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Abstract
Project Code : RSA4580041
Project Title : Microwave cured glass fiber reinforced epoxy composites
Investigator : Dr. Varaporn Tanrattanakul
Polymer Science Program, Faculty of Science, Prince of Songkla University
varaporn.t@psu.ac.th

Project Period : 41 months

The objective of this study was to compare the mechanical properties between epoxy composites
cured by thermal heating and microwave heating. Epoxy-anhydride (100:80, wt/wt) resins reinforced with
glass fiber were cured in a domestic microwave oven and in a thermal oven. Hardening agents included
methyl tetrahydrophthalic anhydride and methyl hexahydrophthalic anhydride. Tris-2,4,6-dimethyl
aminomethyl phenol, 2-ethyl-4-methyl imidazole and N,N-dimethylbenzylamine were used as an
accelerator. Thermal curing was performed at 150°C for various cure time depending on accelerator
concentration and specimen thickness. Microwave curing was carried out at various conditions, including
1-step, 2-step, and 3-step heating cycle, whereby each cycle employed different power level and time.
Tensile properties, notched lzod impact resistance and flexural properties (three-point bending) were
tested according to ASTM standards. Sample characteristics were determined by using DSC, DMTA, TGA
and SEM. It is found that the microwave-cured composites produced mechanical properties as good as
the thermally cured composites. The 2-step and 3-step heating cycle using in the microwave curing
process produced better mechanical properties higher than those obtained from the microwaved 1-step
and thermally curing process. This is attributed to the slow increase in temperature during the beginning
of the microwave curing process whereby the very low power level was applied in the first cycle of the
multi-step heating process. This affected the slower rate of viscosity increment, resulting in better
wettability of the glass fiber with enhanced interfacial adhesion between the fibers and the resins. The
viscosity of resins affected the homogeneity of the crosslinked structure. Therefore, rapid increment in
viscosity may cause defects in the structure because of the entrapment of uncrosslinked resins. In
domestic microwave ovens, the magnetron is operated at full power. During a specified time, the current
is turned on and off for segments of the period, and the average power is reduced. This on/off type of
control is often referred to as duty cycle control. Therefore, the actual heating time in the microwave oven
is much shorter than the setting time. The output power of the domestic microwave is governed by the
duty cycle control, and the microwave output power depends on the actual heating time. Consequently,
cure time in the microwave oven was shorter than that in the thermal oven. The restriction of this work is
to be unable to control the system of the microwave oven such as “true” power and “true” irradiation time

of microwave.

Keywords : epoxy, composites, glass fiber, microwave curing
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1. Oxidation of alkenes
- P N
=, = O

a. Direct oxidation  O,/catalyst, Ag/100-500°C
b. Inorganic oxidants e.g. chromic acid/permanganate

I
¢. Organic peroxides peroxy acids, R-C-OOH
d. Hydrogen peroxide H,0,

2. From halohydrin
Hypohalous addition to alkene and then cyclodehydrohalogenation
X on

cagr H0Es Pever

-

Alkali

0
.
e C-C_ + MX

3. From a-halocarbonyl compounds
a. Darzen’s condensation

cr 0 0 0O
! It Na N
CHO * CH,-C—0Et — CH-CH-C—0Et
b. Reduction: lithium aluminium hydride

O Br OH Br

T LiATH, P
X C—CH, ———= X CH—CH,

1 MOH

/O\
X—@*CH*CI%

¢. Addition of alkoxide ion, followed by ring closure

O Br O Br 0
i 0- MeO_1 | MeO._ /\
Me—C-CH, M9, ML 6, — Y CSC-CH; + Br
Me Me
d. Addition of cyanide ion
- M O
Wi e @ Mey Me_ /\ _Me
C=C — = =5 OG0
M Cl Mé L Cl CN H
CN
e. Grignard reagent
X
H Cﬂ) 3 , Bagr RO T_R' moH R\({?\PzRI
R _(—'_CIQR “W R;;,-C-—C\Rz > R*CTVNR?
R

ANwies hlumaiaditeadvesmyawenduaadluainem 1.3
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1. Addition reactions by nucleophilic substitution
a. Hydroxylic nucleophiles

o O O
R-CH-CH, + R'OH — R-CH-CH,
OH OR' OH OH

REGH=CH,,, = 16, =208, R-CHEGH.

R' = alkyl, alcohol; R' = aryl, phenol

b. Acids
1. Mineral acids

OH X X
N HY | | !
R-CH-CH, — R-CH-CH, + R-CH-CH,-OH

Product ratio depends on reactants and reaction conditions

X =F,C(Cl, Br,1
1. Carboxvlic acids
- 1l
M““Cin (H) (RH (”) C|FC—Me
/O\ > Me-C-O-CH,-CH, + Me-C-O-CH,-CH,
C}‘IZ*CHz 1
' R O O
—R_O)‘ I Il Il |
N ClI-CH-C-0~-CH,~CH,~C-0-CHC]
Cl-CH-C-OH
ili. Ammonia and amines
/O\. SR QH B
R-CH-CH. + H_N“‘Rz — R—CH“CHZ--N\R2
R', R*=H: ammonia
R'=H; R?=alkyl, aryl: primary amine
R', R*=alkyl, aryl: secondary amine
2. Electrophilic additions
a. Alkyl halides
O OR X
7N RX I I
ClI-CH,-CH-CH, e Cl-CH,—CH-CH,
X=Br; R=Et

X=I, R=Me, Et, Pr
. Isocyenntes

O
[

/C\ SRE
RNCO O N

)
R'-CH-CH Lo
: R'-CH-CH,



c. Oxides of sulphur

(')_ SO
SO AN
p S0s e o 0
CHa=CHS: e ™ O — | I
1.4 dioxane by CH.—CH,
CH.-CH, Aidaes
3. Reduction
/O\ Na/E1,0
Cl-CH,~CH-CH, ——2» CH,=CH-CH,-OH
(l)s!
CH—CH;
7N LiAlH, _
CH—CH, ' 100%
0[{ OI{
(i{—("h CH, —< H;

|- LiBHS .

206%

Products depend on the reducing agent

4. Oxidation
O ()H ()
P HNO,
Cl-CH,-CH-CH, ——— (CI|-CH, CH ( -OH
100°C
#13rilwuds

minazyinlvdwendusdundsanduiownandanu  dndudasldamsinliuds  Endewnlus
A ad a o ' o . . .
Imaqa) FiTasunldnauaing laun hardener, crosslinker, crosslinking agent Wae curing agent 8173
wadztodiiiemadeslosewivluens  szwiinssumansnifaldnimsiialalunefiuaslsis
> = =y s = =1 a @ g; dﬁ/‘&/ s a ﬁl A o v &
Tundalanefimasluatu wialwduweaddu nilluagnuriavasmadanlosluananiaasiliuds as
enlpslaanasmunsnudslaidu 4 dsznn ledun
*  mugeulssluanariafidsznovdinlulasian
A P o A
" mugeuluiluanariiafidsznaudnaandiau
" mugevlusluanariiefsznaudindanad
A P
" mugeulusluanaziiedug

A P o Aa v oA ' p= aa L.
saaulosluanariiandsznavdislulanaunfionldnu fa sanduialuuszdlionlos (imidazoles)
uannnidalanguiiusdigninanlfidudnialjiie (catalyst) waziiudriiufadjiten (co-curing
agents) LT% tris(dimethyl amino methyl)phenol (DMP), benzyl dimethyl amine (BDMA) uax 2-ethyl-4-



methyl-imidazole (EMI) 13 DMP uaz BDMA Lilwaiiua@unil (tertiary amines) anainaziiadjizoniumga

Wanfaauaasluzud 1.5 srudfitenseniremydionloauaznydwandusasluui 1.6

(2)
R.N + H,C-CH-CH,-O0* — R;N"-CH,-CH(O")-CH,-O*
- e
O

+ H,C-CH-CH,-O* — R#CHI—(I;H—CHE_()*
o 0
CH,~CH(O ™ )-CH,-0O*
+ H:C\—ICHWCHE—O* —

O
(b)
R,N*-CH,-CH(O")-CH-O0* — R;N*—CH37§H~C}{2—O*
: + HOR' OH + OR’
R'O™ + H,C-CH-CH,-O* — R'O-CH,-CH(O")-CH,-0"
o
+ HC-CH-CH,-0* — R'O-CH,CH-CH,-O*
L
O (l)
CH,-CH(O)-CH,-O*
UM 1.5 nalnnafiadjisendeulsaluanasveseduadond (1]
N C=C
(a) .r(:(" O e _ . o / F\J
N N )= CHy=HC—CH, ~ PO=CHyHC-CHyN
CR O HO CR
(b) C=C
+PO=CHHC—CH, ——= *O=CHyHC-CHN | N-CH-CH(O)CH,-0*
0 HO CR
3UN 1.6 nalnnafiadjisengauloaluanavasdionlsn [1]

mil,%aaﬂﬂﬂuLaqamﬁ@ﬁﬂs:nauﬁ'sﬂaaﬂé'ﬁwuﬁﬁﬂul%ﬁ‘uvlﬁm nsasuandaauazuanlalase
uwazngunialansuendan-suninuaulalasd (dicarboxylic acid cyclic anhydride) L% phthalic anhydride
(PA), hydrophthalic anhydride (THPA), hexa- hydrophthalic anhydride (HHPA), methyl tetrahydrophthalic
anhydride (MTHPA), methyl hexahydrophthalic anhydride (MHHPA) LLaz nadic methyl anhydride (NMA) 31]

71 1.7 uwsaslanssiimaadvasssiafiaindn nalnmafieadjisenszninuenlalasdnunydwanduaas

QU
Iugﬂﬁ 1.8 uazzli 1.9



@E@i@

THPA HHPA
- CO Co
4 % T | <
J V4 MC/ / bv’lC/ /O
s Cco co co
Me
MTHPA MHHPA MTHPA
or NMA

317 lessshumaedvesmaeddssnnnialaniivendfa-souniu
wanlalase [1]

(a)

€O COO—-CH(CH,0%), COO—CH(CH,0%),
O +HO—CH(CH,0%)— C =g
cd COOH+I{2C -CH—CH,0* COO—CH,~CH-CH,0*
OH
*OCH,—CH=CH, O/OC )
o) \
0C

(b)

co_ CON'R; CON'R;
(pom— ~C
cd’ COO™ + H, C -CH—CH,0*

COO-CH,-CH(O")CH,0"
Cco CCO\I*Rx
co

COO—CH-, CH -CH,0O*
CCOO
COO-
gﬂﬁ 18 nalnmafedfioszwinuenlalasdnunydwendunuiica
Un5e (a) uazlaifl (b)
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U 1.9 nalamufedjiteszniuenlalasdiunydwenduuuiidasal jizen [1]

1.1.2 NM1IDUUATNIILNATIILH

@131 “msay” ’l,w?'if':maﬁ'ummé'aﬂqwh scure” 'l fiomainldukans el fouaniuzan
aamaduuasudneIE19Lan) Lwiﬂ'mmUﬁamnﬁ@ﬂg’jﬁ‘%mmﬁs‘ﬁaﬁﬂﬁlﬁﬂLﬂuwaama%ﬁﬁimaqa
1my'LLazLﬁﬂmﬂ%awImTuLaqaauﬂmmﬂuiwum (network, crosslinked structure) 9a3nnATaINNTAVAD
msifaEea (gelation) wazmIsuuvasuds (onset of vitrification) BnSwavasmIsuAaLluvasude:
ﬂi'mgl,fiaqm%gﬁnmmmm%’u (Ty) L‘}Tﬂlﬂé?gﬂt%gﬁﬁau (cure temperature, T,) T, tJuisrTunuvauive
mafadfisen (X,) 1 T, uez T, (AT = T, - T,) Iardrenuliuindn Un3enszniensauazgnaiugy
IﬂUmiLLwistwxmwmmmsn’[umsmﬁauﬁmmI&JLaqaamm‘hmmﬂ m3saudiaanIndtiindes lUan
a8t 9ol AT azfidndusufians st?igm T, 9lenganin T,

