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Abstract — The curing kinetics of diglycidyl ether of bisphenol F (DGEBF) with an asymmetric cycloaliphatic
amine curing agent were examined by thermal analysis in both isothermal and dynamic curing conditions. From
the residual curing of the samples partially cured in isothermal condition and from the dynamic curing with var-
ious heating rates, it was found that there exist two kinds of reactions such as at low temperature and at high tem-
perature regions. It was thus also found that the cure parameters obtained from the isothermal curing kinetic model
hardly estimate experimental results for a degree of cure larger than 0.6. The activation energies and frequency
factors of these two kinds of reactions were obtained from the dynamic curing experiments with various heating
rates. From the curing analysis, it was verified that the total cure kinetics for low degrees of cure is dominated by
the cure reaction in the low temperature region.

Key words: Asymmetric Amine, Epoxy, Cure Kinetics, Partial Cure, Kissinger Method

LA B2 Hofsh= A7t 8 A QI
o] FA] x]2] AapAlRE dHog 12EA 59
oAl A= 1940 dtholl ZdSlA o' ALk 7] AR o] = o] olqls wWol ARE3H, e ofnle URHAR
5, A2 AAA, AEsE BAE T TRk 8RR B M) f5/delE HAPE gl Zow 4 ot
oFo] AR Qi WY TS TS AR I B4 dist A 7] Axe] FAR wRke] HA] Qkrh1-4]. WA A&
7} ghis] AaEo] Qluh1-2]. A3k olFA] R ARl A = opg1 2] 9= AdolAe] 523 e FHoluA
HetA 7t AR, o] AshE olFA] A A/AY & wpebA = Hhgo] AR olake] Lol ARtk

= o

o] st 9 $ARAAEY 52

[1-10]. 4913 52 BAS FYA7I7] S1ste] ol %A

o

ok
2 o rlr A o

R

o

S} 1-2]. 2 A7-ellX = DGEBF/isophoronediamine/ 73314 Al
b AR AR o ® o] sk 9l

A9l H7HA 2 ATBN/CTBN 2] rubbers WOl AHg-8FH [11-12],
PESY PSF 52 APTAE AHgs7 |5 $ItH13]. #Htelle o
& AFAEC 93l nano layered silicatel} carbon nanotube 55
A7kste] A4 AN E 2R IRk ofle} 21 Ve

"To whom correspondence should be addressed.
E-mail: kim0226@cjnu.ac.kr

200

S Ao ATl 7% ARE ARESE] Q8 71 vER A
/d3H= DGEBF/isophoronediamine #A|°] 733} 545 Lolr
sk}, oju] A3}A|Z ARESE isophoronediamines 2ol -84
- ke HkE- Sl whek Akl 7] 2do] golat
gdo] Qlont, shel a7t vt ARl ofvlo® Hatek A

=

il

A



HITRd 2] A= oRl 3l o183k DGEBF 71 olAle] 73t 7 201

2.4 ¥

B A3 ARE-E oA = diglycidyl ether of bisphenol F(DGEBF)
AL 2] o] Z£A)Q1 LY5082(Ciba-Geigy)= o154 S 208 g/eqO]
™, AskA| 2= vt 123 X< olelQl isophoronediamine
(IPDA, Ciba-Geigy)s ARE3ISITE ANZEAI2) oyl o] &3k ofefn]
2 5o, ofuf of)FA]eL opnl W Adeellx] frgido] vl ¢
ek Wgolmw gl glo] Skt 7AIF o= wRksIGiaL SERE A
ZollA W3 Agsto] 7135 B AIASKITE Al A o
ZA9} AghAo] 3= Fig. 194 2tk

TAAS] differential scanning calorimeter(DSC 2010)5 A28
o 27 9 A 27X v WslE st oy F
A (Q, ) 52 £55 10°C/min®.E dlo] et vk A3}
vl=1e] mHow el Z247ke) B 27140, 50, 60, 70, 80 B
90 °CyellF €] 73} A2 A3t At AIFAQ] vkl oa) %18y
%= %9 (diffusion controlled reaction region)oll =&& wj7h4] 2
FA7AA ARt wE A5t WstE dRst R e
2 (Iye o]-&sto] ARt

