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Tool wear plays a decisive role in achieving the required surface quality and dimensional
accuracy during the machining of Inconel 718-based products. The highly stochastic phe-
nomenon of tool wear, particularly in later stages, results in difficulty in predicting the
failure point of the tool. The present research work aims to study this late-stage wear of
the tool by generating consistent wear conditions and thereby decoupling the late-stage
wear from the wear history. To do so, a multi-axis grinding operation is employed to
create artificial tool wear that replicates the topology of natural wear occurring in the
process. In order to evaluate the imitating ability of the proposed methodology, microscopic
images in different wear states of naturally and contrived worn tools were analyzed. The
methodology was validated by comparing the resulting process forces measured during
end milling with the natural and contrived worn tool for different path strategies.
Finally, a qualitative finite element (FE) analysis was conducted, and specific force coeffi-
cients for worn tool segments were determined through simulation.
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1 Introduction

Nickel-based superalloys (NBSAs) are a group of materials that
exhibit high strength, ductility, and resistance to corrosion at ele-
vated temperature and stress levels [1]. The superior properties of
NBSAs make them an ideal option for manufacturing products
with applications in aerospace, power-generation industries, and
extremely challenging environments [2]. Milling is commonly
employed to manufacture these products as it can produce intricate
shapes with superior dimensional accuracy and higher productivity
[3]. However, the properties of NBSAs mentioned earlier as func-
tional benefits make them difficult to machine, leading to increased
process forces and rapid tool wear. Such difficulty in the machining
of NBSAs, especially Inconel 718 (IN718), results in the lower
surface quality of the manufactured product [4], frequent tool
change, and loss of productivity [5]. Therefore, to ensure the
optimal use of the tool by the manufacturer, it is essential to
predict tool wear within reasonable limits of accuracy.
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In the literature, several studies have been reported that aim to
improve the productivity of IN718-based products by employing
various toolpath strategies [6—8], optimizing cutting parameters
[9-13], and developing models for predicting tool wear evolution
[14-16]. Pleta et al. [6] applied trochoidal (i.e., epicyclcoidal)
milling in the machining of IN718 and analyzed the effect of
varying machining parameters such as cutting speed, feed, and
depth of cut on material removal rate per unit of tool wear and
cutting force dynamic response. The results were compared with
conventional milling, and it was concluded that trochoidal milling
has better productivity when the tool change is also considered,
and the cutting force increases from the beginning to the end of
the cut at a stable rate [7]. Sui et al. [8] generated a toolpath that
combines corner-loop milling and clothoid curve transition strate-
gies to optimize both the cutting force and dynamic characteristics
of a machine tool during the machining of titanium alloys. The
results showed reduced cutting force with improved stability and
surface quality. Pleta et al. [9] identified the optimal values of
cutting parameters to minimize process force and wear for IN718.
The study also investigated the effect of these parameters on the
depth of the machine-affected zone. Xavior et al. [10] applied the
analysis of variance to evaluate the percentage influence of
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cutting parameters on flank wear and concluded that tool (insert)
material is the most influential parameter. The literature also ana-
lyzed the effect of insert material [11], insert geometry [12], and
insert coating [13] on tool wear and tool life while machining
IN718. Furthermore, studies have been performed to investigate
tool wear evolution in the machining of IN718 considering different
cutting conditions and toolpath strategies [14]. Nouri et al. [15]
monitored tool wear in real time and concluded that even under
similar cutting conditions, the tool wear evolution varies and is a
time-dependent stochastic process. Later, Niaki et al. [16] assessed
the stochastic behavior of tool wear using Kdlman and Monte Carlo
filters in another nickel-based difficult-to-machine material, i.e.,
Rene-108. From this background, the authors conclude that the sto-
chastic nature of wear progression significantly affects the cutting,
and it is variable enough not to be predictably repeatable. Therefore,
a more controllable method is motivated.

