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Abstract
The milling of titanium and nickel-based alloys leads to high tool wear due to the high thermomechanical load on the tool. By 
modifying the flank face on end mills, it is possible to limit the increase in the width of flank wear land, thus increasing tool 
life, component quality and increasing the allowable productivity of the tools. The flank face modification is characterized 
by the width and depth of the undercut and the rounding in the undercut of the modification. Through a simulation-based 
approach, a method is created to design the flank face modification in a load-optimized way and thus to use the full potential 
in the respective application cases.
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1  Introduction

Titanium and nickel-based materials are used as construc-
tion materials for highly stressed and safety-relevant com-
ponents, for example in aviation or medical technology or in 
contact with corrosive media. While titanium-based materi-
als are used primarily because of their low density, specific 
strength, and good corrosion resistance, nickel-based materi-
als are mainly used for their high temperature strength and 
the likewise very good corrosion resistance. Due to their 
properties, the mechanical processing of titanium and nickel-
based alloys leads to an increased tool load compared to fer-
rous metals [1–3]. The high thermomechanical load at the 
cutting edge causes a high resulting tool wear, which leads to 
unfavorable surface properties in the machined component 
[4–6]. In order to maintain favorable surface properties and 
to avoid tool breakage and resulting component damage, 
the operating time of the tools is limited when machining 

titanium and nickel-based alloys. High-quality cutting mate-
rials, together with the required number of tools, therefore 
cause high costs in machining of titanium and nickel-based 
alloys, which are multiple times higher than those required 
for machining steel.

One approach to reduce wear in machining is the use of 
a flank face modifications. The flank face modification is 
inserted on the flank face of the tool. Thereby, the flank 
face is shifted in the direction of the milling tool axis at 
a defined distance from the cutting edge compared to the 
original flank face. This undercut geometry is described with 
the width �

�
 , the depth �

�
 , and the rounding of the undercut r 

(Fig. 1). The depth of the undercut provides a wear reserve, 
whereas the width defines the maximum contact between 
tool and workpiece at the flank face. The advantage is that 
the contact conditions and thus the load on the component’s 
surface remain approximately the same, while the cutting 
material in the undercut is subject to continuous wear. The 
stability of the modification against fracture is determined to 
a large extent by the geometric parameters, in particular by 
the depth and the radius that is formed during the grinding 
process. Ideally, the width of the modification is very small 
combined with a high depth, resulting in low tool-workpiece 
contact length and high wear reserve. However, due to the 
high mechanical load, such a modification is unstable and 
tends to break out. Furthermore, the smallest possible radius 
leads to constant contact conditions over the tool life. Due to 
the grinding process, however, the radius cannot be chosen 
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directly, but is determined by the edge radius of the grind-
ing wheel and the process kinematics. Furthermore, small 
radii lead to an increase in stress and favor breaking of the 
cutting edge. With a suitable design, the operating time of 
the tools can be increased and the workpiece quality can be 
improved simultaneously.

The use of flank face modifications has already been suc-
cessfully demonstrated in numerous studies. Denkena [7] 
showed tool life increases of up to 480% in hard turning 
with modified CBN tools compared to non-modified tools.

Bücker et al. [8] showed an increase in tool life during 
drilling experiments of Inconel 718 of more than 75% when 
unsing solid carbide drills with flank face modification. In 
further work by Bücker et al. [9], the flank face modification 
was used to achieve an improved supply of cooling lubricant 
to the flank face when drilling Inconel 718. This led to a 
further increase of the possible drilling length until the wear 
criterion was reached by more than 500%.

Denkena et al. [10] investigated the use of flank face mod-
ifications in hard milling and were able to achieve an 86% 
increase in tool life. The modification was applied to circu-
lar indexable inserts for face milling in areas of small chip 
thickness, resulting in low mechanical stress. In addition, 
Denkena et al. [11] transferred the use of the flank face mod-
ification to the turning of titanium and nickel-based alloys. 

The achieved increase in tool life amounts up to 150% and 
the process of grinding could be qualified as an economical 
method for the production of the modification. The design 
of the modification was carried out using a static finite ele-
ment (FE) simulation, which reduced the calculation time 
for determining the tool load significantly compared to the 
previously used chip formation simulation. The design was 
based on the maximum compressive strength of the carbide.

