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Abstract
Metal cutting is characterized by high temperatures at the tool-workpiece interface. Although valuable information could 
be provided by the temperature values, their direct measurement still presents a challenge due to the high contact pressure 
and the inaccessibility of the process kinematic. In this research work, the current state of thin-film sensors for measuring 
temperatures on the chip-tool interface has been analyzed with a focus on the measuring phenomena: thermoelectricity 
and thermoresistivity. Thin-film sensors placed on the cutting tools in or close to the tool-chip contact area are expected to 
obtain accurate temperature information at the expense of a short lifetime. New insights into thin-film sensors manufacturing, 
design and calibration are presented, and a new concept of a three-point thermoresistive thin-film sensor is proposed. During 
orthogonal cutting tests the workpiece deformations were measured through high-speed imaging and the process temperatures 
were measured with thin-film sensors. In order to validate the temperatures and to obtain the temperature distribution on the 
cutting edge, Finite Element simulations were carried out. Finally, the potential of using cutting tools with integrated thin-
film sensors for in-situ characterization is investigated and a statement for its limitations and potential applications is given.
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1 Introduction

The objective of this manuscript is to present a method for 
combining thin-film sensor technology with high-speed 
imaging in an in-situ characterization orthogonal cut-
ting setup to measure process-specific induced strain and 
mechanical loads of the machined workpiece and tempera-
ture gradients in the cutting tool. With the aid of high fidel-
ity in-situ characterization techniques that are capable of 
measuring thermo-mechanical loads imposed during cutting 

processes, machining can be meaningfully integrated within 
the paradigm, which seeks to unify materials and manu-
facturing science across the complex production chain [1]. 
When attempting to study machining processes, careful con-
sideration of the fundamental process physics is required to 
select suitable characterization and modeling approaches. 
At the most basic level, there are three major deformation 
zones in machining, namely primary, secondary and tertiary 
deformation zones (PDZ, SDZ, and TDZ). The thermo-
mechanical loads imposed on the cutting tool and workpiece 
material are often extreme, with large strains ( � > 1), high 
strain rates ( �̇� ) of more than 105 s−1 in certain cases (e.g., 
finish machining with rounded edge tools), as well as high 
temperatures ( T = 200 − 1000◦C ) and extreme temperature 
gradients of up to 100 K/s [2, 3]. While shearing the work-
piece to remove a controlled amount of material, machin-
ing processes typically induce severe plastic deformation 
(SPD) on the chip and the machined (sub-)surface, which 
may significantly alter the machined workpiece’s micro-
structure and material properties [4]. Moreover, the thermal 
and mechanical loads are often coupled, and the resulting 
thermo-mechanical processing can affect the surface integ-
rity of the workpiece material to depths ranging from 10 to 
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1000 microns, depending on the material properties, tool 
geometry, cooling/lubricating condition, and process param-
eters [5, 6]. Understanding of the underlying fundamental 
process physics allows the Surface Conditioning oriented [7] 
machining processes, i.e. the transition from the geometry-
focused paradigm towards a paradigm of using machining to 
control location-specific properties and have the potential to 
enable location-specific control over process-induced mate-
rial properties (e.g., microstructure and residual stresses) 
and performance (e.g., fatigue life) in machined components. 
This demands a better understanding of machining processes 
in the context of the chip formation mechanisms, surface 
integrity, induced strain, and temperature measurement of 
the machined workpiece, chip, and cutting tool.

In the present manuscript, the state of the art of thin-film 
sensor technology applied to temperature measurement on 
cutting tools is presented, as well as a new design of tem-
perature thin-film sensor based on resistance thermometers 
for their use in combination with high-speed imaging for 
in-situ characterization of the chip formation process. The 
working principle, manufacturing process, calibration, and 
validation procedures are explained. Tool temperature gradi-
ents measured by the thin-film sensors were cross-validated 
with Finite Element (FE) chip formation simulations using 
the measured workpiece deformations and mechanical loads 
as calibration variables. The results provide an insight into 
the potential of using thin-film sensors for in-situ characteri-
zation during plane strain linear sliding and its application in 
the development of inverse modeling approaches.