_ 1 ¢dQ
= —dt 1
¢ (or 20 dt D

T3, T A3NES SEI ARES 40 °C7HA] FHAIRL &
10 °C/min®] -2 $5E2 300 °C7HA] 71Ed8haA ol vkg-da} &
Aol e 2 AAsto 7N TL Asle 7} A|5o] AL E F=
steigitt. 4 2ol o] 945t AP T2 FEE 1-20°C/
minZ W3} A7AA Fasig o ol Zbz)k Hu A3ks &
5 UehlE &5, 5§ 3 v39] AuHES 58 S5l wet
TEHETE B Ate] B E A3 A48 slol| S=3sit.

Of

spagte] whet Vel 1
Uehlks 2108 Ho} Ashkgol A5l whg-S wEhs 2%

% oItk 5 ASAE #AE Camargo 501 Qs A% v
goll ojsl A HEEHEA G @)% AMg SR, o] A7)
B A hgAeln g 9 RS Mol Ak 0w A v
Uk ofel nah Whg SEAE 83 5 gl Ao ey
Q1 I} HES A2l A8 5 ks o) 9 Ao %

24 leH14].

0 OH o)
/\ H H H | H H H /\
H,C—C-C-0 C o] c—c—c—o@—c@o C—-C—CH,
HH H HHH H H H

n
(a)
CH,
CH,
H,N
CH,NH,
CH,

(b)

Fig. 1. Chemical structures of (a) diglycidyl ether of bisphenol F
(DGEBF) and (b) isophoronediamine (IPDA).
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Fig. 2. Isothermal curing curves at several temperatures measured by
DSC (symbols) and their calculated fits (lines) using the gener-
alized autocatalytic reaction model (equation (3)).

Table 1. Kinetic constants of the generalized auto-catalytic reaction
model proposed by Carmago et al. (equation (3)) at several
isothermal curing temperatures up to the degree of cure of 0.6

Temperature Kk k; k,
40°C 0.0039 0.0224 -0.0433
50°C 0.0091 0.0297 -0.0652
60 °C 0.0161 0.0897 -0.141
70 °C 0.0344 0.1268 -0.1952
80 °C 0.0487 0.2887 -0.4899
90 °C 0.0714 0.4321 -0.5725
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Fig. 3. Dependency of the chemical structures of amine curing agent
on the dynamic curing exotherm: (a) DGEBF/1,3-diamino-
propane (symmetric amine) and (b) DGEBF/isophoronediamine
(asymmetric amine).
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Table 2. Glass transition temperature of DGEBF/IPDA systems which
were partially cured at isothermal temperatures of (a) 40 °C
and (b) 80 °C
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Fig. 5. Peak decomposition of the dynamic curing exotherm into dou-
ble Lorentzian curves.
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Table 3. Effect of the heating rate on the curing reactions in two regions determined from the peak decomposition analysis of dynamic cure

exotherms with double Lorentzian fits

Heating rate (K/min) 1 3 5 10 15 20
T, at low temperature region (°C) 67.2 85.9 95.0 109.5 118.6 125.7
T, at high temperature region (°C) 92.9 1159 127.7 1459 157.5 165.7
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44 B
DGEBF A|49] olZA]¢} v|td& oS

ARl B 8 4 ZRol AHEE BASKA, BE 49
A0 A} A7t 06 ol8kR) Yelee

MG Ao ik BEN O F83) oo Fhsau, As
Mol el olgt ofZo] A1 Ashel 2 Aol nelS Be)
515, oI5 A3z ALk oble] Mol ZISk: Ao

Zhd], o] §2) A5 4F W Be PR
QIsigi, wheb 9P A
Jolelpti= 4185 oltiek A shstElch Se *‘?ﬂfﬂw 2
25 RHRAE ople] T2 BHOR Qlsjoe] ALk 1)
9] 3 744 b WA TR
W) o 65048 AIsks Ao te Asherk o} 06 o) B

