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Abstract

The machining of nickel-based superalloys such as Inconel 718 still poses a great challenge. The high strength and temperature resistance of these
materials lead to poor machinability, resulting in high process forces and extensive tool wear. However, this wear is stochastic when reaching a
certain point and is difficult to predict. To generate consistent wear conditions, the tool wear can be decoupled from the milling process by creating
artificial wear using grinding. In this paper, a multi-axis approach for decoupling tool wear is presented and analyzed. Therefore, scanning electron
microscope images of different wear states – worn and artificially worn – are analyzed. In addition, the occurring process forces of naturally and
contrived worn inserts are compared in orthogonal cutting experiments as an analogy setup. Finally, a finite element analysis using a novel
methodology for segmenting relevant cutting edge sections using digital microscope images provides qualitative insights on the influence of
different wear conditions.
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1. Introduction

Nickel-based superalloys have high strength, corrosion and
temperature resistance. These properties make them particu-
larly attractive for the energy sector and for the aerospace
industry [1, 2]. However, the advantages of these properties
make the materials difficult to machine. The resulting high
process forces lead to rapid tool wear [3–5]. In this regard,
short tool life was identified, especially when machining In-
conel 718 (IN718) [6]. Therefore, many studies analyzed the
tool wear behavior for different processes, e.g. turning [7], end
milling [8, 9], or micro-milling [10]. Alternative path strategies
such as trochoidal milling [11] and different cutting speeds [12]
have been investigated to improve productivity. The influence
of varying cutting conditions was analyzed taking the occur-
ring tool wear into account [11]. In this context, studies were
conducted to address the stochastic nature of the wear pro-
gression [13]. In order to optimize the machining processes,
simulation-based analyses can be used. In literature, differ-

ent approaches for taking tool wear into account using fi-
nite element simulations are presented [14, 15]. Bergmann et
al. [16] introduced a model for wear-dependent prediction of
process forces used in a physically-based simulation system.
For increasing the precision of these models, accurately config-
urable testing conditions are necessary. In order to avoid time-
consuming and cost-intensive test, [17, 18] presented an ap-
proach to artificially generate tool wear and, thus, decouple it
from the machining process. However, the method of gener-
ating artificial wear by grinding needs further improvement to
increase accuracy and reproducibility, especially regarding the
wear shape and the resulting process forces.

Based on the work presented in [17], an adapted methodol-
ogy for decoupling tool wear will be discussed in the follow-
ing. First, a multi-axis approach for grinding inserts was used
for precise positioning using multiple sensors, followed by the
evaluation of the reproducibility based on the flank wear width
of the cutting edge. Subsequently, a visual analysis was carried
out using scanning electron microscope (SEM) images to in-
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vestigate the deviation between naturally worn and artificially
worn inserts in different wear states. The method of creating
contrived inserts was validated utilizing an analogy experiment
in which the occurring process forces were measured and com-
pared to those of the naturally worn inserts. By means of digi-
tized cutting inserts, a new method for the extraction of profiles
is presented taking tool wear into account, which was used for
a subsequent FEA. Finally, a qualitative analysis of profiles of
a new, naturally worn, and artificially worn insert on the result-
ing chip formation as well as the cutting and normal forces is
conducted.

2. Methodology for decoupling tool wear

The high tool wear involved in the machining of Inconel 718
is stochastically influenced. In order to examine the tool wear
in detail, inserts have been artificially worn by grinding. Due
to this, reproducible wear states could be generated. However,
previous investigations [17] have shown that the approach used
is only suitable to a limited extent for the generation of artifi-
cial wear, especially regarding the reproducability. Therefore,
a new methodology is presented that extends the previous ap-
proach by using mutli-axes grinding. Furthermore, the material
and machines used are specified and the results are analyzed.

2.1. Analysis of the cutting edge displacement

When milling Inconel 718, a superposition of abrasive and
adhesive wear occurs (initial stage and steady-state stage) up to
tool failure (collapse stage) [19]. This wear results in a shape
deviation of the initial cutting edge. To determine this displace-
ment, the tool wear of nine inserts with flank wear widths of
VB = 150 µm, VB = 300 µm, and VB = 450 µm was each ana-
lyzed using a digital microscope (Keyence VHX-950F). In or-
der to induce tool wear, a cutting velocity of vc = 40 m min−1,
a feed per tooth of f z = 0.09 mm, a depth of cut and width of
cut of ap = ae = 1 mm was chosen for all experiments. The
microscope images were taken in the tool reference plane and
the angle between the major cutting edge and the displaced tool
corner was measured. Fig. 1 shows an example of the measure-
ment of the wear dependent angle. As result an angle of approx.
13.73°±0.51 was determined for all inserts.