TuszozSuduvaimsendi T, gini1 T, danmafedjitenefignaiuqulasiaumanimiad
ImLaqaQ:Lﬁ@ﬁuﬁmmmwm:ﬁ"aLﬁmflmhal,m & T, duinld enefimaudesanewiadwaausasrinld
Ufituiaiingarein mansudRendusdunszansri liudobiniwiladmiudanuidgunn  lasaws

a

athsBedaadndwiiadsnunawiaduas me:mm%ﬁmmﬁwﬁuay'm’mL‘%’aﬁgmﬁmﬂumauammu
arligmslwadaduiadunsumud suiwldsunsumsaudsiinadomsiiaauazmsudesai 3978ns
WadasuUAEINaadsEuauuE

Fupaum U NI MsiNruasELzaIMIeY (1) Ll,azqmﬂgﬁﬁl‘fau (T.) anniizassfuens
Vl,&im"?'iLﬁmmﬂﬁmiﬁﬂmwﬁauﬁwLLa:ﬂﬁﬁ%mﬁLﬁ@%mﬂuﬂﬁﬁ%mmﬂmm%au aqmm‘]ﬁnma%ummm
Funuiiivuanng a:%uagjiﬁ'uﬁa%’m@iavlﬂf: MIUWSLTIANUTa RV B ULz IAUTs anunwpad
HAAA I warmytomanuiananuaiRuidulanelusosdu sudszanimsaiomanuonanaaon
wasluszninamsaniitasanmavadiassds  mldmssudanuinlancanns  Suauivmdnaesd

PUMNINANTUNUFINIIURNNNHY thasananuiauseimuiadjiten aui MIeudununnmas
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'
A

o o ' & Aa @ o 1 1% a aq o X & {
YNNITNMUINNIN 1 YUGaH aaa'ﬂ qm%ﬂwﬂﬂum’m@nﬂﬂuLLa?%ﬂLWquﬂQNlﬁfﬁﬂmu ﬂqiﬂumu@ﬂuﬁﬁﬂ\ﬁ
a

v = o A

i3uni post-cure iiialwiuladimydwandnnaafnujizeuacdl T, &9

U q
= a

Tumaifadfisenafivasdfondisdusznitensey suilsgwisduduwvesnsuniiiosdisue
N313a (homogeneity) uluanaiduassliniswuiueasadimuenivaniamaialulasiaasznintimsey
dsngmsaiiinldinanslaifuiia@oanu (inhomogeneity) vosisduniouusa

1.1.3 aanlalasion

‘hﬂmnwLﬂuﬂﬁuu&imﬁnWWwﬁﬁmmzmﬂﬁua%islwﬁn 300 MHz — 300 GHz TFa9nauisinsin
WFnuanniigaagszning 1 - 40 GHz Hmuhldldnududaamdmenag ww Insdwidedis 1sans
waslnsnent uamrmf':ﬁ'uﬁmiﬁ']ml"ﬁtﬂmmddlﬁm’]m’ammi’aq Taun wnlulasiin amenssunives
szineanizain3inifiFundn Federal Communications Commission (FCC) léfmuaanufululasion
sl,ﬁ’l,ﬁ'l,umuq@m%ﬂﬁw NUNWINARATURZNINTUANE (industrial, scientific and medical (ISM))
audniuali 16un 0.9 GHz 0.915 GHz 18 GHz uas 2.45 GHz Lﬁaﬂ’é"uvluiﬂsL'JWm:wui'aq T80
mwzﬁmig]ﬂnﬁmmw%aazﬁauﬂﬁuaaﬂm mmﬁﬂuaaﬂ’é‘u"l,ﬂml,'Mﬁgﬂ‘?aqgmnﬁuﬁlﬁﬂﬂh anwiLsle
WWUA (resonant frequency) maﬁaqfu L“ﬂummﬁmww:ﬁwaai‘aw@ia:“ﬁﬁﬂLLazﬂfuagﬁuﬁhuﬂi:naumﬂ
lulaiana

q 1 [=3
nouiaawuaman i
i lulastnysznaudaginlsznaunana NI waIth
- waasiieeanlulasiaw
- nualosulai (transmission lines) Himsnganasnuuaian Wi lu a3
a & . o v A o o A [ Ao A a
- uawwdlaaas (applicator) nwiudsuadululasn lasdagiisuaduainasd
v A Y A <V o
migaduniascrisuadululasianild
myleanziminge] udazasddsznaumartazgnasugunsldaunisuundiag (Maxwell equations) 718l
MITNAUAVELLUANLANIZTN D35

VxE = 8—3, V-B = 0 (1
ot
VxH = 8@—?+1, V-D = p

= electric field vector
= magnetic field vector

= electric flux density vector

W O T m
I

= charge density
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e & Ala €4 _a A = Ly
aumﬂ,mnmmL'ﬂuﬂgmawaﬂaﬂaﬁmﬁmnﬂaUuLLaJmamuLLumanvl,WV\hmunm n1saanwuy
wnlulasnnidsznandoasdlznaunimusiuaindnd Sududasdanuianudilangujaduutman
It
aauudLAan I Uszneudsawuudinan (E) uazawn Wi (H) Aundslduuuuasannnuias
o & v A a P o [ a o = & o a 8 da o
M uazaIanAufiananmaefaunvesndu aauaasluglf 1.10 aduudmaniwiduadusfanianings
Nuuszivuudaszaundinuldlurnciiefeuniiiudinay anduldiusdunidluzla 1.10 anw
invasawin lnihanduguiuazinnezidigige ansuzguilnnglusmnaudindndioguii uauwd
{ { k3 1 v v ] =3 & Q
30 (amplitude) 283nAUNYAlA qUUUNL x uaasdIBdraNuTuaWN IALAzA U N EWINWIRENSITa
. E P o T
ldluguharviniauanudidennuenn nstu-sadugarsguaslnati (polarity) vesnduwiindniniluaz
1 QA/ | o v a v a &
midan gaasszadlnaiaawdugud ldifiaanudu (stress) uudoau azaan uazluiana Toaziinig

{ o & o o % { ' { o &
Lﬂfﬁﬂugﬂwaamuvl,ﬂl,ﬂum"nmau TN VTN ARWLILARN PTNUINA I N TU R U AINRINUNINTH

Electric Field Magnetic Field

1N\

—_—
Direction of
Propagation

3 110 muafeufivesnduwiindnlnih 2]

@

nwenagae lulasnnilsludenl jidnsidansviidouaasluguf 1.11 uaz 1.12

Power supply Magnetron Circulator  Three Stub Waveguide  Adjustable
Tuner Short Circuit

°0

Thermometer

Infrared D Specimen

Controller
U 1.11 mwaudsznavvadan lulasnilslunuidoves Yarlagadda uas
Cheok [2]
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Input Rellected

M
egnetron Power Meler Power Meter

Trensmitted Power Meter

l==116)

Power
Sensor Altenuator

Power
Sensor

—%/_—‘;—i_!'r | —
Circulator SRS e l | l I Sample |

Attenualor

Bi-directional Coupler Directional

—m \] Coupler

Stub WR 284 Adapter
Tuner

Adapler

[ Waveguide

Terminalion (40W)

Termination (175W)

3N 112 mwdutsznavvaa lulasannllunuidoes Chen uazame [3]

unasniaadnlalasin
matufianduudnaniWiidunainanmusadsza iy undsiifieadulalasiinaisazaglu
A A v @ A A < o a
waeagyyIMe ihafazldwasnugiuazanudgs waaagyamanldluelalasnimly ldud wunil-
@38% (magnetrons) AIRA8Y (Klystrons) LazviainddAau (traveling wave tubes, TWTs) Lo lulasianild
TuaFawelfuuniiasounnzaanianiauunfiasauldidudwminnuaziineign nasauuniiaveuld
1A59819UUURANTT (resonant structure) TuMINAARMNNLNLAEN IWHN G491t AaaaLunRiaTauIINGanRUML

& oo a A, = & e e a ,s' a9 o
L%ﬂﬂ1WW7ﬂNﬂ?1Nﬂﬂ0ﬂﬂ1ﬂud LN ﬂ’]@lﬂx‘iﬂ’ﬁwﬂ@lﬂf\l%hﬂﬂﬂ'}ﬂﬂﬂ’]ﬂﬂ’ﬂﬂﬂﬂ8\11"1? TWTs

HANHATDW
lunsangaame wanlua (anode) ﬁwé’amuﬁ'nﬁgmdwm‘[m (cathode) AMULANANVBINGI
nudndilwifeswalni uazanlnagnihliSawiefinzaaninaudaiinasau (valence electrons) 1
imzagainanaing  Bildaasaufignidasanilnnalng azgnissliliimznuaulualasauwalnin lu
a P - K L Qo w & @
uwunfiasan (UN 1.13) wimdnfiiuagduuenindudaissmuwimdnluuwyuaniuswa i uaz
1 =3 ‘:’I ' v J o v Aa a I 1 o = l&l dl a t§/ o v
gwnunannnednanizildifiousiseu 9diiaasamdunmassliludiuanluasriu ussiiiauinli
dlnaasauinfeniduinden (spiral) luumendidnasousnugasinenansmesnssh (resonant cavities) ¥in
v a < ) . a & A i & "o ' '
I#iRan3au (oscillation) vasnyBidnasan (electron cloud) ANUDVINIRUINAL LU IAVBITAIIIIN

Aa

& o - ) \ & &
‘Iﬁﬂﬂ(ﬂﬁ;tyfy']ﬂ']ﬂ% Wﬂx’i{)']%LL&lL‘V\ﬂﬂvl.wwqgﬂﬁ\']ﬂﬁﬂLiI‘HLL%%VIﬂ']'N]

aldgimnuadotwlan laoriwanlng

(waveguide launcher) wIalauanidoalail (coaxial line)
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Coupling Probe Waveguide —m

Cathode

Cathode

>

Resonant Cavities
(a) {b)

3UN 113 mwnauaasasauunfiaseuiiltluelulason (@) mwwasan
AWUB (b) MWNBINATWTN [4]

I@ﬂﬁ'ﬂﬂﬁ?'ﬁ'mimuqumLagﬂﬁﬂé'aﬁdaaaﬂm (output power) vasvaaauuNinzauey 2 35 fa
augulasmItiuszaznaming LLaxmuQumma"tvxlﬁwﬁmiﬂw%ammLﬂTwuammmLaimﬁﬂ \an
Tulasndldluaidoutin  wunilasouasrnuduinsiazazimsmnuaszaznansta-anszuslu
Wuduszezy Flfenississeenuiiiamisnutisnaiidandasuddaaans msmuquimmnﬂﬂ-

Pauuuhizend1 MIAILANIIIINTTINGIL (duty cycle control)

NIWANTTW @k

NIUFNTTU b D uarsedenasnuvasnantulasnlugsmennimaas lwalulasanndniss
o A o A 2 ea o & A ) & A v & ' dd & A&
dfinultlawdnidanadadunnuddstulad wllounumoiadanldlulniried luduanudngsdunie

dld o e g =1 = = I} a o o = U U Qq’ d‘l U = o
wnnfifaagedn azlnsgyionasnuetnlisddydldmeondsi 3aldiawlndunu nwlndiisnsu:
urianarsnaanuwiinan Inddunisdnwly e ﬁwlﬁnﬂnﬁﬁﬁgﬂiwmﬁwé’ﬂLﬂuﬁmﬁwﬁuﬁw s
wdaufvasadnlulasnlunnlngd 2 anwue fa transverse electric (TE) waz transverse magnetic (TM)
TE F3wd WA asa I nAUAANIINT MU INFIITUIALFUIN B ARNINANIIAINUAUAANNT IARVBINES
t!l' ‘:!' a v a d’ ::l' &, 6 a 1 =3 g;

nu maeReufiuuy TE Sanuduvasawylwihlufiensnmuedeuniluaud du T™ Sauaudininas
ANAUAANIINIT IARVBINAIIN m’mm‘]’mada‘muLL&imﬁnluﬁﬂmumimﬁauﬁLﬂuguﬁ N lnanfanle
Aumldfa TE;, mode dnaResriousaizfiavainaiafaunl uaz mode LisuanfisdiuiugIgauazenga
audazawinbuwnlng