There is still no knowledge available on the design of the 
flank face modification for milling of difficult to cut materi-
als with solid carbide end mills. Due to the interruption of 
the cut, the tool substrate is subject to alternating mechani-
cal stress. Therefore, it has to be investigated whether the 
compressive strength of the carbide is suitable as a failure 
criterion. The present work addresses the design and the 
operating behavior of solid carbide end mills with flank face 
modification for milling the titanium alloy Ti-6Al-4V and 
the nickel-based alloy Inconel 718.

2 � Experimental setup

The procedure for the design, the manufacturing, and the 
use of milling tools with flank face modification within this 
work are shown in Fig. 2. In a first step, the mechanical 
load for the design of the flank face modification is deter-
mined on reference tools. The mechanical load is used to 
calculate force coefficients. Then the simulative design of 
the flank face modification was carried out using the finite 
element method (FEM). Tools with flank face modification 
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Fig. 2   Procedure for designing and manufacturing milling tools with 
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were manufactured on the basis of the simulation results. 
Subsequently, the design methodology was validated and 
wear tests were carried out on tools with and without flank 
face modification.

2.1 � Material

Within the present work, the titanium alloy Ti-6Al-4V 
and the nickel-based alloy Inconel 718 were investigated. 
The titanium alloy is in the annealed condition. The 
microstructure as a scanning electron microscope (SEM) 
image is shown in Fig. 3. The sample was polished in 
the final step with a diamond suspension with a diamond 
grain size of 1 � m. The etching was carried out with Kroll 
reagent. The microstructure consists of globular � grains 
with lamellar � + � phase. In the SEM image, the � phase 
appears dark. According to Grove [12], the tensile strength 
of Ti-6Al-4V with globular microstructure is in the range 
of 1000 MPa to 1200 MPa, whereas the bimodal micro-
structure presented here has a tensile strength in the range 
of 900 to 1000 MPa. The higher strength of microstruc-
tures with a high proportion of �-titanium is due to fewer 
slip systems in the hexagonally closest packed elemen-
tary cell compared to the body-centered cubic elementary 
cell of �-titanium. In relation to the mechanical tool load, 
this microstructure modification resulted in the maxi-
mum effective cutting forces in the cutting speed to range 
between 40 and 80 m/min [12].

The investigations on the nickel-based alloy were car-
ried out in a solution-annealed condition. The microstruc-
ture consisting of the austenitic �-matrix is shown as a light 
microscope image in Fig. 4. The sample was polished with 
diamond suspension with a grain size of 1 � m in a final step. 
The etching was carried out with V2A etchant. According 
to Haynes International, the tensile strength of the alloy in 
solution heat-treated condition is 871 MPa [13]. Through a 
double-stage aging process, the tensile strength of this alloy 
can be increased up to 1400 MPa at room temperature. This 
effect is due to the precipitation of the coherent phases � ” and 
� ’, which have a volume share of 20 and 5% respectively [14].

The chemical composition of both materials in weight 
percent (wt%) is shown in Tables 1 and 2. The hardness of 
all investigated materials is shown in Table 3.

2.2 � Milling tests

The mechanical tool load is investigated in milling tests on 
the alloys Ti-6Al-4V and Inconel 718. The experimental 
investigations have been carried out on a Heller H5000 
4-axis machine tool using fluted end mills type Seco 
JHP770120E2R100.0Z4A-SIRA for machining of Ti-6Al-
4V and JHP780120E2R080.0Z4A-M64 for the machining of 
Inconel 718 without a modification of the flank face. Both 
tools have four teeth and a diameter of 12 mm. The tool 
JHP770 is coated with a PVD-AlCrN coating, whereas the 
tool JHP780 is coated with a PVD-AlTiN coating. To keep 
vibrations low during machining, a short hydraulic expan-
sion toolholder of type Schunk Tendo E compact is used. 
The process forces are measured on a Kistler 3-component-
dynamometer of the type 9255C. The milling tests on the 
alloy Ti-6Al-4V were carried out with a cutting speed of 
60 m/min and a feed per tooth of 0.096 mm. In the fur-
ther process of this work when carrying out wear tests, 
the cutting speed was increased to 80 m/min. For the alloy 
Inconel 718, a cutting speed of 30 m/min and a feed per tooth  
of 0.072 mm was used. The values mentioned are based on 
recommendations from the company Seco Tools for machin-
ing the two alloys with the specific tools.