2.2. Creating artificial wear using multi-axis grinding

In order to generate artificial tool wear, inserts were prepared
on a 5-axis dressing machine of the type Geiger AP-800 Fusion.
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Fig. 1. a) Measurement of the angle between the major cutting edge and the dis-
placed tool corner in the tool reference plan. b) Comparison of the repeatability
of the artificially generated flank wear width

The tool used was a square shoulder milling cutter with carbide
inserts (Sandvik Coromant R390-11 T3 08M-PM 1130) with
multilayer AlTiCrN coating. The experimental setup is shown
in Fig. 2. The silicon carbide (SiC) grinding wheel with resinoid
bonding and the tool were aligned using a camera system and an
acoustic emission sensor for contact detection to ensure precise
positioning.

In order to investigate the reproducibility, three experiments
were conducted under the same conditions. For reaching differ-
ent wear states, a width of cut of ae = 1 mm and a depth of cut of
ap = 5 µm per infeed was used. The spindle speed of the grind-
ing wheel was set to ng = 1000 RPM and the opposed rotating
tool speed was set to nt = 600 RPM. For each test, a new insert
was applied. Fig. 1b shows the generated flank wear width over
the cumulative depth of cut. The results show that the multi-axis
approach could produce consistent flank wear widths. Since the
determination of the flank wear width is partly based on ex-
perience, a more detailed analysis of the surface topography is
necessary.

2.3. Analysis of the cutting edge topography

In order to evaluate the generated inserts, the relevant ar-
eas were analyzed using scanning electron micrographs (Tes-
can, Mira III XMU). SEM images of the naturally worn inserts
were compared to the respective artificially generated states in
Fig. 3. It can be seen that the shape of the flank wear could be
adequately reproduced. Nevertheless, the measurements show
that the naturally worn inserts had slightly abrasive wear along
the entire engagement width, which occurred after the initial
wear of the tool. The surface topographies of the naturally worn
inserts showed a preferred direction, which is represented by
scratches/grooves parallel to the cutting direction. These could
be generated to a similar extent using the grinding wheel (cf.
Fig. 3, VB 150), although material smearing could be detected
on the naturally worn inserts of VB 300 and VB 450.

Tool
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Fig. 2. Experimental setup of multi-axis grinding

Fig. 3. SEM images of different wear states (VB = 150 µm, VB = 300 µm,
VB = 450 µm)



Potthoff et al. / Manufacturing Letters 00 (2022) 000–000 3

3. Experimental setup and analysis

Validation tests were conducted in order to analyze the re-
sulting process forces. In the following, the analogy test setup
used is presented and the process forces of the naturally worn
and contrived inserts are analyzed.

3.1. Analogy test setup
The influence of the artificially generated inserts on the pro-

cess forces was analyzed using analogy experiments. For this
purpose, the nickel-based superalloy IN718 was machined on
a three-axis machine tool specifically built for the conduction
of orthogonal cutting experiments. Orthogonal cutting experi-
ments were conducted to fundamentally investigate the machin-
ing process. The influence of the artificially generated inserts on
the process forces was analyzed. The nickel-based superalloy
IN718 was used as the workpiece material. The previously an-
alyzed inserts with different wear conditions were used for the
experiments. The process was designed with only the peripheral
cutting edge of the tool engaged in order to avoid the influence
of the minor cutting edge on the process forces. For this pur-
pose, a depth of cut of ap = 1 mm was used. The resulting forces
were measured using a three-component dynamometer (Kistler
9263). A surface speed of the workpiece of vc = 40 m min−1

was used to ensure the comparability to milling experiments.
The schematic experimental setup is depicted in Fig. 4a. In ad-
dition, a detailed view of the experiment (cf. Fig. 4b) as well as
the chip formation (Fig. 4c) and the resulting chip (Fig. 4d) are
presented. Before each test, a finishing cut was conducted with
a new insert to guarantee reproducible engagement situations.
After this, the insert was replaced with a prepared – naturally
worn or contrived – insert.

3.2. Process force analysis
In order to validate whether multi-axis grinding of in-

serts is suitable for decoupling tool wear from the machin-
ing process, the resulting process forces were investigated. Us-
ing the aforementioned dynamometer, the forces were mea-
sured in cutting and normal direction with a sampling rate of
f meas = 100 000 Hz. To ensure the transferability of the re-
sults obtained in the analogy setup onto the milling process,
the width of cut was adapted according to the feed per tooth
of the milling process to ae = 0.09 mm. Fig. 5 shows the cut-
ting and normal forces for flank wear widths of VB = 150 µm,
VB = 300 µm, and VB = 450 µm. Additionally, a distinction
between naturally worn and contrived inserts is depicted.

