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Abstract

The quantification of the heat flow distribution in the cutting zone is still an unsolved problem from an analytical as well as
experimental perspective. Yet the heat flows into the tool and the time-variant temperature fields in the tool significantly influence
the tool wear rate. This publication shows the results of a model extended measuring approach in order to monitor as well as
investigate heat flows and their partitioning in the milling process under dry conditions. Therefore, the cutting power in the
process was measured by means of a dynamometer as well as the temperature in the tool by an embedded thermocouple. The time
response of the embedded thermocouple was accounted by an analytical time response function. By further data post processing
of the temperature, the heat flow into the tool was inversely determined by comparison of the measured temperature trend at a
distinct point with an analytically modeled, transient temperature as a solution of the heat conduction equations by a Green’s
function. As input into the analytical model, an iteratively determined partition of the measured time-variant cutting power signal
was used. The results showed a decreasing heat partition into the tool with rising cutting velocity. The introduced approach is a
valuable tool not only to determine the heat partition in the milling process but also to understand and monitor the comprehensive
thermo-mechanical conditions in the cutting zone. Understanding and monitoring thermo-mechanical conditions in the cutting
process finally enable the exploitation of economic and ecologic process potentials.
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1 Introduction—measurement and modeling
of temperatures in milling

Milling is a manufacturing process with a circular cutting
movement of a usually multi-tooth tool, rotating around a
fixed axis with a direction of cut perpendicular or sometimes
transverse to the tool’s axis of rotation. Due to its interruption
and kinematics, as the superposition of a rotatory and a trans-
verse movement, the milling process produces discontinuous
chips with varying chip thickness as shown in Fig. 1.
Depending on the tool’s rotation and feed direction, the pro-
cess can be distinguished into up and down milling or a com-
bination of those with further implications regarding chip for-
mation and affiliated non-steady-state cyclic conditions of the
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forces, heat sources, and thus temperatures. Subsequently, the
fluctuating heat sources and generated temperature fields lead
to cyclic thermal loads of the tool and workpiece with effects
on tool wear, surface integrity, and machinability in general
[1].

The majority of the mechanical energy Py, in the milling
process is transformed into sensible heat in form of a heat flow
into the tool Qtool, the workpiece Qworkpiece into the chip Qchip,
and a remain loss as, for instance, heat radiation or the kinetic
energy of the chips.

P total = Qtool + Qworkpiece + Qchip + Qloss (1)

Following the kinematics representation in Fig. 1 and ac-
cording to [1], the active force on the cutting edge F, is split in
the normal cutting force F, and in the cutting force F.. Those
can be obtained from the cutting force components Fy , re-
garding the engagement angle ¢ by

7] = [ oo o] [ 7] o
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Fig. 1 Down milling kinematics

The total mechanical power in the process is then approx-
imated to

Pia=F¢ - ve (3)

A process parameter-dependent partition By, of the total
process power Py, in the cutting zone flows into the tool
Qtool causing cycling temperature fields with a maximum am-
plitude at the tool tip. Those high frequent temperature fluc-
tuations cause alternating strains in the material and finally
cracks as well as tool wear [2, 3]. At the same time, a defined
partition of heat flows into the workpiece Qworkpiece, where it
heats the surface layers which are also prone to mechanical
stress due to the acting cutting force components. The com-
bined thermo-mechanical load may alter the surface’s micro-
structure, which defines the parts functionality in the later
application [4, 5]. The majority of the dissipated heat in the
cutting zone is carried away with the chip Qchip, which causes
a temperature maximum at the tool-chip contact zone due to
rubbing and deformation effects.

Thus, the understanding of the heat partitioning and the
affiliated temperature fields in the cutting zone is a key factor
for the efficient process design with regard to tool wear and
surface integrity and their economical and ecological impact.
In this publication a real-time measurement system was used
in order to directly measure temperatures and forces in the
milling process. By thermodynamic considerations at the us-
age of an analytical temperature model, finally the inverse
quantification of the heat partition into the tool was aimed for.

