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Abstract
The productivity and the tool life of cutting tools are majorly influenced by the cutting edge micro shape. The identification 
of optimized cutting edges is usually based on empirical knowledge or is carried out in iterative investigation steps. This 
paper presents an approach to predict optimal cutting edge micro shapes with the aid of finite-element-simulations of the 
chip formation. The approach is investigated for the machining of the nickel-base alloy Inconel 718. The cutting edges are 
prepared by pressurized air wet abrasive jet machining. Utilizing this method, the prepared cutting edges have a certain pro-
file, which is considered for the modelling. By applying a model for tool wear the influence of the cutting edge micro shape 
on the tool life span is estimated. Subsequently, a statistical modelling provides the prediction of the tool wear rate for any 
possible parameter set within the investigated range. This is used to find an optimized cutting edge profile that minimizes 
the tool wear. An experimental investigation concludes the optimization procedure.

Keywords Wet abrasive jet machining · Chip formation simulation · Cutting edge preparation · Tool wear · Optimization · 
Nickel-base alloy

1 Introduction

The cutting edge preparation is used to increase the pro-
ductivity of machining processes and to enhance the wear 
resistance of cutting tools. The preparation primarily influ-
ences the cutting edge micro shape of the tool. The micro 
shape is the active part of the cutting tool where the effec-
tive rake angle differs from the nominal rake angle which 
is defined by the macroscopic geometry [1]. After grind-
ing tools exhibit relatively sharp cutting edges with minor 
defects. Specific preparation processes are used to remove 
these defects, to strengthen the cutting edge and to enhance 
the coating adhesion by generating a rounded micro shape 
[2].

In order to quantify the cutting edge rounding various 
characterization methods were developed. Denkena et al. 
proposed parameters Sα and Sγ which represent distances 

between the ideal sharp cutting edge to the separation point 
of the cutting edge rounding at the flank face or the rake face, 
respectively [3]. Both values are combined to the arithmetic 
mean specified as S . Further parameters of this method are 
the profile flattening Sβ and the apex angle φ which deter-
mine the shortest distance and the shift between the ideal 
sharp tool tip and the cutting edge rounding. Yussefian and 
Koshy analyzed different prepared cutting edges and found 
that the cutting edge profile match well with a parabola [4]. 
Consequently, they proposed a parabolic description of the 
cutting edge micro shape. Uhlmann et al. propose another 
characterization method [5]. The effective rake angle and 
clearance angle are plotted as a function of the cutting edge 
profile. The lowest point of the cutting edge separates the 
rake face from the flank face and exhibits an effective rake 
angle of γeff = − 90° and an effective clearance angle of 
αeff = 0°.

Investigations showed that not only the size of the cut-
ting edge rounding but also the shape determine the process 
condition as well as tool related objectives [6–8]. Especially 
the tool life has been the objective of several investigations. 
Chen et al. found that the tool life is longest for drilling 
mold steel when the average cutting edge rounding is in the 
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range of S = 24–27 µm [9]. A similar rounding ( S = 30 µm) 
was identified as best by Basset et al. for orthogonal turn-
ing of AISI 1045 steel [10]. Further investigation analyzed 
the influence of the cutting edge segments on flank face 
Sα and rake face Sγ on the tool wear for various steels. It 
could be shown that the flank wear mainly depends on Sα 
while the crater wear and breakouts are influenced by Sγ [11, 
12]. When turning AISI 1045 steel, the tool life was maxi-
mum for an asymmetrical cutting edge micro shape with 
Sα = 30 µm and Sγ = 60 µm [11].

The preparation of cutting edges can be carried out via 
various processes. Common methods are brushing [10], dry 
and wet abrasive jet machining [8, 13, 14] as well as drag 
finishing [15]. The adjustment of the micro shape through 
the use of preparation processes is generally based on empir-
ical knowledge or is carried out in iterative investigation 
steps. Therefore, improvements of cutting tools are obtained 
with high experimental efforts.