78} qhgo] Bakeh g ek Rojeta o5 5 gl o]
5oy U Se RRAsRe) AvE SIEa 5o S5
of] & A5 1l .28-0] Hl-2-x] 7 9] o] % 0 FHE] Kissinger o]
AR ] o2 22ke) BYA) 3L AEE T 23
AeEg] 2% oEX 11-,—3} GECRERS PRIDA L) AT ER T BS))

>

57} 108 03] Aok e melow

=45 ool 7]l ﬁ

28] 33 21l AEe] el ok A 33 Pl 1

e30] ukgo] ofalel Al Bak Aol el 22 1Sk
EEs

1. May, C. A. (Ed.), Epoxy resins. Chemistry and Technology, Mar-
cel Dekker, New York(1988).

2. Rozenberg, B. A., “Kinetic, Thermodynamics and Mechanism of
Reactions of Epoxy Oligomers with Amines, Adv. in Polym.
Sci., 75, 113(1985).

3. Gonzalez-Romero, V. M. and Casillas, N.,
tion of Thermosets from Isothermal and Dynamic Data;
87, 1119(1987).

“Kinetic Characteriza-
ANTEC

sjstgat

Hl46H H1= 2008 28

4. Girard-Reydet, E., Riccardi, C. C., Sautereau, H. and Pascault, J. P.,
“Epoxy-Aromatic Diamine Kinetics. 1. Modeling and Influence
of the Diamine Structure] Macromolecules, 28(23), 7599(1995).

5. Lee, S.-N. and You, W. B., “Cure Kinetics of An Epoxide/Anhy-
dride/Amine Resin System: A Fractional-Life Method Approach;
Polym. Eng. Sci., 27(17), 1317(1987).

6. Wise, C. W., Cook, W. D. and Goodwin, A. A., “Chemico-Dif-
fusion Kinetics of Model Epoxy-Amine Resins; Polymer, 38(13),
3251(1997).

7. Huguenin, F. G. A. E. and Klein, M. T., “Intrinsic and Transport-
limited Epoxy-Amine Cure Kinetics, Ind. Eng. Chem. Proc. Res.
Dev., 24(1), 166 (1985).

8. Deng, Y. and Martin, G. C., “Diffusion and Diffusion-Controlled
Kinetics During Epoxy-Amine Cure, Macromolecules, 27(18),
5147 (1994).

9.Kim, B. S., Chiba, T. and Inoue, T., “A New Time-temperature-
transformation Cure Diagram for Thermoset/Thermoplastic Blend:
Tetrafunctional Epoxy/Poly(Ether Sulfone), Polymer, 34(13),
2809(1993).

10. Aronhime, M. T. and Gillham, J. K., “Time-Temperature Trans-
formation (TTT) Cure Diagram of Thermosetting Polymeric Sys-
tems; Adv. in Polym. Sci., 78, 83(1986).

11. Yee, A. F. and Pearson, R. A., “Toughening Mechanisms in Elas-
tomer-Modified Epoxies: Part 1 Mechanical Studies; J. Mater.
Sci., 21(7), 2462(1986).

12. Pearson, R. A. and Yee, A. F., “Toughening Mechanisms in Elas-

tomer-Modified Epoxies :
Sci., 21(7), 2475(1986).

13. Barton, J. M., “Kinetics of Cure of Epoxy Resin System Bisphe-
nol-A Diglycidylether-di(4-Aminophenyl)Sulphone; Polymer, 21(6),
603(1980).

14. Camargo, R. E., Gonzalez, V. M. and Macosko, C. W., “Bulk
Polymerization Kinetics by the Adiabatic Reactor Method;” Rub-
ber Chem. Tech., 56(4), 774(1983).

15. Hatakeyama, T. and Liu, Z. (Ed.), Handbook of Thermal Analysis,
John Wiley & Sons, New York, 48(1998).

Part 2 Microscopy Studies, J. Mater:




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


