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1. Introduction 

In recent decades, finite element analysis (FEA) has 
emerged as an increasingly vital tool for understanding the 
machining process, owing to the progressive enhancement in 
computer performance and the resulting increase in simulation 
accuracy. Researchers and commercial software developers 
have progressively incorporated additional features into their 
work, such as coated tools or tool wear models. Since tool 
failure accounts for almost 20 % of machine down time [1], 
understanding and predicting failure mechanism and thus tool 
wear is necessary. Beyond the economic motivation to counter 
tool wear with more wear-resistant coatings [2], it is 
noteworthy that tool wear is also responsible for increased 

cutting forces, vibration and cutting temperatures which impact 
the surface integrity [3]. Two approaches are possible for 
modeling wear in FEA cutting simulation, both involving a 
geometry update of the tool due to wear. The first approach 
involves the local deletion of nodes when a specific wear 
condition is met. The second approach entails displacing each 
tool node that comes into contact with the workpiece or the 
chip. Consequently, the tool's mesh undergoes alteration during 
simulation, despite its typical representation as rigid [4]. The 
displacement of nodes, and thereby the distortion of the mesh, 
can potentially lead to degraded mesh quality and numerical 
challenges. This issue has been addressed through the 
implementation of temporal smoothing techniques for the state 
variables relevant for the applied wear model [5]. 
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Tool wear significantly contributes to machine downtime. Therefore, methods for describing tool wear are crucial for both end users and 
researchers aiming to develop wear-resistant coatings to enhance overall equipment effectiveness. Finite Element Method (FEA) cutting 
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state variables. This limitation has led to less research on the transient phase of cutting regarding wear modeling. However, processes like profile 
grooving often entail significantly reduced cutting times compared to traditional lathe operations, amplifying the significance of the transient 
cutting phase. To facilitate a more comprehensive understanding of wear progression during the transient cutting phase, novel approaches are 
essential. This study introduces a methodology based on implementing Python algorithms to automate wear progress calculation in DEFORM-
2D for each tool node in contact with the chip or workpiece. This approach executes node updates and continues the simulation in a loop, allowing 
users to freely define the geometry update interval, constrained only by the simulation's step size. As a result, wear progression during the transient 
cutting phase can be accurately modeled with greater precision through a fully automated Python script. 
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Lagrangian and arbitrary-lagrangian-eulerian (ALE) 
formulations were employed for wear simulation. For the 
lagrangian formulation, the mesh follows the workpiece 
material which eventually leads to the formation of a chip 
whereas ALE formulation with lagrangian and eulerian 
boundaries requires a predefined chip [6] which requires 
preliminary experiments for the chip shape determination. An 
approach combining an initial lagrangian simulation to reach 
mechanical steady-state succeeded by multiple ALE 
simulations to reach the thermal steady-state has been 
employed to simulate tool wear with DEFORM 2D by utilizing 
a coupled abrasive-diffusive wear model  to consider different 
wear mechanisms on the rake and flank face of the tool [7]. A 
similar approach is to perform an initial incremental lagrangian 
simulation and ALE simulation to reach the thermo-mechanical 
steady-state and then apply a lagrangian simulation iteratively 
with an update of the geometry in between the succeeding l 
agrangian simulations [8]. Other researchers have concentrated 
solely on the arbitrary-lagrangian-eulerian (ALE) formulation 
within Abaqus/Explicit. [9].  

Despite the findings demonstrating the capability of finite 
element analysis (FEA) to simulate tool wear, as also affirmed 
in [10], the widespread adoption of this technique remains 
constrained by computational expenses. FEM simulations are 
computationally expensive and can last for days depending on 
the simulated cutting distances. Since cutting tools are designed 
to withstand the thermo-mechanical load of the cutting process, 
it is highly questionable if the simulation of the entire life span 
of a tool is feasible and even more if 3D models are considered 
[11]. In order to give some insights in the wear progression, 
two approaches are possible. Firstly simulating process 
conditions which won’t be applied in reality e.g. by increasing 
the cutting speed to increase the thermo-mechanical load and 
thus increase the wear-rate. The second approach is based on 
discretizing the entire cutting process and calculating the tool 
wear at predefined timestamps. Concerning the time in between 
updating of the geometry, several values are present in 
literature. In [7] the time of each update of the tool geometry 
was set to 10 % of the estimated remaining tool life by applying 
a Taylor’s law. In some simulations this was to values as high 
as 20 seconds. In [8] it was noted that one simulation loop 
corresponds to 30 seconds of machining.  A subroutine for 
updating the worn tool was called after a cutting time of 45 
seconds [12]. A constant wear rate of 15 seconds was 
implemented [5]. While determining the course of wear on 
coated cutting tools the wear rate was assumed to be constant 
for 5 seconds and the thermo-mechanical steady-state was 
assumed to be reached after a simulated cutting time of 1ms 
[9]. In contrast to the aforementioned approaches for wear 
simulation, a novel method aimed at reducing simulation time 
by circumventing the requirement for a simulation loop [13]. 
This was achieved by computing the time needed to attain a 
predefined wear state of the cutting insert. Here, the wear rate 
on the flank face was assumed to be constant for wear steps up 
to 100µm.   

