Measurement Science and
Technology

PAPER « OPEN ACCESS

Material screening for fully printed polymer-based
thermocouples designed for use in harsh
environments

To cite this article: Marcel Knoll et al 2018 Meas. Sci. Technol. 29 105104

View the article online for updates and enhancements.

You may also like

- A pan-European investigation of the Pt-

40%Rh/Pt-20%Rh (Land—Jewell
thermocouple reference function
J V Pearce, C J Elliott, A Greenen et al.

- Temperature determination of the Si—-SiC

eutectic fixed point using thermocouples
Suherlan, Yong-Gyoo Kim, Wukchul Joung
etal

- Temperature assignment of a Co-C

eutectic fixed-point cell for thermocouple
calibration
Wei Zheng and Xiaofeng Lu

This content was downloaded from IP address 202.8.112.197 on 06/07/2023 at 04:44


https://doi.org/10.1088/1361-6501/aad8a5
/article/10.1088/0957-0233/26/1/015101
/article/10.1088/0957-0233/26/1/015101
/article/10.1088/0957-0233/26/1/015101
/article/10.1088/0026-1394/52/2/330
/article/10.1088/0026-1394/52/2/330
/article/10.1088/1361-6501/ab581c
/article/10.1088/1361-6501/ab581c
/article/10.1088/1361-6501/ab581c

IOP Publishing

Measurement Science and Technology

Meas. Sci. Technol. 29 (2018) 105104 (7pp)

https://doi.org/10.1088/1361-6501/aad8a5

Material screening for fully printed
polymer-based thermocouples designed
for use in harsh environments

Marcel Knoll®, Christina Offenzeller, Bernhard Jakoby

and Wolfgang Hilber

Institute for Microelectronics and Microsensors, Johannes Kepler University, 4040 Linz, Austria

E-mail: Marcel.Knoll@jku.at

Received 13 June 2018, revised 23 July 2018
Accepted for publication 7 August 2018
Published 6 September 2018

Abstract

®
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Thermocouples are widely used as temperature sensors and most commonly made of two

different metallic electrodes which are in contact at the measuring junction. In this work we
present an approach to embed thermocouples in the painted surface of machine components,
facilitating measurement directly at the point of interest for certain applications. The utilized
spray process allows a cost-effective and fast fabrication method. In order to be competitive
with available sensors, the spray-processed sensor ideally has to provide an output voltage in
the same range as commercial ones and should withstand temperatures up to 200 °C while
providing reliable adhesion to the surface at the same time. To meet these requirements, a
material screening was performed including commercial as well as custom-fabricated paints.
In particular, different commercial paints based on silver were combined with a carbon black
polyamide-imide paint to form thermocouples which were then characterized regarding
adhesion, noise and sensitivity (Seebeck coefficient). Furthermore, custom-fabricated paints
based on iron and silver in a polymer binder were evaluated and compared to a commercial
type J thermocouple (iron-constantan thermocouple). The paper reports on identified suitable
material combinations and the associated sensor performances.

Keywords: high temperature, low cost, polymer-based, spray processed thermocouple

(Some figures may appear in colour only in the online journal)

1. Introduction

Measuring temperature is a challenging task and of interest
in many application fields. On the one hand, temperature is
an important control parameter, e.g. in chemical processes,
and also plays an important role in virtually every technical
field, as most physical material properties (viscosity, tensile/
shear modulus, tensile/rupture strength and many more) show
significant temperature dependences. In the past, many types
of temperature sensors have been developed and optimized
for different applications. Particularly well-established senor
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types are thermistors (i.e. resistors with a positive [1], e.g. plat-
inum [2], or negative [3] temperature coefficient), radiometric
thermometers [4], semiconductor-based thermometers [5, 6]
and thermocouples [7]. If the sensor will be in direct contact
with the sample or should be integrated in machine parts or
surface layers, the sensor types of choice are often thermistors
or thermocouples. In environments where deformations and
high pressures are present, thermocouples are among the most
suitable temperature sensors as, compared to thermistors, the
temperature/pressure cross-sensitivity becomes significant at
much higher pressure levels [8, 9]. Additionally, besides their
robustness, thermocouples are available for a wide temper-
ature range from —270 up to 2760 °C [10]. Thermocouples
produce an output voltage, which is created by two different
conductors that are in contact and experience a temperature