Since the finite-element-method is utilized for the simula-
tion of chip formation it is also adopted to analyze the influ-
ence of the cutting edge micro shape on the process condi-
tions as well as on tool and workpiece related characteristics. 
Denkena et al. showed a stagnation zone of the material flow 
in front of the cutting edge that expends with an increas-
ing cutting edge rounding [16]. Yen et al. proved increasing 
mechanical loads with an increasing cutting edge rounding 
[17]. They further showed that the maximum tool tempera-
ture is lowest for an average cutting edge radius. This is 
explained by two mechanisms influencing the heat balance 
within the tool. On the one hand, an increasing cutting edge 
enhances the plastic deformation of the workpiece and thus 
the heat dissipation. On the other hand, the heat distribution 
is more homogeneous for a bigger rounding leading to a 
decrease of the maximum temperature. One major objective 
of the FE-simulation is the tool wear that is often simulated 
with respect to the Usui-equation [18]. Yen et al. modelled 
the progression of the tool wear in a two-dimensional simu-
lation by updating the tool geometry [19]. Klocke and Frank 
[20] as well as Attanasio et al. [21] used an extension of this 
approach for three-dimensional simulations of hard turning.

2  Optimization approach

In order to optimize the cutting edge micro shape of a tool, a 
specific experimental design, which combines FE-simulation 
and statistical modelling, is used (see Fig. 1). First, a para-
metric description of the cutting edge in terms of the estab-
lished form factor method is adopted to utilize an experi-
mental design for a variation of the cutting edge. In this 
respect, the parameters Sα, Sγ, Sβ and φ determine the cutting 
edge. Besides these parameters, process parameters like the 

cutting speed vc and the uncut chip thickness h as well as the 
wedge angle β can be included, too. Certain parameter com-
binations are used to set up FE-models for chip formation 
simulation. Within the simulations the tool wear rate is cal-
culated by means of the wear model proposed by Usui [18]:

Here, σn is the contact normal pressure, vs is the slid-
ing velocity and Ttool is the tool temperature. The model 
parameters are set to a = 3.6e−9 and b = 1200 for Inconel 625 
according to Lotfi [22]. The wear rate is calculated for all 
contact nodes of the tool. The maximum wear rate of each 
simulation W ̇max is used as the optimization criterion and 
acts as the objective for a statistical modelling of the cutting 
edge influence on the wear rate. So called DACE-models 
(design and analysis of computer experiments) are calcu-
lated to predict the wear rate for any cutting edge within the 
investigated range [23]. These models are further used to 
find cutting edges that minimize the tool wear for specified 
process parameters.

Ẇ = a𝜎
n
v
s
e
−

b

Ttool .

Fig. 1  Approach for the optimization of the cutting edge micro shape
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3  Modelling and simulation

3.1  FE‑modeling and validation

For the analysis of the tool load or the wear behavior 
of prepared cutting edges, respectively, the FE-soft-
ware DEFORM 2D is used. It provides an implemented 
remeshing routine to renew the finite element mesh and 
to maintain the solvability of the FE-problem through-
out the simulation. Therefore, the software is capable to 
capture large strains those occur during chip formation 
processes. In this context, the 2D simulation enables a 
sufficiently high resolution of the material flow in the area 
of the cutting edge as well as the general analysis of the 
influence of the cutting edge rounding on the chip for-
mation. This ensures that the results are largely transfer-
able to different machining processes. A two-step model 
is setup under plane strain conditions which is shown in 
Fig. 2. First, a fully thermo-mechanical coupled model is 
used to simulate the chip formation. The material behav-
ior of the workpiece is assumed to be pure plastic with an 
isotropic hardening. In order to calculate flow stresses at 
high strain rates and temperatures the Johnson–Cook-flow 
stress model is used with parameters provided by Klocke 
et al. [24]. Furthermore, the normalized Cockroft–Latham-
model is applied to obtain the typical segmentation of the 
chips [24]. The tool with a wedge angle of β is perfectly 
rigid and can transfer heat. An interaction between the tool 
and the workpiece is considered by applying Coulomb´s 
law with a friction factor of μ = 0.3. The workpiece is posi-
tioned and fixed in the x–y-space in the way that an uncut 
chip thickness of h is achieved and a clearance angle of α 
or a rake angle of γ, respectively, is obtained. The cutting 

