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Abstract 

 

The design of micro end mills requires to take various partly conflicting aspects into account, which prohibit downsizing of 

conventional end mills. To support the design and manufacture of micro end mills guidance criteria were established. Within the 

work presented here such guidance criteria were the basis for a detailed CAE/FEM analysis to deepen the understanding of micro 

end mill design. The main topic was to determine the influence of the helix angle on the maximum principal stress (σ1) at critical 

regions of the tools and to compare the results with cutting tests. Additionally, a study regarding the dependence of the radii of the 

rounded edge areas and corresponding displacement of the tool tip was performed. Both helix angle and the radii of the rounded 

edge areas showed considerable impact on the failure behaviour of micro end mills, displacement of the cutting edge corner and 

stiffness. 

 

Keywords: micro milling, cutting tool, tool design 

 

1. Introduction 

 
Micro milling is a competitive technology for the 

manufacturing of structured surfaces and micro moulds. 
Since micro milling is a tool‐based process like 
conventional milling, the advantages of this process 
depend on design and quality of its tools [1]. Nevertheless, 
design and overall quality of the tools are dependent on the 
method employed in their manufacture [2-3]. Researchers 
have reported partly conflicting requirements when 
downsizing from macro milling and therefore have 
introduced several guidance criteria for micro tools [4-10]. 
Fang et al. showed that most micro end mills with more 
than one cutting edge fail to cut under micromachining 
conditions, because with every additional cutting edge there 
is an increase in torsional shear stress, raising the risk of 
tool failure [5]. It is also recommended to use high stiffness 
micro end mills, which can be achieved by small helix 
angles, big core diameters and a short total tool length [6-
8]. Furthermore, the manufacturing and application of micro 
end mills require a material that provides high compressive 
strength and hardness, as well as sufficient machinability 
[9]. 

The demand for these properties, and the findings 
abovementioned, lead to single-edge micro end mills made 
of cemented carbide as one of the most suitable tool 
concepts for micro milling. Nevertheless, mastering the 
behavior of tools smaller than 50 µm still offers enough 
opportunities for improvement since the limits of tool design 
have not been reached yet. 

The research presented in this paper relates to a 
computer aided engineering (CAE) based optimization of 
the design of helical single-edge ultra-small micro end mills 
(USM mills) with diameters of 20 µm and 50 µm. The 
influence of the helix angle and the tool manufacturing 
process dependent radii are determined with simulations 
and the results compared to experiments. 

 

 

2. Methodology 

 
2.1 Tool manufacture and Design 
 

The manufacturing of micro end mills is performed on a 
desktop 3-axis tool grinding machine (Fig. 1a), with a pre- and 
fine-grinding process. 

 

 
Fig. 1: Manufacture of USM mills 

 
The pre-grinding generates a cylindrical section at the tip of 

the blank’s cone with stock allowance for the fine-grinding 
process (Fig.1b). Within the fine-grinding the effective cutter 
diameter (D), the cutting section and all remaining features are 
manufactured. Since the whole geometry of the USM mill is 



machined by a single grinding blade with constant profile, 
some radii in the tool geometry are a negative of the fine-
grinding blade profile, as can be seen in Fig.1c. Here the 
superposed SEM image of a test structure in cemented 
carbide and the SEM image of the blade show the influence 
of the grinding wheel profile on the smallest possible radii. 

The USM mills that were developed and applied for this 
study’s investigations are characterized by the parameters 
shown in Fig. 2. 

 

 

Fig. 2: Helical USM mill with cylindrical cutting section 

 
The facets around the tool shaft result from the 

kinematics of the manufacturing process. The fine-grinding 
blade is moved axially parallel alongside the tool blank. By 
adjusting the relation between feed speed of the grinding 
blade and the rotational speed of the tool blank the helix 
angle (λ) can be defined and manufactured. The helix angle 
(λ) can be varied between -30° and +30° in order to adapt 
to the different workpiece materials and to influence chip 
formation and removal The fact, that the final geometry is 
machined by the same grinding blade, leads to equal 
values for the neck radius and the cutter flute radius 
(Rn = Rcf =18.5 µm) [9]. All USM mills’ aspect ratio was 
2:1:1 (lt:lc:D). 