Tuwneindnlulasiininfa I unI I nadrTwlan  azlaaungziaunauaanin ﬁmamiugﬂﬁ
1.14 aanlulasnimaann lUd19miinendn incident wave sauadunazviawnaulldunasiifialTonin
reflected wave YIIBIRRUTINAWSELNT standing wave usaIifimIgaFEERATNUARUWAIAENLWTh

a a J [ a a ar
311 Mﬂ’ﬁfﬁly LROWRIN UL LD %IﬂUaﬂHmﬂﬂW’]Z“ll aammém"ﬁuvlaﬁ
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incident wave reflected wave

|

“,

Wl ~ Short Circuit

voltage current

E min /
37 114 nszvieunauvesndululasnlunmuslrtula 2]

a I3
Talastannannatainas
A & & ' Ao o A % o [
nisanuuuuanniiama filuduidmdnigazasszuunslianuiaulualalasn iwmenas
nululasanazgniiemnludalaglasiuwenniiainas ganpiinuluiagigniliSaudiondu
lalasianw aznerdasnumInszansdidaasanniulutonniaaes launily wanwdiaiaasionn w'lna;
A . . . 4 . ” -
lulasinuanndiaiaes (traveling wave applicators), Taduuunalnua (single mode cavities) WazTadILUL
. e o a o & a & . ' A
wanolnua (multi-mode cavities) lunisudsydiaefionlfislouunrinowndiamas imu desuuunillvua
{ k3 YV o L =3 a { Q/J T a Q { v o Yy
wiananplwua fiasnndasldtaigs flevesuenfianeinecltiuagnuriiavesizgidasmrilisan
3U7 1.15 - 1.17 \lunwuenndiaiaeinlglunnanss

Short Circuit

Waveguide

?Jﬁ 1.15 Rectangular waveguide applicator [2]
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Water

2.45 GHz
Generator

Waveguide

1, 2 : mould dielectrics

Applicator

3 : composite to be cured

|
7o f=t
a
Vi o il
7/
Dummy
water load

4: matched transitions

Eﬂﬁ 1.16 Rectangular waveguide applicator [5]

Applicator Profile Line Speed (m/min) Power, W Efticiency
Solid cylinder 4.5 700 1.0
d=5mm,

Q Area = 19.6 mm?

Cylindrical TMg; o Cavity
Plate 1.0 755 0.63
W = 20 mm
_ D=3mm
SN Area = 60 mm?

Rectangular TE,p; Cavity
Solid cylinder 08 15 0.33
d=10mm

e

Traveling Wave (WR340)

U 1.7

Area = 78.5mm?

1.1.4 duasissrszrivainlalasianuazisg

a & . A & A .
LLAWNRLALABILUUAY ﬂﬂiﬁ‘lumimugﬂﬂaﬂwammu pultrusion [6]

ﬂl a [ a Q dl v =} Qs A & a
aanlulaT WA UMATWAINUARULEY  aaTaReanlaslans gng@maﬂﬂmaqvlﬂal,aﬂmﬂ

vwriia uazaanIanzgiwisg ladidnniausrialaslifimiganaula9fld dhuazanfuewduiagnd

A d' ai v a 6 A dl' v A U 1
migﬂﬂauﬂauvl.uiﬂsnw lumm:‘nLLmLLa:Leﬁ:namm:g@nauﬂauvlﬂmnwvl.@ua ﬂmﬂmaﬂaulﬂmqmﬂ@

g; =) dl s 1 J [ wa a a
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UNN 2

ASN1INAaDY

2.1 @15Ladl

© N o g &~ o

10.
11.

Epoxy Diglycidyl ether of bisphenol A (DGEBA) WA®alas Dow Chemical Co.

Methyl tetrahydrophthalic anhydride (MTHPA1) wW&alay Lindau Chemicals Co. f§@a139ufA3eiu
gaudsznouudlinusiiauazSin mfinaw

Methyl tetrahydrophthalic anhydride (MTHPA2) HAalag LonzaSpA Co.

Methyl hexahydrophthalic anhydride (MHHPA) HAqlag LonzaSpA Co.

Tris-2,4,6-dimethyl aminomethyl phenol (DMP-30) NAalae Anchor Chemical Ltd.

2-ethyl-4-methyl imidazole (EMI) Naalas Anchor Chemical Ltd.

N,N-Dimethylbenzylamine (Benzyl dimethylamine, BDMA) NAalag Fluka Co.

wulouiiwuy chopped strand mat finvinianis (specific weight) L¥innu 300 g/m2 minelas
N LRAIGINL $1N0

mmdoaulsnnndalanuang afia Armiok™ Solarite 1894-EX-S $sielas u5um Inuaaulwsn
3N

nMEalan

drazanelaun axdlan

gaadite 2 - 4 fwidusnsvnlwuds (hardener) snswaiita 5 - 7 ﬁ%ﬁwﬁﬂué’uiaﬂg’jﬁ%m

(accelerator) m’imﬁnﬂéﬁLﬂum‘imﬁﬂ’mm‘iﬁﬂ (commercial grade) waziduwinsanaly (general purpose

grade) shanltlaglifimsaaudaslag maednemsn 1 - 7 Juseanar Neazidoaamaaiiuaasluan

197 2.1 g@]ﬂmaa%amamﬁmmmsmﬁuamlugﬂﬁ 2.1

2.2 gilnIniuazialasiio

1.
2.

o [ ' ® & P o A wa <
@aUAIINIBU (thermal oven) 34 Memmert ~ U500 Wnafanlluresljiansmly
. . ® - . o o e o

wnau'lulasian (microwave oven) 7% Sanyo  EM-X412 §uwarinasgiga 800 196 ;ATUSUTZAL
aIIad (power level) bé 10 szau (usfianltluairison
winwaau (Teflon mold) & 2 111a FWMIVTUNUIIFICARNANHEUHNgUENAI 17 cm wazlin 3
mm §uTununiuazaeywEnl i RNRATLE N guEnany 20 cm uazdin 5 mm
Wnan ‘L]i::ﬂa‘j_lﬁ’sULLN%L%Sﬂ‘gUIﬂSLﬁUN“HW]@] 20 cm x 20 cm $wIn 1 unw 1T dugn uazuns

= ' P Yo & a A ' = €4y ea i od A @
WARN 4 uriv WiNa v dunsaumnas ﬂsznm_lLLmman’malmﬂugﬂawamaumqsa AUIA 18 cm x
18 cm ldn%alawmsausasdaszniniuriananuaziawnan suna lilwlisasinsetasineunm
20U%R lAuaInan

a wn =< . . . . : ® . ®
LATDINARBURVUANTIGON (tensile properties testing machine) 4 LLOYD = 1000S W&z Shimadzu
AG-100kNG

o on v ; ®
LAIBINARBUFNLANILAIID (flexural properties testing machine) 3% Shimadzu =~ AG-100kNG

{ o v { . L . ®
LAIDINARELAMUAIUNUNITHIANITENUULLA DULAI L (pendulum - impact tester) I Zwick 5102
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.:.' wn > . ®
8. LAYAINARBURNUANINAINNIDULULY differential scanning calorimetry (DSC) P PerkinElmer  DSC7

9. LATINAFURNUANIINALULNAIALTIANUTDY (dynamic mechanical thermal analysis, DMTA) S;u
®
Rheometric Scitific  DMTA V)

v ‘a 1 . . 1 ®
10. naaafgam‘sﬂﬁaLaﬂmammuaaaﬂﬁ@ (scanning electron microscope, SEM) 3% JEOL = JXL5600
11. 1A3edaaTnumelufes

12. waslufiiaasuuuuaIBunTILIe

13. Lﬂ'%f'aamaaumwwﬁ@ju Brookfield® RVDV-II+

@]’ﬁ’]x’iﬁl 2.1 ﬁmauﬁmmimﬁﬁlﬂumsmaaa
Chemical Grade Viscosity (cP) EEW  AE Density (g/ml)
(at 25 °) (at 25 °)

Epoxy DER®331 11,800 189 - 1.16
MTHPA1 Lindried®46QC 60 - 166 1.24
MTHPA2 EG/NT 50 - 166 1.19
MHHPA sw 53 - 168 1.14
DMP-30 Ancamine® K54 200 - - 0.97
EMI Imicure® EMI24 6,500 - - 0.99
BDMA purum (> 98%) N/A - - 0.89

RUHLAG EEW = epoxy equivalent weight

AE = anhydride equivalent

2.3 3BNINAa09
2.3.1 mstiguarszauiiaszada talasian’

1. shdhazene @u ihan $1mam 1000 g wilugiiuldfigumpfiogszning 8 - 12°C (Gunh
amann iGN (T,) Lm{wLﬁuf':aﬂum‘*ﬁu:ﬁwﬁ';ﬂLLﬁaTuIaSTjammﬁﬁgﬂmam:uaﬂwm 3 mm Lé"uphgjluﬂ’

9 U

NANANEHEN 190 mm UALEs 100 mm mmmﬁai{ﬁqmﬁgﬁwhﬁ'uqm%gﬁﬁaaﬁaumiqﬁ%ﬁu 1Rl
L'%&J@TumaaﬁwLﬁuﬁmiﬁg‘a%ﬂummmuﬁa Fa3a'ldwinniu 9°c (T, = 9°C)

2. tmauzdianlulasn GsansEaurinasi 100% (sxauings 10) %aﬂ%ﬁw:ﬁuﬁwé’aﬁ”@m’gaq@
283101 lulasian q’m‘fﬂﬁ%@u"fﬂmlﬁﬁqmwQﬁLﬁ'uﬁu 10 + 2 °c L%ﬂﬂqmﬂgﬁﬁdwqmﬂﬂﬁq@ﬁw (T,)
Imsﬁau‘?@qmﬁgﬁ mwihdaurisum i musdoten e liwasnuanufauAnmsinomi AT

Juiinadltlunmslianuiau @) lumsnesestiduiinnalumslianuiaunmlile T, windu 19°C

1 a W o o e @ 4 o @ a M o .
#INBIMAAS A3 FUINT ‘ﬁszwuﬁj wazaAe, 1asINT MIUszIUAINaI8aTeIneunIa latanduainaIoan laannisise
miudsarcranasnululasiam, aﬁfmmyulﬂzJﬁwﬁfmmﬂamuaﬁuagumﬁiﬂ PDF/36/2542
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0 CH OH
/\ B | e PN
HpC—CH—CH, CI O —CHy—CH— CH, - O C O—CH, —CH— CHp
|
CHj CHs

n

DGEBA, n=0.15
0
Il I
H
C 3 C,
0 0
C
CH Il Il
3 0 o
MTHPA MHHPA
/CH3
CH=C
/CH3 / N
CHQ——N HN N
AN W
CH,4 AN (f 4
CH,CH ,
BDMA
EMI
OH
CH,) —NH C CH,N—CH
( 3)2 ) 2 _( 3)2
CH,N —«CH
2 _( 3)2
DMP-30

gﬂﬁ 2.1 lavaemdedvesdnend (DGEBA) a13¥in Wl (MTHPA uaz MHHPA) Laz@aLss
U731 (BDMA, EMI uaz DMP-30)

3. hdgunniGEudun (T) amnnlgarie (T) waznalumildanaiownnenlalasnd ¢

AMmamdraada lulasinangumsi 2.1 inmmaeassiana (t) Nzauiaidngg

P = 4187 * (T,-T,) / t 2.1)
lag P = dnasvoae lulasanile (watt)
T, = qmmgﬁﬁméﬂ(OC)
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T, = pannigarhe (°C)

9 U

t = nanfldlumsldnasnululasiom (sec)

aumIn 2.1 ildinnnanusunusealui

mC AT
= + (2.2)

lag  m = Wninvedin (kg)
= aNuaANTauain (4.187 kikg °C)
AT = T,- T, (°C)

t = nanfllumvinldle T, (sec)

= 6V = = v v v
2.3.2 msauawanﬁmiﬁnumﬂ@aumwsauuamm‘lufﬂinﬂ

L ¥ o A o a ° v ' PP o A o v X Ao a '