motion is carried out by the tool with a cutting speed of 
vc in negative x-direction. The process of chip formation 
is simulated until a steady state chip formation is reached. 
Finally, the sliding velocity and the contact pressure can 
be extracted.

The simulated process time of the first step lies in the 
range of a few microseconds, which is long enough to 
achieve a constant mechanical tool load. Nevertheless, the 
tool temperature strongly depends on the thermal loading 
history of the process and a longer process time has to be 
simulated to reach a steady state. Therefore, a subsequent 
model is used to exclusively calculate the heat transfer 
within the tool over an interval of several seconds. In this 
simulation no cutting motion is active (vc = 0 m/min). The 
frictional heat Q̇fric for each contact node is derived from the 
thermo-mechanical simulation and is applied as stationary 
heat source on the tool. In addition, the temperature in the 
workpiece Twp remains constant which leads to a heat flow 
from the workpiece to the tool due to the heat transfer coef-
ficient of αtool-wp = 40 kW/m2 K. The cooling by the lubrica-
tion fluid is set to αtool-lub = 20 kW/m2 K in the area where 
no tool-workpiece contact is present. The simulation model 
was validated by means of chip formation comparison, force 
and temperature measurements [25].

3.2  Modelling of honed/prepared cutting edges 
and experimental design

In order to optimize the cutting edge micro shape it is neces-
sary to characterize the edge profile by a parametric descrip-
tion. Therefore, the influence of the micro shape can be 
analyzed through a variation of the parameters in a certain 
experimental design. In this regard, the parameters Sα, Sγ, Sβ 

Fig. 2  Modeling of the chip formation under plane strain conditions
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and φ are used as proposed by Denkena et al. [3]. The aver-
age cutting edge rounding can be considered by the value 
of S . Although, this description of cutting edges has gained 
popularity in the scientific community over the last decade, 
the sole use of these parameters is not sufficient to model 
cutting edge profiles for the purpose of FE-simulation. The 
parameters determine three points on the cutting wedge but 
the connecting cutting edge profile between them remains 
unknown. Yussefian and Koshy analyzed the micro shape of 
rounded cutting edges and found a good approximation by 
using a parabolic contour [4]. These two approaches can be 
combined to achieve a parametric description of the cutting 
edge as it is shown in Fig. 3a. It can be seen, that the cutting 
wedge is determined by the four cutting edge parameters as 
well as the wedge angle. When modelling the cutting edge 
certain parameter sets lead to profiles that exceed the wedge 
boundaries (Fig. 3b). Such profiles cannot be achieved by 
conventional preparation methods. As a consequence a dis-
tinction between valid and invalid cutting edge profiles is 
made. Only convex profiles that are located within the wedge 
are considered for the wear analysis.

With respect to the experimental validation of the simu-
lation findings pressurized air wet abrasive jet machining 
(PAWAJM) is utilized to prepare the cutting edge. The influ-
ence of various process parameters on the cutting edge micro 
shape was analyzed in extensive investigations. Among other 
things, the influence of the jet pressure, the jet feed speed, 
the jet inclination angle and the jet nozzle distance on the 
size and shape of the cutting edge rounding was investigated. 
The results showed a correlation between the average cut-
ting edge rounding S and the profile flattening Sβ. In order to 
describe this correlation, a new characterization parameter 

is introduced. The profile factor Κβ represents the ratio of 
S to Sβ:

The profile factor provides information about the shape 
of the cutting edge in relation to the profile contour between 
rake and flank face. The higher the level of Κβ, the more 
pointed is the profile. Conversely, the profile is flatter at 
lower Κβ levels. With respect to the PAWAJM no significant 
influence of the process parameters on the Κβ was identified 
when preparing cemented carbide cutting edges. In con-
trast, the value of Κβ strongly depends on the wedge angle β 
(Fig. 4). This means that, regardless of the specific process 
control in PAWAJM, a similar ratio of S to Sβ is generated 
and the cutting edges have comparable curvatures for identi-
cal wedge angles.