© 2018 IOP Publishing Ltd  Printed in the UK
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gradient [11]. Typically, conductor materials are metals
[12—14]. For surface temperature measurements, thermocou-
ples on adhesive foils are commercially available. The use of
such thermocouples allows the placement of the sensor at any
position of interest but with the disadvantage that the sensor is
separated from the sample by the adhesive layer and perhaps
a polymer substrate, if a thin-film sensor is processed on a
foil with an adhesive layer. Due to the adhesive layer and the
polymer substrate (which is typically in the thickness range
of 100 pzm) the measured temperature can deviate or the mea-
surement response delayed. To overcome these drawbacks,
thermocouples can be fabricated directly onto the surface of
interest. Using common thin-film deposition methods such as
sputtering or physical vapor deposition (PVD) for the produc-
tion of metallic thermocouples, several limitations and disad-
vantages are inherently present, as these processes are rather
slow, expensive and the sample has to fit into the vacuum cham-
bers used for processing. A suitable alternative to sputtering
or evaporating of metallic thermocouples considered in this
paper is the usage of a spray process to form composite ther-
mocouples based on high temperature stable polymers with
conductive filler particles. The fabrication process is several
orders of magnitude cheaper and faster as PVD or sputtering
and no vacuum chambers and special equipment are needed.
For the sensors investigated in this work, the whole fabrica-
tion sequence is based on a spray-coating device, an airbrush
gun and an adhesive foil mask for structuring the functional
layers. A temperature sensor which unifies these advantages
has already been presented in a previous work [15], in which
the sensor was based on a custom-made carbon black paint
and a commercial silver ink. The presented sensor was fur-
ther investigated concerning crosssensitivity towards pressure
and long-term stability under heat treatements [16]. Since the
temperature sensor showed no crossensitivity towards pres-
sure and due to its encapsulation it was, in principle, suitable
for use in harsh environments. However, the presented sensor
concept needed to be impoved as the silver ink used was not
ideal due to degradation of the base polymer. In the present
work the main goal was to achieve high temperature stability,
reliable adhesion to the substrate and to obtain output volt-
ages comparable to commercially available thermocouples.
An absolute requirement for the functional materials in this
study is the suitability for use in harsh environments, e.g. at
high temperatures as well as in high-pressure regimes. Hence
this work deals with a material screening of commercial silver
inks in carbon black-silver thermocouples and, furthermore,
the experimental variation of filler materials in custom-fabri-
cated inks and their combinations to thermocouples.

2. Materials and methods

Since the thermocouples are fabricated in a spray process,
two different conductive paints with different Seebeck coef-
ficients (and an insulating paint if the substrate is conduc-
tive) are necessary. A schematic of the thermocouple on a
metallic substrate (as it is realized in this work) is shown

Conductive paint 1

Insulation

(a)

Conductive paint 2

Kapton connections

(of i [N ET [ &) Conductive paint 2

(b)

Insulation

Metal substrate

Figure 1. (a) Schematic depiction of the thermocouple consisting
of the conductive paths on the insulated metal substrate and the
connection strips, coated with the according conductive paint.

(b) Layer architecture of the thermocouple.

in figure 1(a). The thermocouple consists of the conductive
paths of paints 1 and 2, which are located on top of the insula-
tion of the stainless steel substrate and Kapton strips (coated
with the according conductive paint) facilitating the connec-
tion to the two electrodes. The sensitive area of the sensor is
the junction between paint 1 and paint 2. Figure 1(b) shows
the layer architecture of the temperature sensor.

The following section gives an overview of the prep-
aration of the insulation and the conducting paints which
are divided into commercial (silver inks) and customfabri-
cated paints (based on carbon black, iron or silver as con-
ductive material).

2.1. Preparation of the insulation paint

The chosen insulation polymer was polyamide-imide. Due
to its high temperature stability, continuous operation up to
250 °C and shortterm (1h) exposures up to 300 °C are pos-
sible. The polyamide-imide was diluted with N-methyl-2-
pyrrolidone (NMP) and p-xylene at a weight ratio of 10:12:8.
To reduce sagging of the paint when processed on vertical
substrates, 0.1 wt%o of a thixotropic agent (Aerosil from
Evonik) and to enhance the substrate wetting 0.3 wt%o of a
surfactant (BYK 310 from BYK) are added.

