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The TFTC sensor technigue can detect temperatures in a
unigue environment in many cases, and it has potential
for measuring cutting temperature.

By DONG MIN/KIM,/HEE JUNG/ KWAK, DONG YEOL SHIN, JINHO PARK, and JUN YOUNG/KIM

hin-film thermocouple (TFTC) technology is a novel mea-

surement method that produces a thermocouple sensor
T during the deposition process, even though it is a com-

plex surface, to obtain the surface temperature. TFTCis a
thin film sensor for measuring temperature by contact methods, con-
sisting of two different metals that can generate thermoelectric forces
named “Seebeck effects.” In the past decade, there have been many
attempts to measure the cutting temperature during machining pro-
cesses using TFTF sensors. However, research has not yet progressed
to optimize the sensor performance or fabrication process. This
article studies a preliminary technique for the fabrication of a TFTC
sensor on a cutting tool surface and optimizes the deposition condi-
tions, TFTC design, and sensor performance. Chromel and Alumel,
which are materials commonly used in K-type thermocouples, were
used for the thermal evaporation process. When the Chromel has a
nickel-to-chrome ratio of 9:1, low resistivity and minimal variation
with increasing temperature were observed. When the contact area
of the deposited electrode (+) and (-) poles increased, the resistivity
decreased, and the TFTC sensitivity improved. Data acquisition tests
using a DAQ system connected to the TFTC sensor show the lowest
resistivity in TFTC B and C types are able to measure temperature
data. Itis expected that the heat generated during the cutting process
can be detected using the TFTC sensor with B-type shape and Chromel
with a 9:1 nickel-to-chrome ratio.

1INTRODUCTION
The cutting temperature is a key factor in determining product qual-
ity and operation efficiency for machining processes. When a tool
contacts the workpiece for the depth of the cut, the result is high-
heat generation on the tool, chip, and workpiece. The generated heat
energy reaches a temperature of about 1,200°C, depending on the
processing conditions. The heat sources are in the frictional, shear,
and flank zones at the tool-chip interfaces. The frictional zone has the
highest cutting temperature among the heat sources. Frictional heat
leads to crater wear, which causes failure, such as tool fracture, short-
ened tool life, and low-surface integrity. For the reasons presented
above, manufacturer and engineer efforts have been made to control
cutting temperature generated during the machining process. Up
to recently, the cutting temperature has been investigated through
experimental measurements and simulation techniques.
Numerical simulation techniques are valuable for predicting
cutting temperatures. Tool wear rate can be calculated by the wear
model proposed by Usui et al. [1], which is dependent on the contact
stress and cutting temperature. Tiffe et al. [2] found optimal cutter
edge profiles to reduce tool temperature using the finite element
method (FEM) technique. The edge profiles had complex shapes, and
the results of their work were beneficial for analyzing the thermal
gradient and how it affects tool life. Childs et al. [3] investigated the
relationships between temperature, force, and chip geometry for a
wide range machining conditions of Ti-alloys using the FEM tech-

nique. Elevated temperature influenced the shear failure of Ti64 and
the critical strain. The simulated predicted temperature is valuable
data for analyzing the cutting mechanisms with changing material
properties and failures. Some industries have strict regulations on
surface quality; therefore, cutting result predictions are important.
Machining temperature is often the main factor that changes mate-
rial properties, such as microstructure. Imbrogno et al. [4] predicted
microstructural and microhardness depending on machining tem-
perature and its effect on surface integrity. As seen in the literature
discussed above, machining simulations are useful for assessing the
metal-cutting process by predicting cutting temperatures. However,
validation is necessary to ascertain the simulation and temperature
measurement during machining is required to compare simulated
and experimental results.