The underlying assumptions in the presented tool wear 
simulations is that a thermo-mechanical steady state has been 
reached which enables an efficient wear simulation due to the 
following mathematical exploitation of a wear-rate model, 
where  the most widespread model known as the Usui wear rate 
model shown in equation 1 is used. Here, the wear rate depends 
on the state variables contact pressure 𝜎𝜎� , sliding velocity 𝑣𝑣
and temperature 𝑇𝑇 . The values of contact pressure and sliding 
velocity are underlying significant changes in the initial stages 
of the cutting process until the force stead-state is reached and 
a continuous chip formation is established. The surface of the 
cutting edge however is reported to reach the thermal steady 
state after few seconds. After reaching the thermo-mechanical 
steady-state the wear rate is assumed to solely dependent on the 
influence of the newly formed cutting tool geometry on the 
state variables of equation 1. Therefore, in the thermo-
mechanical steady-state the wear for a tool geometry update 
can be calculated according to equation 2, where the value of 
𝛥𝛥𝛥𝛥 can be set freely. This results in the conclusion that an FEA 
wear simulation can be artificially enlarged by multiplying the 
wear rate obtained from steady state machining by a factor of 
𝛥𝛥𝛥𝛥  [14] which has been set according to the previously 
presented literature.     
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From this analysis, it can be concluded that the transient 
state of the cutting process where the chip is not fully formed 
and temperatures did not reach steady-state can hardly be 
modelled manually by the approaches above [15] since this 
would require thousands of iterations. Hence, there arises a 
pressing need for a fully automated tool geometry update 
system capable of efficiently managing such frequent updates, 
while remaining adaptable across various finite element 
method software platforms. Thus, research regarding cutting 
tool wear related to the initial cutting conditions is limited 
despite the fact that tool presented coatings for the purpose of 
a smooth initial cutting phase. In order to enhance the current 
state of the art of wear modelling the wear progress due to the 
transient phase of cutting needs to be considered which requires 
new automated methods. This enables tool manufacturers to 
develop coatings which are resistant to the process conditions 
encountered during the transient phase of cutting. Especially 
processes like profile grooving where the time per cut is short 
and the steady-state condition is not met could increase its 
productivity by providing new modelling methods for that 
transient phase. This is underlined by findings which suggest 
the thermal-steady state to be reached after several seconds of 
cutting time.  Therefore, speeding up the manufacturing 
process can be achieved by improving the understanding of the 
transient wear process and the resulting improved design of 
tool coatings for wear resistance.  
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2. Applied methods for transient wear simulation  

2.1. 2D FEM cutting simulation  

Wear simulation is a challenging task and is like many other 
simulations highly dependent on input parameters of the user 
such as step increment, the chosen wear model, the mesh size 
and material models just to name a few. Based on the 
assumption that an interaction between the tool geometry and 
the workpiece determines the direction of the tool wear, the 
geometry of the workpiece has to be updated during the cutting 
simulation in order to achieve a realistic interaction. Due to the 
discretization of the tool geometry with nodes that make up 
elements of a mesh, the outmost nodes of the mesh determine 
the shape of the tool. This leads to the conclusion that these 
nodes need to be locally displaced by a value which is 
determined with a wear model. This work utilizes the software 
DEFORM 2D (version 13.1) to simulate the cutting process 
with nodal displacement. In DEFORM, a database containing 
all necessary information for the solver can be converted into a 
keyfile which is readable by humans and furthermore can be 
processed by a text editor. By adjusting certain values in this 
keyfile and converting it back to a database for the next 
simulation, the user has the option to alter the simulation in 
order to achieve a geometry update of the tool. By introducing 
a python program which automatically executes the cutting 
simulation, converts the database into a keyfile, displaces the 
nodes of the tool via an automated text editing, converts the 
textfile back to a database and starts the next simulation step, 
the geometry update can be described in a loop. This process is 
depicted in Figure 1. Therefore, the text-based mode of starting 
DEFORM simulations is exploited by the python program, 
which calls the preprocessor and starts the next simulation step 
by pasting the necessary commands in the command prompt of 
the used computer.  

