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Abstract 
This study investigates the micro end-milling process by using the 3D finite element modeling (3D FEM) approach. The FE model is 
developed for contouring up-milling operation to predict chip flow, burr formation and cutting forces. Different cutting conditions 
were simulated in order to investigate the influence of process variables that might be difficult or even impossible to follow in the 
physical experiments, particularly at this scale. 3D simulations of chip flow and temperature distribution are compared in various 
cutting conditions. The results of the burr formation and cutting forces predictions are compared against the experiments. The 
correlations were observed in terms of burr dimension trends and force profile shapes and magnitude. 
Keywords: 3D Finite Element Modeling, Micro End-Milling, Cutting force, Chip formation, Burr formation. 

1. Introduction  

Machining simulations have become a dominant method to 
predict cutting information prior to machining. Different 
modeling approaches have been broadly developed to improve 
productivity and enhance product quality. The Finite Element 
Method (FEM) has become one of the major tools for 
simulating the micro machining process. Its use expanded 
recently due to its benefits and the development of computers 
[1]. 

Application of FEM on the micro milling process was reported 
by a number of studies in two dimensional domains however, 
3D FEM provides supplementary analysis capabilities to 
investigate the effect of the mill helix angle and the tool edge 
radius on chip flow and burr formation, which cannot be 
investigated by 2D FEM. Özel et al. studied 3D FEM simulations 
to predict chip flow and shape during Ti-6Al-4V alloy for micro 
end-milling. The model considered the wear along the micro 
tool by considering the influence of the cutting edge roundness 
increment on the machining process performance [2]. The 3D 
FE simulation was used to investigate the prediction capability 
of the model on different types of burr formation in micro ball 
milling of Ti-6Al-4V alloy [3].  

This study presents 3D FEM simulations of contouring 
operation micro up-milling by considering the tool helix angle 
and the corner radius. Different cutting conditions are 
simulated in order to investigate possible prediction capability 
increase due to a better tool geometry representation. The 
model is used to study the chip flow, burr formation and 
temperature distribution. The burr formation and force 
predictions capability of the model are validated by comparing 
the numerical model results with experiments. 

2.3D FE Modeling of micro end-milling 

A 3D finite element model for micro end-milling of Aluminum 
6082-T6 has been established using an explicit time integration 
method and employing a Lagrangian finite element formulation 
that can perform coupled thermo-mechanical transient 
analyses by AdvantEdge® FEM software. Fig. 1 shows the set-up 
and the general geometry of the 3D FE micro end-milling model 
with detail magnification of the cutting edge. 

 

 

 
Figure 1. (a) FEM simulation set-up; (b) cutting edge magnification 

 

2.1. Tool and workpiece modeling  
A CAD model was generated in order to obtain a complete 

and detailed representation of the complex geometry of micro 
end-mill. Two flute carbide micro end-mills with 500 µm 
nominal diameter were adopted for the experiments. The 
actual geometry of the mill (Table 1) was measured by an 
Alicona Infinite Focus 3D optical microscope and the obtained 
values used for 3D CAD modeling of the tool. The cutting tool 
was considered as a rigid body and the workpiece was 
considered as a viscoplastic material. 

The four nodes tetrahedral elements type was used for 
meshing tool and workpiece. The rigid cutting tool was meshed 
using 58205 brick elements and 15042 nodes. The workpiece 
was meshed with total number of 27870 elements and 5458 
nodes. 

Among different constitutive material models Johnson-Cook 
(JC) model is widely used as a reliable material model for 
machining simulation due to corresponding material behaviour 
as a function of strain, strain rate and temperature that applied 
in this study as well. 

𝜎 = (A + B (ε)n) [1 + C ln (
𝜀∙

ε∙
0

)] [1 − (
𝑇 − 𝑇𝑎

𝑇𝑚 − 𝑇𝑎
)𝑚] 

The constants used in the 3D FE model for Al6082-T6 are 
listed in Table 2. The constants (B, C, m, Tm) adopted from [4] 
and constants (A and n) were modified base on the inverse 
method analyses on experimental cutting forces [5]. 

The friction phenomenon at the chip-tool interface was 
modeled using the Coulomb law and the constant value of 
coefficient of friction in this study was assigned as µ=0.7. 
 

Table 1 Nominal and actual tool characteristics 
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Nominal 

dimensions 
Actual 

dimensions 

Tool manufacturer Dormer  

Code S150.05  

Tool material Carbide  

Flute number  2  

Diameter 500 µm 492 µm 

Cutting edge radius (re) --- 3 μm 

Helix angle 30° 27.26° 

Rake angle 0° 0° 

Relief angle 8° 7° 

Corner radius (rε) 20 µm 22 µm 

 
Table 2 Material constants for the JC model 

A (MPa) 
B 

(MPa) 
C m n 

Tm 

( ̊C) 

214.25 327.7 0.00747 1.3 0.504 582 

 
3. Experimental setup and conditions 

Micro milling tests were performed on a Kern EVO ultra 
precision 5-axis machining centre. The machine tool and 
experimental set-up are illustrated in Fig. 2. The series of 
micro-milling experiments on Al6082-T6 were carried out in 
different cutting conditions as shown in Table 3. Constant 
cutting speed of 28.27 m/min and 4 µm/(tooth·rev) feed per 
tooth were applied during the experiments. The micro slots 
were acquired by 3D optical microscope (Alicona Infinite Focus) 
Cutting force signals were measured by a miniature 
piezoelectric three-axial dynamometer Kistler 9317B (Fig.(b)). 

 
Figure 2. (a) workpiece fixture on the dynamometer (b) workpiece 

machining area (top view) 
Table 3 Experimental conditions 

Cutting  
parameters 

Test 1 Test 2 Test 3 Test 4 

Depth 
of cut 

µm 50 100 100 50 

Width  
of cut 

µm 125 125 375 375 

4. Results and discussion 

4.1 Burr formation 

The burrs obtained at different cutting conditions both in FEM and in 
real experiments from the side view are shown in Fig. 3. The 
simulations were carried out for both teeth engagements and the 
pictures of FEM results show the cutting edge at the end of its 
engagements arc. However, the results of real specimens indicate 
several teeth engagements and some trends can be observed within 
each picture. The results indicate that cutting parameters influence the 
top burr formation and the maximum top burr height follows the same 
trend in both cases. Based on the selected cutting conditions, the 
depth of cut seems to affect the top burr height more than width of 
cut. 
 

4.3 Cutting forces 

The comparisons were performed between results obtained from the 
finite element model and the physical experiments as shown in Fig. 4. 
The largest component is Fx feed force and shows similar trends for 
FEM in comparison to experiments. Fx starts decreasing earlier and 
with a lower inclination in case of FEM. The Fy forces show a negative 
minimum and a positive maximum at the end of the cut for both FEM 
and experiments. The thrust force Fz is usually the most difficult to 
evaluate and it is often neglected in the models also for its lower values 
compared to Fx and Fy. The experimental Fz is negligible, apart from a 
limited region at the end of the cut, FEM Fz component is also 
comparable to the experimental. 

5. Conclusion 

The proposed 3D FE model demonstrated a fairly good 
matching with experiments in terms of the cutting force 
profiles shape, mainly in the feed (Fx) and transversal (Fy) 
directions and com-parable cutting forces amplitude in all 
directions. Some correlations were observed in terms of top 
burr size, which were affected mainly by the depth of cut. 

 
Figure 3. Side view of burr formation in different cutting conditions 

 
Figure 4. Cutting forces comparison 
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