2.3 � Grinding process

The milling tools were manufactured on a Helitronic Vision 
400 L tool grinding machine from Walter Maschinenbau 
GmbH. The grinding of the flank face modification was 
integrated into the grinding process as an additional pro-
cess step. This process step is based on the grinding of the 
first flank face of the milling tool. By offsetting the grinding 
point in x, y, and z directions, the desired modifications can 
be produced. For the production of the flank face modifi-
cation, resin-bonded grinding wheels from Saint-Gobain 

Table 1   Chemical composition of the alloy Ti-6Al-4V

Ele-
ment

Al V Fe C N Ti

wt% 6.44 4.31 0.21 0.021 0.005 bal.

Table 2   Chemical composition 
of the alloy Inconel 718

Element Al Si Ti Cr Mn Fe Co Cu Nb Mo Ni

wt% 0.44 0.06 0.93 19.31 0.21 17.89 0.27 0.17 5.29 2.97 bal.

Table 3   Hardness of workpiece materials

Workpiece material Hardness [HV1]

Ti-6Al-4V 348 ±15
Inconel 718 418 ±15
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Diamantwerkzeuge GmbH of shape 1A1 were used. The 
grinding wheels have a diamond grain size of D54. The cut-
ting speed of the grinding process is 25 m/s and the feed rate 
120 mm/min. Subsequently, the milling tools are reworked 
by drag finishing followed by a coating process. Figure 5 
shows milling tools with and without flank face modification 
subsequent to the finishing process.

3 � Simulation model

In order to develop a methodology for the design of the flank 
face modification, knowledge of the mechanical tool load is 
important. The measured process forces are used to calculate 
the force coefficients according to the empirical force mod-
ell of Altintas [15] as input parameters for the simulation. 
The force coefficients are applied to a three-dimensional 
tool model provided by Seco Tools. Using the software 

Solidworks, the flank face modification was designed and 
the geometric parameters of the modification were set as 
degrees of freedom. With the help of the software Ansys 
a parameter study under variation of the degrees of free-
dom of the modification was constructed and the minimum 
principal stresses in the undercut of the modification were 
calculated. Subsequently, a selection of milling tools with 
flank face modification was produced by grinding (Fig. 12). 
The selection includes milling tools for which there should 
be a failure of the cutting edge due to cutting edge fracture 
based on the simulation results and milling tools that should 
form a stable modification based on the simulation results. 
In order to validate the model for the design of the flank face 
modification, application tests of the tools are carried out.

3.1 � Determination of mechanical load

The measured force values of the milling process in x, y, and 
z directions can be transformed to the local tool coordinate 
system using the transformation matrix in Eq. (1) [15].

With the help of a geometric material removal simula-
tion, the contact conditions during the milling process were 
calculated under the corresponding process conditions. This 
approach is similar to proceeding of Denkena et al. [16, 
17]. The simulation consists of the modules workpiece, tool 
and process parameters. The assembly of the simulation is 
shown in Fig. 6. To implement the real tool geometry, the 
cutting edges as well as the flank and rake face of the mill-
ing tools used were extracted from an existing CAD model. 
The geometry of the workpiece is discretized as a multi-
dexel grid. For each time step of the simulation, the tool 
rotates by a defined angular step and moves at feed rate in 
the feed direction. By intersecting the individual cutting 
edges and rake faces with the workpiece, the chip thickness 
h, the length of the engaged cutting edge section S, and the 
chip cross-section A are calculated for each time step. The 
calculated values are used to solve the force model described 
in [15] (Eq. (2)). The cutting force is divided into tangential, 
radial, and axial forces. The force components are further 