Consequently, the value of Κβ can be approximated as a 
function of β:

For the analysis of the influence of the cutting edge micro 
shape on the wear of a drilling tool a certain experimental 
design is used for a subsequent empirical modelling. A Latin 
hypercube design is utilized to vary the parameters on a 
high amount of levels while keeping the number of simu-
lations low. The intervals for the cutting edge parameters 
are chosen as follows: Sα = 20–100 µm, Sγ = 20–100 µm and 

Kβ =
S

Sβ
.

Kβ(�) = 0.939e(0.0106�).

Fig. 3  a Modelling of honed/prepared cutting edge with a parabolic 
shape. b Distinction between valid and invalid cutting edge profiles

Fig. 4  Profile factor: profile factor for PAWAJM
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φ = − 15° to 15°. A distinction between valid and invalid 
cutting edges is made and has to be taken into account for 
the experimental design. Furthermore, the findings from the 
PAWAJM investigations are used for the modelling of the 
cutting edge micro shape. In this context, Κβ(β) is consid-
ered. This leads to a subdivision of the design space, which 
is presented in Fig. 5. It can be seen that an apex angle of 
φ = 0° provides a symmetric domain of valid parameter sets 
in the Sα–Sγ-plane. The domain is shifted towards low values 
of Sα when φ decreases. In contrast, the domain exhibits low 
values of Sγ when φ is increased. The validity of the cutting 
edges does not only depend on the cutting edge parameters 
but also on the wedge angle. Especially when φ is high or 
low the domain of valid edges is bigger for higher wedge 
angles. Besides the cutting edge parameters the wedge angle 
as well as the process parameters h and vc are integrated in 
the experimental design. Therefore, varying local process 
conditions, e.g., for drilling processes, can be considered, 
too.

The output of each simulation is used for the statistical 
modeling and optimization. In this particular investigation 
so called DACE-models are calculated to find functional 
relationships between the cutting edge parameters and the 
thermo-mechanical tool load as well as the wear rate [23].

4  Simulation results

The response surfaces of DACE-models for the cutting force 
Fc and the normal force Fn are illustrated in Fig. 6 as a func-
tion of the cutting edge segment on the flank face Sα and on 
the rake face Sγ with respect to the validity of the cutting 
edge. The cutting force Fc increases with rising Sα and Sγ 
due to an increased amount of effective negative rake angles. 
Low rake angles promote the compression of the workpiece 
material in front of the cutting edge, which leads to a higher 
tool load. An apex angle of φ = 0° results in a symmetrical 
dependency of Fc on the cutting edge segments. In contrast, 
the domain of valid cutting edges is asymmetric and smaller 
when the apex is shifted towards the flank face which is 

presented for an apex angle of φ = − 15°. It can be seen that 
the cutting force is decreased for negative apex angles, too. 
This can be explained by a reduction of material compres-
sion. The displayed normal force Fn reveals a similar behav-
ior regarding the influence of the cutting edge segments on 
the flank face Sα and on the rake face Sγ. It further shows that 
the influence of the apex angle is even bigger on the normal 
force than on the cutting force. This can be traced back to 
the influence of the effective rake angles on the local normal 
forces acting on the cutting edge. An increase of the rake 
angle leads to a reduction of the normal force.