Many researchers have developed cutting temperature measure-
ment techniques for use during machining operations. These mea-
surement techniques are categorized as contact and non-contact
methods. The contact method is applicable in single-point metal
cutting processes, such as the turning process. A turning tool does
not rotate, unlike tools used in the multi-point metal cutting pro-
cess. Installing thermocouples onto the cutter is the most typical and
easy method for measuring the cutting temperature. Bagherzadeh
et al. [5] measured cutting temperature during the cryogenic turn-
ing process. The drilled hole of the insert using electrical discharge
machining (EDM) is close to the cutting edge. Although using a ther-
mocouple is a stable assessment method, it indirectly measures heat
generation from tool-chip interfaces that is transferred through the
insert body. Thermal imaging is also a good non-contact technique
for determining temperature distributions at tool-chip interfaces. An
infrared (IR) camera detects temperature through infrared radiation
(IR) during thermal imaging, which has gained significant attention
in the machining processes. The IR imagining technique has a con-
straint of measuring temperature due to cutting fluids [6]. Another
non-contact measurement technique involves the use of a two-color
fiber pyrometer. This method is analogous to a thermocouple and
identifies the data within the spot size (~500 pm). The pyrometer is
based on material radiation detection and a predefine term for the
emissivity is required [7]. Thermosensitive paints have shown relative
variances of temperature but have no way to determine the amount
ofvariation [6]. As indicated in published work, conventional thermal
measurement techniques have limitations in obtaining accurate tool-
chip interface temperature.

The thin-film thermocouple (TFTC) is a novel technology devel-
oped in recent decades and functions as a thermocouple sensor on
flat, curved, or any type of surface. Even their small thermal mass
allows for significantly faster response times compared to conven-
tional wire sensors [8,9]. Basti et al. [10] deposited TFTCs of Ni-(Ni-Cr)
on an alumina cutting tool and fabricated junctions to measure cut-
ting temperatures. TFTC sensor data is suitable for measuring tem-
perature and exhibits a corresponding trend in cutting force variance
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Thermocouple layer Protective layer References
Deposition Positive (+) Negative (-)
Process
MATERIAL DESIGN MATERIAL DESIGN DEPOSITION MATERIAL DESIGN
PROCESS
DC magnetron Ni Thick 0.5 pm Ni-Cr (80:20 Thickness: 0.5 DC magnetron TiN, TiAIN, or Thickness: 3 [10,11]
sputtering Widths 50-750 pm ratio in mass %) pm Width: sputtering TiAISiN pm
~50-750 pm
DC sputtering WC rhenium - WC rhenum - E-beam Al203 - [12-15]
(5%) (26%) evaporation
PECVD NiCr 200 nm NiSi 200 nm - SiNx Tum [16,17]
(90:10 ratio) (97:3 ratio)
RF sputtering Chromel 200 nm Alumel 200 nm RF sputtering  Al203 435 nm [18]
(90:10 ratio)
Sputtering Chromel 400 nm Alumel 400 nm PECVD SiNx 800 nm [19-21]
Table 1: Literature review summary.
[19,11]. Werschmoeller et al. [[12], [13], [14]] attfarnpted' fabrlcatlop c?f a Materials Properties
micro-arrayed TFTC sensor on a polycrystalline cubic boron nitride o
. . . Thermal Resistivity Seebeck
(PCBN) cutting tool. The advantage of a micro-arrayed TFTC is the . -
. . . conductivity (ohm m) coefficient
measurement of temperature maps by interpolation. A three-dimen- (W/m/K) (V/K)
sional (3D) map of the data is available instead of thermal imaging
. . Chromel 19 7.06e-7 21.7e-6
data. Li et al. [15] embedded micro-TFTC sensor arrays on a PCBN
cutter surface and recorded cutting temperatures. The micro-TFTC ~ Alumel 29.7 2.94e-7 17.3e-6

has an array design to measure multiple points in the temperature
field. TFTC sensors can be used to detect progressive wear. The flank
face of the tool is significant to the surface quality. Li et al. [16] and
He [17] devised TFTC development process on the flank face of a tool
for real-time monitoring of wear progression. The TFTC on the flank
face was manufactured in a similar process as that in [15]. The pre-
viously mentioned literature indicates the typical TFTC fabrication
method is deposition by a sputtering method. The deposited material
adheres to the surface. However, high pressures due to the cutting
forces damage TFTC sensors.

