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Abstract

Presented are an experimental setup and affiliated methodology to measure the specific cutting forces in the milling process
with proceeding tool wear at simplified orthogonal milling kinematics. The cutting forces, cutter rotation angle and chip
temperature are acquired by a time sensitive measuring system consisting of a synchronized dynamometer, ratio pyrometer
and spindle encoder. The approach allows the accurate acquisition of cutting forces under defined engagement conditions and
thus constitutes a valuable basis for cutting force modelling and tool wear monitoring approaches. The results show uniformly
and linearly increasing forces over the entire range of undeformed chip thickness due to wear. Besides a mechanical view on
the cutting process, also the thermal domain was included into the analysis. Therefore, a ratio pyrometer was used as part of
the synchronized measurement system tracking the chips backside temperature in order to estimate a virtually continuous
heat flow into the chip. This heat flow increased with wear and process power, which indicates that the chip’s temperature

can be used as process monitoring variable for tool wear.
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1 Introduction and state of the art

In cutting technology the force is a key indicator of the pro-
cess capability in order to reach quality related as well as
economic manufacturing targets. It determines the mechani-
cal power dissipated into sensible heat causing in their inter-
action alternations in the workpiece microstructure as well
as tool wear [1]. Finally, the force acting on the tool deter-
mines its deflection, thus machining accuracy.

The energy required and transformed in the cutting pro-
cess is in particular relevant for the manufacturing of safety
critical workpieces made of super alloys such as Inconel
718 or other difficult-to-cut materials. They are used in aero
turbines due to their high temperature resistance, enabling
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an increased entrance temperature and thus efficiency of the
turbine. The benefits in the application of the materials are
accompanied by disadvantages in the machining process in
form of high work hardening rates, abrasiveness and at the
same time high toughness and low temperature diffusivity
[2]. The low temperature diffusivity causes heat concentra-
tion zone in the machined surface layer which may alter the
surface integrity of the component [3]. The material prop-
erties further require comparatively high cutting forces and
enable only low material removal rates while shortening tool
life [4]. While tool wear is considered the most relevant fac-
tor to limit the machining processes efficiency, it is likewise
relevant for dimensional accuracy and a possible impair-
ment of the surface integrity [5]. Therefore in the last years
different investigations have been conducted with regard to
advanced tool condition monitoring [6]. These are on the
one hand black-box approaches such as [7], where form mul-
tiple sensors (such as force, acceleration, vibration, tempera-
ture, or power) features are extracted and further correlated
to the tool condition by machine learning. On the other hand
there are investigations working with a deterministic pro-
cessing of specific signals such as force signals in order to
derive specific force coefficients with proceeding tool wear.
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Mechanistic force models for cutting process combine
kinematic tool engagement variables with material and
process parameter specific coefficients [8]. Thus, the model
is specifically adjusted to given conditions regarding tool,
material and process. Common models are the exponential
force model according to Kienzle [9] and the linear approach
according to Altintas and Lee [10].
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The parameters k; and m;, or K;, and K. respectively,
represent material-specific coefficients. The controversy
between both models is attributed to constant ploughing
term K, in the Altintas model. It assumes a force when the
chip thickness is #=0 in both, the radial and the tangential
force components.

Cutting force coefficients in general depend on the tool
condition with regard to the micro geometry and in particular
tool wear [11]. Thus, for tool condition monitoring strategies
[12] the cutting forces or cutting normal forces are often
used as a valuable indicator for tool wear due to the known
effect of rising force with wear propagation [13]. Therefore
exploring standardized specific values for cutting forces
depending on wear and effective measurement principles
is of significant importance for tool condition monitoring
and control strategies for different types of cutting processes
[14].

In the past years several works focused on the
identification of cutting force coefficients either in milling
setups or analogous experiments such as orthogonal
cutting. Lopez et al. [15] provided specific force coefficients
depending on wear propagation and process parameters
for a turning process of Inconel 718 with ceramic inserts.
They present a predictive model to estimate the three force
components X, y, z in the straight turning process. For this
purpose, the cutting force coefficients were linearized
along tool wear progression depending for different cutting
velocities. However, the force model does not consider the
effective cross section of engagement and thus the specific
force coefficients are related to the chosen tool with rhombic
geometry with x,=93°.