1.1  Heat generation in metal cutting

Most workpiece material properties are temperature-depend-
ent functions. A given machined workpiece can react quite 
differently at low temperatures (typically low cutting speeds) 
and high temperatures (typically higher cutting speeds and 
feeds)  [8]. To understand these temperature-dependent 
effects, it is crucial to develop in-situ temperature moni-
toring techniques to better analyze the generation, distribu-
tion, and heat effects (and their resulting temperature) in 
metal cutting operations. Figure 1 shows a two-dimensional 
orthogonal cutting representation with the primary sources 
of heat generation in the cutting process that have been 
identified as being associated with three key locations: the 
primary shear zone, the tool-chip interface (secondary defor-
mation zone), and the flank-workpiece interface (tertiary 
deformation zone).

The tool-chip interface, the secondary shear zone, gener-
ates heat due to the frictional effect of the sliding chip on 
the cutting tool. Heat is generated at the flank-workpiece 
interface due to the frictional contact between the tool and 
the workpiece. In contrast, heat is dissipated at the pri-
mary shear zone due to plastic deformation [9]. Existing 

temperature measurement techniques are performed either 
in-situ or post-process (for instance observation of metal-
lurgical changes and thermal painting). Measuring cutting 
temperatures directly and reliably is notoriously complicated 
to implement. These techniques can be grouped into con-
duction and radiation techniques. Conduction techniques 
measure temperature based on the temperature difference 
between two surfaces that are in direct contact. In contrast, 
radiation technology measures the electromagnetic radiation 
on each body surface relative to its temperature. The con-
duction techniques (consisting of thermocouple, temperature 
lacquer, and coated structures) can be divided into either 
thermoelectric or thermochemical effects depending on their 
operating principle [10].

2  Temperature measurement using thin‑film 
sensors

The measurement of localized temperatures during the cut-
ting process can be carried out without affecting process 
performance using suitable thin-film sensors integrated into 
the cutting tools with high temporal and spatial resolution 
as shown by Basti et al. during the orthogonal machining 
of A6061-T6 aluminum alloy [11]. Thin films are produced 
by a process technology known as micro-electromechanical 
systems (MEMS). The material is directly deposited with a 
thickness in the micron- to nanometer range onto the cut-
ting tool surface, usually in a vacuum deposition chamber 
by physical vapor deposition (PVD) (e.g. sputtering, ther-
mal evaporation) or by chemical deposition (e.g. plating, 
chemical vapor deposition (CVD)) [12]. The sensor layers 
are patterned using lithography, etching, laser structuring 
or shadow masks. The combination of multiple stacked 
layers forms the thin-film system. Each one of these layers 
provides different properties such as isolation, wear resist-
ance as well as sensory properties like thermoelectricity 
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Fig. 1  Two dimensional representation of the heat transfer mecha-
nism and heat partitioning during the cutting process



321Production Engineering (2023) 17:319–328 

1 3

or thermoresistivity , which are the main thermal measur-
ing principles used by thin-film technology [13]. Both are 
graphically represented in Fig. 2. The sensor lies between 

two layers of insulation on a carbide substrate. A final layer 
protects the insulation layers against wear and oxidation. 
The measurement principles of both sensor types as well as 
their characteristics are explained in the following sections 
and summarized in Table 1.