The strategy for protecting TFTC sensors from extreme friction and
temperature is a great challenge because of the damage imparted to
the thin-filmed sensor during cutting processes. Kesriklioglu et al. [18]
embedded a K-type thermocouple TFTC. In their study, an AITiN layer
coated the upper side on layers of Chromel and Alumel to protect the
TFTC sensor. Li et al. [19] suggested a micro-textured tool with a depos-
ited TFTC sensor. The texture of their proposed tool has a depth of about
100 pum via laser beam, while Alumel and Chromel were coated inside
the texture using plasma-enhanced chemical vapor deposition (PECVD).
Molybdenum disulfide filled in the grooves and acted as a lubricant
at the tool-chip interfaces to protect the fabricated TFTC sensors. The
micro-textured TFTC sensor exhibited significantly improved perfor-
mance during the machining process. This design improved the protec-
tion of the TFTC sensors under high-pressure and high-temperature
environments. However, the preparation process for the fabrication of
the grooved tool was inadequate because the complicated procedure
was high in cost and time consuming [19, 20, 21].

Table 1 provides a summary of published papers describing TFTC
techniques. In the literature, the material combination used for TFTC
fabrication was equal to compositions of C- or K-type thermocouples
generating electromotive force. The most-used deposition method for
the TFTC layer was sputtering. The coating methods used to create
the protective layer varied and included methods such as sputtering,
e-beam evaporation, and PECVD. Only a few studies have investigated
the TFTC fabrication process and design parameter studies for cir-
cuit dimensions have been presented only in [10,11]. There is still a
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Table 2: Thermal conductivity, resistivity, and Seebeck coefficient
values for Chromel and Alumel [27,28].

lack of knowledge about the effects of circuit design patterns, circuit
dimensions, and the ratio of implemented thermocouple materials.
The studies are necessary even if they should apply to the cutting-tool
surfaces. Still, the circuit design for applying it to the cutting tool
surfaces has yet to be discussed. Therefore, a new study is necessary to
fabricate an optimal TFTC sensor for measuring cutting temperature.

2 EXPERIMENTAL

2.1 FEM model for thermal-electric potential simulation

This section describes the simulation used to investigate the influence
of geometric parameters before fabricating thermoelectric sensors
used in machining. The simulation tool is a commercial program that
calculates the electromotive force through a thermoelectric module in
ANSYS. The boundary condition for the simulated model follows. There
are various methods for improving the Seebeck coefficient of mate-
rials. Techniques such as hydrazine treatment [22], ionic liquid post-
processing [23], alloying [24], control of material alignment [25], and
energy filtering through nanoparticle deposition [26] can be employed
to enhance the Seebeck coefficient. However, in this work, we focused
on creating sensors using commonly available materials from the mar-
ket without additional processing steps. Alumel and Chromel exhibit
a high Seebeck coefficient, enabling sensitive temperature measure-
ments with thermocouples. They also operate reliably in high-tempera-
ture environments. Additionally, their suitability for use across a wide
temperature range has earned them recognition as industry-standard
materials for thermocouples. Therefore, our research concentrated on
adjusting the sensor’s shape to favor heat conduction without synthesiz-
ing new materials through complex processes.

The deposited materials are Chromel and Alumel, which are used
in K-type thermocouples, and they were set to (+) and (-) poles, respec-
tively. The initial ambient temperature around the sensor was 25°C.
and the other parts in the simulation were set at 50°C. The simulation
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Figure 1: (a) Simulation circuit design for simulation for A, B, and C types; (b) 3D simulation model.
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Figure 2: Simulated and experimental data currents for A-, B-, and C-type
TFTCs.

model calculated the currents while increasing the potential differ-
ence between the Chromel (+) and Alumel (-) electrodes from minus-5
to+5 V. The thermal conductivity, resistivity, and Seebeck coefficients
were referred from the literature [27,28], and the coefficient values
are represented in Table 2.

We simulated design types A, B, and C, which have 0.05 mm, 0.1 mm,
and 0.2 mm of Chromel-Alumel electrode overlap length, respectively.
Figure 1a and b show the circuit design used for the simulation. The
electro pad dimensions were a width of 2 mm and a length of 4 mm,
and the connection two-step lines were 3 mm and 4 mm, respectively.
The circuit design was determined by the interferences of the cutting
tool clamp and cutting tool surface. The circuit dimension used in this
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simulation is the case study parameter in the
experiment.

