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1.0 INTRODUCTION 

Micro-milling is a critical manufacturing process for fabricating small-scale components 
with tight tolerances and high surface quality, such as those used in the electronics, aerospace 
and medical industries [1]. Compared to traditional macro-scale milling, micro-milling presents 
unique challenges due to the small feature sizes, high spindle speeds and complex tool-
workpiece interactions. Experimental studies have been extensively conducted to investigate the 
effects of various process parameters on the performance of micro-milling, including cutting 
forces, tool wear, surface roughness and dimensional accuracy [2-4]. However, the studies can 
be time-consuming and expensive, especially when exploring a wide range of process conditions. 

Numerical simulation using the finite element method (FEM) has emerged as a powerful tool 
to study the micro-milling process more cost-effectively and efficiently [5-6]. Finite element 
analysis can provide detailed insights into the stress, strain and temperature distributions during 
micro-milling, which are crucial for process optimization and development of predictive models. 
Several studies have explored the use of finite element modelling to analyse the micro-milling 
process, considering the effects of cutting parameters, tool geometry and workpiece material 
properties [7-9]. The primary source of machining mistakes in micro-milling, particularly with 
micro-tools having a high length-to-diameter ratio, is tool deflection [10]. Among the errors, tool 
deflection is the most severe impediment to precision machining [11]. Therefore, understanding 
the forces acting on the cutting tool design and estimating power requirements play an important 
role in the micro-milling process. 

This paper presents a numerical study of the micro-milling process using the finite element 
method, which is Abaqus software. It investigates the effects of key cutting parameters, including 
cutting speed, feed rate and depth of cut, on the cutting forces in the workpiece 
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material. The results can provide valuable insights into the tool wear of the cutting tool for the 
micro-milling process and can be used to optimise process parameters for improved productivity 
and part quality. 

 
2.0 METHODOLOGY 

2.1 Simulation Model 

 

The finite element analysis of the micro-milling process was conducted using the Abaqus 
software package. Table 1 illustrates the material constant for the workpiece. The material for the 
cutting tool is defined using Young’s Modulus, E = 200GPa and Possion’s Ratio, v= 0.33. 

Table 1: Johnson-Cook material constant for AISI D2 (Tang et al., 2011) 
 

Materi al A 

[MPa] 

B 

[MPa] 
n C m 

Melt Temp. 

[K] 

AISI D2 1766 904 0.312 0.12 3.38 1733 

 

 

 

 
The model consists of a tool design with a two-flute end mill with 38 mm length and 0.5 

mm diameter, which was modelled using CAD. The tool geometry parameters are given in Table 
2 with a clear insight in Figure 1. 

Table 2: Specification of cutting tool 

 

Mill diameter (D1) Shank diameter (D2) Flute length (L1) Overall length (L2) 

0.5mm 3mm 1mm 38mm 

 

 

 

 

 

Figure 1: Micro-cutting tool geometrical 

 

 
The simulation considered the three-dimensional nature of the micro-milling process and 

incorporated the effects of tool geometry, cutting parameters and material properties. In the 
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simulation, the milling tool rotates around the Z-axis and the workpiece feeds in the cutting 
direction at the same time, as shown in Figure 2(a). The workpiece moves in the direction X and 
is fixed in the direction Y. The tool and the workpiece are set as deformed bodies and rigid 
constraints are applied to the tool. The mesh type of the workpiece is defined as a hexahedral 
with eight-node coupled bricks and a first-order linear interpolation solid element, while the tool 
is defined as a tetrahedron with a node linear interpolation solid element, as shown in Figure 
2(b). The simulation was carried out on the 20 mm material workpiece length of tool travel to 
investigate the cutting forces with the cutting tool in the new (initial cutting) and worn (final 
cutting) conditions. The cutting parameters used were Vc= 20 m/min, f=1 µm, d=15 µm as the 
low-level and Vc= 100 m/min, f=4 µm, d=75 µm as the high-level machining parameters 
representing Test I and Test 2, respectively. 

 
 
 

Figure 2: Top view of FEM setting (a) boundary conditions and (b) meshing of the workpiece and tool 

The initial FE model was developed by referring to the existing model in the literature as the first 
step to get a validated model before the actual simulation analysis took place. The models were 
referred to by Chae et al. (2006) [12]. The simulation results obtained must be as precise as 
possible for the investigation of cutting force in micro-end milling operations, which can lead to 
model validation. After the initial model was validated, the different test cases with the same 
parameters used in the experimental literature approach of micro-end milling hardened AISI D2 
cold work tool steel were used as in Saedon et al. work [3]. 

 

2.2 Validation Study 

 

A validation study was conducted to compare the results with those of Saedon et al [3]. The 
parameters compared included the cutting force values from the simulation and the cutting force 
values from the experimental data by Saedon et al [3]. Table 3 shows the validation results 
between the referenced experimental results and presented simulation results with cutting 
parameters used; cutting speed, Vc of 50 m/min, axial depth of cut, d of 55 μm and feed rate, f of 
2 μm/tooth. 
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Table 3: Relative error for cutting force values between and the present [3] 

 

Force Cutting force by Saedon et al. Cutting force Relative 
 (N) (N) error 

Fx 3.30 3.14 5% 

Fy 3.25 3.19 2% 

Fz 2.67 2.57 4% 
 

 

3.0 RESULT AND DISCUSSION 

3.1 Cutting force 

 
 

The cutting force components, Fx, Fy and Fz obtained from the simulations of Test I are 
shown in Figure 3(a). All force components were seen to increase as the cutting progressed up 
to 20 mm cutting length as shown in Figure 3(b). Similar trends were also found for the Test II 
simulation case in Figure 4(a) for initial cutting and Figure 4(b) for final cutting. 