2.1  Thermoelectric thin‑film sensors

The thermoelectric effect, also called Seebeck effect, 
describes the generation of a voltage due to a temperature 
difference between the electrical junctions of two different 
conductors. The voltage is dependent on the difference in 
the material’s Seebeck coefficients and is approximately pro-
portional to the temperature difference. Sensors based on 
this effect are called thermocouples. Weinert et al. [14] used 
micro-milled masks and an arc PVD process for coating the 
rake face of ceramic silicon nitride turning inserts with three 
conductive pairs of Ni and NiCr paths, and they were tested 
during the dry turning of cast alloy GG25. However, the 
application of thin metallic PVD layers on silicon nitrides 
features an insufficient adhesion due to the lack of diffusive 
bonding during coating and the different thermal expansion 
coefficients of materials during cooling after the coating pro-
cess. The sensors were not protected against chips or flowing 
material, so the cutting depth was selected according to that, 
measuring temperatures up to 150 ◦C . Biermann et al. [15] 
continued working with the same sensor design, including a 
wear-protection layer of Al2O3 above the sensor paths. The 
authors investigated the effect of the mask thickness, the 
path width, and the path geometry, proving that they directly 
affect the sensor performance. The sensors were tested 

Wear resistance
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Ground material

Sensor

Contact pad

(a) Thermoelectric sensor

Sensor

(b) Thermoresistive sensor

Fig. 2  Classification of thin-film sensor technologies according to the 
measuring principle

Table 1  Overview of thermoelectric (TE) and thermoresistive (TR) thin-film sensors in machining

Measuring 
principle

Substrate Adhesion 
promoter

Isolation Sensor material Isolation & wear 
protection

Test material References

TE Si
3
N

4
– – Ni / NiCr – GG25 [14]

TE Si
3
N

4
– - Ni / NiCr Al

2
O

3
GJL-600 [15]

TE Si
3
N

4
– - Ni / NiCr – �-titanium [16]

TE PCBN Ti Al
2
O

3
WRe 5/26 – AISI O

2
[17]

TE WC-Co Cr Al
2
O

3
Ni / NiCr Al

2
O

3
 + TiN AISI 12L14 [18]

TE Al
2
O

3
– – Ni / NiCr HfO

2
 + TiN A6061 [11]

TE Al
2
O

3
+ ZrO

2
– – Pt13%Rh-Pt Al

2
O

3
 + AlN AISI 1045 [19]

TE Al
2
O

3
– – Cu / CuNi Si

3
N

4
A5056 [20]

TE WC-Co – Al
2
O

3
WC-Co / Cr – MC Nylon [21]

TE HSS – SiO
2

NiSi / NiCr SiO
2

Aluminum [22]
TE AISI H11 TiAlN Al

2
O

3
Ni / NiCr Al

2
O

3
– [23]

TE WC-Co – – NiCr/NiAl Si
3
N

4
�-titanium [24]