A state-of-the-art approach in order to measure tempera-
tures in the milling cutter is the embedded thermocouple and
the usage of a storage device or a wireless system, which
transmits data from the rotating tool holder to a stator.
However, this approach is afflicted with two major problems:
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First, the not arbitrarily small proximity of the measurement
point of the thermocouple to the tool’s rake face, where the
temperatures cycle at their maximum. With regard to the spa-
tial distribution, temperature gradients of several hundred de-
grees in the submillimeter range may occur at the same time.
Second, thermocouples bring the advantage of a precise and
reliable measurement of punctual temperatures, but they typ-
ically do not reach reaction times below 100 ms, which are
only possible for types below 0.5 mm in diameter welded to
the bottom of the blind hole. However, also solutions based on
thermocouple coatings may approximate those domains [6, 7].

Thus a typical approach for the measurement of non-
steady-state temperatures with thermocouples is by the usage
of a transient temperature model such as the solution for the
temperature field in the tool approximated by a semi-infinite
corner by means of Green’s functions.

Stephenson and Ali [8] picked up the approach in order to
model the punctual transient temperatures in the tool during
interrupted cutting by approximating the tool geometry with a
semi-infinite rectangular corner. In their investigations, they
examined the influence of uniform, linear, and exponential
heat source distributions along the rake face as well as time-
varying heat source intensities in the form of square wave heat
inputs.

According to Stephenson and Ali, the Green’s func-
tion for the temperatures in a semi-infinite corner due to
an instantaneous point source at time T at the surface
point x = Xxp, ¥ = yp, z = 0, assuming adiabatic condi-
tions at the boundaries, can be obtained by multiplying
the Green’s function for three mutually perpendicular
instantaneous plane sources in semi-infinite half spaces.
Those intersect to form an eighth space or corner as
shown in Fig. 2. Thus, the transient temperature field
T(x, y, z, t) at a point x, y, z in the corner at the time ¢
can be described as a solution of the governing differ-
ential equation for transient heat conduction within a
continuous medium to
T T T 1 oT

6x2+6y2+6z2_a or

(4)
or -,
-\ = q"(x,y,t) 3 0<x<L;0<y<L,;z=0
74
T(xay7 <y t) = %ISII(;YIS}@G (x7ya <y taxp7ypa Oa D)
. q'” (xp,yp, T) dy,dxpdr (5)

The variable a represents the thermal diffusivity of the tool
material and ) its heat conductivity. The term ¢” (xp, Vs 7')

describes the spatial and temporal distribution of the heat flux
of the instantaneous, punctual heat sources, and the Green’s
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Fig. 2 Semi-infinite rectangular corner

function of the relevant geometry Og. The size L, and tem-
poral distribution 7 of the heat source are of particular signif-
icance for the resulting temperature field, especially for the
maximum temperature generated. By applying a negative heat

flow for ¢ (xp,yp,T), a cooling effect may be modeled.

According to Fig. 2, for a spatial uniform heat source, the
Green’s function Oz for an instantaneous heat impulse over
the patch 0 <x < L,, 0 <y < L, can be approximated by [8]

Ly (L,
9GR (xayvzaanLva) :-[0 IO' 9G (xvyazaxpvypaOaD)

- dy,dx,
S 2\ Oy (r. LoD
= m@@(F) : GU(% X5 )
- Ogu (v, Ly, D) (6)
Ogu(u,L,D) = erf <L’#> +erf (L’%u) (7)

D=2 /a(t-). (8)

Physically, D is the scaling factor or characteristic dimen-
sion for the penetration of the temperature field at time # due to
an instantaneous heat source at time 7.

The precision of the analytical model highly depends on
the quantification of the time-dependent and spatial-

distributed amount of heat ¢” (xp, Vs ’7') entering the tool.