In order to identify the stochastic behavior of tool wear in the
machining of IN718, nine replicate tests were carried out in this
study. Figure 1 shows the wear progression of these nine repeated
tests and the process parameters used. A similar wear behavior
could be observed in the initial stage (V,,=1 cm?®), whereas the
flank wear widths (VB) began to scatter more with increasing mate-
rial removal. The progression of all experiments shows that after the
initial wear phase, a region of inconsistent wear behavior is
observed, making the study and prediction of tool wear difficult
in the region of late wear. To overcome this problem, the phenom-
enon of tool wear in the later phase needs to be decoupled from the
initial phase, requiring a different approach for analysis. Addition-
ally, the studies related to tool wear analysis necessitate a significant
number of tests and machining of a large volume of material. In the
present study, the research in the phase of later tool wear will
require machining a significant amount of material simply to
produce such wear, resulting in cost-intensive and time-consuming
experiments. Therefore, to decouple and analyze the late phase of
the tool wear and avoid time-consuming and cost-intensive experi-
ments for generating this wear, the tools can be artificially worn out
to the desired level of wear widths in a more consistent manner than
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Fig. 1 Variance of tool wear evolution of nine repeated
experiments
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through repeated machining. In this context, the present article aims
to validate a methodology for generating artificial tool wear through
a controlled multi-axis grinding operation. Therefore, the efficacy
of the developed method was examined by comparing various
direct (wear topography) and indirect quantitative (process forces,
chip thickness, and force coefficients) attributes.

2  Methodology for Generating Tool Wear on Cutting
Inserts

Tool wear during the machining of IN718 is stochastically influ-
enced, as discussed in the literature [16]. To examine the wear beha-
vior in detail, a methodology for artificially generating worn cutting
inserts (contrived wear (CA)) with multi-axis positioning and a sub-
sequent grinding operation is presented. For a comparative assess-
ment of the contrived wear methodology, naturally worn (NW)
cutting inserts were also generated. For the analysis, three represen-
tative wear states defined by a flank wear width of VB =150 ym,
VB =300 um, and VB=450 ym were generated on cutting
inserts. The flank wear widths were selected such that they corre-
sponded to three qualitative stages of tool wear, namely, initial
stage, steady-state stage, and collapse stage. The wear widths
were measured and analyzed using microscopic images of the
cutting edges captured normally to the rake face using a Keyence
VHX-950F microscope.

2.1 Generating Natural Tool Wear—Reference Inserts. In
order to generate natural wear on the cutting inserts, linear path
milling of IN718 was conducted using a five-axis machining
center (DMG MORI DMU 50), as depicted in Fig. 2(a). The
milling experiments were performed using a 2-flute indexable
end-mill (CoroMill R390-016A16-11L) with a cutting diameter of
D=16 mm, inserted with Sandvik Coromant R390-11 T3
08M-PM 1130 carbide inserts having multilayer ALTiICrN
coating, a wiper edge length (b;) of 1.2 mm, and a corner radius
7.=0.8 mm. Table 1 summarizes the machining parameter
values. The flank wear widths were measured iteratively in
between the machining passes to ensure that wear widths were
achieved. The experiments were performed without the application
of coolant.

During milling of IN718, it was observed that the abrasive and
adhesive wear (initial and steady-state stages) superimposed up to
tool failure (collapse stage) [14]. The microscopic images of
inserts with different wear stages were also captured in the tool ref-
erence plane to measure the angle between the primary cutting edge
and displaced tool corner, as shown in Fig. 2(b). An angle in the
range of 13.73° +0.51 was recorded for all inserts (cf. Ref. [18]).

-

Fig.2 (a) Experimental setup for generating naturally tool wear
and (b) measurement of the angle between the major cutting
edge and the displaced tool corner in the tool reference plane
[17,18]
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Table 1 Machining parameter values for generating natural tool
wear

Cutting velocity (v.): 40 m/min

Feed per tooth (f;): 0.09 mm
Width of cut (a,): 1 mm
Depth of cut (a,): 1 mm

2.2 Generating Contrived Tool Wear. The contrived wear
was then reproduced on a five-axis dressing machine (Geiger
AP-800 Fusion) using a silicon carbide (SiC) grinding wheel with a
resinoid bond. The SiC is a hard abrasive material commonly used
in grinding wheels for dressing tools. The grinding wheel and tool
were rotated in clockwise and counterclockwise directions to
prevent the milling of the grinding wheel. The experimental setup
for generating contrived tool wear is depicted in Fig. 3(a). To accu-
rately generate the aforementioned flank wear widths representing
three wear states, a camera system and an acoustic emission sensor
were used to precisely position the grinding wheel and milling tool
as shown in Fig. 3(b). The acoustic emission sensor detected the
contact between the grinding wheel and the milling tool, which can
be observed as a peak shown with arrows in Fig. 3(c).

