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On-line Cure Monitoring of Adhesive Joints by Dielectrometry

Jae-Woo Kwon*‘, Woo-Seok Chin**, and Dai-Gil Lee™"

ABSTRACT

Since the reliability of adhesively bonded joints is much dependent on the curing status of thermosetting
adhesive, the on-line cure monitoring during the cure of adhesively joints could improve the quality of
adhesively bonded joints. In this work, the dielectric method which measures the dissipation factor of the
adhesive during the cure of joints and converts it into the degree of cure of the adhesive was devised. The
relation between the dissipation factor and the degree of cure of adhesive was investigated, which could
eliminate the temperature effect on the dissipation factor that is a strong function of the degree of cure and
temperature of adhesive. From the investigation, it was found that the dissipation factor showed a trend similar
to the cure rate of the adhesive.
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ZA334A4S  RUEHPHSE  7YdE DSC(differential
scanning calorimetry), DMA(dynamic mechanical analysis), IRS
(infrared spectroscopy), *33}7]4 (optical technique) 2 77
H(dielectrometry) o] ATH4]. ©12F 7IYPE F FA7Y
< AT AY AAAE EUHE & & de #9%
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3t RUER S gaste] ookd A7 FEEAY [9-14],
7 5} S (degree of cure)$t FAEAY HE3 BAES 7HEE
AtElE AY gl 2Aolt) ol 24 |4 (dissipation factor)
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B dAFdMe B A=l IPCO 9923
(National Starch and Chemical, Korea) ol &A] H&ZAE A}
43190t} IPCO 99232 IPCO 9923 A(IZEAl )3} [PCO
9923 B(HFANZE o] F3 2948 HAAZ X A3A
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IPCO 99239 ZEHgS ESAZEZA
(polyoxypropylene  diamine)?] ©}R17]98] F4i& @Az}
DGEBA(diglycidyl ether of bisphenol-A)2] o} &A] ZF 9]
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=439tk 9~1img AEE] IPCO 9923 HEAAE A &7]9
€3 5&FAisothermal scanning)®} 5 2 FAH(dynamic
scanning)E B3] A7l u)dk FHFA) S (heat generation rate)
S 2333 BL&F A 50~90 °CY) HYlA 10 °C
Aoz 5 7kA A$-E A¥stylen, FAFAE 3.5 °C/min
2 Agsiolh

Table 1 Compositions and contents of IPCO 9923

Component Content (%)

BPA epoxy resin (DGEBA) 55

Modified epoxy resin

(DGEBA with flexibilizers) 3

Silicon dioxide (fine silica) 5

Titanium dioxide 5
Other " Below 1

(a) IPCO 9923 A

Component Content (%)
Polyoxypropylene diamine 70
TEPA (tetraethylene pentamine) 10
Bisphenol-A 10
Silicon dioxide (fine silica) 10
Other Below 1

(b) IPCO 9923 B
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o714 €= A3 %(dynamic degree of cure), g4 = A3}t

dH
H(cure rate), [?]T T 52FAF Al €A S (heat generation
rate during isothermal scanning; J/sec/g=W/g), Hy/'E &3 FA}
Al % g% (total heat generation during dynamic scanning;
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Fig. 1 Absolute degree of cure £ of IPCO 9923 epoxy adhesive
during isothermal scanning.

Table 2 Total heat of dynamic and isothermal scannings

Dynamic scanning 3.5°C/min 212 Jig
Isothermal scanning 50°C 173 Jig
60°C 197 Jig
70°C 204 Jg
80°C 207 J/g
90°C 210 J/g

74 (& =& #AslE(isothermal degree of cure), HT
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=

o

=

& 3k(total heat generation during
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Fig. 2 Heat generation rate and degree of cure & of IPCO 9923
epoxy adhesive during dynamic scanning.

Table 3 Kinetic parameters of IPCO 9923 adhesive obtained from
DSC measurements
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Table 4 Material properties of the epoxy adhesive and the steel
adherend used

Adhesive Adherend
(IPCO 9923) (Steel)
Young's modulus, £ (GPa) 2.50 210
Poisson’s ratio, ¥ 0.41 0.30
Tensile strength, S, (MPa) 45.0 350
‘Shear strength, S, (MPa) 295 200
CTE., «(1/°C) 72107 11.7x10°
Cure temperature (°C) 80.0 -
Cure time (hour) 3 -
{ $30.0 Changed for the !
{ adhesive thickness
7
R

I
I—so.o ——400 —=

(a) Inner adherend
30.0

l:ao.o —-F rqz 21.0

B
L

=300 —~—40.0 —=
(b) Outer adherend

l'—Adhesion length

Precisely ground surface

(c) Assemble adhesively bonded joint

Fig. 3 Configuration of the adhesively bonded joint.

Table 5 Dimensions of the adhesively bonded tubular single lap

joint
rz (mm); inner radius of the outer adherend 85
13 (inm); outer radius of the outer adherend 10.5
ri; (mm); inner radius of the inner adherend 0.0
r1o (mm); outer radius of the inner adherend 83
L (mm); bond length (adhesion length) 15.0

7. (mm); bond thickness 0.2
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(a) (b)

Fig. 4 (a) Equivalent circuit for an adhesively bonded joint.
(b) Electric current through the dielectric material and the
definition of the dissipation factor.
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Fig. 5 Dissipation factor D of the adhesively bonded joint at
different temperature increase rates,
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Fig. 6 Dissipation factor Do for the fully cured adhesive w.r.t.
the temperature.
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Fig. 7 Dissipation factor D, for the uncured adhesive w.r.t. the
temperature.
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Fig. 9 (a) Modified dissipation factor D*(= D - Db) w.r.t the
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same cure rate.
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Fig. 10 Cure rate d&/df estimated by DSC w.r.t. the temperature
increase rate.
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Fig. 11 Contour of the cure rate d£/dt w.r.t. the temperature

and modified dissipation factor, D*.
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Fig. 13 Cure monitoring results for the adhesively bonded joint with

- the cure cycle of Fig. 12.
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