Electro pad thermoelements were
meshed using hexa type in ANSYS. The min-
imum mesh size was set to 0.025 mm, and
the total number of nodes and elements in
the geometry were 104706 and 67787, respec-
tively. The contact element was surface-to-
surface contact at the interfaces of the elec-
tro pad. Thermal contact behavioris a closed
contact type; thermal conduction transfers
between two contacting surfaces. The con-
ductive heat-transfer equation is defined by
Equation 1 [29]:

g=TCC x (T, — T,),

005 mm 010 mm 20 mm
in Type & in Type B in Type C

Equation 1

where q is the heat flux per area, TCC is the
thermal contact conductance coefficient,
and T; and T, are the temperatures of the
contact points at target and contact surfaces,
respectively.

The electric contact property is imple-
mented with thermal-electric elements, and
the solid coupled field element modeled the
electric current conduction. The interface
definition is determined by equation (2) [29]:

Alumel

204 10" johm)|
SATEA WV K

J=ECC x (V, = V), Equation 2

where ] is the current density for the electric
potential degree of freedom (or the electric charge density), ECC is
the electric contact conductance for the electric potential degree of
freedom (or the electric contact capacitance per unit area), and V;
and V, are the voltages at the contact points on the target and contact
surfaces, respectively.

2.2 Fabrication and performance measurement methods

for a thin-film thermocouple (TFTC)

The thermal evaporation method was used to fabricate the K-type
TFTC, which included deposition of three materials: Alumel, Chromel,
and an insulator. Figure S1 shows the mask used in the experiment.
The hot and cold junction in the circuit makes orthogonal contact
with the Chromel and Alumel. Four types of junctions, referred to as
A, B, C,and D types, were used in this study. A, B, and Cjunction types
have contact areas of 50 pm x 50 pm, 100 pm x 100 pm, and 200 pm x
200 pm, respectively. The electro pad has a width of 2 mm, and this
dimension is sufficient to connect the electrode for the DAQ system.

The junction is thin and delicate, which can lead to cracks during
deposition. Therefore, we inserted a linked line in the middle of the
junction and electrode. Often, a junction crack will be generated
during the thermal evaporation process due to the thin linked line.
Therefore, first confirmed the influence of the linked line dimension.
The D-type junction has an electrode and junction without a step con-
nection line and a square with dimensions of 9 mm x 9 mm to cover
the contact and electrode junction. The insulator mask was designed
ina 9 mm x 9 mm square shape to cover all junctions.

The thermal deposition method melts the materials using a high
current applied to the boat. The initial vacuum pressure was 4.4e 6
Torr. First, we tried to deposit the Alumel material on the flat glass
surfaces. The current was ~130-142 A and the deposition rate was

0.03-0.04 nm/s. The boat had a tungsten carbide thickness of 0.5
mm. If the current was set at 100 A, the boat temperature began
to increase. Therefore, we set the current to 130 A, and the process
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was steady with a deposition rate of 0.03 nm/s.
The Chromel material was deposited with a
deposition rate of ~0.03-0.05 nm/s with a cur-
rent of ~134-155 A. The four types of junc-
tions had a deposited Alumel and Chromel
thickness of 100 nm, which was measured
using an atomic force microscope.

The TFTC will be to measure the tempera-
ture at the cutting interface of the tool-chip.
Resistivity measurements and scratch tests
were carried out to confirm the TFTC perfor- o : .
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mance. Current-voltage (I-V) tests were used 5 4 3 2
to determine the resistivity of the TFTCs,
which presented circuit characteristics. The
[-V testing process is described as follows:
The deposited sample with the four types
of TFTC was held on a hot plate. Then, the

(a) 9:1and (b) 8:2.
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Figure 3: 1-V graph of a 1.5 mm x 1.5 mm junction TFTC device using Alumel and Chromel with Ni:Cr ratios of