After precise positioning, the flank wear widths were generated
using a depth of cut of @, =1 mm and width of cut of a,=5 um
per step feed. The parameter a, was kept as it was used to generate
the natural tool wear, while a, was increased iteratively depending
on the requirement for the flank wear width. The tool was rotated at
a speed of n,=600 min~', while the speed of the grinding wheel
was set to n,=1000 min~'. The reproducibility of the proposed
contrived wear methodology was validated by conducting three
experiments under equal conditions. The flank wear widths were
measured at each feed step up to a cumulative depth of 50 ym as
shown in Fig. 3(d). The results show that consistent flank wear
widths can be generated using the developed multi-axis contrived
wear methodology as described in Ref. [18].

2.3 Analysis of Wear Topography. The wear topographies
obtained using natural and contrived tool wear methodologies
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Fig. 3 (a) Experimental setup for generating contrived wear and
(b) camera system for precise positioning. (c) Acoustic emission
measurement and (d) reproducibility of contrived wear method
(cf. Ref. [18]).
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discussed earlier were qualitatively analyzed using scanning elec-
tron microscopy (SEM). In Fig. 4, SEM images of naturally and
artificially worn inserts with wear widths of VB =150 ym, VB =
300 ym, and VB =450 pm were compared. It can be seen that
the shape of the flank wear region at VB =150 ym could be repro-
duced very effectively. However, the naturally worn tool showed a
slight abrasive wear along the entire engagement width. Similarly,
in the case of VB =300 pm, a comparable shape of the flank
wear region was obtained, but smearing can be found on a naturally
worn tool, which could not be reproduced -effectively
through simple grinding. Furthermore, at a flank wear width of
VB =450 yum, a significant deviation in the in-depth topography
was observed. This shows the need for further improvement of
the methodology for generating contrived tool wear at higher
flank widths.

3 Comparison of Process Forces in Linear
and Trochoidal Cutting Paths

In order to validate the presented methodology for generating
artificial tool wear, milling experiments with different path strate-
gies—linear and trochoidal—were conducted with naturally and
artificially worn inserts. For this purpose, cutting experiments
were carried out on a five-axis machining center (Deckel Maho
DMUS50 eVolution). For the experiments with linear paths, a
cutting speed of v.=40 m/min, a feed per tooth of f,=0.1 mm
and, width and depth of cut of a,= a,=1 mm were chosen. The
process parameter values for trochoidal milling were adapted to
ensure the comparability of both strategies. As described in
Ref. [19], the trochoidal tool paths and, thus, the corresponding x-
and y- coordinates were calculated as follows (Eq. (1)):

X. = Bcos (0),

S, 6 (D
y. =Bsin(0) +
2r

Here, the width (B) can be calculated as B =(S,, — D)/2 with the
tool diameter of D =16 mm and the slot width S,, =50 mm. S,, rep-
resents the step over and is chosen as S, =1 mm, equivalent to the

Naturally worn Contrived

VB 150

VB 300

VB 450

Fig.4 SEM images of naturally and artificially worn inserts with
different wear widths (VB = 150 um, VB = 300 zm, VB = 450 um)
(cf. Ref. [18])
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width of cut of the linear machining strategy. The angle € represents
the path angle of the tool. Due to the superimposed rotation of the
tool, a cutting speed of v.=40 m/min was realized. The depth of
cut remained the same (a,=1 mm). The experimental setup for
the trochoidal path strategy is depicted in Fig. 5.

3.1 Dynamic Characterization of the Dynamometer. Force
measurements are subjected to the dynamic transfer behavior of
the dynamometer, which can cause significant measurement
errors. This effect is particularly relevant in the case of periodic
force excitations [20], which are a characteristic feature of milling
processes. Therefore, an evaluation of the transfer behavior is essen-
tial for the interpretation of force measurements recorded during
milling. To calculate the transfer function of the setup (dynam-
ometer with workpiece), an impact hammer (Briiel & Kjer, type
8206-002) was used for excitation in x-, y-, and z- directions. The
impact and the response of the dynamometer were recorded simul-
taneously. The fast Fourier transform was used to convert the
signals from the time domain to a frequency domain representation.
The transfer function was then described by the ratio of response
and excitation (see Fig. 6(a)). The plot shows the average of ten
transfer functions (dashed) and superimposed single measurements
(gray). It can be seen that several eigenmodes were present, espe-
cially at frequencies over 1400 Hz. Consequently, periodic forces
with frequencies in this range cannot be measured using this
method without significant error. The frequency range of the trans-
mission behavior that is relevant to the processes under consider-
ation is shown in Fig. 6(b). It can be seen that for the tooth
engagement frequency of f,=26.5 Hz and its harmonics, transfer
behavior with a value close to 1 was present, indicating a suffi-
ciently small measurement error.

