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A study on Heating Behavior and Adhesion Property of Ni particle-embedded
TPU and Thermosetting Epoxy Adhesive through Induction Heating

Tae Gyu Im

Department of industrial engineering,
The Graduate School, Pukyong National University

Abstract

Nowadays, in order to improve an efficiency of manufacturing process
according to developing of technologies and industry, diverse studies have been
vigorously conducting. Among a lot of industries, bonding process included in
shoes, automobile or aircraft area is generally using convection oven method for
heating the material. This method can be applied to consecutive processing for a
large quantity of material as well as huge object such as automobile. However,
because heat moves from surrounding air to adhesive through the object, object
can be damaged thermally. Therefore, for replacing this heating method, a new
method is needed for speedy and efficiency heating.

Induction heating is a method which heats the object using by high frequency
alternating magnetic field (AMF). Because it is adopting the amf, it can be
possible non-contact, selective and localized heating. Hence, induction heating
was utilized in welding, annealing or melting of metal in the past, now it is
being used for hyperthermia, electric stove as well as bonding between metal
and polymer. When the induction heating is applied to shoe, automobile and
aircraft industries, more efficient heating process can be possible by reducing
the processing time.

In order to apply an induction heating method to manufacturing process,

object should has a conductive or magnetic property. However, normal adhesive

- vii -



do not have these properties, so magnetic materials such as metal or ceramic
should be embedded into the adhesive for generating heat. There are lots of
studies about induction heating behavior of metal particles such as Fe, Ni, Co,
Cu, FesO4. As a result, It was possible that controling the heat generation by
regulating size, contents of particle, output of induction heater and adhesive
thickness. Also, this heating method showed a faster heating speed and higer
efficiency than oven heating.

In this paper, spherical type Ni particle with 70nm, lpm, 70um in size, flake
and irregular type Ni particle with lum in size were used as a susceptor for
observing an induction heating behavior and adhesion properties of TPU
(Thermoplastic poly urethane) adhesive with respect to size, contents and shape
of Ni. Furthermore, induction heating behavior and adhesion property of multi
layered TPU adhesive with core layer in regard to content of Ni particle have
been studied.

Additionally, induction heating behavior and adhesion property of one

component epoxy adhesive with 70nm Ni spherical type particle also have been

studied on thickness of adherend, content of Ni.
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Fig 1. Eddy current induced by alternating magnetic field.
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2.2. Curie Temperature
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2.3. Skin effect
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Fig 3. Schematic of skin effect in cylindrical object.



2.4. Failure mode
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Fig 4. A kind of failure mode of adhesive.



3.1. 945 E4
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N,N-dimethylamide (DMF)E &#|2 A}&3193, BYK-333S A¥A =2
AL-&-3F9)t}. Nitrile butadiene rubber (NBR)E 3] 24| 2 A}-8-3}91 T}

A HHAE dAY dFA FE=E& HAA (D type, Unitech,
South korea)E Abg3l o™, Glass fiber reinforced plastic (GFRP,
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g9 READ SeABS AW AFE 2ol

_10_



32. w=7tE & HAA A=z

321 TPU &9 R HAZ{A & Az
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LMixing MEK (4) with DMF (1) ‘

| |

L Adding TPU to (MEK+DMF) |

solution

|

( Dropping BYK-333 to ‘
(TPU+MEK+DMF) solution

|

, Heating and stirring the ‘
solution at 45°C, 200RPM

Fig 5. Process on manufacturing TPU adhesive solution.
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Table 1. Ingredients of TPU films for induction heating :

content of susceptor and thickness of film.

shape, size,

Thickness of film

Shape Size Content (phr)
(um)
Spherical Tpm 20 200
Irregular Tpm 20 200
Flake Tpm 20 200
Spherical 70um 20 200
Spherical 70nm L5 200
Spherical 70nm 10 200
Spherical 70nm 20 200
Spherical 70nm 30 200
Spherical 70nm 30 300
Spherical 70nm 30 400
Spherical 70nm 30 500
Spherical 70nm 40 200
Spherical 70nm 50 200
Spherical 70nm 60 200
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Table 2. Components of mono and multi layered TPU film.

. Particle content . Total film
Number Thickness of . Total particle .
in core layer thickness
of layer  core layer (um) content (phr)
(phr) (um)
1 200 20 20 200
3 100 40 20 200
3 65 60 20 200
3 50 80 20 200
3.22. €99 A FA HFAA Az
oF 20g9] dAE oNZFA HZAo 70mm =719 T+ Ni 2Le 7tz

(327t 2% g AR G

_’]4_

FAALN 2 ol g3l 5
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Hysteresis lossi= A A W 9] magnetic domain®] <52 nliF #}7] Ao
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= Q734 "o o]+ & hysteresis loop area®] = 7|9} hysteresis loss
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Fig 6. SEM images of Ni particles : (a) 70nm spherical type (b) lum spherical
tpye (c) 70um spherical type (d) lum irregular type (e) lum flake type
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Table 3. Heating behavior of TPU film with respect to particle shape

through induction heating.