TE PCBN Ti Al
2
O

3
WRe 5/26 – Ti

6
Al

4
V [25]

TR Diamond – – Pt – AlMg [26]
TR Diamond – – Pt Glass AlMg [27]
TR WC-Co Ti Al

2
O

3
Cr Al

2
O

3
AISI 4140 [28]
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during the turning process of gray cast iron material GJL-
250 and GJL-600, measuring temperatures up to 200 ◦C . 
The sensors were calibrated using two methods: By heating 
the workpiece during the turning process with a torch and 
measuring the temperature in the tool with thermocouples, 
as well as by submerging the tool tip in an oil bath with con-
trolled temperature. Tillmann et al. [16, 29] using the same 
manufacturing strategy, studied the effect of the monolayer 
thickness and coatings composition on the wear properties 
of the PVD layer. It was concluded that the Cr-CrN mate-
rial combination presents higher wear resistance and micro 
hardness. The main problems of the thin-film thermocouples 
were also investigated: Delamination, flake, and geometri-
cal inaccuracies as the effect of the ground material surface 
roughness on the adhesion of the coating. Werschmoeller 
et al. [17] investigated the capability of high-temperature 
materials such as tungsten-5% rhenium and tungsten-26% 
rhenium for the manufacturing of thermocouples and tested 
them in orthogonal cutting experiments of AISI-O2 . The sen-
sors were integrated into the cutting tool by diffusion bound 
and placed on the flank face, parallel to the cutting process 
plane. The sensors measured temperatures up to 900 ◦C and 
showed a response time of fewer than 150 ns. Kesriklioglu 
et al. [18] developed a thin-film sensor composed of a thin 
layer of chromium sputtered on the rake face of a WC-Co 
insert as an adhesion promoter to form a compatible inter-
face between the ground material and one Al2O3 dielectric 
layer. K-Type thin-film thermocouple conductive paths were 
located 30 μm to the cutting edge. Another coating followed 
the thermocouple fabrication process with Al2O3 to prevent 
a shortcut between the measurement junction and the AlTiN 
protective layer. The sensors were tested during the oblique 
interrupted cutting test with 12L14 steel. Basti et al. [11] 
also manufactured a thin-film sensor system made of Ni-
(Ni-Cr) thermocouples protected by an Al2O3+AlN or TiN 
layer and insulated with a layer of HfO2 using PVD and 
photolithography on the rake face of alumina tools, under the 
chip-tool contact surface at 0.3 mm distance from the cutting 
edge. The sensors were tested during orthogonal cutting of 
A6061-T6 aluminum alloy. The response time was 300 ms 
and measured maximum temperatures of 620 ◦C . Shinozuka 
et al. [19, 20] also deposited thin-film sensors made of seven 
pairs of built-in micro Cu-CuNi thermocouples on the rake 
face of carbide tools 600 μm away from the cutting edge. 
Still, they made micro-grooves on the rake face of alumina 
tools with ultrasonic machining to embed the conducting 
paths through electroless plating. The Cu-Ni thermocouples 
were then protected against wear with a Si3N4 coating. The 
sensors were tested during the longitudinal turning of A5056 
aluminum alloy. Since the micro thermocouples were set in 
the grooves, the sensors’ endurance was higher than those 
placed on a plane and polished rake face. Sugita et al. [21] 
continued with the idea of an array of micro thermocouples 

integrated on the tool’s rake face and placed into grooves. 
The groves were manufactured utilizing laser milling and 
coated with an insulating film of Al2O3 and with conductive 
paths of Cr. On the measuring point, there is no insulating 
coating. Thus the Cr comes into contact with the cutting 
tool ground material, made of cemented carbide, leading 
to a (WC-Co)-chromium (Cr) thermocouple. The WC-Co 
itself forms the cutting tool, and the sensor has a charac-
teristic feature that it can be miniaturized. WC-Co is one 
of the main components of a cutting tool, and it produces a 
high negative thermoelectric power. The sensors were tested 
during the turning of MC Nylon. Cui et al. [22] placed SiO2 
insulating film, NiCr/NiSi thermocouple film and SiO2 pro-
tecting film on the surface of HSS substrates. Bobzin et al. 
[23] developed a thin-film sensor system composed of a 
TiAlN+Al2O3 insulation layer deposited on the cutting tool 
made of 1.2343 hot work tool steel, a Ni-NiCr thermocouple 
and an Al2O3 wear protective and insulating layer. A novel 
characterization method was presented using a heat plate and 
measuring the temperature with an external thermocouple 
and an infrared camera. Li et al. [24] manufactured six pairs 
of Ni-Cr/Ni-Al conductive paths on grooves on the rake face 
of tungsten carbide-cobalt cutting inserts in the chip-tool 
contact area and protected them with a film of Si3N4 . In 
following investigations of the same working group C-type 
sensors consisting of tungsten-26%rehenium (W/Re26) and 
tungsten-5%rehenium (W/Re5) were tested on PCBN tools 
for machining of Ti6Al4V and their durability was investi-
gated, resulting in an increase in tool life compared to thin 
film sensors placed on a flat surface without grooves [25].