2.2. Commercial silver inks

The used commercial silver inks were Loctite EDAG PF 050
(further referred to as PF050), Pelco high performance silver
ink 16047 (further referred to as Pelco) and DuPont Ka 801
(further referred to as Ka801). For spray processing, the paints
PF050 and Ka801 were diluted with 50 wt% ethyl acetate,
respectively. The Pelco ink was diluted with deionized water
at a ratio of 1/1 and 1 wt% Tivida was added to improve the
wetting properties of the paint.



Meas. Sci. Technol. 29 (2018) 105104

M Knoll et al

2.3. Custom-prepared paints

The custom-prepared paints are based on polyamide-imide
(already used as insulation material) or heat-resistant epoxy
from Kwasny as a polymer matrix. Among the tested filler
particles, acetylene carbon black and iron nanopowder turned
out to be compatible with the polyamide-imide matrix. Before
the polyamide-imide was mixed with the filler particles,
3 wt%o of the surfactant BYK 310 and 5.5 wt%o Nuosperse
196 (enhances filler mixing in the paint) were added to the
polymer solution, which was further diluted with p-xylene
and NMP in a weight ratio of 10:28:24. Finally, carbon black
and iron powder were incorporated into the paint in a volume
content of 25 and 40 vol%, respectively. For better mixing,
the paint was first placed on a magnetic stirrer for 30 min and
afterwards placed in the ultrasonic bath for 8 h (iron paint was
premixed on a vortex mixer without a magnetic stirrer and
afterwards placed in the ultrasonic bath). The silver nanopar-
ticles were not compatible with the polyamide-imide, but with
the heat-resistant epoxy as polymer matrix. For the silver
paint, silver nanopowder, the heat-resistant epoxy and acetone
are mixed in a weight ratio of 2:5:2. The incorporation process
was the same as for the carbon polyamide-imide paint.

2.4. Paint processing

After the preparation process, the paints were suitable for spray
processing. In this work an airbrush with a nozzle size of 0.3 mm
was used to apply the paint. The first fabrication step was insu-
lating the substrate with the polyamide-imide paint since the
sensor was embedded onto a conductive stainless steel substrate.
The applicability of the insulation paint on substrates improved
when the substrate was preheated to 100 °C. Depending on the
substrate geometry, two or three coating steps were required to
achieve full electrical insulation. Between each coating step the
solvents were evaporated at 170 °C and after the last coating
step the paint was cured for 30 min at 250 °C.

The conductive paths of the thermocouple were structured
using an Aslan DK4 adhesive tape which was prepared in a
cutting plotter. The tape was placed on the insulated substrate
after the coating step the mask was removed, and the paint was
cured. The curing takes 30 min at 260 °C for Pelco, at 150 °C
for PF 050, at 200 °C for KA 801 and at 250 °C for the
polyamide-imide based silver and iron paints as well as the
silver epoxy paint. Finally, Kapton strips (used as flexible sub-
strates) were coated with the according conductive paint and
were connected (a droplet of the conductive paint was used
as adhesive) with the conductive paths of the thermocouple.
These strips were used as connections for the measurement.
A schematic representation of the layer architecture is repre-
sented in figures 1(a) and (b).

3. Characterization and results

The characterization of the processed thermocouples was per-
formed in a temperature test rig consisting of an aluminum
block with a heating cartridge, a resistance thermometer for
measuring the junction temperature, and a liquid-cooled,

_ Thermocouple junction
PT 1000

Aluminum block with _ -
heating cartridge

Liquid cooled ;
aluminum block <~
in housing

Figure 2. Characterization setup consisting of the aluminum block
including a heating cartridge, a PT 1000 resistor which is located on
the thermocouple junction, and an electrically insulated aluminum
block which is located inside a housing and is used to keep the
thermocouple connection temperature constant at 25 °C.

electrically insulated aluminum block inside a housing.
Figure 2 depicts the used characterization setup. The resist-
ance thermometer is a calibrated PT 1000 resistor according
to DIN EN 60751 from TE Connectivity and features an acc-
uracy of +0.3 °C. The thermocouple is placed with the junc-
tion side on the heating block and on top of the thermocouple
junction the PT1000 is placed to measure the junction temper-
ature. The connections lead to the liquid-cooled block where
the connection temperature is kept constant at 25 °C.