3.2 Comparison of Process Force. As shown in Ref. [18] for
an analogy test on an orthogonal cutting machine, a good accor-
dance of the process forces for naturally worn and artificially
worn inserts could be observed, especially for small flank wear
widths. However, since a continuous cut was carried out, the meth-
odology presented for decoupling tool wear needs to be separately
validated in milling tests for different path strategies. In order to
evaluate the occurring process forces, different natural and artificial
wear states were initially prepared, as described in Sec. 2. For
this purpose, flank wear widths of VB =150 um, VB =300 um,
and VB =450 ym were generated, preparing three naturally worn
and three artificially worn inserts for both linear and trochoidal
machining. After a conditioning cut, only one path was milled to
avoid the tool wear from progressing.

3.2.1 Linear Path Strategy. The resulting process forces in the
x-, y-, and z- directions for linear milling are shown in Fig. 7. The
left side shows the process forces for the contrived inserts for a

Trochoidal path

Fig.5 Experimental setup for analyzing process forces of natu-
rally and artificially worn inserts during trochoidal milling
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Fig.6 (a) Transfer functions and the measurements (gray) in X-,
Y- and Z-directions of the experimental setup with normalized
autospectrum of the excitation force and (b) zoomed area of
the transfer functions with tooth engagement frequency (f.)
and its harmonics

half path. The right side shows the resulting process forces occur-
ring with naturally worn inserts. It can be observed that the
process forces generated with artificially worn inserts were slightly
lower than the process forces of the naturally worn inserts (cf.
Fig. 7—VB 150). The difference can be explained by the fact
that only the major (circumferential) cutting edge was prepared
when generating the artificial wear, whereas the natural tool wear
also initially occurs along the corner radius, which leads to
increased friction and, thus, to an increase of the process forces.
The development of the process force for wear conditions VB
300 and VB 450 also showed good accordance. This is confirmed
by the mean values of the process forces (cf. Table 2), which were
determined by calculating the mean value of the peaks of all tooth
engagements of a path milled. It can be seen that the mean values
for the process forces in x- and y- directions differed by only
~13% and ~11%, respectively. In the z-direction, the process
forces of the naturally worn inserts were slightly higher with an
average of ~18%, which can be explained by the negligence of
the tool wear on the minor cutting edge.
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Fig. 7 (a) Process forces resulting from machining with a linear path with different wear
states of contrived and naturally worn inserts and (b) a detailed view of two tooth engagements

A detailed analysis of the force progression of individual tooth
engagements (see Fig. 7(b)) shows a high similarity, especially at
the beginning of the cutting edge entry. A consistent force level
was generally evident for different wear states, although slightly
varying shapes emerged as the flank wear width increased. The
deviation of the force level of two consecutive tooth engagements
can be constituted by the runout error resulting from the modular
tool system. However, the validation shows good accordance
with the resulting process forces.

3.2.2 Trochoidal Path Strategy. Comparing the resulting
process forces recorded during machining by means of a trochoi-
dal path shows that the occurring tool wear could be well
reproduced, especially for small flank wear width (VB 150), as
depicted in Fig. 8. At higher flank wear width (VB 300
and VB 450), only a slight deviation could be detected, which
confirms the results in Ref. [18]. Due to the varying process of
force development in trochoidal milling, a detailed analysis of
single-tooth engagements is necessary. Figure 8(b) shows a
detailed view of the resulting forces. The process forces exhibited
a good accordance regarding contrived and naturally worn states,
even if slight deviations could be seen. In addition, vibrations
were detected, which can negatively influence the process force.
As well as for the process forces recorded during machining by
means of the linear path strategy, slightly different shapes were
noticeable. The results show that the presented methodology is
suitable for generating artificial tool wear and, thus, decoupling
tool wear from the milling process.