(1)
⎡
⎢
⎢
⎣
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Fig. 5   Comparison of a tool a) without flank face modification and b) 
with flank face modification

Table 4   Process parameters Workpiece material Cutting speed  
vc [m/min]

Feed per tooth fz [mm] Depth of cut 
ap [mm]

Width 
of cut ae 
[mm]

Ti-6Al-4V 60 0.038, 0.058, 0.077, 0.096, 0.112 4 3
Inconel 718 30 0.029, 0.043, 0.058, 0.072, 0.084 4 3
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divided into cutting force components Kic proportional to the 
chip cross-section and friction force components Kie propor-
tional to the length of the cutting edge which is in contact 
with the workpiece.

For the identification of the force coefficients, milling 
tests were carried out under variation of the feed rate. The 
process parameters used to determine the force coefficients 
are shown in Table 4. By means of a linear regression of 
the least squares of error, the simulated chip cross sections 
and the associated specific process forces can be compared 
with the experimentally determined cutting forces and the 
coefficients of cutting force and friction can be calculated 
by solving the systems of equations.

The calculated coefficients of cutting force and friction 
force are shown in Table 5. The experiments in machining 
Ti-6Al-4V were carried out at a cutting speed vc of 60 m/
min. The feed per tooth fz was varied in the range between 
0.038 and 0.112 mm on five levels. When machining Inconel 
718, a lower cutting speed of 30 m/min was selected. In 
addition, the feed per tooth for machining Inconel 718 is 
25% lower in each case, so that it was varied in the range 
between 0.029 and 0.084 mm on five levels. In both cases, 

(2)
⎡
⎢
⎢
⎣

dFt

dFr

dFa

⎤
⎥
⎥
⎦
=

⎡
⎢
⎢
⎣

Ktc ⋅ dA + Kte ⋅ dS

Krc ⋅ dA + Kre ⋅ dS

Kac ⋅ dA + Kae ⋅ dS

⎤
⎥
⎥
⎦

a cutting depth ap of 4 mm and an engagement width ae of 
3 mm were used. The selected cutting speed corresponds to 
the manufacturer’s specifications for an optimal machining 
result with the respective tools when machining the materi-
als. The reference feed rate which is also used for machin-
ing tests with tools with flank face modification is always 
located in the fourth position. Based on these values, the 
feed rate was reduced by 20, 40, and 60% respectively and 
in one case increased by 20%.

3.2 � Determination of thermal load

It is known that the compressive strength of tungsten carbide 
decreases due to temperature rise during cutting. Therefore, 
knowledge of the existing temperatures in the area of flank 
face modification is important for the design of the flank face 
modification. Due to the difficult accessibility of the meas-
uring section of a rotating tool, temperature measurements 
were carried out in the external longitudinal turning of the 
respective materials. For this purpose, the cutting condi-
tions of the milling process were transferred to the external 
longitudinal turning with regard to engagement times and 
cooling times of the tool. For this purpose, a shaft was pre-
pared accordingly in order to map the engagement times and 
cooling times (Fig. 7a). The machined shaft has bars whose 
width corresponds to the cutting arc of the milling pro-
cess. The distances between the bars, where the tool is not 
engaged during the turning process, correspond to the length 
of the arc in which a single cutting edge of the milling tool 
is also not engaged during the milling process. The tools for 
temperature measurement were made from the same carbide 
substrate used for the end mills. The temperature measure-
ments were carried out with a single-color pyrometer from 
IMPAC, type IP 140-LO, with a measuring range between 
110 and 670◦ C. For the measurement, an emission coeffi-
cient of the measuring point was determined in advance. 
The coefficient has been evaluated by heating an indexable 
insert on a heating plate in the range T = 150 ◦C to 300 ◦C . 
Through parallel measurement with the single-color pyrom-
eter and a calibrated contact thermometer, the emission coef-
ficient is defined. An emission coefficient � = 0.2 was used 
for the measurements. For the temperature measurements, 
the manufactured inserts were prepared with grooves in the 
area of the corner radius using laser ablation. The grooves 
are located at a distance of 200 � m from the cutting edge. 
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Fig. 6   Assembly of the geometric material removal simulation with 
the modules’ workpiece, toll, and process parameters

Table 5   Cutting force and 
friction coefficients Cutting force coef. Kic [N/mm2] Friction coef. Kie [N/mm]

Ktc Krc Kac Kte Kre Kae

Ti-6Al-4V 1,790 527 103 7 43 21
Inconel 718 2,470 1,370 774 32 60 26
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The temperature was measured via optical fibers which were 
placed within these grooves.

