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The analysis of the cutting force in the flank milling process 
with a conical mill is presented in this article. The tests were 
carried out for various twist angles of the machined surface 
and different values of the lead angle. 
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Five-axis milling technologies are now used to produce 
geometrically complex parts for the aerospace industry, such 
as turbine blades and rotors, and compressors. However, 
processing such complex elements is still a technological 
problem. On the one hand, this results from the required 
dimensional and shape accuracy as well as high surface 
quality, on the other hand - from the desire to maximize the 
efficiency of the process [6-8, 10]. 

Most often machining of complex surfaces is used in the 
rounding with the ball nose end mill strategy. It allows to make 
surfaces of any shape. The disadvantage of this strategy is 
that it has very low efficiency. In the case of machining of 
ruled surfaces, it is possible to use conical tool for flank milling 
(fig. 1) and obtain much higher machining efficiency 
compared to the possibilities offered by common strategy  
[8, 10]. 
a) b) 

 

Fig. 1. Scheme: a) flank milling of the rotor, b) five-axis positioning 
parameters of the tool axis [6, 7] 
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This method allows to achieve much greater efficiency, but 
when machining non-developable ruled surfaces, there is  
a risk of undercuts or leftover machining allowance due to the 
linear contact of the tool with the workpiece (fig. 2). 

 

Fig. 2. Scheme of undercuts forming during machining of  
a non-developable ruled surface [6, 7] 

 

Fig. 3. Twist angle γ of the non-developable ruled surface [6, 7] 

 
In order to reduce this phenomenon, it is necessary to 

change the lead angle α continuously during machining, 
depending on the change in the angle of rotation γ of the work 
surface (fig. 3) [5, 6]. 

The change of the lead angle α and the twist angle  
γ changes the surface area of the cutting layer and the length 
of the active cutting edge, which directly affects the values of 
the cutting force (fig. 4), described by the mechanistic model 
[1-3, 5, 9]: 
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{

𝑑𝐹t  =  𝐾te𝑑𝑆 + 𝐾tc𝑑𝐴
𝑑𝐹r  =  𝐾re𝑑𝑆 + 𝐾rc𝑑𝐴
𝑑𝐹a  =  𝐾ae𝑑𝑆 + 𝐾ac𝑑𝐴

 

 
where: 
Ft - tangential component of the cutting force, 
Fr - radial component of the cutting force, 
Fa - axial component of the cutting force, 
S - active length of the cutting edge, 
A - cross-sectional area of the cutting layer, 
Kte, Kre, Kae - edge proportionality factors affecting the cutting 
edge, determined experimentally, 
Ktc, Krc, Kac - proportionality factors related to shear, 
determined experimentally. 

 

 

Fig. 4. Components of cutting forces in a local system [1-3] 

 
The value and distribution of the cutting force has a direct 

effect on the deformation of the MGTW (machine - grip - tool- 
workpiece) system, which results in deviations in shape  
[1-3, 5, 9]. 

The purpose of this work was to determine the influence of 
the lead angle α and the twist angle of the ruled surface γ on 
the values of the cutting force components in the process of 
five-axis flank milling. 

 
Simulation tests 

 
Boolean operations performed between the test model 

and the tool model were used for analysis. At the first stage, 
a test model was prepared in the NX 11. It contained ruled 
surfaces with different values of the twisting angle γ. 

The finished element was imported into the hyperMill 
environment in which machining was programmed with 
different tooling angles α and the indirect data was generated. 

The next step was to create a pattern of a previously 
prepared tool model based on indirect data. In addition, in 
each subsequent repetition, the tool model rotated at the 
angle resulting from the specified feed per tooth. 

The final stage was to subtract the generated models from 
the test body. This operation allowed to determine the cross-
sectional area of the cutting layer and the effective cutting 
edge length (fig. 5). 

The obtained values were used in mechanistic formulas to 
determine the values of the cutting force components. The 
technological parameters and coefficients values used in the 
simulation are presented in the table I and II. 