For such a quantification, Stephenson and Ali used the model
of Loewen and Shaw [9] for steady-state cutting temperatures
calculating the total friction energy per unit time and per unit
area dissipated at the chip-tool interface depending on the
friction force, chip velocity vy, chip contact length /,, and
chip width b . Using the relations between thermal properties
of the workpiece and tool materials, obtained in [10], the frac-
tion of heat entering the chip and the tool was calculated. An
extensive transient model for the heat input into the tool de-
pending on cutting parameters like the cutting velocity v, for
the milling process was not constituted. Yet Stephenson and
Ali obtained a validation of the model for overall surface
temperature levels and the effect of varying heating time, val-
idated by the tool-chip thermocouple method [10]. The results
showed generally lower tool temperatures in interrupted

cutting than in continuous cutting. A major influence on the
temperatures was identified as the duration of heating cycles
and cooling cycles as well as their ratio. Quantitatively, the
analysis underestimates temperatures for short heating cycles
and underestimated the rate at which temperatures approached
a steady state at the beginning of each cycle. The author point-
ed out that the accuracy of the analysis could be improved by
using a transient model to calculate the amount of heat enter-
ing the tool from the tool-chip contact.

Sato et al. used the Green’s function model in order to predict
punctual temperatures in the milling tool, which they validated
by a tool integrated ratio pyrometer in a distance from 0.1 to
0.5 mm to the rake face. For the spatial heat flux distribution
over time, a varying tool-chip contact length was approximated
by an analytical function of the cutter rotation angle and the
undeformed chip thickness. The calculation of the heat flux
per unit area at the rake face was calculated by the measured
cutting force and assumed as uniformly distributed. The heat
partition ratio of the heat flux into the tool B, was determined
experimentally by comparing the calculated peak temperature to
the measured peak temperature at a depth z = 0.1 mm. The ratios
were given as 12.2% and 12.1% in up and down milling,
respectively. However, they did not use a tool-embedded ther-
mocouple in order to measure the temperatures but a tool
integrated ratio pyrometer setup by means of two separated
fibers and a coupler in the machine tool. [11]

Jiang et al. integrated an analytical model for the contact
length in order to perform a time-dependent spatial heat source
distribution on the rake face due to the varying undeformed
chip thickness in the milling process. It posed the input for the
Green’s function model, which they validated by thermocou-
ples integrated into the tool. A least square optimization algo-
rithm proposed by Beck et al. [12] determined the heat flux
into the tool and workpiece by solving the inverse heat con-
duction problems. In their work, they showed that the ratio
between cutting time and non-cutting time significantly af-
fects the tool temperature rise under the condition that the
cutting velocity, the heat flow into the tool during cutting,
and the time for one rotation remain the same. The longer
the cutting time, the more steady the temperature rise is in
the tool [13].

Karaguzel et al. used an embedded thermocouple in 0.3-mm
proximity to the rake face of an uncoated carbide insert for a
milling process of AISI 1050 steel with a diameter d = 80 mm
cutter. They investigated the influence of the cutting velocities
Ve = 50 m/min and 70 m/min at f; = 0.15 mm, @, = 1 mm, and
a. = 20, 40, and 80 mm. They used a data acquisition system
rotating with the tool holder with a 500 kHz sampling rate
storing the data in the device during the cutting operation.
The measurement device resolved the temperature fluctuation
during the engagement, varying between 100 and 200 °C for
50 m/min and increasing by 25 °C for 75 m/min. The heat
partition into the tool was determined inversely to 9.6% by
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the application of a time-variant temperature model based on
Green’s functions [14].

Baohai et al. used a dual approach for the analytical model-
ing of transient temperatures in the tool for an end milling
process. The cutting cycle was divided into temperature in-
crease and decrease phases. For the temperature increase
phase, a model based on Green’s functions was proposed.
The quantification of the heat flux into the tool and tool-chip
contact length was obtained through finite element simula-
tions. In the temperature decrease phase, an analytical one-
dimensional temperature decrease model for the plate heat
convection was proposed. A single wire thermocouple was
applied to measure the tool temperature in the conducted mill-
ing experiments of Inconel 718 [15].

In a former investigation, the author used a similar exper-
imental setup in order to quantify the effective cooling of CO,
the milling process by extending a temperature sensor with an
analytical model predicting its time response as well as the
analytical Green’s functions model for transient temperature
fields in the cutting. However, the setup did not include a ratio
pyrometer in order to measure the chip backside temperature
neither were the measured transient cutting forces used as
input for the analytical temperature model [16].