Taninawand s liuds wsesanssljisen ewdaswimnualiash 8Wond 100 du
(lassiwin) a13vilwuds 80 dau uaz awissUjisen 1 dau wia 4 dau snviugasnld MTHPAT azlafl
mMadua Uiz weusnednsswsiadnaionu muldiiduio@oann 1nefislivszanm 30 wifl
walinasaimenmely  imaduadlulwdhRudlnldanuminamudems lasauguiSanasduldlm
%ﬁfﬂwhﬁ'unﬂlmu myaudrae lulasnazdaslsiinNunvindamnaan miauﬁmﬁaumwﬁaumﬂ%
whinWaaunsaman  mMaalanuingniinfunnIgasrnalvmiuas i Saaiwnwaan i faniazinis
FuaalunNun 11\1Lﬂﬂﬁuwﬂuﬁaumm?ﬂuﬁaL@ﬂ"L;JIﬂ'iLM AIFNNITMTDLMNNTAUA msauﬁmﬁau
anuiauazldaunnd 150°C awa nmsaudoan lulasniizasuuy uonusnidunsaufiszaumiaaden
FonmIauuuuitin MTaLIUABULALT (single step heating process) uuufaaadunmsaunltszausiigs
ROIITAURIDEANNILAY (3UNMIULLLAIN MIauRauTUaan (multi-step heating process) NMIALALLAN
lulavaneeldszaumausznmfuandiuwldluudazgas  Iddnwazmimenwiuasdismoaniu

A A A o oo L AN A | Al o =
I MANNTRANTIN AB §AIZNNIRLNRNNZENITFI laala819n bidwaseornme idsesnd iuwvaauds
MNITUAIBENT §IUKANVBIITUFAIEI Juaadluansed 2.2

aTaf 2.2 %azimm:énuwamamﬁugm@m 9
Resin Hardener Accelerator
| MTHPA1 Unknown

Il MHHPA DMP-30

1] MHHPA EMI

\Y] MHHPA BDMA

\ MTHPA2 DMP-30
VI MTHPA2 EMI

VI MTHPA2 BDMA
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2.3.3 nsaudnendasalndnalsgauanaiauuazianlalasiov

Faawand maliuds usznaseiiten awdasuiitnualy neusnedninuriiod
g muliiduiiodoie nefeliuszanm 30 wiit eliwesormemely nsuasluwiad
Uszanms 1/4 289150N05919Maa ijmriulmﬁﬂun%uﬁmﬁa Mawsnloutaslth R uaznisdufimie

Y A 6 o v v % A d' o
aalui AW m"l,ﬂaumUg}aum’msaumaLmvl,ﬂmnwgnuam’azmsauwm%m

2.3.4 NMINAFBUANTANTIAY (tensile properties)
darunasauliuglaniuamunnaszin ASTM D638 d@miumadiini 1 mm wiaiduzld
WRBUHWENITIIA 15 mm x 130 mm a1NN1@33I% ASTM D3039 §1%IUAI8819U 3.5 mm NaAFaUaIY

AAIINIIAI 5 mm/min INWIUTUNAROU 5 - 10 Tw/a0819 maauﬁqm%nﬂﬁﬁm

2.3.5 MInadauaNTAn1slAIsa (flexural properties)
i) Funamoufiianunmn 1 mm
é’@%umaauLﬂugﬂém‘a’iwﬁuﬁmmmmgm ASTM D790 211@ 25 mm x 50 mm Nagay
LY three-point bending §288A3INN3132 8 mm/min S1MWINTUNAFEL 5 - 10 Fweasg maauﬁqmmﬁ
ol
i) Tunagauifanunm 3.5 mm
ﬁ@%vumaauLﬂugﬂ?}mﬁUuﬁuﬁmmmmgm ASTM D790 2#1@ 25 mm x 120 mm
NAFBUULL three-point bending §188a31157 5.3 mm/min S1WIUTUNAREL 5 - 10 Twerae19 nagauil

aIMRNAR a9
9 aU

2.3.6 NINAFIUANMNAINNIBATAIANTEND (impact resistance)
AATUNARALANNIAIZIU ASTM D256 1nLiuglaad (V-notch) Swmindunaseu 5 - 10 Fw/

f18819 maauﬁqmﬁgﬁﬁm

2.3.7 MIIAANNANRAVDILITI

v A 6

A o A A @ o o A o o
avdNandududiagauanuiouuazianlulason ewannizidvue lasldhAuviinwaau
LRzl TUS U B UUS I YN UNNTATONAID L9 3.5 mm WBLITU T ILTUTIV8 :Lﬁmﬂumm 1%
Wangad§iTen iisduaanunnalingunnives seaunsznssBulgmnglivingunniives Taanamiia

% A . ® LA A o o a Ao [ A
ALAIDY Brookfield v[mm’m@mmma:mﬂslul,i‘ﬁuwm&l’]’mm’m%%@

2.3.8 mi"’fmqmﬁgﬁwmﬁ%u
I o ' A o o o A o ' ° o o A
Dudradudsnuniude 2.3.7 Wadmedagnihaanunaingauanuiauniaianlulasiad as
5’@qmﬁgﬁﬂmﬁmmﬁuﬁﬁaUmaﬂwﬁmaimuauwﬁLi@mﬁ'\‘lﬁﬂaanmmmma’ﬂﬁmm%’au Tga 1l
M9 LA 5 FuA LLﬁﬁqﬁnLﬁ1ﬁwﬁua:ﬁ%uuﬂu@ﬁumiﬂ mMyiagunniazdasinmszeziniszning

A 6 a v P
LN aﬂuu LG amamsnul%mﬂ LRUD
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2.3.9 M5AATTHAIBLAS D DSC

fwsudagsnSunn fresh sample (Liﬁ%uﬁ"laﬂﬁmumzmumsau) maau’lu*‘ﬁ’maqmﬂnuﬁ 30 -
250°C ﬁmé'mﬂmﬂﬁuqmﬂgﬁmwﬁ'u 20°C/min LL§’Jaﬂqm‘ﬂQﬁadN’Tﬁ 30°C afgTIasIa88aTIMT
waaLiuft - 100°C/min  wifelsR 30°C 1w 3 Wl LLﬁaLﬁuqm%Qmﬂﬁ 150°C @roaasuia 20°
Clmin §M3UMBENITikNIWIToUILAD maaulumaqmmgﬁ 30 - 250°C @T’mé’mﬁmﬂﬁuqmmﬁmwﬁ’u

20°C/min Wit

a ¢ v a
2.3.10 N13ILAIIEHALAIDI DMTA

aadwinwduzFawiouindamwa 10 mm x 240 mm nagausiuinadia single cantilever bending

MMeldauaf 1 Hz, 10 Hz waz 30 Hz wWasioudn1siavinny 0.1% aasmIbianuTauyinny 2°C/min

=

maaﬂumaqmﬁgﬁ 30 - 250°C AWBQARTY glassy state LAz rubbery state Uufinanenaadanag)

U

#1990 T, iy T, £ 30 °C
a ¢ v =
2.3.11 N1331AIAAILLATDI SEM

RIRTNALANANVBIAIBE19N FFANNNNTNAFOUFNUALTINANIIATIEH Lagiafaufiinineanas

Walwaragasin lWia
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UNN 3

AanIInaaad 3Lﬂsﬂzﬁuaza'§ﬂwammﬂaaa

3.1 ﬁ’aﬂatﬁyaoﬁ%
3.1.1 mydSuifisuszauniaszaaanlalasion

wonlulastniildlulassnsdsedt fvwa 800 Sad wazunniiavauagduun Wulzinnaunu
flarwd 245 GHz WwanlulasndildluasrGen fnengn wezdlidunszuviumafisudannen
32aUTNRY (power level) °11mLmvl,uimnwm:mwfﬁ@Uﬁ'ﬂﬂﬁ]zi:wﬂu 10% - 100% 38 level 1 - 10 84
saumasiligegaveaanlalasnntys  Tasfwboduiad nafsudinldlasdsdemunasgmns
Lﬁﬂummadﬂm:mwmsmmmamamﬂﬁﬂvlwﬁwﬁdﬁa;ﬂlmwm’m‘%%’s“uad FUINT NITNUT (81989luun
i 2)

ﬁwmqmmﬁﬁ'wﬁu (T,) gaennfigaring (T,) szt ldlwanlulasan @) o szaumasengg

vaamavlulasiin fwmausums (2.1) drrssiasnsunldusaluaned 3.1 LLﬂ:’%iZ‘].J’th]%

fnfildanmmasas
a31971 3.1 ﬁwé’ai’mﬁmauLm"l,aﬂmnwﬁ"tﬁmnmmmmmiéjuﬁw
Power level T,(°C) T, (°C) T-T, t (sec) Power (watt)

1 N/A N/A - - -
2 9.0 19.1 10.1 600 71
3 9.0 19.2 10.2 270 158
4 9.0 19.1 10.1 170 249
5 9.2 19.3 10.1 120 352
6 9.0 18.7 9.7 100 406
7 94 19.2 9.8 80 513
8 9.1 18.9 9.8 70 586
9 9.0 19.2 10.2 70 610
10 9.0 19.0 10.0 60 698

afdmalananinTznineszauigg (Level, %) uazmasiadndiwiala (Power, watt) 69
LLﬁ@]dl%EﬂJﬁ 3.1 ¥MIIATNTARULNANEY (Regression analysis) 22 ldaNnuFNRUEURIT=AUANRIVBILAN
lulasnduszauidenldlumiodad lugUsumaduass aaf

P. = 6.9159 * P, (3.1)

L= eszeumsmasan lulestnfldlumiisiad

= fzaumssvasan ulasnnldluniiaasioud
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900

800 ~ "

O Experiment -

700
= Company

600 -

500 -

y=6.9159x
R*=10.9732

400 - L

Power (watt)

300 ~

200 A

100 -

0 T T T T T
0 20 40 60 80 100 120

Level (%)
3Un 3.1 m']wLLamdﬁﬁﬁé’di’@ﬁﬁi’@iﬁmﬂmimaaaLLazmm‘TaQamaau‘%ﬁw
ANLEUATI LFINNNTIATIER UL DA DB Y ao‘ﬁa;&aﬂvl,ﬁmnms

Naga

ihaumfldnmsdinnsiuuuneney (80017 3.1) ﬁwmmmmﬁﬂé'ﬁmﬁﬁi:ﬁwm8] a13197
3.2 uFAIALUSHUAURAITaeT ldannmMInaass 3INNTRIRIH Lm:mﬂ"ﬁagaﬁﬁﬁﬂﬁwmvﬁ fanain
Arasiadildannsnasssuaza M NsiuLnanas ﬁ@h@‘iﬂﬂ'jwmﬁﬁmwumnu’%ﬁ'mjwﬁﬂ
dszanm 14% ﬁagaﬁ"lﬁmﬂmﬁLﬂiwzﬁf:aﬁwwsnﬁwvlﬂLﬁﬂuﬁ'uﬁwﬁa’i’mﬁmam,m"l,ﬂmnwfé"uGjﬁﬁmnﬁﬂu
A liudn miﬂ’auquﬁﬂﬁiﬁ'@lﬁ‘umLmvlﬂmnwmﬁ'l,m%‘aL%auﬁ'mm*mLﬂ'éﬁmzﬁuﬁﬂé‘ﬁmﬂﬁfu nldlas
mimuguizszialunmiddeslilulasesnmnaudanivomiiedag innzlumajid wanilasen
='naaLmvlsﬂmn%l"nﬁﬂfrazﬁwmmﬁuﬁmuﬁwé’ai’mﬁﬁi:ﬂi’mngwﬁm 1 800 Ja¢ dmsuianlulasiandils
Tunsnasasii seriemsvnausasanlulasim a:ﬁs:uumuqmm:nmﬁlumsﬂﬂ-lﬂmﬂi:uﬂw il
diadppasmasiadiuanuly fdasmmnsiiaddng 1w szeumas 2 srezmle *made” azduning
izé’ﬂﬁ'}é’dgﬁdﬁmi’mﬂ@maﬁlug\m'jw 'mﬁﬂ'ﬁﬁw'mﬂ@-l,ﬂ@f:ﬁizmnmwhﬁ'ulunmzé’uﬁwé’o BRunan
AU (period) G‘fiumaﬁi:mnmmn@hoﬁ'uvl,ﬂ%uagjﬁ'uu‘%ﬁw;jwﬁml,azﬁﬁé'ﬁ@ﬁgjdq@ lamnasasiaees
e lulastnlasmswadosiiindn 4adwdesde-Ta Suiinszozanlunste-Da wans
nasasuaasluasnei 3.3 Lmsﬁ'u‘[sjufﬁ’ﬁnm 17 5w aneluwitsnn msldszauidsaoud 9 asun 1
Tunssudanululasiw (actual heating time) #wniamndildlunsasedas (setting time) aouaasluang
i 3.4