For the wear state of VB = 150 µm, the process forces in
cutting direction showed a good correspondence and a devia-
tion of ∆Fc = 6 N on average. In contrast, the normal forces
had a higher mean difference of ∆Fn = 52 N. The deviation in
the normal forces can be explained by the initial wear along
the cutting edge which is noticeable by the slightly abrasive
wear and, therefore, a cutting edge rounding (cf. Fig. 3). This
resulted in much more consistent wear of the naturally worn

Fig. 4. a) Schematic experimental setup of the orthogonally cutting test. b) De-
tailed view of the experimental setup with c) chip formation and d) exemplary
resulting chip

insert, whereas the grinding process produced sharp edges be-
tween the artificially worn and non-worn areas. Initial wear had
a comparatively positive effect on the forces, particularly in
normal direction. The comparison with the cutting and normal
forces measured using a new insert shows that the wear tended
to lead to increased process forces. Fig. 6 illustrates the result-
ing forces with a new tool and the particular mean values. The
mean value of the cutting force was Fc = 367 N and the force
in normal direction was Fn = 231 N. These process forces are
used to classify the occurring forces of the worn inserts. When
considering the resulting process forces of the wear condition
VB = 300 µm, the mean values of the cutting forces vary only
slightly (∆Fc = 25 N), whereas the normal forces differ signifi-
cantly. For the process with the naturally worn inserts, an aver-
age normal force of Fn,R = 281 N occurred, which was signifi-
cantly lower than the corresponding cutting force. The process
forces of the contrived inserts behaved oppositely. Here, the re-
sulting normal force was on average Fn,CA = 433 N and, thus,
30 N higher than the cutting force. This suggests that, especially
with increasing flank wear widths, the ground area on the flank
face becomes too large compared to the natural wear that oc-
curred, resulting in a significantly higher level of the normal
force. A comparison with the SEM images of the wear con-
dition VB 300 (cf. Fig. 3) confirms this thesis. The resulting
mean value of the normal force of the contrived insert with a
flank wear width of 450 µm showed the same behavior with
Fn = 772 N almost twice as high as the forces in normal di-
rection of the naturally worn insert. For the cutting forces, how-
ever, a smaller difference (49 N) was found between the natu-
rally worn and contrived inserts. The evaluation of the process
forces showed that the multi-axis approach led to a good repro-
ducibility with regard to the cutting forces. In contrast, the nor-
mal forces deviated significantly from the corresponding forces
of the worn inserts.

4. Simulation of segmented cutting sections

For the detailed analysis, additional FE analyses were con-
ducted. In order to generate the corresponding tool models for
the 2D FE analyses, an approach was developed taking the
wear-dependent geometry of the inserts into account. In this
section, an orthogonally cut will be simulated and the resulting
cutting and normal forces will be analyzed.

4.1. Cutting edge segmentation

For segmenting cutting sections, the inserts were initially
digitized. Consequently, a confocal microscope (Confovis
ToolInspect) was used to measure areas of the naturally worn
and artificially worn inserts. In addition to the detection of the
worn areas, the measured sections were selected to allow for
an alignment by means of the rake face and flank face. Using
the software gom inspect, the correct positioning of the mea-
sured data of the naturally worn and contrived cutting edge was
achieved by an initial alignment, followed by a local best-fit.
This ensured the segmentation was carried out at the same po-
sition. Fig. 7 shows the aligned cutting inserts of the wear con-
dition VB 150. The digitized naturally worn insert is presented
as a gray surface mesh and the contrived insert as a blue point
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Fig. 5. Normal force (Fn) and cutting force (Fc) of orthogonally cutting experiments of the naturally worn and the contrived inserts with different wear states
(VB = 150 µm,VB = 300 µm,VB = 450 µm). Additionally, the mean value is displayed in green.

Fig. 6. Process forces in cutting and normal direction with a new insert and its
mean value in green

cloud. Particularly in the wear area, a clear deviation from each
other can be recognized.

For analyzing the influence of different shapes of the cut-
ting edge, a representative section of the worn area was chosen.
In the first step, a profile of each wear state (natural and arti-
ficial) was extracted. For reference, the profile of a new insert
was also segmented. A schematic illustration of the extraction
is depicted in Fig. 8a. Further, Fig. 8b shows the overlaid pro-
files of a new, a naturally worn and an artificially worn insert
with a flank wear width of VB = 150 µm. The significant dis-
placement of the cutting edge of the worn inserts compared to a
new insert can be seen. In contrast, the geometric deviation be-
tween naturally worn and artificially worn insert is rather small
and indicates a good accordance. In the next step, the generated
profiles were extruded to a width of w = 40 µm and utilized for
an FEA to qualitatively evaluate the occurring process forces.

