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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,
adhesively bonded joints.

the on-line cure monitoring during the cure of adhesively joints could improve the quality of
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
‘¢lation between the dissipation factor and the degree of cure of adhesive was investigated, which could
 iminate the temperature effect on the dissipation factor that is a strong function of the degree of cure and
“emperature of adhesive. From the investigation, it was found that the dissipation factor showed a trend similar

‘0 the cure rate of the adhesive.
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A3a4E  ZYHEHHS}E  7lgelE DSCdifferential
scanning calorimetry), DMA(dynamic mechanical analysis), IRS
(infrared spectroscopy), 387] % (optical technique) 2 # 47}
‘ﬂ(dielectrometry) 5ol Ath4]. olgg HE F S47Y
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2 d7dAes ZRAEQ  AZ] IPCO 9923
(National Starch and Chemical, Korea) o} ZA] A zrx|E& A}
£33t IPCO 99238 IPCO 9923 A()EA] 23 [PCO
9923 B(A#A)Z o|Fo7 2948 HFAAZ Fxl9 254
£ 119 ¥EE oA Algstn Ztzhe) FA4EEH
2 Table 17 Zt}

IPCO 992391 Zsiyrge ZSAZzgd ooy
(polyoxypropylene  diamine)®]  ©}Rl7]e]  FA4& Az}
DGEBA(diglycidyl ether of bisphenol-A)2] ol &A] Z152]

C-0 2%7 d&A 02 vhgale 7tugdsts dAdsy o
ol olald YR whgo] dA&H oz YAFIY AA
3] 329 AT ERE EAEA ok
DSC(Differential Scanning Calorimetry)s 3 24| 3
A A A dele ZUEF sl gurEl W
o=, A9 A5 A HAsE dFE A A=
FalA "ok E dFolA = DSC Q 100(TA instruments,
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USA) AlE7IE Abgste 1PCO 9923 REAY A
£3589 9~1lmg A=Y IPCO 9923 BAANE Al¢ 7ol
¥ F&FAKisothermal scanning)®} ¥ H FAKdynamic
scanning)E T3 AlZroll thgt A4l & (heat generation rate)
€ FA8SG S2FARE 50~90 °Co) Wl A 10 °C 3F
Aoz 5 7HA) Z$E Adsien, $HFAME 3.5 °C/min
B A sl

Table 1 Compositions and contents of IPCO 9923

Component Content (%)
BPA epoxy resin (DGEBA) 55
ModiﬁedA epoxy ‘reAslin 35
(DGEBA with flexibilizers)
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

DSC AE71E Al8sted AREE Tae w38
Bt WA ASE dE/d e e A3 gok
df _ 1 (dH
dt  H,\ dr ()
de

o714 & 73 E(dynamic degree of cure), g = 73}

n

H(cure rate), [dt o=

y - O 1

A} A
rate during isothermal scanning; J/sec/g=W/g). Hi= & 4 FAL

<& QE A f(heat generation
Al % ¥rd%(total heat generation during dynamic scanning;
Jig)yelth.

8 A (ol 52 738 (isothermal cure rate) 3+ d¢/dr
& EYsE b R

4§ _ Hy df
dt  H, dt @)
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Fis. 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 Jg
60°C 197 Jig
70°C 204 Mg
80°C 207 Ny
90°C 210 Vg

A7]14 (&= 5& A3 S(isothermal degree of cure), HT
iz SRFAF Al F d¥s(total heat generation during

isctiermal scanning; J/g)o]Th.
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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

6964

g, =8.103x10°¢ T

)

g, =—6626x10°-¢ T

R19.6

g, =1.759x10™

20100

g, =8.600x107.¢ 7
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# 4 A% H(nonlinear least squares curve fitye AME-3Ho]
g » Ak A AFEL L%, 7Y 52 TEHH,
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= AR HE ZJAEE A™std Adg FAAG
ZQES] AT Table 59 2w, HHAFAE 43 g
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Table 4 Material pro[()]erties of the epoxy adhesive and the steel E{3 T 4 Qi Hglog B AFoM= oAl HAA
dh d
Aeren® } B RARAR, dEF us ZE H9AAE 209 3
Adhesive Adherend 2oz Algslgich watd B d7o Q%9 wel #di7)
(IPCO 9923) (Steel) il - .
Young's modulus, £ (GPa) 2.50 210 XSZ} _/}_?]EQ] ZSZ}%LC 2R A Aolol @ el A
Poisson’s Tatio. 041 030 9474 de Hdw @7 MY Ao FA47 &
A ‘ ‘ 45 AHFL A RHA WY cle3 $3Ae oF
Tensile strength, S, (MPa) 45.0 350 e j_aE]BL Az AHA wel o %ko] !
Shi trength, S, (MP: 295 200 [
car swengtl, 5 (MPe) , [12). AFA a9 Askrt 447 Qo A W
CTE. a(1rc) 72107 117107 o o3 HFAL olFAel F& W, A8yt Ag W
Cure temperature (°C) 80.0 - o] & A o] 1;%0].1] Al "=k
Cure time (hour) 3 : oeig olFAe) FEE HIASe] Artd A7 oy