! E.T. Thostenson and T.W. Chou, Compos. A, 30, 1055 (1999); Y. Liu, Y. Xiao, X Sun and D.A. Scola, J. Appl. Polym.
Sci., 73, 2391 (1999).
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P ' o o o ~ a Ao v a o , Ao, Y
AN 3.2 Naﬂqsnlﬂ']ﬂ']izﬂuﬂ']ﬂﬂ“ﬂﬂﬂL@]']VLNIQSL'JWLﬂiﬂl]L‘V]ﬂUﬂqﬂ?@vL@‘ﬂiﬂﬂUﬂqﬂﬂ']uqmvl@]"ﬂ’]ﬂﬂ']'i

"3Lﬂswzvﬂmumnammmﬁszqmﬂu‘%ﬁw

Power Level (%)

Power (watt)

Experiment Analysis Company
10 - - 80
20 71 138 160
30 158 207 240
40 249 276 320
50 352 345 400
60 406 414 480
70 513 483 560
80 586 552 640
90 610 621 720
100 698 690 800
a3197 3.3 szgzanlumsde-Denszualniasselulasnildlunmmeasosit
Power level Duration power on (sec) Duration power off (sec)

10 17 -

9 15 2

8 14 3

7 12 5

6 10 7

5 9 8

4 7 10

3 5 12

2 3 14

1 2 15

o197l 3.4 adTouisunalumssudanululasin (actual heating time) LaztIan g
fILAa9 (setting time) AiszaUANAS 3 uas 4
Power level Setting time (min) Actual heating time (min)

10 3

3 14 4

20 6

10 4

4 14 6

20 8
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3.1.2 msAerzvmlsanadjiseadivesBnaia fresh sample A2gnaRa DSC
MmangudWand s1svilduds (MTHPA1, MTHPA2, MHHPA) uaz @139 §Aisen (DMP-30, EMI,
BDMA) lusadiudnagnu (lasiwin) USunmwesaanssljisenfeauinninuesdvend a1sen 3.5
P =2 a A ' a o & P o o
megmnmuwlﬁumsﬂﬂm MIBENTOMUNFNLANEFATIZIILNeIh gash 1/90, /85 ...  aNMIAILIN
WinpfigeIn wazduaunaannanofsUTima i lwuds 1w 190 da gash | (Epoxy + MTHPA1) fifidu
WEULYINAU 100:90 w30 1/85 Ao §@3N Il (Epoxy + MTHPA1 + 1%DMP-30) NfldamkaaLyinny 100:85
udu waumaafinugasiuasen 3.5 i luiensindinaensiauiaisesnunannaiad jism

UazF1 Tg feLa3ad DSC

31971 3.5 q@iLi%uﬁI“ﬂuﬂ’ﬁﬁﬂH’]ﬁ’]Umﬂﬁﬂ DSC anisdui laldrumsey
Resin FIWNEY Epoxy : Hardener (wt/wt)
| Epoxy + MTHPA1 100:90 100:85 100:80 100:75 100:70
Il Epoxy + MHHPA + 1%DMP-30 100:90 100:85 100:80 100:75 100:70
I Epoxy + MHHPA + 1% EMI 100:90 100:85 100:80 100:75 100:70
\Y) Epoxy + MHHPA + 1% BDMA 100:90 100:85 100:80 100:75 100:70
VI Epoxy + MTHPA2 + 1%DMP-30 100:90 100:85 100:80 100:75 100:70
VI Epoxy + MTHPA2 + 1% EMI 100:90 100:85 100:80 100:75 100:70
VIl Epoxy + MTHPA2 + 1% BDMA 100:90 100:85 100:80 100:75 100:70

& Adq o t & a [ A
Aunldnsw (AH) 284 exothermic peak 310 1° heating scan LHudSanmanusaunaisaanan
mnﬂﬁﬁ%mﬁaaﬂmimaqa (crosslinking reaction) fi1 peak temperature Lugmnniigsgaeninamsiia
Aaaa ' a o d . o Ad o ' . . ' a
U5 1 Tg F@laain 2 heating scan Lﬁaﬂlmqmmgwﬁmmm inflection point (TINANVAILNIUT

Tu) FmMIdeased 1 a3ydans wansnaaadailluani 3.6 - 3.8 uazlugii 3.2 - 3.4

a31971 3.6 ﬁa;&amﬂmﬁLmﬂ:ﬁﬁwm’%ad DSC usasrnausan (AH) fangoaninanmstia
ﬂﬁﬁ%mﬁaugsni (J/g) Va4 fresh samples
Resin Hardener Accelerator Heat of Reaction (J/g)
100:90 100:85 100:80 100:75 100:70
I MTHPA1 Unknown 307 325 312 301 305
Il DMP-30 238 250 254 240 270
I MHHPA EMI 349 328 339 334 321
v BDMA 268 257 251 301 274
VI DMP-30 272 267 282 266 285
Vil MTHPA2 EMI 348 346 363 366 350
VI BDMA 294 289 302 295 304
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ansafl 3.7 iayamnmﬁLmﬁ:ﬁﬁamﬂ%m DSC usasamn)il (peak temperature) fifinainizans
mm?awﬁ'Lﬁ@ﬂg‘jﬁ‘%mﬁaugitﬁmaa fresh samples
gy Hardener Accelerator Peak temperature (°C)
100:90 100:85 100:80 100:75 100:70
| MTHPA1 Unknown 158.3 158.0 157.7 158.3 158.3
Il DMP-30 167.3 165.3 166.3 165.3 162.3
1l MHHPA EMI 166.0 162.7 162.3 161.3 160.7
v BDMA 166.3 168.3 169.7 163.7 165.3
\ DMP-30 168.3 169.3 167.7 167.3 163.7
Vi MTHPA2 EMI 166.3 168.0 166.0 164.7 166.0
Vi BDMA 168.7 168.3 168.0 166.7 165.3
ansafl 3.8 ﬁagamnmﬁLm’]:ﬁﬁamﬂém DSC uaay T, °1Jaaﬁﬁ"en%ﬁLﬁ@ﬂ;’jﬁ%mﬁauginimﬂlu
1#399 DSC
Resin Hardener Accelerator T, (°C)
100:90 100:85 100:80 100:75 100:70
I MTHPA1 Unknown 114.4 119.1 115.7 113.7 119.4
Il DMP-30 83.4 84.7 93.1 93.1 98.1
1 MHHPA EMI 146.1 147.7 146.4 146.1 139.1
v BDMA 97.4 93.1 88.7 108.4 1011
\ DMP-30 75.7 70.7 83.7 73.7 88.4
VI MTHPA2 EMI 117.4 123.4 1314 134.4 127.7
Vil BDMA 75.7 75.7 85.1 80.4 89.1

@ragnianIenziiezFonin fresh sample Liasangy lirwnisauuazas el §isen ns

ldsuanuioumeluiaias DSC Fatudunseuuszvliifadjisefanysnl donu d1 AH wiadunld

n3WL8Y exothermic peak AldRdafisuiiusSinmanuiauiimueanuanmaiaUjisoiauysol

(100% conversion) @1 AH #azgnihlullunmadwimmidiinuniaiadjisenvesdwend  (curing

conversion) fildanmaudiman lulasiavuazgavanuiauluninasasdagly U0 3.2 Wunnvusas

o o P . a a > { o & aaa
ﬂ'J']&lﬁ&lW%ﬁ(iZ%T]\‘]ﬂ@]iﬁﬁ'J%NN&I’UE]\‘iLi‘ﬁ%LLﬂ:ﬂi&nnm'ﬂﬂJia%ﬁLﬂ@]‘ll%’%’]ﬂ‘].]gﬂif;l”l

A Gt IR

aaa 1 a k3 { a l&l a v {
UfiteniinaderTinannuiouiifiou gas VIl (MTHPA2 + 1% EMI) dilTanannuiousananuiniga

A dé ‘?; 1 a v ) [l { v Ql Y
F0IANADFAT Il (MHHPA + 1% EMI) lugmmm UL mﬂimmammauaglumaﬂlﬂmﬁmﬂuﬁmmw

DANFIUKNFNAZAN® a1 Tz Ui v ludsnlsluss 75 — 90 phr (per hundred of epoxy)

g 1 U Q a U { a t§/ o = L2 g
AR lnaAgInwIN USuimanuTauniiiadnanansaTasa e ulaasi VIE > 1> 1> VI > VI > IV > I
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Heat of reaction (J/g)

Peak Temperature (C)

380

—O— | MTHPAT
—X— Il MHHPA 1% DMP

—— Il MHHPA 1% EMI

—24A— VI MTHPA2 1% DMP

—@— VIl MTHPA2 1% EMI

/ —+— VIl MTHPA2 1% BDMA
X

—<O— | MTHPA1

—X— Il MHHPA 1% DMP
—— Il MHHPA 1% EMI
—X— IV MHHPA 1% BDMA
—24A— VI MTHPA2 1% DMP
—@— VIl MTHPA2 1% EMI
—+— VIl MTHPA2 1% BDM

—&— VIl MTHPA2 1% BDM

A

A

360
340 +
320
—_— —X— IV MHHPA 1% BDMA
300 \
280
260 +
Y>-<* —— VIIl MTHPA2 1% BDMA

240 \*
220 +
200

65 70 75 80 85 90 95

Hardener content (%)
A o o g ' a2 v aaa '
31N 3.2 mﬂwLLammwauwuﬁ:mwﬂimmmﬂmaumﬂﬂgmmLm:muwau

172
170
168
166
164
162
160
158 | O—O\O,//O/‘/O
156

65 70 75 80 85 90 95

Hardener content (%)
Adl et 04 [ 1 a -dl = aaa 1
51N 3.3 ﬂi’W\lLL&@]Gﬂ’J’]&JﬁNW%ﬁ‘i:ﬁ’J’NQM%QNY]WWIJE]\‘Iﬂg]ﬂiil’]l,mxﬁ’luwﬁ&l
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160

150

140 - A/A’_’k/‘\‘ —O— | MTHPA1

—X— Il MHHPA 1% DMP

130 4
—A— |l MHHPA 1% EMI

120 - 0\0///0/0\0 —X— IV MHHPA 1% BDMA

—A— VI MTHPA2 1% DMP

110
/ —@— VIl MTHPA2 1% EMI
100 X
— N —+= VIl MTHPA2 1% BDMA
X X X
90 - >< —m— VIl MTHPA2 1% BDMA
X

Tg (C)

— —X

80
70 +
60

65 70 75 80 85 90 95

Hardener content (%)
A o o ¢ ' '
Eﬂ“n 34 NIAURAIAMURTUNBTTZA I Tg LRZRIVBNTN

tHunswiudn cross-linking reaction [ulAsenauanuion uazdwendiduaninainuian a3
wn gunpinegigaizdudsedi mildanuiauermldifadjiteuulinrazlfiiugmungin
duniadt wananfidunibsithandugunpinldifad jiseldauysal udadnalsfiony dayanldan
minasastians liseandasiunizuiunsauaislumeagasnnisy asndanmilianuiauuazma
VoITUNUANTL §03 | 3 peak temperature dga uazlidnlndifnsiulundazdanaiu gadugl peak
' a v A X a o v = oA P B a
temperature genuszlumiliufinduauyTnmasiliuds anuuandsfanniigazastagmnniily
= A o a a ' =] v ° ' A :
gasni 9gfiddszanm 5 °C Ransandnudyaumitaazlddn t peak temperature dnduaasirfianadasla
dadfisenannnit adelsfiony gunglmaitegluziafoanuuaze onset temperature vadNNgaTIzaL]
. x . ad o :
luis 130°C auld uaavigmnginazltlumsandnandaisazgendn 130°C
Glass transition temperature (T,) LaasluaTf 3.8 uazlugi 3.4 anuduRuSIzAIaaaY
' o« An T { ° v & A a a & o< = v a X a
nawluudazgasnud T, ffaneliviuewlamaldudadvTnnouniniu wufe Suwiliuiniu wiall
E . oa & A A @ = . = & ' A ' v &
nieAnlkLazannd wWialddaudanefl udningIun 3.4 wmdEwihaansnudaaduauet T, ldidu 2
ngulng lasnguusnaziien T, gand1 110°C &eldud gaad | 11 uaz VIl daufiwlasziidn T, d1nd 110°