Fig. 1. Flow chart for automated tool geometry update with python. 

Cutting speed 𝑣𝑣�  was set to 200 m/min and feed to 0.1 mm. 
Thermal conductivity for AISI 1045 was taken from [16]. The 
applied wear model in this study is the Usui wear model stated 
in equation 1. The values for 𝑐𝑐� and 𝑐𝑐�  were taken from 
literature and determined for the pairing of TiAlN and AISI 

1045 [17]. The Johnson cook material constitutive model 
described in equation 3 was implemented to account for the 
influence of strain hardening, viscous behavior and thermal 
softening [18]. The model parameters (A = 553.1 Mpa, B = 
600.8 Mpa, C = 0.0134, n = 0.234, m = 1 and Tm  = 1733 K) 
were taken from literature [19].  

σ = (A + Bε�
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2.2. Algorithm for tool geometry update in DEFORM  

Since the interaction of the workpiece and the tool is 
calculated in DEFORM on basis of a separately defined 
geometry and not the mesh itself [5], it is not sufficient to just 
alter the nodes of the mesh. Furthermore, the geometry which 
can be interpreted as the boundary between the outmost tool 
nodes and the environment needs to be displaced as well. 
However, DEFORM typically defines the tool geometry with 
very few contour points which makes matching of the geometry 
and the mesh impossible after a node displacement of the mesh 
took place. To satisfy this condition, an algorithm run prior to 
the database generation is implemented which matches the 
contour nodes of the mesh to the geometry and in addition 
fulfills the software’s demand by a counterclockwise definition 
of the geometry. The algorithm gets the coordinates of the tool 
mesh which can be exported during the initial database 
generation as an input, and prints the outmost nodes of the tool 
mesh in a counterclockwise manner to a specified keyfile 
which then serves as an input to the preprocessor. To determine 
whether a node of the mesh is a border node, a distinction 
between cases is implemented as follows. For each node a 
virtual coordinate system is defined which has its origin 
congruent to the node. Thereafter the remaining nodes of the 
mesh are sorted based on the quadrant they lie in. If each 
quadrant is assigned at least one node, it can be concluded, that 
the node is not part of the contour of the tool. This approach is 
depicted in Figure 2.  

Fig. 2. Determination of geometry-nodes via quadrant technique.   

This process is repeated for each node in the keyfile. With 
this algorithm the tool geometry is not defined by the default 
value of seven boundary nodes of the mesh but rather by each 
node which lies on the contour of the mesh. Thus, a congruent 
displacement of mesh and geometry can be guaranteed.  
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2.3. Algorithm for updating the tool node coordinates  

For every node, the essential variables required to compute 
tool wear using the Usui wear model can be extracted from the 
converted text file. Apart from determining the wear depth for 
each node, it's crucial to define the direction of wear. In this 
investigation, the nodes are displaced orthogonal to the vector 
connecting their neighboring nodes. Moving nodes normal to 
the tools surface has been widely adopted by researchers and 
delivered acceptable results when simulating wear. Given that 
the contour nodes defining the tool geometry were pre-
calculated, sorted counterclockwise, and saved to a text file, the 
task of identifying the neighboring nodes for each wear node 
can be accomplished using Python. This eliminates the 
necessity of interacting with the keyfile generated from the 
database. With respect to the nomenclature in Figure 3, the 
coordinates to define the vector 𝐴𝐴𝐴𝐴����  can be determined. The 
next step of the algorithm is the calculation of an orthogonal 
uniform vector 𝑛𝑛�. This calculation could potentially lead to a 
vector pointing in the wrong direction and thus simulating the 
opposite effect of wear would take place. Hence, a case-by-case 
analysis is carried out for each node, as outlined in Equation 4. 