Similar restrictions in transferability of the measured
cutting forces in x, y, z direction are given in the experiments
of [16] analyzing the cutting force rise due to tool wear
progression in turning AIST 4340. As expected a distinctive
cutting force rise with cutting time was observed increasing
with feedrate. At the end of the tool’s lifetime a rapid
increase of radial and axial cutting forces was observed in
particular for coated cutting tools, whereas a similar trend
was not observed with uncoated tools. This characteristic
behavior was attributed to the increase of contact area
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resulting from coating delamination on the nose and the
flank face and the relatively lower wear rate on the rake
face. The good agreement between coated tool life results
obtained from normalized cutting force data and nose wear
measurements demonstrated that on-line examination of the
wear behavior of multi-layer ceramic coated tools can be
achieved by monitoring the radial and axial force signals.

A comparative study of the cutting forces in high speed
machining of Ti—-6Al-4V and Inconel 718 for varying
cutting speeds and feed rates was conducted in [17].
Therefore orthogonal cuts in a planning setup provided the
cutting and thrust force, which were both normalized by the
width of cut offering comparability. However, the influence
of tool wear was not investigated.

For fiber reinforced plastics Schulze et al. [8] determined
specific cutting, passive and axial forces for varying cutting
velocity, cutting depth, cutting edge rounding and tool
inclination in orthogonal cutting. The overall objective of
the resulting regression models was to implement them in
a kinematic simulation tool, which then allows calculating
machining forces and their direction for arbitrary milling
operations.

Besides the analogous experiments, such as orthogonal
cutting, several works focused on the identification of
cutting force coefficients in the process by fitting modelled
and measured force waveforms online or offline. Recently
Schwenzer et al. [11] conducted a comparative study
on optimization algorithms for online identification of
an instantaneous Kienzle force model in milling. They
aimed for decreasing the experimental effort to calibrate
mechanistic force models and at the same time provided
an online calibration to consider uncertainties inherently
(such as the tool wear state or material characteristics) for
an accurate force control in milling. A variety of derivative-
free optimization algorithms in order to solve the nonlinear
curve-fitting problem was used [18]. However, only
constrained optimization algorithm seemed to reliably
provide a solution that is in accordance with the existing
literature.

Most other works identified the coefficients for the linear
Altintas model or a linear derivative either by the method
of average forces or instantaneous uncut chip thickness.
One way is to average the force signal over a multiple
engagements and feed variations deriving a functional
relationship through regression. However, this requires a
high experimental effort. Grossi [19] suggested a ramp-up
method in order to acquire speed-varying coefficients with a
single test. An extended approach to determine coefficients
by averaging was suggested by Auerbach et al. [20] by
automatically conducting the experiments. The technology
assistance system standardized and automated executes the
test and generates models to describe the machinability
criteria for a given parameter range, serving as input for
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a future optimization. Examples for the calibration of a
force model by the instantaneous cutting force are given for
instance by Wan et al. [21] and Wang et al. [22].

With regard to the mentioned potentials on force based
tool wear monitoring and the huge advances in online
parameter identification a methodology is desirable in
order to effectively determine wear-dependent force
coefficients under known engagement conditions. The
state-of-the-art method is the orthogonal cutting test
providing definite engagement conditions [17]. However,
it lacks from effectiveness since multiple cuts are required
in order to obtain a representative tool wear state [8]. An
online identification of the coefficient has the drawback
of undefined engagement conditions with regard to tool
deflection, dynamics and run out error. Finally, often an
ill posed optimization problem is solved providing only a
potential solution. If the reliable cutting force coefficients
over tool wear would be known this solution could suffice
for process monitoring with regard to dynamics, run out,
deflection, and wear.