The purpose of the minor cutting edge angle (´r) is to 
reduce friction between the USM mill and the workpiece 
surface. All simulated and tested tools have the same 

´r = 12°. 
 

2.2 CAE model and boundary conditions 
 

To model various tool geometries the CAE system 
Siemens NX (v.8.0.025) was used. Therewith, complex 
volumes and surfaces at various levels of parameterization 
such as the USM mills can be made. 

The material of the applied tools has a hardness of 
2000 HV 30, and a transverse rupture strength (TRS) of 
4,800 MPa. The compressive strength (CS) of fine grain 
cemented carbide is approximately 5,800 MPa. For the 
simulation, the tensile modulus (E) is 600 GPa and its 

Poisson’s ratio (ν) is 0.22. Both variables correlate with the 9 % 
cobalt content, the grain size and the literature review [10]. 
These values are required to define the material properties in 
the CAE system. Before the simulation of the USM mills was 
performed, the material model was verified according to the test 
setup from DIN EN ISO 3327 [11], which uses a bending beam 
to calculate the TRS. In this case, the bending beam is a 
cylinder, which is mounted between three other cylinders that 
are needed to apply a load (F) until the fracture happens (see 
Fig. 3a). 

 

 
Fig. 3: Simulation of the transverse rupture strength 

 
In the standard DIN EN ISO 3327 the TRS is calculated 

analytically (see Eq. 1). 
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Since for the simulation the applied load (F) is needed, the 

test load for the verification was calculated by inserting the 
maximal TRS for the applied cemented carbide 
(TRS = 4,800 MPa) into the equation for TRS respecting the 
standard geometrical conditions of the bending beam (see 
Eq. 2). 
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In Eq. 2 the geometrical conditions are considered by the 

length between the two point bending load (L = 14.5 mm) and 
the elastic section modulus (S), which considers the beam 
diameter (D = 3.3 mm). 

Finally, the applied load (F = 4671.1 N) is used to 
determinate the tensile load in the simulation, leading to a TRS 
of 4,403.6 MPa on the bottom side of the beam (see Fig. 3b).  

This value is comparable to the TRS (4,800 MPa). The 
deviation of 8.26 % is within the expected range of 7 - 10 %, 
which is usual for FEM simulations [12]. After this evalution, the 
micro end mills were modeled. 

To generate the simulation results for maximum principal 
stress (σ1) and displacement (u) a CAD model of the USM mill 
taking the restrictions of the real manufacturing process into 



account was created. By including appropriate parameters, 
the helix angle (λ) could be varied. The mesh size was set 
to 4 µm for 50 µm diameter and to 1.6 µm for 20 µm 
diameter respectively. At critical regions of the CAD model, 
such as the cutter flute and neck radius, the element size 
was refined to improve the quality of results (see Fig. 4). 

 

 

Fig. 4: Boundary conditions 

 
For the regions where mesh refinement was applied 

the mesh size was set to 1.6 µm in the case of 50 µm tools 
and to 0.6 µm in the case of 20 µm tools. To ensure a 
realistic and reliable simulation model, preliminary 
calculations and simulations were performed. The cutting 
force (Fc), which is the main reason for σ1 and u, was 
determined by mechanical calculation. Although the results 
of this work are not dependent on a certain Fc, the 
magnitude of Fc should have a realistic dimension. To find 
such a value the mechanical material properties of the 
applied cemented carbide and the cross-section of 
undeformed chip were taken into account. The cross 
section of undeformed chip (A) was set to 10 µm2

, which is 
the product of feed per tooth (fz = 2 µm) and depth of cut 
(ap = 5 µm). Hence the cutting force was calculated under 
consideration of the compressive strength (CS) (see Eq. 3). 