Aol g AT EF A W HE WA ¥z &

40 grancea I 5= A4 Ddissipation factor)Z YERE 4 ¢t H
for th ! R N N
—+ [adﬁe"sx.ﬁ,’c‘k:esy 7 2AEE Fig 4@ 2ol AT R, H77] G0 33
_-Ww____-__ — 2 d7d $/3ze Bd9 g 5 od, 589
f AT E BE9] 4 (5HE B 78 & A
i—-soo ——{=——40.0 —= ‘
(a) Inner adherend 1 V’" = I—R = .Z_C :;
30.0 1 Vm Ic ZR w- Rm ) Cm (5)
l:ao.o —-F l—«pm.o 0170
o
o - o A7 L (A AFeR 528 AF, Ic (AT A7
"""" T E 3EE AR, Ve (V2 SR 2 A Z @
300 —~F—a00 —|! ! & Age 571 A x(impedance), Zo (QE 719
(b) Outer adherend 571 49 zolt}
AF 1= Fig. 4(b)9Jr Zol % 19 HE 42§ 74,
Teflon thg9) 2 (6)F @ol EHATHI2L
- A S
R S e
—1 I=j- w—(rc ~j- &),
Adhesion length A
. =j-wo=«"V +wA1< 'V
Precisely ground surface d b d "
(c) Assemble adhesively bonded joint =I.+1, (6
Fig. 3 Configuration of the adhesively bonded joint.
A714 ke BE FAPFIY, thEd 4 ()P 2ol
Table 5 Dimensions of the adhesively bonded tubular single lap FEHHDH
joint
r» (mm); inner radius of the outer adherend 85 Kk=x"— Ik K" )
r» (mm); outer radius of the outer adherend 10.5
i (mm); inner radius of the inner adherend 0.0 o] W x= FI-E(permittivity), = EQ A F(loss factor)
rio (mm); outer radius of the inner adherend 83 2 7z AgEs d7) AuA, 2AHs A7) uAg d
L (mm); bond length (adhesion length) 15.0 wdo
A Q = Q)& a & o
oy bond thickness 02 4 ©9 L3t 1B 4 (9 BYse B, Tk
A @) g 7 Uth
Az zoleEo 3 o 2 I - K"V, ”
4. B 2AE Hst R UETY D=|&|=| 4 =K
[C A, K"
o o o JrozKV, ®)
FA719e A AR FRARE ASHoR BY d
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Adhesive_ _
joint

() (b)

I'ig. 4 (a) Equivalent circuit for an adhesively bonded joint.
(b) Electric current through the dielectric material and the
definition of the dissipation factor.

4
3.5 °C/min
3
D2
1 2.0
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0

0 20 40 60 80 100 120
Temperature (°C)

Vig. 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,

<o wet D, AT F Aukd A3k AEE7 A
&89 3o 24HAF e AA 22 dE d¢
lo] ot et £AM8 8 & oy, E AFoM A}
IPCO 9923 A &A= <Zol e HEr) 2
ol 2 =AY Dy 3 Fk7] A Yk ]9
TolME AEHA & F£AG A 20ALE
Eqi st 53¢ F ELH A (ule of mixture)S ZH-E
ste] HaAA A3 A 2AASF g Tk A9 A
A Z4zte] Aa @ 204 R ol2 IR 4L Fabg
o] Azt A &2AASE Figo 79 Zow, 20°C MY #E
A 205 233e B9 2 893S 452 & drok

;O

bl
_)’:
&

N
rB.;F‘E s

l

Ag=Fo HAA7 A5 An A Fo EPEo|g
I 7184, Fig. 63} Fig. 79 23S B8 LR Yoz A
gg FEAL A4A5E do9 2z Azl sl
T UG o @ di/de =0 W} AMNALE D, g
g2k, ol& Fig. 59 RUEY ZAIoA W Fig 9a)
&} e BAE &4AS DN=D-DyE ¥& F Y}k



56 AAE-A¢H ol F

RRERHL O MR LI

©

0.4

o —— . Do
20 30 40 50 60 70 80
Temperature (°C)

at dg/dr=

Fig. 8 Degree of cure §
and temperature.

0 w.rt. the dissipation factor
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Fig. 9 (a) Modified dissipation factor D*(= D - Db) w.r.t. the

temperature increase rate (b) Contour of (7, D* for the
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§/d! w.r.t. the temperature

and modified dissipation factor, D*.
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Fig. 12 Cure cycle for the epoxy adhesive.
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(b) D* and contour of cure rate

Fig. 13 Cure monitoring results for the adhesively bonded joint with
the cure cycle of Fig. 12.
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Fig. 14 Comparison between cure monitoring results by
dielectrometry and DSC.
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