Analogous to the investigations of Denkena et al. [10], 
the influence of the temperature is expected to be rather low 
due to the high-pressure cooling and coolant pressure of 
80 bar. For this reason, cutting experiments are carried out 
under increased process parameters without cooling lubri-
cant. After these investigations, the temperature measure-
ment is carried out with the target process parameters using 
high-pressure cooling.

The results of the temperature measurement for both 
materials are shown in Fig. 8. At a cutting speed of 120 m/
min in dry machining, the temperatures at the measuring 
location during machining of both materials are in the range 
between 150 and 170 ◦C . When the cutting speed is reduced, 
the temperatures decrease to values of 130 ◦C . It should be 
noted that the measuring point is in a distance of 200 � m 
from the cutting edge in the direction of the flank face. The 

measuring point is therefore close to the area that is impor-
tant for the later design of the flank face modification but 
distant from the range of maximum temperatures of the 
cutting process. Taking into account the measuring point, 
the results of the temperature measurement are comparable 
with the results of other authors under comparable process 
parameters [18, 19].

Following the dry machining investigations, experiments 
were carried out using high-pressure cooling with a coolant 
pressure of 80 bar and a cutting speed of 60 m/min. In this 
case, temperatures < 110 ◦C are present at the measuring 
point. This means that the temperature is below the measur-
ing range of the single-color pyrometer used. In summary, 
however, the results show that the thermal stress in the area 
of the flank face modification can be considered to be rather 
low with the selected process parameters. It is expected that 
the thermal stress will not lead to a significant decrease in 
the strength of the carbide. For this reason, the thermal influ-
ence is not considered further in the design of the flank face 
modification.

3.3 � Simulation‑based design of flank face 
modification

The simulation-based design of the flank face modifica-
tion was performed with a coupled parameter study with 
the computer-aided design (CAD) software SolidWorks 
and the FEM-software Ansys. The flank face modification  
was modelled in a given CAD model of the used end mills. 
Thereby, the geometric parameters of the flank face mod-
ification width �

�
 , depth �

�
 , and radius in the undercut r 

were set as degrees of freedom as shown in Fig. 1. Within 
the FEM simulation, the geometric parameters were varied  
according to Table 6. This results in a total of 485 simulation  
results as data points for a regression model.

In order to apply the determined mechanical load in the 
FEM analysis to the tool, the maximum chip cross section 
at the given process parameters was projected onto the 
rake face of the CAD model. To minimize the error in the 
force direction along the cutting edge, it was divided into 
sections. In the area of the radius of the milling tool, seg-
ment sizes of 0.3 mm were used whereas in the area of the 
peripheral cutting edge, the segment size is 0.6 mm. Fig. 9 
shows the segmentation of the cutting edge. On the respec-
tive sections the cutting force coefficients are applied as 
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Table 6   Variation of parameters for FEM-based modelling

Geometrical parameter Dimension [ �m]

Width of the undercut �
�

50, 60, 70, 80, 90, 100
Depth of the undercut �

�
50, 60, 70, 80, 90, 100

Radius in the undercut r 160, 170, 180, 190

The International Journal of Advanced Manufacturing Technology (2022) 120:5015–50265020
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surface load and the friction coefficients as line load at the 
cutting edge. Subsequently, the FEM model was meshed. 
In order to obtain a good compromise between the required 
computing time and mesh quality, a second-order tetrahe-
dral mesh was used. In the area of the flank face modifi-
cation, where the greatest stresses are to be expected, a 
mesh refinement was carried out until convergence was 
achieved. The criterion for achieving convergence was a 
change in the result value of 0.2%. In this area, the average 
charackteristic length of the elements is 6 � m. Using FEM 
analysis, the maximum compressive stresses in the under-
cut of the modification were simulated and evaluated. The 
evaluated area is shown in Fig. 10. The maximum stresses 
occur in the area close to the maximum depth of cut ap , 
therefore this area is considered critical for the application 
behavior of tools with flank face modification.