 

NACScF 058.0                                     (3) 

 
The cutting force was applied to the cross-section of 

undeformed chip (A) as an equally distributed load. Its 
direction was perpendicular to the tool centreline, thus 
collinear with the cutting direction to simulate a realistic 
force application (see Fig. 4). The cutting force (Fc) is highly 
dependent on the physical and mechanical properties of 
the workpiece, e.g. yield strength and ductility. Estimating 
Fc as a function of A and CS gives the maximal applicable 
load for A. This workpiece material independent 
consideration, under a reasonable cutting condition of 
fz = 2 µm and ap = 5 µm, helps to estimate the magnitude of 
the tool behaviour. 
 

3. FEA Simulations and Results 
 

3.1. Influence of helix angle on maximum principal stress 
and displacement 
 
The discretized CAD models were used to simulate the 

values for σ1 and u of the cutting edge corner and the free 
corner for varying helix angles (λ) ranging from -30° to 

+30°. Due to a 2° interval a total of 31 different helix angles was 
simulated within this range. Fig. 5, Fig. 6 and Fig. 7 show σ1 for 
the three main critical regions of the USM mills. The three main 
critical regions of the USM mills are: the rake face, the rounded 
edge area resulting from the cutter flute radius (Rcf) and the 
transition area from tool to neck resulting from the neck radius 
(Rn). 

 

 

Fig. 5: Progression of maximum principal stress (σ1) within main 

critical regions of the USM mills for D = 50 µm and Fc = 0.3 N 
 

 

Fig. 6: Progression of maximum principal stress (σ1) within main 

critical regions of the USM mills for D = 50 µm and Fc = 0.058 N 
 



These regions can be defined as critical regarding tool 
failure within previously conducted cutting tests. Values of 
σ1 and u were found by a separate evaluation of the three 
regions. 

As can be seen within Fig. 5 with 0.3 N and Fig. 6 with 
0.058 N, a change of the cutting force leads to a 
proportional change of the magnitude of the values for σ1 
within the three main critical regions of the USM mills. The 
graphs’ shape does not vary, they only get shifted to 
different values and there is no significant qualitative 
change. The ratio between the σ1 of the three main critical 
regions when comparing results for different cutting forces 
also do not change. As a result the failure regions of the 
tool under same boundary conditions can be identified 
independently from the Fc magnitude, so the following 
analysis refers to a cutting force of Fc = 0.058 N. 

The area where the highest values for σ1 occur define 
the region where the tool will break most likely. For the 
50 µm tool, the rake face is the most fragile part for all λ, 
and the smallest σ1 occurs for helix angles ranging from 
-15° to 0° (see Fig. 6). 

The behavior of 20 µm tools is different (see Fig. 7). 
Dependent on its helix angle, the highest σ1 of the 20 µm 
USM mill emerges on different regions of the tool. Within 
the interval ranging from -20° to +6° the failure will happen 
at the rounded edge area (from Rcf). Lower and higher λ 
induce the rake face to be the weakest region of the tool. 

 

 

Fig. 7: Maximum principal stress (σ1) for USM mills with 

diameters of 20 µm and Fc = 0.058 N 
 

To illustrate the failure behavior of the 50 µm USM 
mills, the σ1 plots for λ = -10° and λ = +20° are shown in 
Fig. 8. Additionally a SEM image of a broken tool with 
λ = 0° is depicted as an example of a broken rake face. 
There is a good agreement between the fracture and the σ1 

in the upper area of the rake face. However the failure does 
not necessarily happen where simulation shows its 
maximum σ1. Possible reasons could be the change on 
engagement after an edge failure and an abrupt load 

variation. Another reason may be an increased influence of the 
chip formation distributing the force in a larger area than the 
cross-section of undeformed chip (A) or possible material 
defects. Nevertheless, the failure occurs at the rake face and 
the rounded edge area (from Rcf) remains intact. 