During a characterization cycle the thermocouple was
heated to a certain preset temperature; afterwards, the sample
was cooled down again to ambient room temperature which
took approximately 2h and 20 min. During the measurement,
a box was placed over the test rig to protect it from air flow.
The temperature difference AT in °C between the junction
and the terminal (temperature of the external connection in the
cooling block) and the according output voltage of the ther-
mocouple were recorded. The noise of the thermocouples was
quantified by calculating the standard deviation of the signal
and the sensitivity was quantified by calculating the Seebeck
coefficient of the material combination in order for the linear
slope of the output voltage to be more precise. The linear region
for all characterized sensors was at least up to a temperature of
60 °C. The adhesion of the thermocouple to the insulation is an
important factor, as the temperature sensor should not easily
peel off when stress is present. Thus, a tape peel-off test was
performed in which a tape was placed on a sample consisting
of a stainless steel substrate coated with polyamide-imide and
a 10 x 10mm square with the according silver paint on top.
The adhesion was tested by rapidly removing the tape under
a 180° angle. The adhesion is satisfactory when paint remains
on the substrate and does not peel off with the tape.

3.1. Characterization of the commercial inks

The commercial inks have been characterized in combina-
tion with carbon black in polyamide-imide paint (Cb_PAlI),
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Figure 3. Recorded output for three consecutive measurements (m1-m3) over the temperature difference AT (between junction and
connections) for thermocouples consisting of: (a) Cb_PAI combined with Ka801; (b) carbon black in polyamide-imide combined
with PF050; (c) carbon black in polyamide-imide combined with pelco. (d) Comparison of the characteristics of the three commercial

thermocouples.

as this paint is stable due to the polymer binder (shortterm
treatment 300 °C) and therefore suitable for this purpose. The
Ka801 ink (which has already been used earlier [15]) is suit-
able for the spray process but is of limited use when it comes
to high temperatures due to degradation of the polymer binder.
Thus, two different silver inks were tested, PFO50 and Pelco.
The recorded measurement data are depicted in figure 3.
Figure 3(a) depicts the temperature dependent output voltage
of the Cb_PAI-Ka801 combination. The characterization was
performed up to an absolute temperature of 200 °C while the
terminal temperature was kept at 25 °C, which results in a
maximum temperature difference AT between terminal and
junction of 175 °C. The thermocouple shows a nonlinear
characteristic at higher temperatures where the sensitivity
increases with temperature. A maximum output of 3.37 mV is
measured for a temperature difference of 175 °C. The noise of
the output signal is in the range of +2 11V and the calculated
Seebeck coefficient is 15.47 uV K1, therefore the temper-
ature resolution of the sensor is below 1 °C.

The temperature characteristic of the output voltage vir-
tually remains the same over the three measurement cycles,
whereas the PFO50 in combination with the Cb_PAI (depicted
in figure 3(b)) shows a significant nonlinearity in the first
measurement which changes somewhat for the two following
repeated measurements.

Thus, the PF050 is not suitable for high-temperature environ-
ments as the sensitivity continuously decreases. Nonetheless,

Ka801 Pelco

PFO50

before

after

Figure 4. Commercial silver paints on PAl-insulated steel substrate
before and after the tape peel-off test.

the thermocouple is stable at low temperature regions and shows
a Seebeck coefficient of 12.47 ;V K~! and a noise of +3.99
(V. The Pelco in combination with the Cb_PAI features repro-
ducible characteristics during the three measurement cycles;
a slightly nonlinear response to temperature with increasing
sensitivity at higher temperatures could be observed. The max-
imum output voltage reached in the measurement is 4.1 mV,
the Seebeck coefficient within the first 60 °C is 14.4 uV K!
and the observed noise is in the range of 2.5 V. Although
the Pelco shows a lower sensitivity than KA801 (15.47 uV K~!
versus 14.4 1V K1), it is not limited to lower temperatures and
it shows furthermore a low noise in the output voltage which
allows a temperature resolution below 1 °C. Thus, when it
comes to high-temperature applications, the Pelco paint is the
most suitable commercially available silver material tested in
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Figure 5. Recorded output for three measurements over the temperature difference AT (between junction and connections) for
thermocouples consisting of: (a) iron in polyamide-imide combined (Fe_PAI) with Cb_PAI; (b) iron in polyamide-imide (Fe_PAI)
combined with silver in heat resistant epoxy (Ag_hr); (c) Cb_PAI combined with silver in heat resistant epoxy (Ag_hr). (d) Comparison of

the three thermocouples.