2.2  Thermoresistive thin‑film sensors

Resistance thermometers use the temperature dependence 
of the electrical resistance. There are two types: Positive 
temperature coefficient materials (PTCs), where resist-
ance increases with increasing temperature due to ther-
mal oscillations of ions impeding their movement, and 
negative temperature coefficient materials (NTCs), where 
resistance decreases with increasing temperature due to an 
increase in free electrons from the valence band as a result 
of thermal excitation. Most pure metals belong to the first 
type. Yoshioka et al. [26] mounted a platinum resistance 
microsensor directly on the rake face of a single crystal 
diamond tool tip for in-process temperature monitoring 
during ultraprecision turning of Al-Mg alloy. It was able 
to detect the thermal behavior with a quick response and 
a high resolution because of the small heat capacity and 
short heat transfer delay of the sensor. Hayashi et al. [27] 
continued this work with a new design of the resistive sen-
sor, evolving from a zig-zag design to a meander shape, 
and improving the measuring strategy using a resistance 
bridge, an amplifier, and a low pass filter to detect the 
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changes in the output voltage. In the authors’ previous 
research, Cr was used as a sensor layer. It was placed 
between two isolation Al2O3 layers on the rake face of 
cemented carbide cutting inserts. Their functionality was 
tested in turning experiments of AISI 4140, showing a fast 
response time and a maximum measured temperature of 
250 ◦C [28].

3  Design and manufacturing oriented 
to high‑speed imaging applications

High-speed imaging and digital image correlation tech-
niques have been established as a reliable method for 
measuring the strain and strain rates of the workpiece 
during the machining process [30]. Since the focus of this 
research work relays on the thin-film technology, the fun-
damental concepts of the high-speed imaging will not be 
addressed. This section explains the considerations that 
have to be taken for design and manufacturing a thermore-
sistive thin-film sensor placed on a tool, which will be 
used in posterior high-speed imaging experiments. The 
main objective is therefore the acquisition of the combined 
data of temperature gradients on the chip-tool interface, 
cutting forces, chip formation and surface microstructure 
evolution.

3.1  Sensor design

Micro-sized chromium-based thermoresistive thin-film sen-
sors were mounted on the rake face of squared uncoated 
carbide inserts for use in orthogonal cutting experiments. 
The sensor design is based on previous own works [28] and 
it was adapted to the requirements of the high-speed imaging 
experiments. The right side of the tool and the workpiece 
need to be on the same plane. Therefore, the nose radius 
of the cutting tool was trimmed using electrical discharge 
machining (EDM) and subsequently polished for obtaining 
a parallel face to the workpiece. Afterward, the tools were 
cleaned in an ultrasonic bath of acetone and isopropyl alco-
hol. In-situ observation of the cut is carried out on this plane 
under the assumption of plane strain deformation conditions. 
Three gauge elements are located close to the cutting edge 
allowing the measurement of the temperature of the chip-
tool contact area with high resolution and fast response. The 
gauge elements are aligned horizontally to the cutting edge 
such that they will be centered in front of the workpiece. 
They have a distance of 100 μm from each other and are 
placed as close as 100 μm to the cutting edge. Their width is 
about 30 μm . Sensors are numbered 1 to 3 starting with the 
one closest to the cutting edge.

3.2  Thin‑film system fabrication

3.2.1  Deposition

At first, an insulation layer of Al2O3 with a thickness of 
3.5 μm was deposited onto the inserts through PVD. It was 
followed by sputtering of a 100 nm thin chromium layer. 
After structuring, a second Al2O3 layer of 2 μm thickness 
was deposited on top of it for insulation and wear-protection 
purposes. When the calibration process finished, a mask was 
applied and the contact pads were coated with a copper layer 
so that wires could be soldered to them.

3.2.2  Structuring

The result of the structuring process was improved as com-
pared to previous work concerning the minimal distance of 
the gauge elements to the cutting edge. Photolithography and 
wet-chemical etching were still used, but instead of spray 
coating or spin coating the photoresist, which often leads to 
an inhomogeneous coating on edges, was applied by elec-
trophoretic deposition (EPD). The main advantages of EPD 
are the possibility of coating complex geometries such as the 
sharp cutting edge of a cutting tool and a very uniform coat-
ing thickness without porosity. In the EPD process, the resist 
particles form micelles, which have a charged surface in an 
electrolyte. By applying a voltage between the substrate and 
a surrounding electrode, the resist micelles migrate to the 
substrate and deposit on its surface. The resist has an isolat-
ing effect so that this reaction stops by itself when the entire 
substrate is covered, thus enabling the advantages mentioned 
above. By this modified structuring process, gauge elements 
can be positioned as close as 100 μm to the cutting edge.