The response surfaces of the DACE-model for the wear 
rate W ̇ is illustrated in Fig. 7. It can be seen that the wear 
rate is majorly influenced by the cutting edge segment on 

Fig. 5  Graphical representation of valid and invalid parameter sets of 
cutting edge roundings for wedge angles of β = 40° and β = 80°

Fig. 6  Mechanical tool loads as a function of cutting edge segments 
Sα and Sγ
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the flank face Sα. The model reveals a reduction of the wear 
rate when Sα decreases. The wear rate is the lowest when Sα 
is chosen to be as small as possible within the valid range. 
Therefore, the optimum lies on the constraint of the valid 

domain. The cutting edge segment on the rake face shows 
only little influence on the wear rate. A further analysis 
indicates that the apex angle has just a small influence on 
the DACE-model, too. However, since the apex angle deter-
mines the validity of cutting edges and a drop of φ shifts the 
valid domain towards low values of Sα, it can influence the 
wear behavior of the cutting edge. As it is shown in Fig. 7 a 
lower wear rate can be achieved through smaller cutting edge 
segments on the flank face Sα which is linked to a change of 
the apex angle from φ = 0° to φ = − 15°.

The sliding velocity, the contact pressure and the tool 
temperature are used for the wear rate calculation as pro-
posed by Usui [18]. In order to identify the cause of the 
reduced wear rate of the asymmetric cutting edge these 
parameters are analyzed. Since the contact pressure is 
homogenously distributed and identical for the investigated 
cutting edges the sliding velocity and the tool temperature 
are focused at this point. In Fig. 8 the flow of the workpiece 
material and the tool temperature are illustrated for a nearly 
symmetrical and an asymmetrical cutting edge rounding. In 
front of the cutting edge rounding a zone of relatively slow 
material flow occurs. This stagnation zone was also observed 
by Denkena et al. [15]. On a certain point A on the cutting 
edge the material flow is divided into two directions. One 
part flows along the rake face into the chip, the other part 

flows beneath the cutting edge to the flank face and forms the 
new workpiece surface. The material flow at the separation 
point is zero and increases along the contact length on the 

Fig. 7  Simulated maximum wear rate as a function of cutting edge 
segments Sα and Sγ

Fig. 8  Material flow and tool temperature for a nearly symmetrical and an asymmetrical cutting edge roundings



465Production Engineering (2019) 13:459–467 

1 3

flank face lα until it matches the cutting speed vc at point B 
where the tool to workpiece contact ends. On the rake face 
the material flow increases to a level that is lower than the 
cutting speed due to the chip compression. These processes 
with the same minimum and maximum velocities can be 
observed for all cutting edges. In contrast, the tool tempera-
ture is different for the two presented cutting edges. The 
temperature of the nearly symmetrical tool is up to 575 °C 
while the temperature of the asymmetrical cutting edge is 
up to 425 °C. The tool temperature is significantly influ-
enced by the frictional heat as well as the heat transfer from 
the chip and the workpiece to the tool. The amount of the 
induced heat for both processes is depended on the contact 
length between the tool and the workpiece. As it is shown 
in Fig. 8 the contact length on the flank face lα is decreased 
when the apex of the cutting edge is shifted towards the flank 
face. The contact on the rake face is barely influenced by the 
micro shape of the cutting edge. Consequently, less heat is 
transferred into the tool when using proper designed asym-
metrical than for symmetrical cutting edges.

Finally, it can be concluded that a reduction of tool wear 
is mainly achieved by a reduction of the tool temperature. 
Therefore, the contact length on the flank face lα has to be 
low by choosing short cutting edge segments on the flank 
face Sα. Since wet abrasive jet machining of cutting edges is 
restricted to certain combinations of the cutting edge param-
eters it is further necessary to shift the apex of the cutting 
edge towards the flank face. This finding is confirmed in 195 
simulations in which the influence of the cutting parameters, 
the wedge angle and the micro shape of the cutting edge 
were investigated.