IV test cathode and anode (Keithley 2400 in Temperature: Room 50 °C 100 °C 150 °C
Figure S2b) were connected to the Alumel Temperature
and Chromel electro pads. The input volt-  chromel with Ni:Crof 9:1[chm-cm] ~ 2.060e-3 2.158¢-3 2.060e-3 2.060e-3
age was swept from minus-5 to +5V, and the
. Chromel with Ni:Cr of 8:2 [ohm-cm] 3.440e-3 3.754e-3 2.919e-3 3.916e-3
current values were measured while the hot
plate temperature was increased from 50°C Lo . .
o . . Table 3: Calculated resistivity values of the 1.5 mm x 1.5 mm junction TFTC device.
to 150°C. The connection wires are used
in K-type Extension (OMEGA Engineering, a085 0.5
Model: EXPP-K-24S-100). — Typa A = Troe 8
A scratch test was performed after each e B el A
material was deposited in a 2.5 mm x 1.5 150°C 150°C
. QL0051 0005 -
mm area (thickness of 100 nm) on flat glass = T
substrates. The sample was scratched with % 50, / £ 0000 ]
a probe with strength increasing gradually, 5 5
from 0 to 14 mN (NST3 nano scratch tester LU05 0005
in Figure S2c).
D010 4 0,010 4
3. RESULTS AND DISCUSSION - I R . oot
4 4 4 2 4 0 v 2 3 4 5 5 4 3 2 4 0 1 2 3 a =&
3.1 FEM simulation comparison Wcitaoe (V)
with experimental data (b) Type B
Figure 2 shows the simulated data and exper- ams ams .
imental data for response currents of A-, B-, — fipe 0
and C-type junctions. The experimentally e b A
fabricated circuit has a thickness of about 75 - a0 160*C
nm. However, this circuit is very thin relative z z
to the area. Creating a simulation model at § oo g um-ﬂ_‘_’_rl_._/—/_'_’_'_/_.
areal scale requires making many meshes a 3
to improve the mesh quality. This causes an — v
increase in computational time and requires oo .
high computational resources. Reducing the
amount of mesh saves computatlopal time e
but reduces mesh quality. The quality of the Viollage (V) Voltage (V)
mesh plays a significant role in the accura- (c) Type C (d) Type D

cy and stability of numerical computation.
Saving computational time while increasing
the mesh quality, we used an arbitrary TFTC
thickness of approximately 50 pm.

The plot comparing experimental and simulated results in Figure
2 is represented with units of current per thickness (mA/nm). The
slope of the current per thickness changes; it increases by junction
type in the order of A, B, and C types. The C-type has the largest
contact area between the Chromel and Alumel electrodes. The recip-
rocal of the slope provides the resistance value, and resistance and
resistivity are proportional; large resistance means large resistivity
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Figure 4: 1-V graphs of TFTCs with a Chromel Ni:Cr ratio of 9:1 as a function of temperature. (a) Type A (b)
Type B (c) Type C (d) Type D.

[30]. This means that the C-type, which has the largest area, has the
smallest resistivity. When the contact area is small, the resistance
increases because the area in which electrons can move is limited
when a thermo-electromotive force is generated by the thermocouple.

In addition, we can determine the thermoelectric characteristics
of the thin-film through the measured resistance [31]. Since the per-
formance may be degraded if the resistance of the contact area is high,
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The resistivity of each sample was calculated
to compare their electrical properties. The
resistivity (p) of a thin-film is defined by
Equation 3:
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J=ECC x (V, — V), Equation 3

where, p is a resistivity (ohm-cm), t is the
TFTC thickness, and I and V are the current
and voltage, respectively.

Table 3 presents the TFTC resistivity cal-
culated using Equation 3. Chromel with a
Ni:Crratio of 9:1 exhibits minimal sensitivity
dependence on temperature, while that at a
8:2 ratio shows a slight change. However, the
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resistivity variation with increasing tempera-
ture is low enough to be ignored. Therefore,
the TFTC can be composed of Chromel with
Ni:Cr ratios of either 9:1 or 8:2. (Cross Alumel).
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Figure 5: I-V graphs of TFTCs with a Chromel Ni:Cr ratio of 8:2 as a function of temperature. (a) Type A (b)

Type B (c) Type C (d) Type D.

the smaller the area, the larger the resistance and possible decrease
in thermocouple performance [32]. These results indicate that a large
electrode contact area has high sensitivity with respect to the TFTC
and the highest performance may be expected in type C.