Shape Spherical irregular Flake

Reaching time to

800 210 65
120°C (s)

Table 4. Coercive force and hysteresis loop area of Ni particle.

Particle shape Hysteresis loop area
Irregular 3191
Spherical 2641

Flake 74272
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fo] Bae] =7)7} Z7)ete] wiel TPU 89 2d AHAEE 7histeE
AL skt olgfgt Fd AFe zol= AFEHE Ni B¢l Specific

Absorption Rate (SAR) #& =A3te] &<l & = Aot AAdA = e

i
ol

skin depthE zt+=d 29 =77} o] Bt} #S 454 hysteresis loss
of o3k wrd AEwk vpelyr] wjio] hysteresis loop WA ¥} coercive
force 4 3l ¥E 2&S & F Ak AR, 2o A7)t o]
Bt & Z9%9 eddy current lossol g =Awk yElr] i
hysteresis loopE F3 &9 285 d=817 oJydu. wakA, & 43k
9l SARS o] &3oF 3l SARS i A7l g8 7tdEE A A

AP FYstd AgHE ROE obdlel 4 WS ol ®/d

_1[)1'

t}[14,15] C,= =412 specific heat capacity, AT/AtE A7 WA3E e
25 W8 mpgices 2O FF &S UERAT Fig. 8% Table 69 &

2ol A7]e] wE SAR #& UEHHth 22 =277 Skl wE SAR

grol sl WMol F=71d Bd A H4% Aoz fAdd

SAR = C p article (4)
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Table 5. Heating behavior of TPU film about particle size through

induction heating.

Reaching time to

Si Content (ph Thick
ize ontent (phr) ickness (um) 120°C (s)
70nm 100
Tpm 20 200 200
70um 900
10
B L
= 6r
=3
o
o4t
2L

Fonm 14m T0um
Ni particle

Fig 8. Specific absorption rate of Ni particle with respect to the particle

size.
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Table 6. Specific absorption rate and ingredients of Ni particle

according to the particle size.

Ni particle

) Cp ATIAL mNi SAR(W/g)
size
100nm 0.44 3.93 0.20 8.65
lym 0.44 1.97 0.20 4.32
70um 0.44 0.44 0.20 0.96

423. Ni 229 &F 2 JFZA FAe g IF

TPU A& Aol H7Fe 70nm Ni &3¢ =S Sphri-H 60phr7tA] &7
ke 120C =2 Albs S48 Y Sphrel Ni 2%o] H7hd Al 9
49 120Co =ds7|7hA] oF 490%7F Aoy 7 e d AssS
U o1, 60phre] Ni #2o] H7t® AlHol AL oF 24% HE7} A%
Hu 7Hd =& 29 s UEHEY TPU &9 37k Ni 229 3

TPU H2Alel FAe g fFm71d 2d AsS gdstr] 98k, 70
mm Ni &% 30phr7} A 7kd HAZAE 200, 300, 400pm 18] 3 500m ]
FAR Argstn FE4E 2 A%S R FA Skl nld)
gto] 120C =9 Alzto] #FolAl= A& Ak Ni 22 g% 9

A o] FA Aste]l mE TPU A9 #X7t4 AES Table 7, 8l
LHEF T
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Table 7. Heating behavior of TPU film on content of particle through

induction heating.

Reaching time to

Size Content (phr) Thickness (um) 120C (s)
5 490
10 150
20 100
70nm 30 200 52
40 32
50 28
60 24

Table 8. Heating behavior of TPU film according to thickness via

induction heating.

Reaching time to

Size Content (phr Thickness
(phr) (um) 120°C (s)
200 52
300 48
70nm 30
400 40
500 35
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H

Ni 2ol g4 ®igle] w2 TPU A9 vte] Zx= 54 A& Fig
9¢} Table 9o YeERATH 738 o] H7ba AJHe 49 o 3.2kegf/cm
o] =& YElla, B2 34kgf/cm 18] A, B E FEo] Hutd A
A oF 34kgf/emé] =S WEFWHY BERJE 37FA Al RS 2 A9 2
| AdelA mto] dojydrh, AHoE E Ao ALEE Ni e

Je VXA 2 Ao i
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F4e TPU AFA "z Zxrel A9

E =
T

(%)
T

%]
T

Peel strength (kgficm)

—
T

Spherical Flake lrregular
Shape of Ni particle

Fig 9. Result of peel test of TPU film with respect to Ni particle
shape.
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Table 9. Peel strength value and failure mode of TPU film.