C lunndamsin unhdunadn EMI ezl T, gegaluursangduuasdnsaljitm

aﬁ;ﬂwam‘smaaﬂﬁé’aﬁ

1. AH ﬁ@iﬂﬂﬁLﬁmﬁunﬂé'mwdmwaw \iialFhardeneruazaccelerator Tiadnan
2. a3 VIIl (MTHPA2, 1%BDMA) fitianmanuiaulndidesnugas | (MTHPAT)
3. g3 VIl (MTHPA2, 1% EMI) ﬁﬂ%mmmw%fauaaﬂmmnﬁq@

] ¥
3.1.3 nsnaaasaudnandauian lalasvuazdSanalfisoniiiedn
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mnaaadidumsansiiissdunsanuamunsalunmsaualioian lulasw VoIDWONTLITUFAT
) ~ P a a aaa a 'y A o A Aa ° )
49 uanifSeufisuiSinanafadjisovessdunsldsniznseufidenu lasdangasniiasvild
= o aaa 2 o o { o
ula 80 phr uazlidnisUjazen 1% (gas U3 - VI3 gandeanununaniinaaasf 3.1.2) masluduny

A v & = Y P ' o & v o @

saunfivwalduraudng1s 3 mm &n 2 mm audaanlulasanianiizdngg daudsdia sxauiias (evel
2 - 5) Uaz 1A (2 - 14 W) LLﬂ:’T@]QM%Qﬁ’UGGﬁ’JaEi’ld%ﬁdﬂ’liﬂuﬁu‘ﬁﬂ'lf_luaﬂL@]’le&IIﬂ‘SL’JW lagdalAum
wiamely 10 Awfl ifudedefievuia lilutasusudavasdiiuauninizilfienidneias DSC
Wasnnidunmessadasaudslsidniunamalan

wanInasasnuldaisliszauiaig g innzaduerniniafionsseimea duaasluaed
3.9 datefifanyued wineis uvssuduazlifiveserma vadeihafedjitenlisuysaiviaiia

v v ~ o U A Qs 1 tsld QI a J dl ~a Qq, 1 =

laesaziianwazamoiuad datefinasameaazisufeinivsnanasiununas uazazinasarmea
- ¥ 4 - o e . N
duanndudianaflflunseudniu winanazlunmsauuusinn dedafazinduszlinasemeannn
= Ao ' 3 A a X ' = A A Iy A v a Aa
WunganaimslndfezBuiadsluaunansinne  azdenianuSnmnasduanuniasulnalfesni
anwued fa lddinasameuazldlned ihldiensidroasas DSC mynasduluianlulasian azanelu
LI aaguinaitesnnunyy

31N 3.5 uaz 3.6 ugaslSunannsiialfisen (conversion) UBIBRENTLITUNERAINTOUGILLAN
lulasanfignzdsgransdunngas  wudsduduwlnganfeUjitownnnin 0%  Usnmmuiae

Unsemsluenlalasnddwmldnnmadiouiisualsuimenusauiiasasnan (heat of reaction,

(%

AH) rassnatefisudisia lulasWiivuiudiadninGandi fresh sample uaziliowdugasasii

Conversion (%) =100 - [(AHmicrowave cured sample) X 100] (32)

AHfresh sample

gﬂﬁ 3.7 Lm:gﬂﬁ 3.8 LLam@hqmﬁ{}ﬁmaa‘ﬁu&hamaﬁf@iﬁﬁuﬁﬁaa_lu,éhLﬁ%ﬁnﬁaiﬁszﬁuﬁwé’aﬁ 2
o Q/ a IQ/ U { v o o L { v { U ‘gl {
uwaz 3 anuday  gunpiindaldidaldszdumia 2 U 3.7) Suwildvaasadialdiianuuiu Tuamen
Aado A A o o o o a Y A ad A &L & ' A
g Diinialdlugf 3.8 Weldzauias 3 fuwilinesn gauwpiifiaassilianmaunuiunu azifia
nmsfisdwiadjizonldususzaradudofanaialun1sia (experimental error) 1Wizdana33eislun
mMIltineslumasuuudunnsaneszozlnng  iasanimwasunlsluniseuivwaanilaisuny
Faslgaragrsvadan lasn dsenaiuuwian liminzaunaz lesuadn i lasnnszataniTwang vilw

Pnumafadjisendiensiladtefdenaiainies  widaindudefansenvanivle adislsionn
minaassaautidunisarassuanuaannlunsaudWendisfudioion lulasawiuh aldUTunmadu
Tiannsin lumsdsendastulazimnass  1Wa9imaaIsuiwnwimILNMIesoUaNUATINS 92
~ a ' af A o A & o L g
w3suTunuzwavgdsezdnunlunssuasululasnannduuss sdnanananeiumn
lummassadasdulfrzdumdsiadgousziimnaug wiu 3200 5 luaa 2 il dnngidunu
o A A & o v o o o ¢ - @ £ = v Ao
Twdiw3aivasanmeanin  Fsvimasaszauiasiaduasiiuszazislumssuliwiuin  Falagunund
:u J J v QJ a v A { { v 1 v dl a v 3 v
anEEdIu  SiFeanseInuNaMILVaIUNNITBIUgRldImAeuTIwn  asenawidpilaien
P o A s, ao v ao A P a € £ o 9 v =
TulasranlgluesaFon Fedannuidppasmnivdugidszdugion lulasndnues ldnsad3ay

2 . (. ¥ - o a - « ao . Yoo,
USanufiszydu % uaz phr ifianuminsdoiude WuSinaidisuiudiand 100 sulasiwin 1w 8Wend 100 g

Igsavinlduds 80 g uaz@aisalfisen 19
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WounamnasasdwldIdssduniorings  aslsionn  wnlulasndldfasiiszoznalunlses
lulasineanuuduseg %uag’ﬁ'mzé’uﬁwé’aﬁlﬁ giu fissaumsarihny 2 asdseslulasaneenunin
e e 18% vasszazimfimnualiianlulasinrieu fo luns 17 5w onlulasnazddosean
panu s 3 Fufl uasissaumaavindy 3 axUseslulasneanundwnanfies 29% vosszpziiani
fvualwanlulastninan a8 lunan 17 5w enlulastnasUsesadusanuiiies 5 3wd aoin
pransnldnlummasssiildion 16 wfl 1w winseesldszaznanlumsiianufananlulastniiiss

2.88 W11 WAz 4.64 w17 Laldszauinadn 2 uay 3 MUY EWINIINFlNNTa U817 lulaTiawd

& a a a @ 9 Y v do o =2 a4 o =2 @, v o @
aumnLwammumwnumsaummg}aumwmaumaﬂwmmm 15 Wl 1 150°C  DININTZAURINY 2
ﬁ]z’lﬁﬂ‘%mmmﬂﬁ@ﬂﬁﬁ%mﬁam]”wz;m (95%) sl,wmmmgjm udllaiisunumslETzauingg 3 azwuiniszau
o Qs g; = =y aaa a g: 1 J ‘SI =) tﬂl =
Mas 3 B Usunmmsiiedjisendaaus 95% awld nansnesasaalv/3 Aaan 2 wifl lugﬂ'ﬂ 3.6 1
ffautnadn (90%) anvaziilutefiananalunmneass valiFinaiwanmeassiiazlisannfanuna
mneaasdadn  Nltvwaiinwaesawmalrg  lususinanmmesashugaalfiduin  Aszauiag 2
° v o A & o v A A Aaaa A o 9o o Aa v &
v ldavendudeaale Aoifadjisoned mimmmvlaaummmmaumquﬂﬂma 17 — 20 mm
q/: a 1 % s o s 2 = EZ2N v = a A ey a
Wzl FTuIuTaNunm 1 — 3 mm azliauTaldszauiigs 2 tetay Dawdnazldiianne 25 wif awend
azliifuveuds asdlsfionn lummeassdagu linsuilulasnnmanziuaieassnismadan
FHRUNINATNAIBE1INADUTIIVNT hazAIENITUIALENLAW LY LT Lﬁuwwquﬁﬂaﬁa 1 cm laanznazly
A lulasaniuilulasinisidod
VL@T;“J'SWmmmﬁfﬁ'ﬂﬁmeqmﬁgﬁmaaé’mmmé’dmiauﬁamm"l,aﬂmnw FaNNFUNWTNUI Y
nanlumsendugiszaiinir udnaniinasaslulasansidpiidnnnamonudingn fa gunpiinia
oA A o o o o a 9 A A o o o o Aado qu:“ﬁlL.
ldfidnaaasaunandaldszauig 2 uazliunlivasndaldszauie 3 gungdndaldithivaasana
% % Q/ a aaa { a ‘§/ 1 L 1 v 1 U L o Q/ 1 o v Aa aaa
sunusnUSIN MU §isenifiaduagntaias LmﬁLmﬂumwmﬂﬂnimumaagamw agimlifaUfnsen
Aado

mﬂn'jma:ﬁ'sasmﬁqmﬁqﬁgaﬂ'jw wananh qm%qwmvlﬁﬁi‘lajaa@ﬂﬁaaﬁu peak temperature a4 fresh

ado

sample PAeTsideieias DSC (gﬂﬁ 3.3) qm%gumﬂvlﬁﬁv’ﬂugﬂﬁ 3.7 usz 3.8 Jeenin peak
temperature 284 fresh sample %admlmyjﬁqmmnﬂﬁgmdw 160°C é’uﬁwgm'hqmmﬁﬁ?@vlﬁf:mauﬂu
anufaufiosaaninanmafed§isen waemafadjisosinnfaldsinelunanfieon 2 - 4 wif (9
ﬂ%mmmnﬁﬂﬂﬁﬁ%mﬁﬁLLmIﬁumﬁLﬁanaﬂumsa‘uLﬁuﬁuﬁummlugﬂﬁ 3.5 Uaz 3.6) alwimun
nsauwwiur liiudatsfifau §Aseudinalumstomanuauwulu daiu qm%nﬂﬁﬁi’@"[@ﬂu
S2euMas 2 Fefldnaaasaunmfiiviu mildduiaigeniy wineiimsldmasiadniandsnugs
i ssmaliiAnd§RTenanniuazianudoumuosanainuinni dwiu qmunﬂﬁﬁi’@iﬁm:ﬁuﬁﬁa 3 398
AgINI
gyUNANIINANY

9

A a
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Temperature (C)

Temperature (C)
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3.2 SRandisBuaumsaanlalasiandmiusueiatieuns
3.2.1 gNUALBING

\eLNBNDNEIITUFATA Y (I — VIIl) ffanainlduds 8o phr lasiduaisdlfizen 1% uaz 4%
msldienlulasniiasldonudszanm 1 $9lus udImgaRnUIzanm 30 wfl lasaniaariausnnuazan
minasaswuirfinadenafalfAisevansdu dresnefildnnseudisenlulasnazdfiniduadu
1WNAY Lﬁaamnm‘mgumaammad Sedasdafaminliitoy  vhldenununesiunudamasnss 910
ANURWILEN 1.4 mm aaasidn 1 mm wiadasnin lavinImassainenunmaesdregslinuinit 1.4
mm ualiidunadnse iesanmslasduaslwsnmnaeuinniu a:ﬁﬂvﬁﬁ@ﬂﬁuﬁﬁmﬁwmﬂﬁmmxgﬂ
Winsduoanuueni TesnediiAedwmwziniaanildienudniies 4 mm wnvilianannni
1% 6 - 8 mm azdoslFurmnNaaRRIININHIIN uHnHaswT N TwiRLIE AR 1
om SamzAnldifins 4 mm daliuiRuionunwfisu 6 mm wasdnmanaudaussvasgmitly fausd

Tunwaeanaszgagunsanululasawlden  wddfifomadesloluanavesdiond dudfismans

U =1 U lﬂl 1 Qlﬂl a g/ a " v 1 U
ANMNTBULATIANNTDUDANNININ meqmwgumﬂmuumvluuaﬂmw 150 °C luwnmsltianlulasan 1
o ° A @ & o & o A A ' & A '