Taking into account the variation of the geometric 
parameters, regression models of the maximum compres-
sive stress as a function of depth and width of the under-
cut could be generated for each radius in the undercut. 
Such a regression model for a radius of the modification of 
160 μ m when machining the material Ti-6Al-4V is shown 

in Fig. 11. Figure 11a shows the regression model with 
a coefficient of determination of R2 = 0.99. Figure 11b 
shows the iso-lines of constant compressive stress as a 
function of width and depth. In addition, the curve for 
a constant compressive stress of 6.6 GPa is drawn. This 
value corresponds to the maximum compressive strength 
of the carbide substrate used and serves as a failure crite-
rion in this study. Modifications with parameter combina-
tions on the left side of this line should lead to an unstable 
modification and promote the occurrence of cutting edge 
breakout. Modifications with parameter combinations on 
the right side of this line are supposed to result in stresses 
low enough to prevent substrate failure.

4 � Results and discussion

4.1 � Validation of the simulation model

A comparison of all isolines for 6.6 GPa of the corre-
sponding radii is shown in Fig. 12. It is noticeable that 
the possible parameter range for a stable modification is 
larger when machining the alloy Ti-6Al-4V due to the 
higher mechanical load when machining Inconel  718 
despite reduced process parameters. A selection of mill-
ing tools with different geometric parameters regarding the 
undercut was ground for the machining of Ti-6Al-4V and 
Inconel 718 respectively. Following the grinding process, 
the end mills were reworked by drag finishing and then 
coated. Each dot in Fig. 12 corresponds to one milling 
tool. The color of each dot indicates the radius r in the 
undercut.

Machining tests were carried out to verify the model. 
Figure 13 shows microscopy images of the milling tools 
1 and 2 after an operating time of 8:30 min and 0:50 min 
respectively from the tip of the milling tool and from the 
area of the maximum cutting depth. The position of the 
tools in the parameter field of the simulation can be seen 
in Fig. 12. Even after an operating time of 8:30 min, there 
is still an intact cutting edge for tool 1. On the other hand, 
tool 2 shows a breakout of the cutting edge in the area of 
the maximum cutting depth. According to the simulation, 
this is the area where the highest stresses appear. How-
ever, when considering the isolines in Fig. 12, it is notice-
able that according to the simulation, both tools lie in an 
area with unstable flank face modification. Accordingly, 
the true fracture limits of the flank face modification are 
located further in the range of lower widths and greater 
depths of the undercut than calculated by the simulation.

Similarly, Fig.  14 shows tools that were used in the 
machining of Inconel 718 after an operation time of 8:00 min 
and 1:30 min respectively. Again tool 3 shows an intact cut-
ting edge even after extended operating time, whereas tool 
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4 shows chipping along the whole length of the cutting edge 
after an operating time of 1:30 min. In this case, both tools 
are located near the calculated fracture limits. However, 
there is still a slight shift in the real fracture limits compared 
to the calculated fracture limits in the direction of smaller 
widths and larger depths, although much smaller than is the 
case with the tools for machining Ti-6Al-4V.

The investigations presented show that milling tools 
with flank face modification can be used successfully when 
machining difficult to cut materials. It is also evident that 
the chosen design methodology is in principle suitable for 
the design of the flank face modification even though there 
is a shift between the real and the simulated fracture limits. 
Since in both cases there is a shift of the real fracture limits 
towards smaller widths and larger depths of the undercut, 
the simulated fracture limits represent parameter combina-
tions that reliably prevent catastrophic failure of the cutting 

edge. For a validated design, however, it is still important to 
know the cause of these deviations. One difference can be 
attributed to an overestimation of the stresses in the simula-
tion. The simulation represents the critical case in which 
the chip cross section along the cutting edge corresponds 
to a constant value. In this case, this value is equal to the 
maximum chip cross section at the selected process param-
eters. In the real process, however, varying chip cross sec-
tions occur along the cutting edge due to the helix angle of 
the milling tool. This fact was not taken into account in the 
simulation. The assumption of constant chip cross sections 
along the cutting edge can thus be considered a safety factor 
in the design of the flank modification.