This publication presents a simple and effective
approach in order to determine cutting force coefficients
depending on tool wear for the milling process. There-
fore, an experimental orthogonal milling setup was used
integrating a synchronized sensor system with dynamom-
eter, ratio pyrometer and spindle encoder as already intro-
duced in the authors previous work [3]. This setup not
only enables the analysis of forces but also the monitoring

of transient temperature fields and heat partitions in the
workpiece, the tool and the chip.

2 Experiments and post processing
of cutting forces

For the orthogonal down-milling experiment shown in Fig. 1
of Inconel 718 a single-tooth, tailor-made, uncoated end
milling cutter was used (diameter d =20 mm, rake angle
y,=06°, clearance angle a,=12°, cutting-edge rounding
rp< 5 pm, no helix angle, width of cut w=3.4 mm). The tool
consisted of a 10% cobalt—tungsten carbide. The parameter
setting radial depth of cut a,=3.75 mm, axial depth of cut
equals the workpiece thickness a,=3 mm, and the feed per
tooth f,=0.05 mm was constant. Those parameters resulted
in an effective cutting length of 8.95 mm during a cutting
time of 0.076 s per stroke. Those are the same specifications
for both the workpiece as well as for the tool material as
were used in the former published experiments [3].

A run-out error could be excluded due to the one tooth
cutter as well as possible tool deflection due to the large
diameter d =20 mm in relation to the unclamped tool

length of approximately /,,,, =40 mm. Furthermore, a

circumferential down-milling process with no helix angle
was performed simplifying the relation between feed per
tooth, undeformed chip thickness and cutter rotation angle
to:
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Fig. 1 Cutting force components at v.=70 m/min, a,=3,75 mm, a,=3 mm, I,.=14 mm
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For the experiment a sensor system was constituted for
the measurement of temperatures and forces enabling the
subsequent calculation of heat flows and the mechanical
power of the milling process. This measurement system
as well as the experimental kinematics was previously
introduced in [3] in order to measure heat partitions
between workpiece, and chip as well as validate transient,
volumetric temperature fields in the milling process in the
tool and the workpiece.

A field programmable gate array (FPGA) within a
NI CompacTRIO 9148 was used in order to initialize the
various measuring systems and to process the incoming
signals time-deterministically, both from the machine and
the sensors at a sample rate of 10 kHz.

The ratio pyrometer of type Fire 3, manufactured by
en2Aix, measured the absolute temperature at the backside
of the chip and, together with kinematic considerations,
allowed an estimation of the maximum possible internal
energy carried away by each chip over time. This way
a theoretical, per definition continuous heat flow with a
temporal resolution ¢ of one rotation 1/n was estimated.
The ratio pyrometer worked with an internal cut off
frequency of 45 kHz sampled at 10 kHz by the FPGA.

A dynamometer measured the components of the active
force F, in the working plane P;. The multicomponent
dynamometer type Kistler 9129AA was used and
controlled via a 4 channel charge amplifier of type KISTLER
5070, sampled at 10 kHz by the FPGA.

A spindle encoder provided the actual cutter rotation
angle @. For this purpose, the spindle encoder’s signal
was processed by the FPGA. The encoder sampled two
mutually phase-shifted code tracks which are scanned
with a light-emitting diode. The sensor provided two
square-wave signals determining both the position of the
spindle and the direction of rotation over 1024 segments
per revolution and thus a resolution of 0.3°. The cutter
rotation angle was set to zero at the 12 o’clock position
using a dial gauge.

A transformation in peripheral coordinates was obtained
by:

F, —sin® +cos® 0 F,
F, |=| cos® +sin® 0 Fy | 4)
F, 0 0 1 F,

The mean mechanical process power, which dissipated
largely into sensible heat, was calculated by:

pP= Fc,mean Ve )
Under these conditions and a cutting velocity of

v.=70 m/min the tool was progressively exposed to wear
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over intervals until a path length of /,,,= 144 mm and 2880
rotations for the single tooth was reached. Tool wear was
measured frequently in form of max flank wear VB on the
flank face as indicated in Fig. 2 at the top.