course of this work. Figure 4 depicts the samples before and
after the tape peel-off test. The adhesion of the Ka801 was not
satisficatory as it was possible to remove the complete paint
layer. The Pelco paint was also easy to peel off in the adhesive
tape test. The only commercial paint with satisficatory adhesion
on the polyamide-imide was the PF-050. As the tested commer-
cial paints either show poor adhesion on the insulation (Ka801
and Pelco) or do not have sufficient temperature stability (PF-
050 and Ka801), an additional two custom-fabricated paints

were prepared and tested.

3.2. Characterization of the custom-prepared inks

Three thermocouples were prepared consisting of Cb_PAI in
combination with iron in polyamide-imide (Fe_PAI), Cb_PAI
in combination with silver in heat-resistant epoxy (Ag_hr),
and iron in polyamide-imide in combination with silver in heat
resistant epoxy. All three thermocouples are at least stable up
to 250 °C and for short-term (1h) exposures up to 300 °C.
The recorded measurement data for these thermocouples are
shown in figures 5(a)—(c). The thermocouple in figure 5(a)
(made out of the Fe_PAI and the Cb_PAI) shows an increasing
sensitivity with increasing temperature. The maximum output
is 14.3 mV at a junction temperature of 250 °C and a terminal
temperature of 25 °C resulting in a temperature difference AT

of 225 °C. The determined Seebeck coefficient in the linear
region is 52 ©V K~! and the noise in the output signal is
£5.9 1V, which allows a temperature resolution below 1 °C.
The characteristic remains stable over the three repeated mea-
surement cycles. The thermocouple consisting of Fe_PAI in
combination with the Ag_hr has a nonlinear response at higher
temperatures, which can be seen in the three measurements in
figure 5(b). The achieved output at a temperature difference
AT of 225 °C is 10.7 mV, which is slightly below the output
of the carbon black/iron thermocouple. The Seebeck coeffi-
cient is 40 uV K~ ! and the noise +5.6 1V, which is allows a
temperature resolution below 1 °C. The lowest output of the
custom-prepared paints of 4.25 mV at a AT of 225 °C was
observed for the Cb_PAI/Ag_hr thermocouple, the temper-
ature voltage characteristic of which is depicted in figure 5(c).
The determined Seebeck coefficient is 14.8 4V K~! and the
noise of the output was +2.5 V. Figure 5(d) compares the
recorded outputs of the thermocouple combinations made out
of the custom prepared inks. To determine the compatibility of
the custom-prepared paints with the insulation paint, again the
tape peel-off test was performed. Figure 6 depicts the CB_PAI,
the Fe_PAI and the Ag_hr before and after the tape removal.
All three paints survived the peel-off test without ablations,
which indicates sufficient adhesion strength.
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Cb PAI

Fe PAI Ag hr

Figure 6. Custom-prepared paints on PAI insulated steel substrate
before and after the tape peel-off test.

before

after

The signal quality (low noise compared to the output
voltage) is in the same range or even better for the thermocou-
ples based on custom-prepared paints compared to the thermo-
couples using carbon black/commercial paints. In comparison
to the commercial inks and the custom-prepared silver ink, the
advantage of the custom-prepared silver is better adhesion (no
ablation after tape peel off) to the substrate. When it comes to
the thermocouple based on iron in polyamide-imide and silver
in heat-resistant epoxy, the output voltage could be more than
doubled compared to the carbon black/silver thermocouples.
An additional increase in sensitivity is achieved by the combi-
nation of the iron and carbon black paint. Furthermore, these
paints provide the best compatibility with the substrate as the
substrate insulation and the conductive paints are based on
the same polymer binder (polyamide-imide) and no ablation
in the tape peel-off test was observed. As the thermocouple
should be embeddable and therefore useable in harsh environ-
ments, the adhesion of the paint layers is essential; also a high
output voltage is of advantageous for the readout of the sensor.
Thus the iron/carbon black (Fe_PAI/Cb_PAI) thermocouple
turned out to be the most suitable thermocouple of the tested
combinations when it comes to sensitivity (52 £V K1), adhe-
sion and noise (£5.9 pV noise compared to a sensitivity of
52 pV K1), which allows a temperature resolution below
1 °C of the fabricated thermocouple.