Shape Sperical Flake Irregular
Peel strength . .
3.2 3.4 3.4"
(kgf/cm)

*

43.2. Ni 229 =7 ¥3te] B IF

(<]

i

Ni £%e] 37 Wzt mE TPU HAA S H& 54 &4 43 70m
Ni &2o] A7t AlHAA oF 44kgf/cm= 7Hd =& e A=7F S4 5
Aow Ium 2712 Ni +Zo] "7td AlAd A 3.2kgf/cm 183 70um =
719] Ni 2ol 7l AlHoA 28kgf/cm® FXx=Z Ni w29 =77}
S7HEE vy e fgacste d3ds UHERAT AHY g BE S
wa] A=7F 7 =2 70nm Ni AlHo A HZA migto] Uojyfon ol F
7t dastEA HR2AA/SFRA AW dpdo] dojykt. TPU FEFo A
7he Ni 22e] A717F S7bebax F&Ae 383 H2A/9 24 3+
AW S Azl Aoz sgdnt Ni 229 A7] ®isglol up& v

g 7= 2 g £38S Fig. 103 Table. 100 e T
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433. Ni 229 &3F 2 HZAA FA4 W3l e ¥
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S Yet ey o] ¢ =& 60phrol A 34kgf/cmz= Hhe] A= ghol
daetn SAE AE F P 92 s UErATE Ni B ekl
S7hshel wel wvre] Fwvh Srkebe 4dE vEl e, 50phr 2ok H

A JHZA stdem Wiy olyd A¥dE Edz, TPU FFo H7id
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e 77 BAA 9ds sdARE S0phr ol F Uy B2 R

=e] 238l HHAA S-S AR AT 5+ Aok Ni 2%
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Peel strength (kgficm)

70 1am 70um
Particle size of Ni

2.5

Fig 10. Result of peel test of TPU film in terms of Ni paticle size.

Table 10. Result of peel strength and failure mode of TPU film with
regard to the Ni size.

Particle size 70nm 1pm 70pm
Peel strength ” .
4.2 3.2 2.8"

(kgf/cm)

* ¢ Adhesive failure
** : Cohesive failure
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Fig 11. Peel strength of TPU film about Ni particle content.

Table 11. Result of peel strength and failure mode of TPU film

according to the Ni content.

Particle content
5 10 20 30 40 50 60
(phr)
Peel Strength * * * %k * %k * % * % * %k
3.7 3.8 4.2 4.6 5.1 5.4 3.4
(kgf/cm)

_3‘]_

* : Adhesive failure

“ ¢ Cohesive failure
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50

35

Peel strength (kgficm)

30}

200

300

400

Film thickness (um)

500

Fig 12. Result of peel test of TPU film with respect to thickness.

Table 12. Peel strength value and failure mod of TPU film in terms of

film thickness.

Film thickness

200 300 400 500
(jm)
Peel st th
eel  SHenst |y o 3.5 3.4° 2.8"
(kgf/cm)
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TPU 259 &g & % ®Hgle] & 140C = AlZF 2 250% &<

A A mae £EE 4 sophrel dao] WrbE wAZe 73

400
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Fig 13. Heating behavior of mono and multi layer TPU films.
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Fig 14. Peel strength of mono and multi layered TPU film.
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(a) (b)

-
_.'. .

()

Fig 15. Images of fracture plane of mono and multi layer TPU film

after peel test : (a) mono layer film, 20phr (b) 100um core layer, 40phr

(c) 65um core layer, 60phr (d) 50um core layer, 80phr.
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(a) (b)

Fig 16. Analysis of NBR surface (a, white arrow) after peel test and
enlarged SEM image (b).
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Fig 17. Result of IR analysis of raw TPU film, Rubber and failure

surface.
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Table 13. Reaching time to 180°C on contents of Ni particle of epoxy

adhesive.

Specimens 1.0vol.% 1.5vol.% 2.0vol.% 2.5vol.% 3.0vol.%

Reaching

time to X 4min 15s 2min 23 Imin 27s Imin 3s
180°C

200
180
160

— 3t

6t

—_

S

o
T

—7

Temperature (°C)
r ® ® O D
o o o (e) o
T T T T T

N
o
T

0 20 40 60 80
Curing time (min)

o

Fig 19. Temperature plot of raw epoxy adhesive in terms of thickness of
substrate heated by convection oven.
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Fig 20. Temperature plot of epoxy adhesive with respect to thickness of
substrate heated by induction heating.

Table 14. Reaching time to 180C of epoxy adhesive on thickness of

substrate.

thickness of

3t 6t 9t
substrate
Oven heating 10min 30s 22min 6s 30min 42s
Induction heating 2min 23s 3min 35s 4min Ols
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Fig 21. Comparison of reaching time to 180T of Oven curing and

Induction heating on thickness.
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Fig 22. Result on single lap shear test of adhesive with Ni particle and

raw adhesive heated by convection oven.
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Fig 23. Result on single lap shear test of adhesive with Ni particle

heated by Induction heating.
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