Rake face

Contrived insert

Naturally worn insert

Flank fa
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Fig. 7. Alignment of naturally and artificial worn insert with a flank wear width
of VB = 150 µm

Fig. 8. a) Extraction of a profile of a digitized cutting insert with a flank wear
width of VB = 150 µm and b) 2D-projection of extracted profiles of new, natural
wear, and contrived wear state

4.2. Finite element analysis

For a qualitative analysis of the artificially worn inserts on
a local scale, FE simulations were conducted allowing for a
comparison between a contrived and a naturally worn insert,
each with a flank wear width of VB = 150 µm (cf. Fig. 9). As
a reference, the chip formation process for a new insert was
also considered. Within these simulations, an analogy model
was implemented, which allows the execution of orthogonal
cuts by assuming plane strain cutting conditions. As the mod-
eling approach, the Coupled Eulerian Lagrangian (CEL) [20]
method was applied as implemented in the commercial FE soft-
ware Abaqus/Explicit. In this context, the workpiece was de-
scribed by an Eulerian and the tool, which was assumed to
be rigid, by a Lagrangian formulation. The workpiece model
was discretized using coupled temperature-displacement ele-
ments of the type EC3D8RT with a minimum length of 5 µm
in the area adjacent to the engagement. The applicability of
the CEL method to model orthogonal metal cutting has been
demonstrated in [21]. To model the material response of the
workpiece, the constitutive law by Johnson and Cook was ap-
plied to account for the influence of strain hardening, the strain
rate and thermal softening [22]. The corresponding parameter

n
c Workpiece

Cutting 
edge

0 2500
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Contrived Naturally wornNew 

Fig. 9. FE-analysis of a naturally worn and a contrived insert with a flank wear
width of VB = 150 µm compared to a new insert
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values were adopted from [23] for the nickel-based superalloy
IN718. The friction between the tool and the workpiece was
modeled using Coulomb friction law with a constant coefficient
of µ = 0.36 [23]. In accordance with the experiments, a cut-
ting velocity of vc = 40 m min−1 and a undeformed chip thick-
ness of hcu = 90 µm were defined. Due to the flank wear width
of VB = 150 µm present at the naturally worn and contrived
cutting edge, the chip formation process is significantly influ-
enced compared to the new insert. The separation of material
occurred further above, which is indicated by the comparatively
smaller thickness of the chip, especially in the case of the natu-
rally worn insert. As a result, strong ploughing effects occurred,
as a large part of the workpiece material was pressed under the
cutting edge due to the negative rake angles.

The simulated forces of each wear condition are compared
in Fig. 10. It can bee seen that the cutting and normal forces
strongly increased resulting by the chip formation. The simu-
lation of the new inserts resulted in a lower normal force level
compared to the cutting force. In contrast, both worn condi-
tions showed a similar level for both, cutting force and normal
force. From these results it can be concluded that the geometry
of the cutting edge, especially for a worn state, has a negative
effect on the normal forces. Due to the changed geometry, a dis-
placement of the material separation took place, which induced
higher normal forces.

A comparison of the experimentally measured and the sim-
ulated process forces shows a considerably smaller force level.
This is due to the simplified assumptions of the modeling and
the different contact situation. While the forces of the entire en-
gagement width were measured in the experiments, only a small
representative section was used in the simulation. Nevertheless,
a wear-dependent increase of the forces can be observed.

5. Conclusion

In this paper, a multi-axis approach was used to generate ar-
tificially worn inserts by grinding. With the presented method-
ology, reproducible wear conditions could be created. The pre-
cision of the positioning was significantly improved by using a
camera system and an acoustic emission sensor. A visual com-
parison of SEM images of naturally worn and artificially worn
inserts showed good accordance with the shape of the wear
states. However, deviations with an increase of the flank wear
width, especially regarding the initial wear along the cutting
edge, could be demonstrated. To validate the contrived inserts,
experiments were carried out on an analogy test setup. The anal-
ysis of the resulting forces showed a similar force level of the
cutting forces of various wear conditions of the naturally worn
and contrived inserts and, consequently, could be reproduced
well. The average of the normal forces differed significantly
with increasing wear, which could be explained by the differ-
ences of the initial wear along the cutting edge between nat-
urally worn and contrived inserts. A new method for extract-
ing profiles from digitized inserts of different wear conditions
served as a basis for an FE simulation. With these profiles, a

Fig. 10. Resulting cutting and normal forces (F′c, F′n) of the FEA with a flank
wear width of VB = 150 µm compared to a new insert

qualitative analysis was conducted to investigate the influence
of different cutting edge geometries on chip formation and the
resulting process forces.

In future investigations, the multi-axis approach will be ex-
tended to include initial wear along the cutting edge. Further-
more, the extracted profiles and the FEA will be used to deter-
mine specific cutting force coefficients for different wear condi-
tions, which will then be used in a geometric physically-based
simulation system to calculate the process forces.
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