As demonstrated, most of investigations in the state of the
art mainly focus on the temperatures itself but do not system-
atically investigate the heat partition in relation to the mechan-
ical power input into the process. However, such a thermody-
namic view on milling as an energy transformation process
may provide valuable insights in the governing causal rela-
tionships between process variables and ecological as well as
economical target values as tool wear and workpiece quality.

2 Data acquisition, post processing,
and experimental setup

The following chapter describes the experimental setup
depicted in Fig. 3 as well as the real-time measurement system
including the sensors used to acquire temperatures and forces
in the milling process.

For the calculation of the heat flow distribution in the mill-
ing process, a real-time sensor system was used. It integrates a
Kistler Type 9255C multicomponent dynamometer, in order
to derive the cutting force, together with the spindle rotation
encoder. Furthermore, a tool-embedded thermocouple and its
transmission system as well a ratio pyrometer, in order to
measure the chips backside temperature, were included. The
sensors were connected to a NI CompactDAQ 9178 system
with I/O NI modules: NI 9215 (BNC) for the wireless trans-
mission module, the two-color pyrometer, and the dynamom-
eter platform and NI 9401 for the spindle encoder. The affil-
iated LabVIEW software was programmed under the concept
of a machine state model and Producer/Consumer pattern for
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acquisition and recording of data. The modules’ timing and
sample acquisition were synchronized as a master/slave archi-
tecture by a reference clock from the CompactDAQ, as well
the start trigger signal.

As thermocouple a type K with a diameter of 0.25 mm was
placed in a blind hole at a distance of approximately 0.2 mm
from the tool rake face. Thermocouple time response tests in
hot oil fluid resulted in a time constant (63.2%) around 7=
0.05 s, while the time required for the sensor in order to reach
95% of the oil temperature was 37~ 0.15 s.

Thus, for a purposeful comparison between the analytical
simulation and the measurement, the behavior of the thermo-
couple was simulated considering a PT1-behavior. The corre-
sponding functional relationship in the time domain is given
by the differential equation:

T - y(t) + ¥(1) = K u(?) ©)

In this case K, K > 0, designates the transmission constant
or the gain factor and 7, 7> 0, the time constant. The variable
u(f) is the input and y(#) the output. For the signal post pro-
cessing, the time discrete form was used with Az as the scan-
ning increment [17]:

yn:TH I:Kun"f'%'yn—l] (10)
At

For T'a value of 150 ms for the thermocouple reaction time
and a gain factor K = 1 were used.

A digital telemetry system for strain gauges on rotating
shafts from TMS was used to measure the temperature by a
customized tool holder as shown in Fig. 3, which generates a
magnetic field from the winding transmitting part that enables
the inductive transmission of the temperature signal from a
pickup coil. According to the hardware data sheet, the module
has an accuracy of £0.5%, while the thermocouples type K
have a typical accuracy of about +2.2 ° C.

The measured thermocouple signal at the positions
x=0.8 mm, y = 0.8 mm, and z = 0.2 mm was later compared
with an analytically modeled temperature based on Green’s
method described in the state of the art. It provided the dynam-
ically rising temperatures in order to estimate the heat flow to the
tool. According to Eq. 5, the tool temperature simulated in the
milling tests was obtained by a numerical integration in

MATLAB using a heat flux ¢ (xp, Vps 7') over time as input

data. For the spatial distribution of the planar heat source L,,
Ly, the depth of cut g, and 0.5 mm for the tool-chip contact
length was assumed. The thermal diffusivity of the carbide
tool ae = 1.7 10° m/s? and its thermal conductivity
Aol = 61.5 W/mK were determined in a prior investigation
of an external laboratory. The intensity of the heat flux distri-
bution over time was derived from the measured total power
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Fig. 3 Experimental setup and
data acquisition system
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The three-component forces dynamometer and the spindle
encoder were used to calculate the time-variant total power
Piy1(7) generated in the milling tests by Eqgs. 2 and 3.

The cutter rotation angle ® was obtained by the spindle
rotary encoder.

