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ABSTRACT

Development of Smart Paints for Surface Temperature

Measurement

Ju-Hun Ahn
Advisor : Prof. Chang-Yull Lee, Ph.D.
Department of Aerospace Engineering

Graduate School of Chosun University

Thermal energy is a fatal factor that causes errors in mechanical parts such as
aircraft and satellites. Temperature is measured with a temperature sensor to monitor the
source of thermal energy. However, the commercially available temperature sensor has a
limited shape and a number of temperature sensors are required to measure the
temperature distribution. If the shape of the temperature sensor is limited, it is difficult
to attach to the curved surface, resulting in measurement error. In addition, the use of
numerous temperature sensors to measure the temperature distribution increases the
likelihood of error. To overcome these drawbacks, smart paint has been proposed. This
adds conductivity and temperature measurement properties to liquid paints. Smart paints
use conductive materials and are made by imparting certain properties to conductive
paints, which are commonly used in the field of circuit printing. Smart paint has been
mainly used to measure vibration and pressure using piezoelectric materials, but research
on smart paint to measure temperature is still insufficient.

This paper has developed smart paint for surface temperature measurement, and
further confirmed the possibility of temperature distribution measurement. The PTC
thermistor features a principle of increasing resistance when the temperature rises.
BaTiO,, a ferroelectric ceramic, was used as the main material of the PTC thermistor.
Polymer solutions were prepared for the proper viscosity of the paint and ferroelectric

ceramics were added to enable temperature measurements. Ag paste was also added to

- vii -
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have electrical conductivity. Previous studies confirmed the possibility of smart paint by
experimenting with the property of increasing resistance when the temperature rises.
Smart paint needed to be optimized for production. The optimization experiment was
carried out by dividing into two kinds of characteristics according to the material and
process.

The order of addition of the materials used to make the paint was experimented. The
unstructured order of adding materials will affect the resistance and temperature
measurement capabilities of smart paint. Therefore, optimization was necessary. Next,
the characteristics according to the ceramic ratio were experimented. The higher the
ceramic ratio, the better the PTC characteristics. However, it was expected to affect the
resistance characteristics and it was necessary to identify the most economic ratio of
ceramics. In the manufacturing process, a stirrer and a convection oven were used. The
experiment was carried out to enable a stable paint production through the stirring time
of the stirrer. In addition, through the curing characteristic experiments using a
convection oven was optimized for the storage of paint at room temperature and the
appropriate curing method.

The produced smart paint had a defect that the surface was not stable because of
very low adhesion. In order to solve this problem, a coating was proposed.
Commercially available epoxy coating solutions were not stable at elevated temperature,
resulting tn new coating solutions. The coating method of the new coating solution was
optimized and the rotational speed and rotation time of the spin coater were
experimented to verify the coating properties. The coating ensured surface stability.
Application experiment of smart paint confirmed the possibility of measuring
distribution. As a result of the distribution measurement, the resistance with temperature
was measured stably.

The smart paint produced by this study can measure the temperature of curved
surface and the temperature distribution of the desired position. Furthermore, if the
monitoring technology for temperature distribution is secured, it is expected to be a

highly available temperature sensor.
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Table 2.1. Type of temperature sensors.
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Table 2.2. Characteristics of the thermal and quantum types of temperature sensors.

578 23 A
flice s = k-5
Rhe g Ehsy Al
A 2= Chs jrika;

H& A7t 77}
78 58 2ok 48 A

Metal A + - Metal A

Fig. 2.1. Schematic diagram of Seebeck effect.
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Table 2.3. Chemical composition of crystal state for thermistor types.