3.3  Calibration process

In previous own investigations, the calibration of the thin-
film sensors is limited to a maximum temperature of 170 ◦C 
when using wires previously soldered to the sensor due to 
the melting point of the soldering material. Therefore, a new 
test rig was implemented in this work which allows cali-
bration up to 400 ◦C . The coated inserts were placed on a 
hot plate and surrounded by metallic masking to limit the 
cooling caused by the surrounding temperature (see Fig. 3a). 
Two sets of wires link the sensor element to the monitoring 
device as shown in Fig. 3b. Instead of soldered wires, spring 
probes were mounted on the contact pads of the insert. To 
measure all three sensors of a single insert at the same time, 
a PTFE construction was designed to fix twelve spring 
probes at the right distances to each other. On their other 
end, the spring probes were wired to the measuring devices. 
The surface reference temperature was recorded by using a 
commercial PT100 sensor which was placed on the position 
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of the three sensors. Figure 3c shows the thermoresistive 
characteristic. It can be described by the following function:

The temperature coefficients � and � as well as the output 
resistance R0 at temperature T0 = 0 ◦C were determined for 
each sensor. On average, the values of the temperature coef-
ficients are � = 1.0 ⋅ 10−3 1∕K and � = 1.2 ⋅ 10−6 1∕K2.

3.4  Contacting and electronics

A four-wire configuration, as shown in Fig. 3b, was used for 
measuring the voltage in the sensor generated by the sensor 
resistance increment produced by temperature changes. One 
set delivers the constant current used for measurement (e.g. 
1 mA), and the other set measures the voltage drop over 
the resistor. This wiring configuration is the most accurate 
for measuring a Resistance Temperature Detector (RTD). 
Shielded wires were soldered to the sensors and covered 
with epoxy for protection against the chips after the calibra-
tion. With this configuration the resistance of the measuring 
element is not affected by the resistance of the leads and 
wires. A Raspberry  Pi® Model 4B was combined with a volt-
age measurement MCC118 DAQ HAT from Measurement 
Computing with a 12-bit resolution and 100 kS/s sampling 
rate. A constant current source HAT has been developed able 
to convert the 5.1 V from the Raspberry  Pi® into three con-
stant current outputs of 1.00 mA. Temperatures are calcu-
lated from the measured voltages using the thermoresistive 

(1)R(T) = R0 ⋅ [1 + � ⋅ (T − T0) + � ⋅ (T − T0)
2]

characteristic and additionally filtered with a digital 25 Hz 
low-pass filter to improve the signal-to-noise ratio.

4  Experimental setup

Dry orthogonal linear cutting tests were conducted on a 
custom-built testbed for ultra high-speed in-situ experi-
mental characterization under plane strain condition. The 
setup shown in Figure 4 features a cutting tool with rake 
angle � of -5 degrees, clearance angle � of 5◦ and a sharp 
cutting edge r� of 5 μm , coated with a thin-film sensor sys-
tem and mounted on a Coromant Capto  C3®, on the vertical 
axis, which controls the uncut chip thickness h. A linear 
motor is used for the horizontal axis movement where the 
workpiece holder and two piezoelectric force sensors are 
clamped as shown in Fig. 4a. The horizontal system fea-
tures positional repeatability of better than 0.4 μm . Cuboid 
shape AISI 4140 specimens with a hardness of 36 HRC were 
precision machined to a length of 60 mm and a thickness 
of 3 mm by means of EDM and ground and polished in 
order to obtain a residual stresses free volume and a very flat 
surface respectively. The tests were carried out combining 
cutting speeds vc = 30 − 120 m/min and uncut chip thick-
nesses h = 50 − 100μm . Cutting forces are measured using 
two uniaxial ring force transducers placed under the work-
piece holder. Temperatures are measured on three points of 
the tool rake face using thin-film sensors. The chip forma-
tion phenomenon is captured using a high-speed camera, 
focused to the plane where the workpiece, tool and most 
part of the chip are found, as shown in Fig. 5a. The camera 
sensor, optics, lighting and operative settings such as frames 
per second, magnification and exposure time used in the 
experiments are described in detail in [30]. The obtained 
images had a resolution of 640x640 pixels with a pixel size 
of 2 μm . The shear angle � , the uncut chip thickness h, and 