The simulation model calculated the current density (A/mm?) on
the electrode gap area. The current density values of TFTC A, B, and
C types were, on average, 9.4e7 A/mm?2, 3.1e8 A/mm?2, and 3.3e8 A/
mm?, respectively (Figure S3). The A-type TFTC has the lowest value
of current density, which means its relative resistance is higher than
the other TFTC types. The A-type TFTC may exhibit low performance
compared to the other types. The B- and C-type TFTCs have current
density values of more than 3.0e8 A/mm?2; the relative resistance is
lower than the A-type TFTC. Therefore, this simulation model is a
useable model to approximate TFTC performance according to cir-
cuit design.

3.2 Principal TFTC analysis

3.2.1Influence of the chromel Ni to Cr ratio

The TFTC should exhibit stable performance at high tempera-
tures, such as those in the machining process. Even with exposure
to extreme cutting temperatures, a single electrode will typically
exhibit low sensitivity depending on increasing temperature. This
section discusses the resistivity as a function of ratio of nickel (Ni) to
chrome (Cr) in the Chromel used for TFTC fabrication.

The two types of raw Chromel materials available in the commer-
cial market have Ni and Cr ratios of 9:1 and 8:2, which consist of Ni-Cr
of 90%-10% and Ni-Cr of 80%-20%, respectively. Alumel has consist of
Ni-Al-Mn of 95%-2%-2%, respectively. These two types of Chromel were
deposited to experimentally determine the influence of the Ni:Cr
ratio. Alumel is only available in a single ratio in the market and is

3.2.2 Influence of TFTC design type

In this section, the influence of the TFTC
design type was analyzed to determine their performance. The TFTC
types (A, B, C, and D) were presented in Section 3. Chromel (9:1 Ni:Cr
ratio) and Alumel were deposited by the thermal deposition process.
The detailed process conditions are described in Section 3.

Figure 4 and Figure S5 show an I-V graph of Alumel and Chromel
deposited for A, B, C, and D types (Specified measured data shown in
Figure 4 (a to d), respectively). Figure 4 represent the I-V slope results for
each TFTC type. The resistivity of each TFTC type shows slight differ-
ences. These results suggest the [-V behavior and temperature have no
relationship in the same contact area. However, the slope of each TFTC
type with the same temperature value exhibits significant differences
among the TFTC types (Figure S5). The slope of the graph increases as
the junction area is increased, suggesting the resistivity of the TFTC
decreases as the junction area increases. In addition, types A and D
have calculated resistivity values that are almost the same. This means
the linked line has little effect on the electrical characteristics of TFTC
and is reasonable to design a three-stage structure for a TFTC that will
be applied to an actual tool. Figure 5 and Figure S6 show -V graphs of
TFTCs with Alumel and 8:2 Chromel that also confirmed the resistiv-
ity in the same area was almost the same with varying temperature.
When comparing the TFTC area at the same temperature, the resistiv-
ity decreased as the area increased. These results indicate the TFTC
Chromel Ni:Cr ratio has minimal influence on performance.

Table 4 shows the calculated resistivity results for each TFTC type.
The highest resistivity of 0.13 Q-cm was observed in the D-type TFTC.
This high resistivity means the flowing current is interrupted and leads
to reduced performance. Similar results are observed for the D-type
TFTC with Chromel Ni:Cr ratio of 8:2. The lowest calculated resistivity
values are ~0.017-0.018 and ~0.03-0.032 Q-cm, which correspond to
C-type TFTCs with Chromel Ni:Cr ratios of 9:1 and 8:2, respectively.
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This measurement data means that thermo-  chromel Ni:Cr Type  AtRoom At50°C  At100°C  At150°C

electromotive force easily is generated in the Ratio Temperature

Q-type design. In section 3.1, C-type demgn 911 A 0.096 0.094 0.095 0.097

is simulated to have low current density,

that means the thermoelectron is a relative B 0.037 0.038 0.038 0.038

easy flow than other designs. No significant o 0.017 0.017 0.018 0.018

change in resistivity is observed with chang- D 013 0128 013 013

ing temperature. Therefore, the C-type TFTC

may be suitable for measuring temperature 8:2 A 0.097 0.097 0.038 0.038

data during the machining process. B 0.048 0.048 0.049 0.049
C 0.032 0.03 0.03 0.029