Figure 1 shows the kinematics of the orthogonal milling
process and a selected example of the resulting cutting force
measurements including the transformed force components.

The force signals over a duration of one second were
used for the evaluation. The cutting forces were assigned
to the corresponding undeformed chip thickness defined
by Eq. (3) at the corresponding cutter rotation angle.
However, before each run the cutter rotation angle was
set manually to zero with an accuracy of approximately
three degrees. This variance became obvious in the data
post processing in form of slight temporal offsets between
the trends. It was compensated manually by adjusting
the cutter rotation entry angle @ ,. However, despite
small remaining displacements the cutting forces show
a distinctive waveform pattern over the undeformed chip
thickness as shown in Fig. 2. Increasing wear shifts the
curves to higher cutting forces over the entire range of
undeformed chip thickness without altering their form
until a tool wear of 213 pm. However, at this state the tool
has lost its definite geometry and with it the comparability
to the former states.

Tool wear at a low level VB < 100 pm seems to increase
the forces uniformly and linearly. The rise due to wear is
small, however distinctive, with little variance.

At the highest measured tool wear VB=213 pm the
cutting normal force shows the highest relative increase
and remains at almost the same level above an undeformed
chip thickness h=0.005 mm.

The dependency between force and undeformed chip
thickness also seems to be linear in the investigated
case. This becomes especially evident considering the
normalized cutting forces as shown in Fig. 2 middle
section. Above &2 = 0.01 mm there seems to be no
dependency between normalized cutting force F, and
undeformed chip thickness h at all. Only the influence
of the tool wear is present. This confirms the former
statements of the cutting force to be a reliable value
in order to evaluate the tool wear state also in process
monitoring applications.

The introduced methodology and experimental
setup offers several opportunities for a process and
tool micro geometry qualification with regard to an
overall machinability. A huge advantage compared
to orthogonal cutting test is the possibility to execute
multiple engagements and thus proceeding tool wear. The
milling kinematics further cover areas of the undeformed
chip thickness close to zero, which typically form the
surface and have relevance with regard to process induced
alterations of the surface’s metallic microstructure. Those
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Fig.2 Cutting force and cutting normal force depending on undeformed chip thickness h and tool wear land

areas of low undeformed chip thickness demand a wear
resistant tool design with regard to microgeometry, cutting
edge rounding and coating.

3 Post processing of pyrometer
measurements

Besides the mechanics of the cutting process and proceeding
tool wear, the thermal domain was considered. Therefore,
a ratio pyrometer was used as part of the synchronized

measurement system. This pyrometer measured the chip
temperature from a stationary position related to the rotating
cutter as shown in Fig. 1. At the cutter rotation exit angle
¢,, the focus of the fiber solely fixed the chips’ backside.
Its diameter was less than 1 mm at this position, which
was measured by sending a light emitted by a laser in the
opposite direction through the fiber.

Figure 3 in the top diagram shows the measured cutting
force and the corresponding temperature of the chip for two
different tool path lengths /. = 34 and 144 mm, respectively.
The signals were compared at approximately 19.5 s after
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Fig. 3 Rise of process power and heat carried away by the chips with increasing tool wear

the beginning of cutting, when the process reached a steady
state. It was observed, that the chip temperature rises until
this duration, which probably was due to a settling steady
state, in particular with regard to the tool temperature as well
as the temperature field in the workpiece as demonstrated in
[3]. The diagram shows the rising cutting force due to tool
wear and the respective rise of the chip temperature. This
rise is visible along the entire tool wear progress, Fig. 3 mid-
dle. However, the effect is more distinctive with increasing
path length and thus tool wear. It may be explained with the
rising cutting force due to proceeding wear and its dissipa-
tion into the sensible heat, which is mainly carried away in
form of the chips’ internal energy.