(a) Sensor calibration (b) 4-wire configuration.

(c) Thermoresistive characteristic for
three sensors on the same tool.

Fig. 3  Calibration procedure and contacting

(a) In-situ testbed (b) Thin-film sensor

Fig. 4  Testbed for in-situ characterization at the University of Ken-
tucky
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the chip geometry can be obtained directly from the high-
speed image. By means of Digital Image Correlation (DIC) 
the workpiece deformations and strains were obtained as 
shown in Fig. 5b. For this analysis the software  MATLAB® 
with the 2D digital image correlation program ncorr [31] 
were used.

5  FE Simulations

Finite Element (FE) simulations were conducted with the 
software Simufact Forming 21.0. with the aim of tem-
perature cross-validation with the thin-film sensors. For 
the modelling of the workpiece material, the von Mises 
plasticity and the Johnson-Cook (JC) flow stress equa-
tion were used. Orthogonal cutting was simulated as a 
two dimensional process with a plain strain assumption 
and an explicit time integration. The simulation featured 
a rigid tool and rigid coating fixed in the space with heat 
transmission, and an elasto-plastic workpiece. Further-
more an Arbitrary Lagrange Eulerian formulation with a 
frequent workpiece remeshing was used, which resulted in 
a minimum element edge length of 1 μm . A thermal con-
ductivity of 3 W/m⋅ K were obtained experimentally with 
the 3 � method according to [32] for the Al2O3 coating 
material. A constant coating thickness value of 5 μm was 
tactile measured and a specific heat capacity of 0.9 J/g◦C 
was obtained from literature [32]. The chip-tool surface 
temperature will differ from the measured temperature due 
to the Al2O3 coating. The temperature along the coating 
was obtained from the FE simulations. By simulating the 
most severe process parameters of this study, maximum 
temperature deviations between tool surface and sensor 
of 30 ◦C were obtained.The JC constants were calibrated 
according to [33] using the measured cutting forces and 
the max. workpiece displacements obtained from the DIC 
software as objective values. The resulting JC parameters 

used in this work were: A = 620 MPa; B = 660 MPa; 
C = 0.023; m = 0.975; n = 0.119. The friction of the sys-
tem was described using a temperature independent com-
bined Coulomb-Shear friction model. The Coulomb factor 
value μ and the shear factor value m were calibrated at 
0.35 and 0.70 respectively. The temperatures along the tool 
rake face after a simulated cutting path of 5 mm were com-
pared with the experimental measured temperatures and 
for predicting a value of the maximum tool temperature.

6  Results and discussion

The function and service life of the thin-film sensors, as 
well as the capability of the test bench to measure tempera-
ture, forces and the chip formation were studied under the 
different parameter combinations. In Fig. 6 an overview of 
the temperature measurements and its comparison with the 
FE simulations is given. Figure 6a shows the temperatures 
obtained from the thin-film sensor signal in time domain. 
The signal of the first sensor, located a 100 μm from the cut-
ting edge, shows steady-state behaviour and rapid response 
time. The signal of the second sensor however presents a 
remarkable increment in temperature at the end of the cut. 

(a) In-situ high-speed
image.

(b) Image post-processed
with ncorr DIC software.