The temperature measurements of the chip’s backside were
carried out by a ratio pyrometer. The ratio pyrometer is able to
derive temperature measurements independent from the sur-
face emissivity at sample rates in the kHz area. Yet at temper-
atures below 200 °C, the signal gets noisy and unreliable.
Temperatures below 150 °C are not measurable.

The used ratio pyrometer of type Fire 3 measures the radi-
ation at the wavelengths A = 1.7 um and A = 2.0 um with
indium gallium arsenide (InGaAs) detectors. Validity was
checked by a black radiation source up to 400 °C.

For the pyrometer a lens was manufactured in order to
measure the chip’s backside temperature in a distance of
85 mm within a spot of 1 mm at the tool’s rake face.

An example of the synchronized raw signals is given in Fig. 4.
The noisy false measurements of the pyrometer were manually
deleted from the graph, in order to provide more clarity. However,
for the thermocouple, a longer time scale is given in order to
display the tool’s continuous temperature rise. Obviously, the
thermocouple was not able to capture the cycling temperatures
due to its restricted response time but rather a continuous temper-
ature rise reaching a steady state. The bursts are an induced anom-
aly by electromagnetic fields in the machine.

Figure 4 shows the measured force components F , synchro-
nized to the ratio pyrometer temperature measurement of the chip
backside 7 as well as the spindle rotation encoder over the short
time scale of two succeeding tool engagements. The force

T(x = 0.8 mm,
0.8 mm,
. z=02mm,t)

z L]
3

L,=

components £y , together with the cutter rotation angle were then
used in Eq. 2 in order to calculate the affiliated cutting force F.

The milling tests were performed by a CNC milling ma-
chine in order to cut C45 carbon steel plates by a one-cutter
tool. The thermocouple was placed inside the cutter hole with
copper paste to allow higher heat transfer during the cutting
process. The piezoelectric three-component dynamometer
platform for heavy application was assembled inside the ma-
chine, and the CNC provided the spindle encoder reading.

During the experiments a C45 carbon steel plate was cut by
five, deviating cutting velocities v, = 35, 70, 140, 280, and
560 m/min at a radial depth of cut a, = 9.6 mm, a depth of cut
a, =3 mm, and a feed per tooth of £, = 0.05 mm. A seco tool
holder with affiliated cutting inserts XOMX180640R-M10
was used. However, only the tool-embedded cutting insert
was equipped in the process in order to save material and
prevent a cutter run-out error.

3 Analysis of the results

The following chapter discusses the results regarding the heat
flow and partition to the tool related to the total generated
cutting power. For the analytical simulation of the transient
temperature fields in the tool approximated by a semi-infinite
corner, the introduced analytical model, solving the heat con-
duction equation by means of Green’s function according to
Eqgs. 5-8, was used. Input was a partition By, of the contin-
uous signal of the measured cutting force F times the cutting
velocity v, thus process power Py (Fig. 5). Therefore, the
measured cutting force signal was approximated via spline fit
interpolation in order to generate a function of the heat flow,
which was fed into the temperature model. Thus, the temporal
heat source trend was accounted close to reality, so is presum-
ably the constant short-time heat partition By, into the tool.
However, the long-time heat partition into the tool will
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certainly change with tool wear, since the friction conditions
in the cutting zone significantly change.

Figure 6 shows the measured and simulated temperature
trends in the long and in the short time scale for the investi-
gated cutting velocities. The heat partitions into the tool were
iteratively determined by matching the measured and simulat-
ed temperatures in the steady state. However, for the cutting
velocities 280 m/min and 560 m/min, this steady state was not
reached, and the thermocouple measurement showed a further
increasing trend. The given heat partition is therefore a mini-
mum estimation, and real values are probably higher.

It can be seen that for the investigated parameter setting and
time domain temperatures at the thermocouple measurement
point remain below 100 °C. The results further indicate an in-
creasing heat flow into the tool as expected. However, the heat
partition into the tool decreases with cutting velocity beginning
from 16% at v, = 35 m/min until 2.7% at 560 m/min.