 

 
Fig. 8: σ1 plots for 50 µm USM mills with different helix angles (λ) (left 

and right side) and SEM image (center) 
 
Similar behavior can also be noticed in Fig. 9. Hereby helix 

angles of λ = -20° and λ = +20° were chosen to study the 
machining of nickel phosphorus deposits (NiP) for micro 
injection moulding. The SEM images were taken before and 
after machining, and the fracture happens within the upper rake 
face as well. 

 

 
Fig. 9: SEM images for 50 µm USM mills with positive and negative 

helix angle before and after tool breakage 

 
With the tools diameter getting smaller the failure region 

becomes dependent on the helix angle. The reason for this 
size-dependent effect is the determination of the radii Rn and 
Rcf, which are, in this case, the negative of the grinding blade 
profile. 

Fig. 10 shows the σ1 plots and SEM image for the 20 µm 
tool. The broken tool with λ = 0° is shown as an example for a 
broken cutter flute radius (Rcf). The failure behavior for A, B, and 
C correlates with the diagram shown in Fig. 7. 



 
Fig. 10: σ1 plots for 20 µm USM mills with different helix angles 

(λ) (left and right side) and SEM image (center) 
 
The tool with the slightly negative helix angle (λ = -10°) 

has its maximal values for σ1 at the rounded edge area 
(from Rcf). For tools with λ = 0° as seen in the SEM image 
the tool also breaks at the rounded edge area (from 
Rcf).The tool with the considerably positive helix angle 
(λ = +20°) has its maximum values for σ1 at the rake face in 
close proximity to the cutting edge corner where the cutting 
force is induced. 

The corresponding displacements for the cutting edge 
corner and the free corner are shown in Fig. 11. It can be 
noticed that the cutting edge corner displacement is greater 
than the displacement of the free corner for both diameters. 
Moreover, the displacement of the cutting edge corner 
depends on the helix angle for both diameters. Negative 
helix angles lead to stiffer behavior than positive helix 
angles. In case of the 20 µm tools the maximal 
displacement occurs for slightly positive helix angles 
around 10°, in case of the 50 µm tools for λ > 10° the 
displacement is nearly the same. 

 

 
Fig. 11: Displacement (u) for 20 µm and 50 µm USM mills at 

Fc = 0.058 N 
 
 
 
 
 

3.2. Optimization of cutter flute radius 
 

As mentioned in the introduction section, micro end mills 
can be improved by increasing their stiffness. This goal can be 
achieved by applying big core diameters and low helix angles. 
The third possibility, herein investigated to increase a micro end 
mill’s stiffness, is to make it shorter. The approach of the 
simulations described in the following was to optimize the cutter 
flute radius with regard on σ1. As it can be seen in Fig. 6 in the 
case of 50 µm USM mills, the values for σ1 at the rounded edge 
area are considerably lower than the σ1 at the rake face. By 
decreasing the cutter flute radius (Rcf) and neck radius (Rn) the 
whole tool becomes shorter, whereas the values for σ1 at the 
rounded edge area should increase. 

To find an appropriate compromise between small cutter 
flute radii, which lead to shorter and stiffer USM mills, and 
satisfactory low values for σ1 within the cutter flute radius, a 
series of simulations were done. 

The algorithm Altair HyperOpt was used to perform the 
optimization process. The optimization approach was to adjust 
the grinding blade profile dependent radius (Rcf and Rn) in a way 
that a σ1 of 5,000 MPa would occur at the rounded edge area to 
equalize the σ1 over the different tool regions. The optimization 
was performed for a non-helical USM mill. 

To improve the simulations’ quality, since Rcf and Rn 
become smaller, the element size of the mesh in the rounded 
edge area was changed to 0.25 µm. The optimization algorithm 
lead to an Rcf = Rn of 0.64 µm. To compensate calculation 
inaccuracy a factor of safety (1.25) was applied. The resulting 
Rcf was 0.8 µm (Fig. 12).  