Fig. 5  In-situ high-speed imaging and post-processing: 10x objective 
magnification, 159 ns exposure, v

c
= 120m/min , h = 100 μm
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This phenomenon was observed in a high percentage of the 
measurements. FE simulations were used for cross-valida-
tion of the temperature gradient on the tool rake face and to 
predict the maximum temperature on the tool. High-speed 
imaging was used for explaining the lack of steady state 
observed. Figure 6b shows the temperature results of the 
FE simulation with the process parameters vc = 30m/min , 
h = 50 μm . Here it is observed that the measured tempera-
tures do not correspond with the maximum tool temperature. 
It is also observed that the values measured by the first sen-
sor have a value very similar to the values obtained by the 
simulation. The values obtained by the second sensor, due to 
the lack of steady-state, are difficult to compare with the sim-
ulation results. An explanation for the non-stationary charac-
ter of the measurements is proposed with the aid of Fig. 6c. 
Here two high-speed images are shown, which belong to the 
1/4 and 3/4 of the workpiece machined length. The same 
simulated temperature gradient overlaps both images. Here it 
can be appreciated how the chip formation phenomena can-
not be correctly modeled during the entire cutting process, 
with variations of the chip-workpiece contact length up to 
200%. This leads to a variation on the predicted temperature 
gradients that is going to affect mainly even the measured 
temperatures by the second and third thin-film sensor.

Figure 7 shows the results of the experimental tests and 
the simulations. Here the measured temperatures by the 
thin-film sensors are compared with FE simulations. The 

maximum temperature on the tool obtained from the simula-
tions is also provided. For the selected process parameters 
the maximum tool temperatures are found on the tool tip, 
as shown in Fig. 6b. Thereby the temperatures curves Tmax , 
Temperature on the tool tip; T1 , at 100 μm from the cutting 
edge; T2 , at 200 μm from the cutting edge; and T3 , at 300 μm 
from the cutting edge; were obtained. Experimental tem-
perature values present more repeatability when the sensor 
is closer to the secondary shear zone on the cutting edge, 
which varies strongly with the uncut chip thickness. This 
can be appreciated in the high repeatability of the curves T1 , 
h = 50; and T2, h = 100 μm . The simulated temperatures 
loose accuracy with increasing the distance to the cutting 
edge. Strong deviation in the simulated temperatures are 
related directly with inaccuracies in the simulation of the 
chip formation, in particular the chip-tool contact length, 
Lc . It has to be mentioned that this deviation has not a sig-
nificant influence on the simulated cutting forces as shown 
in Fig. 7.

7  Conclusions

A novel thermoresistive thin-film sensor system was devel-
oped and integrated into a tool insert for its application into 
an in-situ characterization testbed, allowing to measure tem-
peratures at three positions on the rake face of the tool in 
the chip-tool contact area, as well as the cutting forces, the 
chip formation, and the workpiece deformations using force 
sensors, high-speed imaging and digital image correlation 
respectively. The sensors were tested during orthogonal cut-
ting of AISI 4140 alloy steel and cross-validated with FE 
simulations. Some key findings include:

• The presented thin-film sensors are able to measure the 
temperatures on the rake face of cutting tools closer to 
the cutting edge than any other sensor that can be found 
in the current literature.

• The obtained measurements can help to model the cutting 
process more accurately. The 4-wire configurations of 
the presented RTD sensors offer more accurate measure-
ments than the sensors based on Seebeck effect (thermo-
couples).

• The control period of life of the sensors, added to the 
complexity of their manufacturing, makes their integra-
tion in the industrial field difficult, but the quality of the 
information that they allow to obtain makes them a high-
quality measurement.

• Through the variation of sensor design temperatures can 
be obtained in the desired areas of the tool or even the 
workpiece.
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• The sensor design also allows the detection of tool wear, 
which can make this sensor another ally for condition 
monitoring during machining.

The development of more accurate ways to obtain informa-
tion from the machining process is expected to significantly 
improve the understanding of the relaying mechanism of the 
chip formation as well as the tool wear. Future and ongo-
ing work will focus on the studying and modelling of the 
microstructural development of different workpiece materi-
als during machining with the aid of the valuable and spa-
tially resolved information provided by the thin-film sensors.
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