The effect may be explained by the changing relation of
heat transport by mass flow to heat transport by conduction in
the cutting insert. This relation, also referred to as the dimen-
sionless Péclet number Np. was also suggested by Boothroyd
for the thermal analysis of the cutting process, making the heat
partition fraction B more independent from the regarded case
[18, 19]. According to this theory, the heat generated in the
shear zone is increasingly impeded to flow into the tool with
an increasing chip mass flow velocity v.. Similar phenomena

Fig. 5 Effect of cutting velocity
on process power, chip
temperature, and heat partition
into the tool

(¢]

500
400
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Power P/ W
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were also observed in an author’s former investigation how-
ever related to the heat partitioning between workpiece and
chip case [20]. The temperature diffusivity of the workpiece
and the tool material in relation to the chip flow velocity
therefore have a major influence on the heat portioning in
the cutting zone between the chip, workpiece, and tool.

On the right side of Fig. 6, the short time temperature trends of
the measurement and the simulation are given. While the mea-
surements show almost no dynamics, probably due to the restrict-
ed temporal sensitivity of the thermocouple, the modeled tem-
peratures cycle, however, at low amplitudes due to the relatively
high distance to the cutting edge. With an increasing cutting
velocity also, those dynamics decline due to the heat source
fluctuating at higher frequencies. The irregularities of the model
result from the errors in the numerical integration of Eq. 6 over
long time scales. It should be pointed out that the model-based
approach enables an estimation of not-measureable temperature
fluctuations, which are highly relevant for tool wear. It may fur-
ther enable not only the calculation of the transient temperature at
the measurement point of the thermocouple but also at the rake
face, where thermal driven wear occurs.

Figure 5 finally shows the effect of an increasing cutting
velocity on the decreasing heat partition into the tool in rela-
tion to the measured process power. If the heat partition into
the tool decreases, the heat partition into the workpiece and/or
the chips has to increase.
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Fig. 6 Measured and simulated temperature trends in the tool depending on cutting velocity: a vc =35 m/min, b vc =70 m/min, ¢ ve = 140 m/min, d

ve =280 m/min, and e vc = 560 m/min

The rising average measured chip temperature with cutting
velocity indicates such an increasing heat flow and at the same
time partition into the chips. Not only more chips are
transported away by time with increasing cutting velocity
but also chips with a higher temperature and therefore a higher
internal energy. However, at relatively low cutting velocities,
the relative temperature increase of the chips is highest.

This effect was also observed in [20] and can be explained by
the relation between the materials thermal diffusivity and the
cutting velocity. With rising cutting velocity, the temperature
diffusion from the shear zone into the workpiece is inhibited by
the material flow and increasingly directed into the chip. This
leads to an increasing heat partition into the chip with cutting
velocity and also explains the functionality of high speed cutting
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lowering the heat partition into the workpiece. The results show
how heat partitioning can be controlled in terms of process pa-
rameter adjusted, in this case the cutting velocity. In this way, the
process may be adjusted in relation to specific requirements of
surface integrity, thermal-induced distortion, or tool wear.

4 Summary and conclusions

A systematic thermodynamic analysis of the dry milling process
was conducted by uniting different types of sensor signals for
force and temperature into one thermodynamic energy balance.
Therefore, a data acquisition system extended by an analytical
temperature model for transient volumetric temperature field in
the continuous medium was used in order to inversely determine
the heat partition of the measured time-variant cutting power
conducted into the tool. This heat partition decreased with rising
cutting velocity, which can be explained by a changing relation
between advective and conductive heat transport. With increas-
ing cutting velocity, the thermal cycle amplitudes decline at the
measured and simulated position in the tool. However, the mean
temperature rises due to an increasing heat flow into the tool. It
stayed below 100 °C for all investigated cutting velocities.

In order to account for the relatively high reaction time of the
thermocouple used, its behavior was included into the analytical
temperature model in order to compare measurement and simu-
lation. In this way, also the high frequent temperature cycles at
the tool’s rake face may be indirectly measured by forward
modeling with the inversely determined heat partitions.

The approach may have also the potential for a tool wear
monitoring system based on temperature measurements and the
resolution of the tool wear affected temperature field in the tool
by a forward simulation. However, another important application
of the introduced methodology is the quantification of the effi-
cient cooling effect of cooling lubricant on the tool.
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