¢ | 2% 4 sjetzy
Al, O, — CoO— CaSi O,
Al,O, — CoO— MnO— CuSiO,
Spinel 7| Al,Oy — NiO— CoO— CaSi Oy
N MgO— Cr,y Oy — MgO— Fe, Oy
° MyO— AlyO,— NiO— Cr,0,
3 BaO— Ti0,— MyO— Fe, O, — M, O,
NTC Perovskite 7
PyO—Ti O, — Mg O— Fe, Oy — Mn, O,
7:0 7] ZrO— Y, 0, — ZrO— CtO,
S| Mn— Ni— Co
2 Spinel Mn— Ni— Co— Cu
& Mn— Ni— Or
A Curie % 288 : P, S, S, Zr
BaTiO -
B A7 EXR : ALO, S0, TiO,
PTC ZnTiNiO A|¥
Polymer A
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Fig. 2.2. Resistance characteristics of PTC and NTC thermistors.
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Fig. 2.3. Schematic diagram of crystal structure and phase change for Ba7iO;.
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Fig. 2.4. Curie temperature varies with substitution of BaTiO;.
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Mixture of DMF and PEO

e _#
]
i N
Stirring
b .
|
r N

Ceramic Addition

b .
f I A
Stirring
N »
r I A
Ag Addition
b w
r I A
Stirring
5 7
]

f A

Completion of Temperature Sensor Paint

Apply Using a Brush

Curing in the Oven

Fig. 3.1. Fabrication algorithm of smart paint sensor for surface temperature

measurement.
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Resistance Measurement

Chamber

Data Transmission
Data Reception

Heat Pipe

Temperature Measurement

Thermocouple

Fig. 3.2. Schematic of experimental setup for measuring resistance that varies with

temperature.

Fig. 3.3. The resistance and temperature history for 20 to 200C.
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R
20.0um 4 11.2mm x2.00

Fig. 3.4. SEM photographs of experimental specimens prepared in the different order
(2000X): (a) Ceramic first, (b) Ag first, (c) Ceramic and Ag together, (d) PEO,

Ceramic and Ag together.
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------- (A) Ceramic first
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Resistance( ()

5 1 1 ] L ] 1 I 1
20 40 60 80 100 120 140 160 180 200
Temperature(T)

Fig. 3.5. The resistance history of test specimens according to manufacturing sequence.
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Table 3.1. Resistance at temperature and 200C and thus resistance variations: (a)

Ceramic first, (b) Ag first, (c) Ceramic and Ag together, (d) PEO, Ceramic and Ag

together.
o Resistance at room Resistance at 200°C | Resistance variations
temp. (Q2) () ()
(a) 5.313 6.826 1.513
(b) 5.346 6.985 1.639
(c) 5.152 7.057 1.905
(d) 5.552 6.432 0.88
- 18 -
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(b)

(d)

(f)

(g) (h)

Fig. 3.6. Experimental specimen of smart paint manufactured with different ceramic
addition ratios: (a) : 25%, (b) : 50%, (c) 75%, (d) 100%, (e) 125%, (f) 150%, (g)
175%, (h) 200%.
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Fig. 3.7. SEM photographing according to ceramic addition ratios (2000X):
(@) : 25%, (b) : 50%, (c) 75%, (d) 100%, (e) 125%, (f) 150%, (g) 175%, (h) 200%.
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Fig. 3.8. The resistance history at different ceramic addition rates:
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Table 3.2. Resistance at temperature and 200°C and thus resistance variations.

Resistance at
Ceramic Rate Resistance at Resistance
Case room . .
(%) 200°C (Q) variations ($2)
temperature (<)

(a) 25 5.00 5.07 0.07
(b) 50 5.10 5.08 0.07
(©) 75 5.00 5.09 0.09
(d) 100 5.04 6.09 1.05
(e) 125 5.04 6.15 1.11
® 150 5.03 6.31 1.31
(2) 175 5.06 7.53 2.47
(h) 200 5.16 30.63 25.47
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Fig. 4.1. SEM photographing of smart paints with different stirring time (2000X):
(a) 6 hours, (b) 24 hours, (¢) 96 hours.
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Fig. 4.2. The Resistance history by stirring time.
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Table 4.1. Parameters for experiments on curing process.

Case Temperature (°C) Time (h)
(@ 25 12
(b) 25 24
(©) 25 48
(d) 50 12
() 50 24
() 50 48
(2) 100 12
(h) 100 24
(1) 100 48

-3 -
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Fig. 4.3. SEM photographing of smart paints made with curing process using
temperature and time parameters (20000X): (a) 25C and 12 hours, (b) 25C and 24
hours, (¢) 25C and 48 hours, (d) 50C and 12 hours, (¢) 50°C and 24 hours, (f) 50C
and 48 hours, (g) 100C and 12 hours, (h) 100C and 24 hours, (i) 100°C and 48

hours.
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Fig. 4.4. The resistance history by curing

time and curing temperature:

(a) Curing temperature of 25C, (b) 50C, (c) 100TC.
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Table 4.2. Comparison of resistance variation for curing process.