T M ULITUeUTENE 4 AT9 At e Uz TU RN UAT LA UYUT LTI LEIUNA 9
I o A o ' 2 A v o ' AN o o o Aa v a A
Lﬂummqmanﬂmlﬂwmmsmmmmﬂu 4 mm @ mammvlmmmiaumUglauwmml,muvlwms
o sy I o & o 2 & A A o A o o o o
da mandstwnwduglanuad mdedwnuiuglawisunaznminingdanl 09l TAINITTNATZIINRE
£ Lo @ v o A 2 o . A e o a o o Y
Iuagnuninuepeddin - LihesnnTumadwdWendilizaing  dnazifiansuanyin MldtForalunns
AT NTUINUIUTUA DUTANIN

whnwaannnalunits 3.1.3 ﬁmmmﬁumﬂuﬁﬂmq 3 mm USuousdunltussanm 1.5 n3n
FUADHITVWIARUIUTENIIE 2 mm FANEMIBUNRANIZRNADITAURIRT 2 1181 4-14 Wl e liszau
o @ =& =1 a ) @ £ ' % v o [% & @
189 3 Tuaninasemeunazisuludmltianwuan anansaldszaunngs 4 1a wnztuenulng an

1 1 a é/ [ a a U { o =) { =3
MINARBIGBNWLIIENMIZMIBLITUIBE NUUTIN NI IINATaIITUE IaTinnTauLITunslLTINm
J/ v U { é/ L 1 YA U a o Qq’

WNUU %:@adl"ﬁama:ﬁ?mnwumLmumimaaaﬁﬁl“nLsmuﬂi:mm 57 NTY ANNAWIVBITUINWIUANT

naspInaniyszanm 1 — 1.4 mm

&l

Py o [y Ao ) o ' A
Wavanmanesssiidesnslsiuneseuiiaweauunasgu - ASTM  Judaaia3unslfuwng
vnalng Sududasmanniznseuimanzanlng woihdududedlfzduiamasalulasinaglugag
3 uaz 4 1w 10 - 14 wH 3992 16BUNUNG NIaUnIes 5 AN RNV MNAITUIH NITLASLN
Qq’ 1 A v dld o Qa g; ) &) L3 o U ~ s a ﬁil v
mquuiuLL@a:g@mzmaﬂlmnnzmmmugmuu6] laudndudasimualdaniizi@eins  138unaudiy
szauings 2 hiudsdnsudaziiuands 20 win wWhuanslunismesssidasnisliiialuniseu i
15 WA IWIIZAN M NIToUNRAA i bl 599wazl e 15 win Namnnil 150°C wAIMINARDILT
LAY 20 W17 MIBNaLIIUABURNTATING Sraurinaduazianlsluniseudisian lulasianvesdwan
o . ' . v . Z . f X e . .
TLITUFATEN Juaasluans N 3.10 FIUNMIBUMBGIUUL  MITAITaIITU IR AT AL

UfRFuazawavasiuau  anmanesssnuinsBundansiadjisem 1% ldudmsuyoiiisaudang

'
=

aultiaan 15 wil Namnad 150°C dasldiian 20 Wil 399zuT96728  lun9IasInutny ninalegIluwIa

q U
3

WA uou idwshguanand 1 82 nun 2 mm azudadalddidaldian 15 wfl

mMnageusNUATINakiimaTsuisusEuneudedaungmnail 150°C laglgiianlumseun
14 Wil uaz 20 WA FMTULTUNTANIUFATEN 4% uaz 1% arudreu nuidunevdisean lulasaneny
AN319N 3.10 HAMINAFDL tensile properties WRAILUAIT197 3.11 — 3.14 HaNMINAFAY flexural properties
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LEAI AN 3.15 — 3.18 WATWANIINAFAY impact strength WEASIUANTIN 3.19 — 3.21 @1 flexural

elasticity AldannmnaseuLuy 3-point bending LLa@awaiugﬂ modulus

a397 3.10

g@]iLi%%LLﬂzﬁﬂﬂﬁl:ﬂﬂiﬂUﬁ’J ] L@]’IVLMIﬂiL’JW

Resin Hardener Accelerator Level Time (min)
I MTHPA1 Unknown 4 10, 14, 20

Il MHHPA 1%, 4% DMP 4 10, 14, 20
1l MHHPA 1%, 4% EMI 3 10, 14, 20
\Y MHHPA 1%, 4% BDMA 3 10, 14, 20
VI MTHPA2 1%, 4% DMP 4 10, 14, 20
Yl MTHPA2 1%, 4% EMI 3 10, 14, 20
VI MTHPA2 1%, 4% BDMA 4 10, 14, 20

Aa

Tensile properties 1a9t3GuNaudugaungmngil 150°C Liluan 14 Wil IFBuRau

U

T19% 3.11

el i3en 4%

Resin E (GPa) O, (MPa) €, (%)

l 1.07 £ 0.20 55.17 & 8.31 4.96 +2.07
Il 1.05 £ 0.10 37.53 = 8.33 3.62 £ 0.82
i 113 £ 0.15 81.37 = 10.49 727122
v 1.28 = 0.33 99.46 * 6.22 8.92  1.39
Vi 1.08 £ 0.08 76.23 = 13 5.13 = 1.09
Vil 1.02 £ 0.19 56.18 T 9.54 6.03 = 2.37
il 1.08 £ 0.25 65.60 = 11.83 73725

TR 3.12

Tensile properties 184L33UNaUMBGaUNDUA

WU 1%

ny

U

Resin E (GPa) G, (MPa) Ep (%)
l 1.22 £ 0.22 70.86 X 2.14 9.7 X134
I 0.79+0.23 33.09 9.6 433t 1.18
1l 0.68 1 0.05 48.32 £ 2.76 55115
v 1.08 £ 0.10 36.01 £ 7.49 4.37 * 1.46
Vi 0.75+0.13 54.97  11.65 5.50 = 1.18
Vil 0.73 £ 0.10 47.37 = 9.91 5.77 = 1.08
vill 1.05 £ 0.07 54.27 + 9.29 6.41 + 2.05

150°C 1Jul2a1 20 U7 LITUHFNA
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97 3.13

Tensile properties Ua9L3TWNUAILLAN W IATIIN LITUNRNANIIUAATEN 4% niuaas |
prop g

Resin Level Time (min) E (GPa) G, (MPa) &y (%)

l 4 10 1.17 £ 0.12 57.32 £ 7.95 5.46 = 0.90
14 0.92 + 0.21 61.03 + 11.86 558 + 0.82

20 1.17 £ 0.06 49.64 £ 7.17 497108

I 4 10 0.98 X 0.09 45.76 1 8.33 4.83 +0.96
14 1.02 £ 0.05 63.95 £ 12.10 6.81 £ 1.65

20 1.1 £ 0.06 43.64 + 5.09 4.47 £0.41

I 3 10 0.93 = 0.04 33.68 & 5.49 431107
14 0.84 + 0.07 4168 £ 7.64 5.05  1.02

20 1.14 £ 0.13 43.42 T 5.01 4.35 % 0.64

v 3 10 0.90 = 0.10 53.68 T 2.68 5.96 + 0.55
14 0.98 + 0.12 48.62 £ 8.78 527 + 0.45

20 113 £ 0.16 42.64 + 5.81 4531 0.48

Vi 4 10 0.96 X 0.09 48.16 £ 7.62 5.17 + 0.64
14 1.05 + 0.08 52.46 T 15.07 7.32 £ 153

20 1.11 £ 0.17 43.23 = 9.91 4311062

Vi 3 10 0.99 +0.18 56.56 = 16.07 5.79 = 155
14 0.99 + 0.11 43.23 £ 9.91 4131+ 0.18

20 1.09 £ 0.07 49.48 £ 7.22 5.24 = 1.02

Vil 4 10 1.22 £ 0.08 60.98 = 5.28 5.42 = 0.48
14 1.05 £ 0.06 61.45 + 4.09 6.28 + 0.65

20 129 £ 0.13 48.25 + 4.09 457 £1.71
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TR 3.14

Tensile properties Ua9L3TWNUAILLAN W IATIIN LITUNFNANIIUAATEN 1% aniuaas |
prop g

Resin Level Time (min) E (GPa) G, (MPa) &y (%)

l 4 10 1.17 £ 0.12 57.32 T 8.31 5.46 = 0.91
14 0.92 + 0.21 61.03 + 11.86 558 + 0.82

I 4 10 1.04 £ 0.10 57.91 £7.17 5.80 = 0.68
14 1.12 £ 0.03 50.29 t 5.30 4.96 +0.38

il 3 14 0.91 £ 0.08 59.61 & 8.01 7.29 + 1.86
v 3 14 129 £ 0.14 39.30 & 4.60 3.46 1+ 0.49
\4 4 10 0.25 + 0.05 40.43 * 12.09 4.10 = 0.39
14 0.99 +0.12 49.24 £ 10.52 5.33 + 0.81

Vi 3 14 1.13 £ 0.06 70.78 £ 7.12 9.26 = 3.30
Vil 4 10 113 £ 0.12 49.48 = 3.29 418 £ 0.34
14 1.35 £ 0.11 54.23 T 8.83 44110.82

97 3.15

LU0 4% snriugas |

A

U

Resin E (GPa) O, (MPa)
l 3.25 1 0.50 121 £ 21 6.48 = 1.79
I 2.95 1 0.81 64 + 23 231 0.68
1l 3.31 £ 0.10 128+ 9 7.15 1 1.99
vV 3.19 = 0.60 119 + 18 6.01 = 2.16
Vi 3.43 £ 0.25 125 + 23 6.37 £ 2.00
Vil 3.57 £ 0.38 133 + 14 7.77 £ 2.44
Vil 2.84 +1.47 108 * 40 7.49 + 265

T197 3.16

U 1% snciugas |

Aa

U

Resin E (GPa) O, (MPa)
l 261X17 107 £ 5 8.24 +1.17
I 3.70 £ 0.4 111 £ 32 3.39 = 1.24
il 3.32 = 0.31 129 + 24 5.97 + 1.61
v 3.62 £ 0.62 72 £ 19 2.14 £ 0.50
\4 4241 0.26 115 + 28 3.12 £ 1.39
Vil 3.33 £ 0.15 132+ 6 6.70 + 0.92
i 6.77 = 1.39 130 = 30 10.97 £ 0.33

Flexural properties 784.35uflaudasgauigninnil 150°C Liluiaan 14 w1l isGunauea

Flexural properties 7a3t3fufiaudiagaungmngil 150°C Liuan 20 Wil LiBunaud
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TR 3.17

Flexural properties 289t35ufiaudroian lulasian sdunsuesslisen 4% pALingasl

Resin | Level Time (min) E (GPa) G, (MPa) &y (%)

l 4 10 3.221+0.26 122 + 23 6.62 = 1.91
14 3.11 % 0.41 96 + 19 4.88 + 3.03

20 2.77 £ 0.68 75 26 3.60 = 2.68

I 4 10 2.9110.32 102 *+ 34 479 £ 2.50
14 3.28 +0.73 103 £ 62 4.29% 29

20 3.62 £ 0.52 85+ 35 2.84 = 1.87

I 3 10 234 +0.27 116 * 13 8.3+ 1.61
14 3.21 % 0.80 128 £ 40 567 + 2.05

20 2.11 £ 0.46 59 * 13 2.93 + 0.66

v 3 10 3.09 £ 0.27 120 + 18 5.66 + 2.31
14 2.85 1+ 0.34 95+ 35 459 £ 278

20 217 £ 0.54 48 =10 2.41 1+ 0.21

Vi 4 10 3.23 £ 0.37 123 + 27 551 1.94
14 3.25 1 0.43 117 £+ 32 517 £ 222

20 3.95 * 1.64 85 1 24 2.88 = 1.96

Vi 3 10 2.77 £ 0.59 123 + 16 8.52 11.46
14 3.18 + 0.33 118 £ 24 501+ 1.82

20 2.32+0.55 95 + 30 791+ 358

i 4 10 2.97 £ 0.47 92 19 4051223
14 3.14 £ 0.40 110 & 24 4.87 £ 2.14

20 2.67 £ 0.47 115 + 18 8.46 = 0.71
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a7 3.18