 

 

 
Fig. 5. Method of determining the cross-section of the cutting layer 
and the effective length of the cutting edge 

 
TABLE I. Parameters adopted for the analysis 
 

Tool diameter d, mm 6 

Depth of cut ap, mm 20 

Width of cut ae, mm 0,3 

Feed per tooth fz, mm/tooth 0,055 

Range of lead angle α, ° od -3 do +3 

Range of twist angle of the machined 
surface γ, ° 

od 0 do 30 

 
TABLE II. Proportionality coefficients for Ti6Al4V [1, 4] 
 

Ktc, N/mm2 2172,1 

Krc, N/mm2 848,9 

Kac, N/mm2 -725,07 

Kte, N/mm 17,29 

Kre, N/mm 7,79 

Kae, N/mm -6,63 

 
 

Analysis of results 
 
Figs. 6-14 show the dependences of the values of the 

cutting forces Ft, Fr, Fa for different lead angles α and twist 
angles of the ruled surface γ as a function of the rotation 
angle of the tool φ. On the basis of the analysis of the graphs 
of the cutting forces Ft, Fr, Fa, one can notice the significant 
influence of both the lead angle α and the twist angle of ruled 
surface γ . 

 

Fig. 6. Tangential component of the cutting force Ft as a function of 
the tool rotation angle for the lead angle α = +3° 

 

Fig. 7. Tangential component of the cutting force Ft as a function of 
the tool rotation angle for the lead angle α = 0° 
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Fig. 8. Tangential component of the cutting force Ft as a function of 
the tool rotation angle for the lead angle α = -3° 

 

Fig. 9. Radial component of the cutting force Fr as a function of the 
tool rotation angle for the lead angle α = +3° 

 

Fig. 10. Radial component of the cutting force Fr as a function of the 
tool rotation angle for the lead angle α = 0° 

 

Fig. 11. Radial component of the cutting force Fr as a function of the 
tool rotation angle for the lead angle α = -3° 

 

Fig. 12. Axial component of the cutting force Fa as a function of the 
tool rotation angle for the lead angle α = +3° 

 

Fig. 13. Axial component of the cutting force Fa as a function of the 
tool rotation angle for the lead angle α = 0° 

 

Fig. 14. Axial component of the cutting force Fa as a function of the 
tool rotation angle for the lead angle α = -3° 

 
In the case of using the zero lead angle α, the component 

values of the cutting force increased with the increase of the 
value of the twist angle of the surface γ. The maximum values 
of the force components were achieved for γ = 30°. With 
reference to the values obtained at γ = 0°, this increase 
reached 40%. 

In the case of the lead angle α = 3°, the values of the 
components of the cutting force also increased with the 
increase in the value of the twist angle of the surface γ. 
Analogously to the angle α = 0°, the maximum value was 
obtained for γ = 30°. In relation to the values recorded at  
γ = 0°, the increase was even up to 70%. 

The application of the lead angle α = -3° with reference to 
the values of the cutting forces for γ = 0° resulted in: 

• for γ = 30° - a small increase in Ft, Fr, Fa (10%), 

• for γ = 20° - maintaining the Ft, Fr, Fa values at  
a comparable level, 

• for γ = 10° - slight decrease in Ft, Fr, Fa (around 5%). 
 

Conclusions 
 

On the basis of simulation tests, it can be stated that in the 
process of five-axis peripheral milling the values of the angle 
of cut α and the angle of twisting of the ruled surface γ have 
a significant impact on the values of the cutting force. 

The use of a zero or positive lead angle α resulted in 
undercuts in the machined surface. As a consequence, this 
led to an increase in the cross-sectional area of the cutting 
layer with the increase of the twisting angle γ, and as a result 
also to the increase in the values of the cutting forces Ft, Fr, 
Fa. 

On the other hand, the use of a negative angle α caused 
a decrease in the cross-sectional area of the cutting layer, 
which allowed to significantly reduce the differences in the 
values of the cutting forces in the considered range of  
γ angles. 

In order to minimize the impact of deformations of the 
MGTW system on the accuracy of the machined surface, it is 
necessary to continuously change the angle of conduct  
α depending on the change in the angle of twisting γ of the 
rectangular area. 
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