 

Figure 3: Cutting force in simulation (Vc= 20 m/min and f=1µm and d=15µm) for (a) initial cutting and (b) 

final cutting 
 

 
 

Figure 4: Cutting force in simulation (Vc= 100 m/min and f=4µm and d=75µm) for (a) initial cutting and (b) 

final cutting 

 
 

Figure 5 displays the comparison in cutting forces between Test I conducted using low-level 
machining parameters and Test II carried out with high-level parameters. All forces increased 
significantly as the cutting proceeded. The feed force, Fx increased from 2.2 N to 5.3 N and 4.5 
N to 6.7 N for Test I and Test II, respectively. The percentage increase was 58% and 33% 
approximately. For the normal force, Fy also improved from 1.7 N to 4.6 N for Test I and from 
3.7 N to 5.7 N, giving the change of 63% and 35%. This was more observable in thrust force, Fz 
where a large increase was recorded for Test I from 1.3 N to 4.4 N with 70% of change while for 
Test II from 3 N to 6.8 N with 56% of change. 
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Figure 5: Predicted cutting forces generated in Test I and Test II during initial and final cutting. 

The reason why the cutting forces increased as the cutting length proceeded is based on the 
fact that cutting force may be caused by further deformation energy required during the chip 
formation, thereby contributing to the size effects by modifying the chip formation at the tooltip. 
Fundamentally, as the cutting progressed, all force components increased significantly due to the 
tool wear that easily led to a tool deflection, tool breakage or damage to the workpiece or 
machined surface. Since a cutting tool greatly wears at the tooltip, it will be the first point to be 
categorized as wear criteria. This is because the tooltip is subject to the highest contact pressure 
compared to other parts of a cutting tool [13]. For micro-milling, it could be claimed that the 
wear at the tooltip determines the tool deflection and tool life. Since the critical point of tool wear 
is at the tool tip, the tool wear effects are recommended. 

 

3.2 Tool wear effect in Micro-milling 

 

The cutting force components, Fx, Fy and Fz obtained from the simulations are shown in 
Figure 6. Investigations of the tool wear effect in micro-end milling were divided into three levels 
of cutting tool edge radius; re=3, 6 and 12 µm. The tools were divided into two categories where 
the new or unworn tool was represented by a tool edge radius of re=3 µm and the worn tool 
was represented by a tool edge radius of re=6 µm and re=12 µm. This indicates that as the tool 
continuously wears, the tool edge radius increases. The tests were conducted at the cutting 
speed, Vc of 100 m/min, depth of cut, d of 75 µm, and feed rate, f of 4 µm/tooth. 

 
 

Figure 6: Predicted cutting forces in micro-end milling with four different edge radii. 
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All force components increased with the increase of tool edge radius. This indicates that cutting 
with a worn tool generates a higher cutting force compared to that with a fresh cutting tool (unworn 
tool). This might be due to the increasing rake angle provided by the larger edge radius. The more 
negative the rake angle through a wide and expanded plastic shear zone, the higher the energy 
and cutting forces obtained. The increase in cutting force can easily lead to tool deflection, tool 
breakage or damage to the workpiece or machined surface. 

 
 

Figure 7: Temperature distribution for (a) 3µm, (b) 6µm and (c) 12µm 

The temperature distribution is not located at the tooltip but stays above it, which can be 
detected near the rake face of the tool rather than the flank face of the tool (Figure 7). That is 
because the friction between the chip on rake face is greater than the friction cutting-tool 
workpiece. A large edge radius promotes higher temperature due to more deformation of material. 
It indicates the rising temperature along the cutting edge as the tool cuts through the workpiece, 
which may lead to the conclusion that the wear increases as the edge radius increases. 
Thepsonthi and Özel (2015) also argued that a large tool edge radius generated a higher cutting 
temperature compared to a small edge radius due to the larger shear zone resulting from the 
enlarged edge radius, which can decrease the shear angle [14]. 

 
 
 
4.0 CONCLUSION 

The micro-milling process of 20 mm material workpiece length of tool travel has been 
carried out in simulation with cutting parameters between Vc= 100 m/min, f=4 µm, d=75 µm to 
Vc= 100 m/min, f=4 µm, d=75 µm. The results demonstrated that as the cutting progressed, all 
cutting force components increased. The feed force, Fx was a large increase compared to the 
thrust force, Fz and the normal force, Fy. The calculation observed was obtained by simulation in 
the Abaqus software. The wear development of the micro end mill can be described with the 
increasing tool edge radii. This change significantly affects cutting force generation. This can be 
attributed to the fact that the cutting forces increase alongside cutting length due to tool wear 
development. Therefore, the larger cutting edge attained due to tool wear significantly increased 
the cutting forces. 
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