3.2.3 Scratch test results for TFTC

adhesion D 0.100 0.100 0.100 0.099

For the deposited Alumel and Chromel t0  rapje 4: Calculated resistivity results for each TETC type.

function properly as sensors, it is important

they are well attached to the deposited glass 125 °C 150 °C 200

or tool. Therefore, a scratch test was con- TETC B-Type

ducted on a sample deposited on a flat glass 1804 TFTC C-Type

substrate to determine how much force the o

materials could withstand. Figure S7 shows E 160 -

an image of the damaged film and the pen- &) TFTC B-Type

etration depth. Figure S7- shows the thin @ 140 Slope=104 -

Alumel film peeled off at the 0.24-mm point E

when the applied force was about 6.7 mN. On & 120

the other hand, the Chromel thin-film was E TFTC C-Type

not wholly peeled off for both Chromel Ni:Cr = 100+ e

ratios of 9:1 and 8:2 (Figure S7). However, -

when looking at the measured image, dig : T T . T T

was confirmed to some extent. In addition, o e S

when comparing the penetration depth of Thermal Image Data (Celcius)

the two materials, Chromel with a Ni:Cr ratio (a) (b)

of 9:1 had a penetration depth of ~300.3 nm
while that with 8:2 ratio was ~289.3 nm. It
was confirmed the degree of peel off was
similar for the two Ni:Cr ratios. Therefore,
the Chromel adhesion is better than that
of Alumel for glass substrates, and there is
little difference in adhesion depending on
the Ni:Cr ratio of the Chromel.

8:2).

3.2.4 The EDS component analysis
Figure S8 shows the SEM images (NOVA
NanoSEM 230, FEI, USA) for the surfaces of
deposited Chromel/Alumel and their analy-
sis compositions by EDS. The SEM images of
the Alumel-Chromel film layer are cleared
without defects. The EDS data shows that
Alumel consists of a weight percent of 77.3%
of Ni, 16.2% of Mn, 2% of Al, and 4% of Si. The
standard Alumel compositions are 95% of Ni,
2% of Al, 2% of Mn, and 1% of Si. In Chromel,
the compositions of it are 75.3% of Ni and
24.7% of Cr. Chromel is also different from
standard composition Chromel (9:1, Ni-Cr). The compositions differ
from the standard due to the glass substrate, an insulation material,
but both deposited films are useful for measuring the temperature.
The acquired temperature is described in the next section.

9:1).

3.3 TFTC performance in acquiring temperature data
through data acquisition (DAQ)

In this section, experiments were conducted to obtain TFTC perfor-
mance. A DAQ system (WebDAQ 904, measurement computing., Inc)
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Figure 7: Comparison of (a) thermal imaging and (b) TFTC sensor data (with Chromel having a Ni:Cr ratio of

was used to collect the TFTC temperature data while increasing the
reference temperature (hot plate temperature). The TFTC data was
compared with two types of data collected using an IR-thermal imag-
ing camera (A700sc, FLIR., Inc.) and a K-type thermocouple (Omega
Eng.). The IR camera has a 1.5-m minimum focus length, and its mea-
suring range is 67.8 mm in width and 50.8 mm in length. The DAQ
system saved the temperature data from the TFTC sensors. The hot
plate was used to control the temperature as it heated the back of the
TFTC sensors from 125 to 200°C. TFTC sensor data were compared



Chromel and Alumel,
which are materials
commonly used in K-type

thermocouples, were used
for the thermal evaporation

process.

with the IR-imaging data and K-type thermocouple data collected at
the same time.