Table 2 Mean values of process forces of the linear path
strategy with contrived and naturally worn inserts

Flank wear width

VB 150 VB 300 VB 450
Feca —132N —148 N ~170N
Fyca 272N 287N 347N
F.ca 96 N 90 N 107N
Fonw —-152N —-166 N 150N
Fynw 305 N 333N 314N
Fonw 117N 107N 97N

Journal of Manufacturing Science and Engineering

4 Finite Element Analysis of Digitized Inserts

For a more isolated analysis of the engagement with respect to
cutting edge geometries of naturally worn and contrived inserts, a
finite element analysis (FEA) was conducted. As described in
Ref. [18], models for 2D FEA can be carried out using digitized
cutting inserts. For this purpose, representative areas of a new, nat-
urally worn, and artificially worn insert were digitized by using a
confocal microscope. In order to investigate the same area of all
three conditions, an alignment with the subsequent local best fit
was carried out using the rake face and flank face. By segmenting
the cutting edge, a profile could then be extracted that serves as
the basis for the analysis. For the simulation, the profiles were
extruded to a width of w=40 um. Figure 9 summarizes the
described method.

4.1 Finite Element Analysis of Naturally Worn and
Contrived Insert. To compare the effect of contrived and naturally
worn cutting edges on the resulting process forces, finite element
analyses were conducted. For this purpose, an analogy model
with only one linear cutting motion was set up to simulate orthog-
onal cuts. By considering orthogonal cutting processes, a more iso-
lated analysis is possible due to simplified engagement conditions
[21] compared to machining operations such as milling. The
model was set up using the coupled Eulerian Lagrangian (CEL)
method as implemented in the commercial software ABAQus/
expLICIT. The applicability of the CEL method to model metal
orthogonal cutting processes has been demonstrated in Ref. [22].
The tool, which was assumed to be rigid, was described by a
Lagrangian reference and the workpiece by an Eulerian formulation
using coupled temperature—displacement elements of the type
EC3D8RT. To account for the influence of strain hardening,
strain rate, and thermal softening on the material response of the
workpiece, the constitutive law by Johnson and Cook was used,
parameterized for IN718. The material and contact parameter
values used as well as the defined spatial discretization of the tool
and workpiece meshes are listed in Ref. [18]. In order to character-
ize the cutting edge with respect to the resulting cutting force,
orthogonal cuts with seven different undeformed chip thicknesses
(0.03 mm, 0.05 mm, 0.07 mm, 0.09 mm, 0.11 mm, 0.13 mm,
and 0.15 mm) were simulated at a constant cutting velocity of
v.=40 m/min. For reference, the profile of a new insert was also
considered as part of the simulation experiments (see Fig. 10).
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Fig. 8 (a) Process forces resulting from machining with a trochoidal path with different wear
states of contrived and naturally worn inserts and (b) a detailed view of two tooth engagements

4.2 Calculation of Force Coefficients. By calculating specific
cutting force coefficients in cutting (c) and normal direction () of
the cutting edge, the load acting on the cutting edge can be charac-
terized as a function of the undeformed chip thickness #..,. For this
purpose, the mean force values in the cutting and normal direction
were calculated based on finite element (FE) simulations for each
considered process configuration and normalized with respect to
an undeformed chip area of 1 mm?. This was carried out for two
wear states (VB 150 and VB 300) of a naturally worn and a con-
trived insert, respectively, as well as for the profile of a new insert.
The resulting specific forces are depicted in Figs. 11(a) and 11(b) as
points. In general, an increase of specific forces can be observed
with decreasing undeformed chip thicknesses as described in the
literature [23]. This trend can be described using the empirical
force model:

kilhey) = ki1 h", i € {c, n} 2)
which is, e.g., particularly suitable for the force modeling of
machining processes with interrupted cuts such as milling
[23,24]. The coefficients k; ;; and m; were calibrated based on
the specific forces determined for individual process configurations
using FEA. The resulting curves representing these forces as a func-
tion of the undeformed chip thickness are depicted in Figs. 11(a)
and 11(b) for different wear states in cutting and normal direction
of the cutting edge. To determine, for instance, the process force
F; for different combinations of width of cut w and undeformed

(b) — New insert
Y| — Naturally worn
— Artifically worn

100-pm
—_

» X
»X

Fig. 9 Cutting edge segmentation for new, naturally worn and
artificially worn inserts. (a) Exemplary profile extraction and
(b) extracted profiles [18].
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chip thicknesses /., based on such a model, Eq. (2) is inserted in
Eq. 3)