Collection @ chosun

Curing Resistance at
Curing Time Resistance at Resistance
Temperature room temp. 3 L.
i (h) 200°C () variations (&)
(0 ()
12 5.04 6 0.96
25 24 5.04 5.78 0.74
48 5.03 5.86 0.85
12 5.03 6.52 1.49
50 24 5.03 6.77 1.74
48 5.03 6.81 1.78
12 5.02 6.80 1.78
100 24 5.02 5.77 0.75
48 5.03 5.76 0.73
- 35 -




HeIES DEZ2 YEHHOZ EA DES ME
RS 22 BEE =EHoI| &MUl sotliel= &
120 A MEEH= 2=d M ANE H
OIULH =2 20N SEFH2Z ME0l It
std it WEE0l 5101 PI(Polyimide) EHS
N g31el&2 Fig. 5.1.00 UEHHACH ZE

o
_O'j
-
o]
=2
K
=
kU
om
]
Qi

T 7o

DMACc(N,N-Dimethylacetamide,

99.5%, DaeJung)E E01Z St ODA(4,4’-Oxydianilne, 98%, Alfa Aesar)E SE0| =

Ct. Spin Coater= 3&E 0I25t0 2

= Fig. 5.2.01 EfLILHRUACH Spin CoaterO0il At
=

oHol HEo JIE2

0l U_2LH, AtEot=

{0F &tCt. Spin Coater
Ha 401X AlZE B
5100 LIEFLHUCH ZE

M, =cl& JI2UE

i
L=
0
]
i
m

Collection @ chosun

_36_

IHZ2= &, A2t S

82 MNEMSIAUCLH FE = &

AU AtESH B NEE Table

IZ22 & SX ZHS UiIXl A2
H oA L



Mixture of DMAc and ODA

Stirring

PMDA Addition
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Completion of Coating Agent
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Curing in the Oven

Completion of Temperature Sensor Board

Fig. 5.1. Fabrication algorithm of coating solution.
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Fig. 5.2. Spin coater used in the experiment for coating.
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Table 5.1. Rotation speed and time parameters of the spin coater used for coating.

Case Rotation Speed(RPM) Time(s)
(a) 250 30
(b) 250 60
(c) 500 30
(d) 500 60
(e) 750 30
® 750 60
(2) 1000 30
(h) 1000 60
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CHOSUN UNIVERSITY

(8)

Fig. 5.3. Experimental specimens before coating: (a) 250RPM and 30s, (b) 250RPM
and 60s, (¢c) SO00RPM and 30s, (d) S00RPM and 60s, (¢) 750RPM and 30s, (f)
750RPM and 60s, (g) 1000RPM and 30s, (h) 1000RPM and 60s.
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(8) (h)

Fig. 5.4. Experimental specimens with changes in coating: (a) 250RPM and 30s, (b)
250RPM and 60s, (c) S00RPM and 30s, (d) SO0RPM and 60s, (¢) 750RPM and 30s,
(f) 750RPM and 60s, (g) 1000RPM and 30s, (h) 1000RPM and 60s.
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(a)

Fig. 5.5. Effectiveness of coating identified using Kaptoon tape: (a) Before coating, (b)

After coating.

_44_

{“ICollection @ chosun



T T T T T T T

—— Uncoated Substrate
68 = = Coated Substrate ||

6.6 - A

Resistance(£ )
o o g
[e2) [«2] (%] E=

o
=2}

5.4

52

20 40 60 80 100 120 140 160 180 200
Temperature(C)

Fig. 5.6. Resistance history by uncoated substrate and coated substrate.
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CHOSUN UNIVERSITY

Fig. 6.1. Painting design for measuring temperature distribution.
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DAQ :

Fig. 6.2. Schematic of experimental setup for measuring resistance that temperature

distribution.
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