Concluding an aging test and comparison with a commer-
cial type J thermocouple (iron—constantan) were performed
with this particular thermocouple. To see at what extent aging
of the thermocouple affects their characteristics, the ther-
mocouple was stored at standard laboratory conditions for 4
months without encapsulation so that oxidation could poten-
tially occur. After these 4 months, three repeated measure-
ments were performed in the same way as before the aging
process. The measured data recorded for the new and the aged
Fe_PAI/Cb_PAI thermocouple are depicted in figure 7(a). The
insets in this figure show the deviation of the recorded ther-
mocouple outputs. The deviation of the single measurements
to a calculated average is below 0.1 mV up to a AT of 160 °C.
Only at even higher temperatures the deviation increases to
0.25 mV, which is in total 1.7% of the output signal, meaning
that no significant change in the characteristics of the thermo-
couple was observed although it was stored without encapsu-
lation. Figure 7(b) shows the Fe_PAI/Cb_PAI thermocouple
in comparison with a commercially available type J thermo-
couple (iron—constantan). Compared to the type J thermo-
couple, the custom-fabricated one shows a comparable signal
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Figure 7. (a) Output of three measurements of the new and of the
4 monthaged iron/carbon black thermocouple (b) comparison of
the output voltage of the carbon black/iron thermocouple and a
commercial type J thermocouple.

polyamide-imide kapton foil ceramics

Figure 8. Fe_PAI/Cb_PAI thermocouple processed on PAI-
insulated metal, Kapton foil before and after the tape peel-off test.

before

after

quality (noise of the type J thermocouple was determined
to be +4.5uV compared to +5.9 uV of the Fe_PAI/Cb_PAI
thermocouple) and an even higher output voltage at higher
temperatures. These properties make it suitable for many
applications where the integration of the sensor is required or
favorable.
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In this work, the Fe_ PAI/Cb_PAI thermocouple was pro-
cessed on stainless steel using a polyamide-imide insulation
layer. But the sensor is not limited to this particular substrate.
For nonconductive substrates, the insulation layer can be
omitted, and the sensor directly processed on the substrate,
e.g. Kapton foil or ceramics. Due to its thin layer height
and the polymer binder, the thermocouple can also be used
in applications where flexibility is required. The adhesion is
guaranteed for these substrates as no ablation in the tape peel-
off test was observed. Figure 8 depicts the Fe_PAI/Cb_PAI
thermocouple processed on stainless steel insulated with poly-
amide-imide, Kapton foil and ceramics before and after the
tape peel-off test.

4. Conclusion

In this work we presented the enhancement and detailed
characterization of polymerbased thermocouple sensors
in terms of output voltage, high temperature stability and
adhesion properties. The most promising sensor type with
respect to adhesion, noise compared to sensitivity and
output voltage is based on polyamide-imide and contains
either carbon black or iron nanopowder as filler material
(Fe_PAI/Cb_PAI thermocouple). The observed noise was in
the range of +-5.9 1V and the sensitivity was 52 pV K~!in
the linear region up to 60 °C and even higher in the non-
linear region above this temperature resulting in a max-
imum output of 14.3 mV at 250 °C (terminal temperature
25 °C resulting in a AT of 225 °C). The devised Fe_PAIl/
Cb_PAI thermocouple shows an output voltage which is
higher than that of the characterized commercial type J
thermocouple (iron—constantan) benchmark (=13 mV at
250 °C). In applications where the sensor is used on con-
ductive surfaces, the insulation layer is made from the same
polymer as the conductive paints, which guarantees adhesion
of the layers; as verified by the tape peel-off test where no
ablation of the paint was observed. The used polymer binder
allows applications with temperature exposures up to 250 °C
(continuously) and 300 °C for at least 1 h. The fabrication
process is a low-cost and fast spray process. The sensor is
applicable to most common high-temperature stable surfaces
(Kapton, metal and ceramic) and showed no significant aging
when stored without encapsulation for a couple of months.
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