5  Experimental investigation

The findings of Sect. 4 are validated in a drilling process 
with two fluted twist drills with a diameter of dtool = 8.5 mm 
made of micro-grain cemented carbide with 10% of cobalt. 
In order to adjust the cutting edge micro shape pressur-
ized air wet abrasive jet machining is utilized. Due to the 
simulation results the following parameters are chosen 
as the optimized cutting edge with asymmetrical shape: 
Sα = 45 µm, Sγ = 83 µm, Sβ = 37 and φ = − 15°. Besides this 
shape an asymmetrical cutting edge with a smaller round-
ing ( S = 30 ± 3 µm) and a symmetrical cutting edge with 
an average rounding of S = 64 ± 5 µm were prepared and 
investigated. These three cutting edge roundings are referred 
as “big, asymmetric”, “small, asymmetric” and “big, sym-
metric”, respectively. The target preparation and the actual 
obtained roundings are illustrated in Fig. 9 with respect to Sα 
and Sγ. The SEM-pictures give a qualitative view of the size 
of the rounding. It can also be seen that grinding marks are 
visible on the flank face of both asymmetric micro shapes 

while the rake face and the cutting edge exhibit a dimple 
structure. This is the result of the abrasive jet that is primar-
ily directed towards the rake face in order to obtain a longer 
cutting edge segment on the rake face than on the flank face. 
In contrast, the symmetric cutting edge exclusively reveals 
dimple structures due to an identical orientation of both 
faces to the abrasive jet. After the cutting edge preparation 
the tools have been coated with an Arc-PVD-Coating of 
TiAlN.

The prepared tools are used for the drilling of Inconel 
718 with a cutting speed of vc = 30 m/min and a feed of 
f = 0.144 mm on the machining center Grob BZ40CS. The 
chosen feed path is lf = 1.82 m and an emulsion is used for 
lubrication and cooling of the tool. Since the thermomechan-
ical load is dominant near the cutting edge corner the wear 
is analyzed in this area of the major cutting edge. Before and 
after the use of the tools the cutting edges are digitalized 
with the measuring microscope Alicona Infinite Focus G5. 
Both measurements are then positioned and aligned to quan-
tify the differences of the edge profiles. Hence, the removed 
coating and substrate can be expressed as the wear volume 
Vwear. The obtained results for the three different cutting edge 
types of drilling tools are illustrated in Fig. 10. The error 
bars represent the range of the measured wear volume of 
four experiments per cutting edge type. Consequently, six 
two-fluted twist drills with a total of twelve cutting edges 
were investigated to validate the simulation findings. It can 
be seen that the wear volume is lowest for the optimized cut-
ting edge followed by the symmetrical and the asymmetrical 
cutting edge with a small rounding. The difference models 

Fig. 9  Parameters and SEM-picture of prepared cutting edges of drill-
ing tools
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of the displayed surfaces also show reduced wear heights of 
the optimized tool compared to the others.

6  Conclusion and outlook

This paper deals with the optimization of prepared cutting 
edge micro shapes. The wear rate after Usui is calculated 
from chip formation simulations. It serves as an optimi-
zation criterion and is analyzed by means of a particular 
experimental design. For the experimental design only 
valid cutting edge micro shapes are considered. In this 
context, the ratio of the average cutting edge rounding S 
to the profile flattening Sβ is introduced as the profile fac-
tor Κβ. With respect to the pressurized air wet abrasive jet 
machining Κβ can be described by a function of the wedge 
angle β. The mechanical tool load is dependent on the cut-
ting edge segments Sα and Sγ and can be reduced by shift-
ing the apex towards the flank face (φ < 0°). Similar results 
are obtained for the wear rate. This is due to the decreased 
tool temperature when the contact on the flank face lα is 
reduced. Therefore, cutting edges with an asymmetrical 
micro shape are desired for the machining of Inconel 718 
which is validated by drilling experiments with targeted 
prepared cutting edge roundings. Further investigations 
should consider the influence of tool coating on tool wear, 

for example with regard to differences in coating adhesion 
or coating defects due to different cutting edge geometries.
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