Another factor that can lead to deviations between simu-
lation and experimental results is the elastic material spring-
back at the flank face. According to Bergmann [20], elastic 
chip thickness springback is particularly pronounced in 

Fig. 11   Results of the FEM 
analysis of the stress in the 
undercut when machining the 
alloy Ti-6Al-4V with a radius of 
modification of r = 160 � m. (a) 
Regression model. (b) Isolines 
of constant stresses
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materials with a higher ratio of tensile strength Rm to modu-
lus of elasticity E. Due to the higher material springback, 
an increasing proportion of the minimum chip thickness is 
elastically deformed. This results in increased contact with 
the flank face. In this case, the forces acting on the flank face 
can contribute to a stabilization of the flank face modifica-
tion. In subsequent investigations, the tangential and normal 
stresses in the area of the cutting edge in the direction of the 
flank face are determined according to Bergmann [20] and 
integrated into the simulation.

4.2 � Investigations on the performance of tools 
with flank face modification

Solid carbide end mills with different flank face modifica-
tions were produced using the design methodology. In addi-
tion to the milling tools with flank face modification, the 
reference tools without flank face modification were also 
manufactured within this work. In this way, possible influ-
ences from the grinding process are kept constant for all 
tools used. Figure 15 shows the results of the wear tests for 
the alloy Ti-6Al-4V. The experiments were carried out with 
increased process parameters compared to the design meth-
odology. In this context, the cutting speed was increased 
from 60 to 80 m/min. For all tools, the wear criterion was 
reached in the form of chipping along the cutting edge. In 
the case of the reference tools, the end of tool life occurred 
after a maximum of 33 min of cutting time due to the occur-
rence of chipping on the cutting edge in the area of the maxi-
mum depth of cut ap . For the wear tests of the tools with 
flank face modification, two tool groups were selected that 
differ primarily with regard to the width of the flank face 
modification Sb . The first group of these tools have a width 
of the flank face modification Sb of 60 � m. These tools did 
not show any increase in tool life compared to the reference 
tools. The end of tool life was reached after a maximum 
operating time of 25 min. One of the tools is shown in Fig-
ure 16. In this tool, a chipping of the flank face modification 
occurred below the cutting edge in the area of the corner 
radius of the milling tool. With the second tool, a shaft frac-
ture occurred within the cutting time. One reason for the fail-
ure of both tools may be the increase in mechanical stress on 
the tools with progressive tool wear. Due to the wear, there 
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is an overload in the area of the flank face modification and 
thus tool failure occurs. In contrast, the use of tools with a 
width of Sb =90 � m leads to an average tool life increase of 
108%. The operating time until the end of tool life is larger 
than 50 min for both tools. For these tools, the end of tool 
life is also determined by chipping on the flank face below 
the cutting edge.

Figure 17 shows the results of the wear tests on the alloy 
Inconel 718. Analogous to the procedure for machining the 
alloy Ti-6Al-4V, four tools with flank face modification were 
used in addition to the reference tools. These tools differ in 
terms of the width of the modification on two levels. The 
wear criterion in these experiments was also achieved in 
the form of chipping on the cutting edge or the flank face 
modification. For both reference tools, the end of tool life is 
reached after a cutting time of tc = 29 min . The tools show 
adhesions on the cutting edge during the entire tool life. As 
the time in use progresses, these adhesions eventually lead 
to the formation of microchipping and finally to the forma-
tion of larger chipping due to continuous removal of cutting 
material from the cutting edge. These lead to the end of tool 
life. Subsequently, the tools with flank face modification were 
used. Neglecting tool number 26, an average tool life increase 
of 22.5% was achieved. Tool 26 showed an early chipping in 
the area of the maximum depth of cut ap , which led to the 