For the cutting length /. =144 mm a temperature signal
rise before the cutting force rise, thus tool engagement, is
visible in Fig. 3, in top graph. This may be explained by
the reflection of the still hot chip of the former engagement
sticking to the cutting edge and now reflecting on the
workpiece surface, which is visible for the ratio pyrometer
fiber due to its orientation. The orientation could not be
varied significantly in the experimental setup. This shows
the timing to be a crucial aspect of the measured temperature
signal interpretation.

@ Springer

In order to be sure to measure the chip itself, the
maximum temperature T, .., Per revolution, occurring at
a cutter engagement angle of @, =180°, was considered,
where the chip has its minimum thickness. However since
the chip reaches its minimum thickness at this point it
probably has a virtually homogenous temperature profile.
This is not the case at higher chip thicknesses due to the
restricted tool face heat source penetration capability into
the chip orthogonal to the mass flow as observed in former
investigations [23].

As a result of this effect and by assuming a homogenous
T cip max 10 the entire chip volume V,,,, the total internal
energy in the chip is overestimated

P

st

d .
VChip =a, / 2 -f, - sin® - dD. (6)
@

ex

Furthermore, only the overall maximum temperature
of the chip backside 7, ,,, measured during one test run
with several engagements was considered together with a

heat capacity ¢, (7. ma)» described in [3], depending on



Production Engineering (2020) 14:491-498

497

this temperature, in order to estimate a maximum virtually
continuous heat flow into the chips:

Qchip,max =Uyp n=Veyp-p- cp(Tchip,max) : (Tchip,max - ZOOC) n.
(N

This simplification ignores sticking chips of the former
cuts, which frequently cover the recently cut chip, distorting
the measurement. However, under this simplification the
temporal resolution is lost, at least restricted. Under ideal
conditions the method provides a continuous monitoring
of the cutting process and maximum estimation of the heat
transported away by the chips. The unsteady heat flow into
the chip was further assumed as virtually continuous during
the process. In reality, it occurs in portions constituted by
each chip.

Figure 3 at the bottom shows the increase of flank wear,
process power and calculated heat flow into the chips with
proceeding path length /. due to primary motion. Obviously,
not only the cutting force and thus process power follows
the rise of tool wear, but as well the temperature of the chip
backside and therefore the estimated maximum heat flow
into the chip. The heat partition into the chip reaches around
70% of the total process power, which is in accordance with
the order calculated in [3].

From a physical perspective both, the absolute rise of
heat flow into the chip as well as the constant partitioning
are plausible, since the increasing process power with wear
is dissipated into sensible heat, which is either conducted
into the tool, workpiece or the chips. This partition mainly
depends on the process parameters in relation to thermal
material properties [3]. It should be noted that the process
power increases from 48 W at [, =114 mm to 94 W at
[.=144 mm, whereas the estimated heat flow into the chips
only increases from 32 to 37 W. This indicates an increasing
heat partition into the tool and probably in particular into the
workpiece, since the principal heat partitioning takes place
between chips and workpiece. These results indicate the
usefulness of the ratio pyrometer as an indirect measurement
system for tool wear in machining under dry conditions, but
also with regard to wear related increase in heat flows and
temperatures with regard to surface integrity considerations.

4 Conclusions

The publication introduced an experimental setup in order to
accurately and efficiently derive specific cutting forces under
proceeding tool wear. This approach combines simplified
milling kinematics with a synchronized measurement
system of a dynamometer, pyrometer and a spindle encoder.
From a scientific perspective, it offers a standardized
approach to derive comparable specific cutting forces for
materials, tool geometry, coating systems and process

parameters. The mechanistic view further may be included
in a comprehensive thermo-mechanical approach focusing
the entire heat partition in the cutting zone, on transient
temperature variations in the tool as well as the moving
temperature field in the workpiece as introduced in [3].
Initial considerations with regard to the measured process
power as well as heat flow into the chips show the effect
of tool wear on the rising mechanical process power and
the virtually continuous heat flow into the chip estimated
from the chips’ backside temperature. This temperature
was measured by a ratio pyrometer possibly sufficing as an
indirect tool wear and surface integrity monitoring system.
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