Fi=w ki(hcu) hcu (3)

which is extended as follows (Eq. (4)) to obtain the correct unit [23]:

h (1=m;)
Fi=wkii1 ho (f) , hp=1 mm “4)
0

The specific forces in the normal direction of the cutting edge k,,
(see Fig. 11(a)) increased significantly for a wear state of VB 150
for both a NW and a CA insert compared to a new insert. It can be
seen that the NW 150 and the CA 150 resemble each other closely,
indicating a similar load acting in the normal direction. Likewise,
both curves for a wear state of VB 300 are also very close to
each other. The increase of the specific forces, however, is consid-
erably larger than for VB 150. In general, the specific forces of the
naturally worn inserts were slightly higher for the wear states con-
sidered, especially at smaller undeformed chip thicknesses.
However, this shows that the load acting on a naturally worn
cutting edge in the normal direction could be reproduced using
the contrived wear methodology.

Since the wear affects primarily the force component in the
normal direction, its influence on the forces in the cutting direction
was comparatively small. It can be seen that with the exception of
NW 150, a slight increase of the specific forces occurred for both
wear conditions. In addition, the forces of the contrived inserts
were in general minimally larger than those of the naturally worn
inserts. The previously described significant increase of the specific
force in the normal direction with progressing tool wear is reflected
in the determined force coefficients listed in Table 3, especially with
respect to a new insert. In particular, it can be seen from the values

New Naturally worn Contrived

n
T_.C Workpiece

Fig. 10 Exemplary FE analysis of a naturally worn and contrived
insert (VB 150 zm) [18]
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Fig. 11 Specific force coefficients K,(hc,) and K.(hc,) in (a)

normal and (b) cutting directions of the cutting edge for new, nat-
urally worn (NW), and contrived worn (CA) states based on
results of the FEA

Table 3 Values of the determined force coefficients k; and m;
based on the results depicted in Fig. 11

Cutting direction Normal direction

Type K11 (Nmm?) me K11 (N/mm?) m,

New 1043 0.57 129 1.07
NW150 950 0.59 567 0.93
CA150 1345 0.53 626 0.86
NW300 1290 0.55 1069 0.98
CA300 1156 0.60 1012 0.96

of k, ;1 and m, for NW 150 and CA 150 as well as NW 300 and
CA 300 that the load acting in the normal direction of the cutting
edge of a naturally worn insert could be reproduced accurately
with contrived inserts.

5 Conclusions

This article analyzed the stochastic influence in the later stage of
tool wear and presents a methodology to generate artificial wear by
multi-axis positioning of the tool with subsequent grinding in order
to replicate the average experimental wear state. The methodology
was experimentally validated for linear and trochoidal toolpath
strategies for the machining of IN718. The transfer behavior was
initially conducted to exclude dynamically induced errors. The fol-
lowing conclusions were drawn based on the outcomes of the
present study:

e By using the proposed methodology for generating artificial
tool wear, consistent wear conditions could be produced and
the early and late stages of tool wear could be decoupled.
The SEM images of the naturally and artificially worn tools
showed a good agreement in the shape and microstructure of
the wear topography. However, some deviation was observed
in the case of higher flank width that needs further
improvement.

e The resulting process forces obtained using naturally and arti-
ficially worn inserts showed similar force levels and shapes
during linear and trochoidal milling, especially at lower
flank wear widths. It can be inferred that the contrived wear
methodology proposed in this article can effectively reproduce

Journal of Manufacturing Science and Engineering

natural wear and avoid the requirement of time-consuming and
cost-intensive experiments.

e The FE-based qualitative analysis of the chip geometry forma-
tion and resultant process forces of cutting edges of naturally
and contrived worn tools showed a considerable influence.
Also, this analysis can be further used to determine specific
force coefficients.

In future investigations, a detailed analysis of the resulting topog-
raphy of the artificially worn inserts compared to the naturally worn
inserts will be conducted. Therefore, the progressive wear behavior
of the inserts will be investigated with respect to induced residual
stresses and thermal effects, which can lead to modification in the
insert topology. In addition, the comparison of three-dimensional
deviations will be executed using digitized inserts. Moreover, the
presented methodology can be used to conduct a detailed analysis
of worn cutting edges, from which a range of force coefficients
can be determined allowing for a qualitative analysis of wear-
dependent cutting edges.
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