Figure 6 presents the IR-thermal imaging data and a graph compar-
ing the thermal image data to the TFTF sensor data (with an 8:2 Ni:Cr
ratio Chromel electrode). The thermal image data is the average of
the red rectangular box indicated in the thermal image. Data could
not be obtained for the A and D-type TFTCs using the DAQ system.
This result is analogous to the trend observed in Table 4 and is due
to the small contact area between the (+) and (-) electrode leading
to increased resistivity of the TFTC sensor. Slopes of 1.04 and 0.98
were obtained for TFTC B and C types, respectively. Both B and C-type
TFTCs have slopes close to a value of one, and their sensitivity is capa-
ble of obtaining useable temperature data.

When using Chromel with a Ni:Cr ratio of 9:1 as the TFTC sen-
sor electrode, the DAQ system is able to get data from the A-type
TFTC (Figure 7). This Chromel (9:1 Ni:Cr ratio) has low resistivity, as
described in the previous section (Figure 3 and Table 3), and the elec-
tron flow moves more easily by the electromotive forces. The B and
C-type TFTCs have higher sensitivity with this Ni:Cr Chromel ratio.
This result is related to the low resistivity of the Chromel with a 9:1
Ni:Cr ratio. Therefore, it is necessary to use the 9:1 Ni:Cr ratio Chromel
to obtain electrodes with relatively low resistance and high sensitivity.
The high composition of nickel increases the electric forces, improves
the performances of the TFTC sensor. The type-B TFTC will be applied
to a cutting tool surface for measuring cutting temperatures.

4 SUMMARY AND CONCLUSIONS

The TFTC sensor technique can detect temperatures in a unique envi-
ronment in many cases, as determined by the literature review, and
has potential for measuring cutting temperature. Cutting tempera-
ture generation in machining is a significant factor for machining

process optimization. This article optimized
the TFTC fabrication process for use in the
machining field. A simulation model was
constructed, using a thermoelectric simula-
tion module in ANSYS to predict the current
in different TFTC types. As aresult of the sim-
ulation, the value of the current responded
to increased input voltage similar to that
observed in the experiment. This model
can be used to predict TFTC sensor perfor-
mance. TFTC sensor performance was tested
for a fundamental TFTC shape with different
Chromel raw material ratios (8:2 and 9:1 of
nickel and chrome). The TFTC sensor with
Chromel, having an 8:2 Ni:Cr ratio, exhibited
unstable sensitivity with increasing tempera-
ture, while the TFTC sensor with Chromel,
having a 9:1 Ni:Cr ratio, exhibited stable sen-
sitivity. A comparison of different TFTC types
was made to evaluate their performance. If
the electrode contact area of the TFTC sensor
is small, its sensitivity was low. The C-type
TFTC had the largest electrode contact area
and the highest sensitivity. However, no sen-
sitivity variation was observed in the TFTC
sensor with increasing temperature. TFTC
sensor resistivity was calculated using I-V
data; the C-type TFTC had the lowest resis-
tivity due to its largest electrode contact area.
When Chromel with a Ni:Cr ratio of 9:1 was
used, the resistivity was lower than that with
a Ni:Cr ratio of 8:2. The Alumel electrode exhibited lower scratch
strength compared to the Chromel electrode, and the Chromel Ni:Cr
ratio had no influence on scratch strength. The temperature data was
obtained using a DAQ system connected to the TFTC sensors. The
B-and C-type TFTCs with an 8:2 Ni:Cr ratio Chromel electrode could
sense temperature variation while the other TFTC sensors did not
operate under the same conditions. A-, B-, and C-type TFTCs with a
9:1 Ni:Crratio Chromel electrode were able to detect the temperature
data with the DAQ system. The highest sensitivity was observed for
the B-type TFTC with a 9:1 Ni:Cr ratio Chromel electrode.

In conclusion, a TFTC sensor for a DAQ system used during
machining operation should be constructed with a large electrode
contact area and a Chromel Ni:Cr ratio of 9:1 for high performance.
The TFTC sensor with optimized design and fabrication process deter-
mined by this study will be integrated on tool rake surfaces similar
to those illustrated in Figure S9. This sensor technology will be able
to measure the cutting temperature during machining using unique
materials (e.g., Inconel, titanium, carbon-fiber reinforced polymer, or
biomaterials, such as bone), and will be a useful technology to analyze
their cutting principles.
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