end of the tool life after a short time. It is noticeable that this 
chipping only occurred on the second cutting edge. However, 
by examining the geometries of each individual cutting edge, 
manufacturing deviations could be excluded. Therefore, it is 
assumed that this cutting edge had a previously unnoticed 
damage that led to the unfavorable fracture behavior. Apart 
from this fact, the wear behavior of the other tools with flank 
face modification corresponds to the behavior of the refer-
ence tools. Here, too, the wear process is characterized by 
adhesion, which favors the occurrence of micro-chipping and 
later larger chipping due to the continuous removal of cutting 
material from the cutting edge. As the experimental inves-
tigations show, however, this behavior is delayed compared 
to the reference tools and finally leads to an increase in tool 
life, although less pronounced than when machining the alloy 
Ti-6Al-4V (see Fig. 18).

4.3 � Design guideline for tools with flank face 
modification

Through the experimental investigations carried out for this 
work, the following desing guideline can be applied based 
on experiments.

–	 As expected, the radius in the area of the flank face 
modification of the milling tool has a great influence  
on the formation of stresses in the radius of the flank 
face modification. Therefore, the selected radius in the  
modification area should tend to be larger. Within this 
work, grinding wheels of geometry 1A1 with a diamond  
grain size of D54 were used for grinding the flank face 
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modification, where the radius was trued as sharply as 
possible which resulted in a radius r = 90 � m. The radius  
on the used grinding wheel created in this way still shows 
sufficient geometric accuracy even with an increasing 
number of ground milling tools. When using grinding 
wheels with a smaller diamond grain size of D46 or 
D33, a smaller radius of 55 to 70 � m can be trued on the 
grinding wheel. Therefore, smaller radii can be ground 
in the modification area. However, with an increasing 
number of ground tools, the geometry changes rapidly. 
This means that the grinding wheel has to be trued at 
short intervals when using smaller diamond grain sizes.

–	 As tool wear on the milling tool progresses, mechani-
cal stress on the tool increases. This can lead to a fail-
ure of the tool with flank face modification because the 
maximum compressive strength of the carbide substrate 
is exceeded. The depth of the flank face modification 
�
�
 should not be chosen larger than the width of the 

flank face modification �
�
 to prevent tool breakage with 

increasing tool wear.
–	 In general, the depth of the flank face modification �

�
 has  

a greater influence on the formation of stresses than the 
width of the flank face modification �

�
 . For radii � > �

�
 , 

it is recommended to use a ratio of �
�
/�

�
 of 1:1, whereas 

for radii � < �
�
 the ratio of �

�
/�

�
 should be at least 1:1.2.

5 � Conclusion and outlook

In this work, the design and application of flank face modi-
fications on solid carbide end mills for machining difficult-
to-machine materials were investigated. Based on the results 
presented, the following conclusions can be drawn: 

1.	 The design of the flank face modifications was success-
fully carried out using FEM analyses.

2.	 When designing the flank face modifications, the tem-
perature influence can be neglected due to the distance 
to the contact area between tool and workpiece.

3.	 The results of the application tests show that the use of 
tools with flank face modification is possible in principle 
for milling difficult-to-machine materials. Contrary to 
the simulation results, however, the fracture limit for the 
flank face modification is shifted to smaller width and 
greater depth of the undercut. This can be traced back 
to the elastic material springback at the flank face which 
can contribute to stabilizing the modification. This has 
not been taken into account in the simulation so far and 
is the subject of further investigation.

4.	 In all tests, the end of tool life was reached by chipping 
at the cutting edge.

5.	 The use of tools with flank face modifications can 
increase the tool life when machining the alloy Ti-6Al-
4V by an average of 108% within these experiments. 
When machining the alloy Inconel 718, the average 
increase in tool life is 22.5%.

Flank face modification can be used to effectively limit the 
contact between the flank face of the tool and the workpiece. 
It is assumed that in this way the thermomechanical load 
on the surface can be limited as well. This will be investi-
gated in subsequent work. By reducing the thermomechani-
cal load through the machining process, the occurrence of 
tensile residual stresses in the component surface can be 
reduced. This can contribute to an increase in the service life 
of the component. This aspect is also the subject of further 
investigations.
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