�
𝐵𝐵� − 𝐴𝐴�
𝐵𝐵�− 𝐴𝐴�

0
� 𝑥𝑥 �
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0

� = �
0
0
𝑑𝑑
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Here the additional point 𝑐𝑐� or 𝑐𝑐� is defined by adding 𝑛𝑛� to 
A regardless of the direction of 𝑛𝑛�. Then the cross product of 
(B-A)x(C-A) is calculated. If the third entry d of the resulting 
vector is negative, then 𝑛𝑛� is not pointing towards the inside of 
the tool and needs to be multiplied by negative one to satisfy 
this condition. This approach is visualized in Figure 3. This 
way it can be ensured that the direction of moving nodes is as 
intended.   

Fig. 3. Movement of nodes normal to the tools surface.  

3. Results 

The proposed python algorithm to perform a case by case 
study whether a node of the tools mesh is a border node was 
successfully implemented and the performance was checked 
with several meshes. As a next step the border nodes were 
successfully sorted with a subsequent algorithm to ensure a 

counter clockwise order of the geometry points. This came in 
handy to define the neighbouring nodes needed for the 
direction of the wear progress, because the nodes required to 
determine the direction of wear for node n are n-1 and n+1. 
Since geometry node one was chosen to be on the top right 
corner of the tool and never in contact with the chip, no case by 
case study is required for the nodes with the first or the lowest 
ID. Due to these sorting algorithms a fully automated definition 
of the geometry based on the mesh could be implemented 
which presents users an easy way to try different meshes for 
the cutting simulations without the need to manually sort the 
geometry defining nodes and match them with the mesh of the 
tool. This proves beneficial for mesh sensitivity analysis. The 
results of the geometry definition are depicted in Figure 4 
where the discretization of the tools geometry (right) is 
noticeable compared to the default geometry (left).  

Fig. 4. Algorithm for matching the mesh to the geometry.  

To provide insights to the wear behaviour before reaching the 
thermo-mechanical steady-state, three nodes were selected on 
the tools surface where the first node is allocated on the rake 
phase, the second at the tip of the tool with x-coordinate being 
zero (Figure 4 right) whereas the third node was selected on the 
flank face with y-coordinate equal to zero (Figure 4 right). With 
the applied models of chapter 2 the results of the wear rates in 
these models are depicted in Figure 5.  

Fig. 5. Wear rates during the transient cutting phase at three predefined nodes. 
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Each data point in these graphs represents 50 steps of the FEA 
cutting simulation. In Figure 5 (bottom) it can be obtained that 
the wear rate is quite unstable at significant nodes throughout 
the simulation which is caused by the contact conditions. This 
issue was described as contact flickering in the context of FEA. 
In addition, the wear rates at both graphs in Figure 5 (top) 
underlie significant variation in a short timeframe. Thus, it can 
be concluded, that by simply choosing the last datapoint as the 
wear rate is not only overestimating the wear but is further 
introducing uncertainty to the simulation, which was only 
addressed in some previous studies [5]. Techniques like fitting 
a moving average to the obtained time series or data driven 
models for outlier detection should therefore be employed for 
countering the issue of contact flickering.  

4. Conclusion 

Previous studies on tool wear calculation with FEA found that 
tool wear can be calculated with wear models and the chip-tool 
interaction can be modeled via node displacement of the tools 
mesh and the geometry. These models were applied during the 
steady-state of cutting and less effort was put into simulating 
the transient machining process before the thermo-mechanical 
steady-state is reached. However, when developing wear 
resistant coatings, the transient phase becomes dominant for 
processes like profile grooving. Since previous modelling 
techniques based on the thermo-mechanical steady-state can’t 
be effectively applied on the transient wear modelling, a new 
methodology is presented in this work based on DEFORM 2D. 
Due to a fully automated python script which controls the FEM 
software in text based mode via the command prompt, an 
algorithm was successfully implemented which accumulates 
the wear induced on the tool during the transient cutting phase 
via a discretized node displacement. Therefore, algorithms for 
matching the tools mesh with the geometry were successfully 
implemented.  After a user-specified time step, the simulations 
database is altered upon the application of a wear rate model 
via text editing in python before the simulation is automatically 
continued. With the proposed approach for a fully automated 
wear modelling, the basis for a more in depth understanding of 
the transient cutting phase is provided. In future studies the 
presented approach will be utilized for the determination of a 
suitable wear model to describe an experimentally determined 
wear behavior of AlTiN coated cutting inserts for the cutting 
process of grooving. 
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of the publication. 
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