 m.min-1 
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Fig. 14. Wear depth measured orthogonally to flank wear, example of wear 

the multilayered formulation at 180 m.min-1 after 140 seconds of machining 

 
Fig. 15. Flank wear (VB) value for homogeneous coated and multilayered 

carbide at three different cutting speeds after 140 seconds of machining 

4. Conclusion  

The present work proposed to study wear in orthogonal 

cutting of multilayered coated tools. The iterative wear 

simulation enables to perform wear simulation using an ALE 

model and a wear algorithm updating the tool geometry. It has 

been shown that coating formulation plays a major role on the 

simulated wear results. The multilayer formulation has an 

impact on all three wear parameters considered in this study. 

Considering the assumptions made in this paper, such as the 

friction not depending of the coating layer and the 

temperature not taken into account, the bilayer coating plays a 

major role by limiting the wear extension on both rake and 

flank faces. Further works will be performed to understand 

the impact of coating thickness and friction properties on the 

simulated wear profiles. The bilayer coating also limits the 

wear depth as it reduces indirectly the sliding speed in the 

crater center. It is shown that wear rates of coating layers and 

the substrate should be carefully determined. Authors advises 

to implement a multilayer coating in order to achieve more 

accurate wear simulation. They are aware that keeping the 

same friction formulation for the different coating layers is a 

strong assumption that needs to be investigated. In the future, 

experimental tests will be performed in order to assess the 

presented results. 

Acknowledgements 

Authors would like to express their gratitude to SECO 

Tools AB and CETIM for their financial support. 

References 

[1] Arrazola PJ, Ozel T, Umbrello D, Davies M, Jawahir IS (2013), Recent 

advances in modelling of metal machining processes, CIRP Annals - 

Manufacturing Technology 62(1):695-718. 

[2]  Jawahir IS, Li PX, Gosh R, Exner EL (1995) A new parametric approach 

for the assessment of comprehensive tool-wear in coated grooved tools, 

CIRP Annals – Manufacturing technology 44(1):49-54 

[3]  Xie LJ, Schmidt J, Schmidt C, Biesinger F (2005) 2D FEM estimate tool 

wear in turning operation, Wear 258:1479-1490. 

[4]  Ozel T, Sima M, Srivastava AK, Kaftanoglu B (2010) Investigations on 

the effects of multi-layered coated inserts in machining TA6V alloy with 

experiments and finite element simulations, CIRP Annals – 

Manufacturing technology 59(1):77-82. 

[5]  Zanger F, Schulze V (2013) Investigations of mechanisms of tool wear in 

machining of TA6V using FEM simulation, Procedia CIRP 8:157-162. 

[6] Rech J, Giovenco A, Courbon C,Cabanettes F. Toward a new tribological 

approach to predict cutting tool wear, CIRP Annals, Volume 67, Issue 1, 

2018. p. 65-68. 

[7] Courbon C, Mabrouki T, Rech J, Mazuyer D, D'Eramo E. On the 

existence of a thermal contact resistance at the tool-chip interface in dry 

cutting of AISI 1045: Formation mechanisms and influence on the cutting 

process, Applied Thermal Engineering, Volume 50, Issue 1, 2013, p. 

1311-1325 

[8] Archard J.F. Contact and Rubbing of Flat Surfaces. Journal of Applied 

Physics 24, 981 (1953) 

[9] Ceretti E, Filice L, Umbrello D, Micari F. ALE Simulation of Orthogonal 

Cutting: a New Approach to Model Heat Transfer Phenomena at the Tool-

Chip Interface, CIRP Annals, Volume 56, Issue 1, 2007. p.69-72. 

[10] Bonnet C, Valiorgue F, Rech J, Claudin C, Hamdi H, Bergheau J.M., 

Gilles P. Identification of a friction model-Application to the context of 

dry cutting of an AISI 316L austenitic stainless steel with a TiN coated 

carbide tool (2008) Int. Journal of Machine Tools and Manufacture, 48 

(11), pp. 1211-1223. 

[11] Courbon C, Mabrouki T, Rech J, Mazuyer D, Perrard F, D'Eramo E. 

Further insight into the chip formation of ferritic-pearlitic steels: 

Microstructural evolutions and associated thermo-mechanical loadings 

(2014) Int. Journal of Machine Tools and Manufacture, 77, p. 34-46.  

[12] Mondelin A, Valiorgue F, Rech J, Coret M, Feulvarch E. Hybrid model 

for the prediction of residual stresses induced by 15-5PH steel turning. 

International Journal of Mechanical Sciences, Elsevier, 2012, 58 (1), 

p.69-85 

[13] Kusiak A, Battaglia JL, Rech J. Tool coatings influence on the heat 

transfer in the tool during machining, Surface and Coatings Technology, 

Volume 195, Issue 1, 2005. p.29-40. 

[14] Barge M, Hamdi H, Rech J, Bergheau J.-M. Numerical modelling of 

orthogonal cutting: Influence of numerical parameters (2005) Journal of 

Materials Processing Technology, 164-165, p. 1148-1153. 

[15] Thèse Axel Giovenco. Contribution à la simulation numérique de l’usure 

des outils de coupe, 2018 

[16] Melkote S.N., Grzesik W, Outeiro J, Rech J, Schulze V, Attia H, 

Arrazola PJ, M’Saoubi R, Saldana, C. Advances in material and friction 

data for modelling of metal machining, CIRP Annals, Volume 66, Issue 2, 

2017. p.731-754. 

[17] Rech J, Arrazola P.J., Claudin C, Courbon C, Pusavec F, Kopac J. 

Characterisation of friction and heat partition coefficients at the tool-work 

material interface in cutting (2013) CIRP Annals - Manufacturing 

Technology, 62 (1), p. 79-82

 

0

0.1

0.2

0.3

0.4

Vc  = 100 m/min Vc = 180 m/min Vc = 250 m/min

V
B

 [
m

m
]

Homogeneous coating

Multilayer coating