 

 
Fig. 12: USM mill with present neck radius (left) and with optimized 

neck radius (right) 

 
Subsequently, the optimized Rcf was applied to the 

parameterizable USM mill model in order to perform a similar 
simulation series, as it was done for the investigations with the 
original sized Rcf. The results for σ1 from the simulations with 
the optimized radius can be seen in Fig. 13. 

Based on the following result description the rounded edge 
area (Rcf dependent) will be discussed. The reason for this is 
the fact that both of the radii (Rn and Rcf) are always of the 
same size, as abovementioned. This circumstance leads to 
higher σ1 for the rounded edge area in any case. 

When comparing the original curve progression for the 
rounded edge area based on an Rcf of 18.5 µm with the 
optimized results’ curve (Rcf = 0.8 µm), a distinct increase of σ1 
can be stated. The σ1 for helix angles around zero almost reach 
the level of the corresponding values of the rake face. For lower 
and higher helix angles σ1 decreases, so that the gap between 
the values for rake face and rounded edge area increases. 



 
Fig. 13: Maximum principal stress (σ1) for 50 µm USM mills with 

optimized cutter flute radius (Rcf) and Fc = 0.058 N. 

 
The second effect besides the increase of σ1 for the 

rounded edge area is the change in total tool length (ltg). By 
applying the optimized Rcf the tool shortens by 17.7 µm 
(aspect ratio constant at 2:1:1), which leads to lower values 
for displacement (u) of the cutting edge corner and the free 
corner (see Fig. 14). 

 

 

Fig. 14: Displacement (u) for 50 µm USM mills with optimized 
cutter flute radius (Rcf) at Fc = 0.058 N. 

 

4. Conclusions and Outlook 

 
The initially conducted tests to implement and verify 

the material behavior of cemented carbide and the 
simulation environment as well as the model 
parameterization showed that a useful CAE model to 

optimize USM mills can be set up. Defining design variables 
such as the helix angle (λ) and setting it as a control parameter 
in the simulation permits to plot the maximum principal stress 
(σ1) or displacement (u) as function of the helix angle. Thus the 
tool was divided into three main critical regions and the 
corresponding σ1 for the region was determined. 

The subsequently performed simulations revealed that in 
the case of 50 µm USM mills the rake face will be the region 
where failure is expected for all helix angles. When looking at 
the 20 µm tools it can be seen that the region of failure depends 
on the helix angle. 

USM mills were used for cutting operations until failure, in 
oder to verify the simulations’ results. When looking at the SEM 
images of the broken tools it can be seen that the 50 µm USM 
mill broke at the upper rake face, whereas the 20 µm USM mill 
with λ = 0° broke at the rounded edge area between shaft and 
rake face. These results are in good accordance with the 
simulations and possible deviation are the results of the chosen 
boundary conditions or material behavior. 

The profile of the fine-grinding blade influences the rounded 
edge areas and the mechanical behavior of the tool. Within the 
simulations it could be shown that the stiffness can be 
increased by a better distribution of the maximum principal 
stress (σ1). The optimization of the cutter flute radius (Rcf) 
allowed to shorten the tool by 17.7 µm which is 15 % of the 
original total tool length (118.5 µm). The resulting increase in 
stiffness leads to smaller displacements (u) for the cutting edge 
corner and the free corner of the 50 µm USM mill. Analyses of 
the influence of the manufacturing process on tool geometry 
help to improve the tool design. 

For all tools investigated, the displacement of the cutting 
edge corner depends on the helix angle. In most cases negative 
helix angles lead to a stiffer behavior than positive ones. 

Further research will aim to extend the geometric variability 
of the fine-grinding blade and to increase the degree of freedom 
in the grinding of micro end mills. 
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