Flexural properties 289t3Bufiaudroian lulasian sdunsueasslisen 1% pALingasl

Resin | Level Time (min) E (GPa) G, (MPa) &y (%)

l 4 14 3.11 £ 0.41 96 £ 19 4.88 +3.03
20 272+ 068 75+ 26 3.6t 2.68

I 4 14 3.48 £ 0.15 85t 19 2.50  0.60
20 3.62 052 85+ 35 2.84 +1.87

il 3 14 2751+ 1.24 112 48 5.78 = 2.89
20 2.11 1 0.46 59 +13 2.93 1 0.66

v 3 14 3151 0.24 74+ 18 2.38 1043
20 217+ 054 48+ 9 2.41 %021

\4 4 10 3.58 £ 0.38 115+ 32 3.38 £ 0.58
14 370 035 85+ 16 2.36 +0.37

20 3.95 1 1.64 85 1t 24 2.88 = 1.96

Vil 3 14 3.47 £ 0.45 105 * 34 3681185
20 2.32 % 0.55 95 + 30 7.9t 358

vill 4 14 3.20 £ 0.30 50+ 13 3.36 X 1.31
20 2.67 + 047 115+ 18 8.46 1 0.71

AT97 3.19

Impact strength (kJ/mz)?Jam%uﬁamﬁ”wﬁauﬁqmﬁgﬁ 150°C

Resin Cure time 14 min (4% accelerator) Cure time 20 min (1% accelerator)

* 1.80 £ 0.07 3.84 £ 0.83

Il 0.49 = 0.24 2.63 1 0.88

n 1.65 £ 0.49 0411+ 0.18

v 0.53 £ 0.27 1211044

Vi 2.56 +0.82 2.32+0.55

Vil 1.93 £ 0.48 1.88 £ 0.28
il 2.15 1 0.60 2.24 + 0.21

(*"szmwu'ﬁﬁml,a:ﬂ‘%mmﬁaLiaﬂﬁﬁ‘%m)
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77199 3.20 Impact strength va9138uAioudBtan lulastan Lsfunanaasalfisen 4% BALIEAT |

Resin Level Time (min) Impact strength (kJ/mz)

l 4 10 1.80 = 0.46
14 0.89 + 0.11

20 2.04 +3.06

I 4 10 1.37 £ 0.60
14 1.15 10.37

20 0.77 £ 0.2

1] 3 10 1.28 £ 0.63

14 2.27 £ 0.50

20 0.72 £ 0.28

v 3 10 1.04 = 0.31

14 1.45 £ 0.35

20 1.07 £ 0.58

\4 4 10 1.23 £ 0.49

14 1.81 £ 0.60

20 0.96 = 0.24

Vil 3 10 0.87 £ 0.16

14 1.39 £ 0.50

20 197 £ 06

Vil 4 10 1.84 £ 0.60

14 1.06 £ 0.25

20 2.04 +0.36

a13197 3.21 Impact strength 2a9t35ufiaudazienlulasan W ERHANALTIUHATEN 1% uniiuges |
Resin Level Time (min) Impact strength (kJ/mz)

l 4 14 0.89 £ 0.11
Il 4 10 1.10 = 0.38
14 1.47 £ 0.73

I 3 14 1.10 = 0.38
v 4 14 0.89 + 0.35
\2 4 10 115 £ 0.27
14 0.95 % 0.18

16 1.48 = 0.69

Vil 3 14 1.05 = 0.32
Vil 4 10 1.78 £ 0.53




Fuaragnltlunmmasaudt JenznmssvuszdSunmaassdisenfuandrsnu aonu e
' ' = a =S v = a va A ar ' a =

mshwdemadSouiioy  39ldnannWuzasmaSsuifisurutfidnaveasaiudsineg lasinadsou
Py o &
oAt

1. dauenuiawu : 14 wif (4%) - 20 Wil (1%)
wnlulasin 4%) : 14 wdt - 10 wfl
@ lulasian (1%) : 14 Wl - 10 wd
wnlulasin (14 wf) : 4% - 1%
wnlulasin (10 wifl) : 4% - 1%
auaNuTan 14 wfl 4% - wnlulasian 10 wif 4% - tanlalasian 10 wfl 1%
auanuTan 14 wf 4% - wnlulasian 14 wd 4% - tanlalasian 14 wdi 1%

UAMNTOU 20 WIH 1% - Lo bulasan 14 w1f 1% - ' lulasian 10 wif 1%

© ® N o a0 M~ 0D

e 2B 2Be 2By

AUAMNTOU 20 WIN 1% - Lo bulasan 14 w1f 4% - ' lulasian 10 wif 4%

E‘Llﬁ 3.9 — 3.17 uR®3 tensile properties (modulus, stress at break, strain at break) PaIMIUIau
\WguaInan 3U7 3.18 - 3.22 ugaansifIsuLfisy flexural properties (modulus, stress at break, strain at
break) Waz gﬂﬁ 3.23 — 3.27 ugadMa3uuLisy impact strength wa4L3TuA ldanmsavluan1izdn g
. ol A o o = A P ° AN oA ' & 2 A
fn impact strength 13AUNWINAATaITUNAsLLI AL IUMITE WL @i ledniiedu kd/im U
3.28 U&®J tensile properties °ua<1Lis‘ﬁunﬂgmﬁauéﬁm@ﬂuimnﬂﬁamaz@haS] fFauavag flexural
properties Waz impact strength maons‘ﬁunﬂgmﬁauﬁ’;mmvluimnwﬁam’;t@ha ﬂLLﬁ@Gl%Eﬂﬁ 3.29 uaz
3.30 MUY

Tensile Properties

gﬂﬁ 3.9 ugdliiAunI mmuﬁ’mﬁaumwﬁ”aufu malasslisenunniuazlgiiaeuas
i ek ldAeUfissvtemamedalddtu dussfAsenios 1% sedldimluniseuwunin 20 wifl
S9azlauudonss (modulus uas stress at break) tinfiufiay 14 whfl VOITA 4%

gﬂﬁ 3.10 uag 3.1 uaadnamslidianlumsaudrsnuaasalulasiin anuuandrsvasautals
wdazgayliduwiliylufamadean fnaendlndidoanin domwdnios wazsneiuuin manasasld
nAaudInwAy 4 wifl 913alianuuandrsianifinly wisszpziiatay 10 - 14 wift aglugradeanu
selugonaliiduniwavasnaiidsa Tensile properties mmLmﬂ@mﬁLﬁ@%‘uazmzf‘iuf:maxl,ﬁﬂmﬂmiﬁ
lisansaniuqumstsesadululasnuazmsannsznuld  Usingmsafdsnanitfedugwdoiuie
ﬁmimﬁﬂ%wammﬂ%mmé’aLiaﬂﬁﬁ%mﬁaﬂunmmﬂﬁu (gﬂﬁ 3.12 uaz 3.13) §@3 VI (10 min, 1% acc.)
fien modulus énann mam:Lﬁ@mﬂ**‘f?umuﬁﬁwﬁﬁ%aLﬁ@mﬂﬂ’mﬁ@ﬂﬁﬁ%mvlmﬁﬂLaua

Eﬂﬁ 3.14 uaz 3.15 usasmudSsuifisunsaudiagauanuion (14 wifl, 4%) uazianlulasiam
miauﬁ'sﬂg‘]”auﬂaﬂw§au1ﬁamﬁaﬁﬂd7ﬂwsauﬁafJL@ﬂﬂJIﬂiL'JWWUMg@S W, IV uae V oudgas | uazgas Il
usassusanatunsAndaaudoienlulasian Li%uﬁﬁé"smﬂﬁﬁ’%m 1% WazausltgauaNuTaumL 20
wift fenuudsusaiasniisduiaudianlulasam é’dLLamlugﬂﬁ 3.16 U8z 3.17

DU IHAaNINARaY tensile properties YadgauaMuTaw (14 W, 4%) arfniIEunaudoien
Tulasnfeny wdawnRansanmsldszsznmlumsaaivesanlulason szldiimauann da nsea

na1ey 14 wn ?ﬂ$ﬁﬂ’]’iﬂﬁ§]UﬂauvLMIﬂ'iL’JW‘LJ'iZN’]m 6 w1 ‘W]ﬂﬂ’)Uﬂ&lﬂ'ﬁﬂUvL@ﬂ%L@I’]vLNIﬂ’iL’lw maxvloﬁ"
q
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vada o oa o o & a da . A A o .
RUUANANILNBUNT mumzum‘m@aacnmam’a:m’saulumhﬂanaﬂn@mmL‘wasl,%“l@ tensile

properties 7lidasninfiaulugauanuiau

Flexural Properties

ANINAFOUULY three - point bending a2 l@nanImasasiideudretudan iflosaniivis tension
L8 compression AR WLUT U Nami‘ﬂ@aad"?'iLLamlugﬂmwwLﬂ%ymﬁmuﬁuamlugﬂﬁ 3.18 — 3.22 1
ﬁmﬁwmﬂvﬁmwﬁmamﬁ'uﬁuﬁﬂmnglumsmaau tensile properties Lififidmsfurinanvasaunan
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1.4

Young's modulus (GPa)

Ooven 20 min (1% acc.) B microwave 14 min (4% acc.)
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wWisuigugnnzialulasnw © @edsay 14 wil (@039UR5n 4%) usesen flexural
properties Waz impact strength dnn@radnefiay 10 Wil (@139UGATN 4%) usiidtensile
properties Infdsanu
é’uamuﬁauﬁmﬁaummﬁ”au 14 wfl (@90 N381 4%) ugey tensile properties InaLAsg
fudatafiaudoanlalanan 10 wfl @selFise 4%)

é’aamaﬁauﬁwﬁaumm%u 14 Wil (T39UATe1 4%) usey flexural properties Waz

impact strength ganieaadnsfiaudsialulasiaw 14 wift (@usalfite 4%)

wWisufsusnnzianlulesiaw : @redeiion 14 il (@39U§A3e0 4%) usassuliaibang
ad @ > ' AN o o A A A

logmw@fign  laglddgandidadsnldnnmisudsienlulasdiianizauguaznou

fEUFoUAINNITBL

Madnaudedauanuian 20 Wi (FTUJAE0 1%) usesansuzianty (flexible) 41N
@ . oA o o o o a o aaa a . .

nidedneaudmodmagaunnuiou 14 wi (@u39U]ism 4%) uazil tensile properties

dnidmatnifaudian lulasinynaniiz

aaganiaudisia lulasian 14 wifl @39U§A%e0 4%) uaasen impact strength ganden

atwhaumedaunnuiou 14 win (@590 ATe0 4%)

Wisuisuanzianlulasin : tensile properties vasdiatnsnaudisanlulasiin 14 w1

(@WIUJATN 1%) uaz (@UIJAT0 4%) Jalndideain wazldrdinidedsneudieg
aUAMNTBU 14 W (ANIIUHNIEN 4%)
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wWisuiisuanizdauanuion : Medwey 14 Wil (@UTUJATEN 4%) uaasdn tensile
properties Indifnsniudragefiay 20 wifi (@139UN381 1%) UazuEAIF impact strength
§IN1 uai flexural properties N

flexural properties vaddnatIfiaudnan lulasian 14 wfl (@sadFA5e 4%) felndidns
ﬁ'uﬁaamaﬁauﬁ'mﬁaummi”au 14 Wil (AU T3EN 4%)

datefidiagauanuiauden impact strength dnnindnatefiaudaman lulasian

Wisuifisuanzienlalasian : dradrefioy 14 widl (@19UNTL 1%) UraIFNUETINS
@‘i'lqﬂ fhagnsfiay 14 wifl (L33 N300 4%) uaaIA impact strength §93 wazenagnf
au 10 Wil (4%) waa9en flexural properties ALY

wWisuifisuannzgauanuian fhadhaflay 14 wifl (ANNUJNTLN 4%) waaddn impact
strength dnindaagnefiou 20 wift (@391 1%) uduaade flexural properties ganin
é’aamaﬁauﬁmﬁaummﬁ?au 14 Wi (@139UGATE1 4%) wxadd tensile properties Uay
flexural properties goﬂ’jwﬁaamdﬁauﬁamm‘lﬂmnw LL@iéf’Jaﬂwaﬁauﬁwﬁaumwm’au 20
Wil (39U RT87 1%) usaen flexural properties dnieragsiaudoianlalasian 10
Wil (AR 4%)

ﬁ’aamaﬁauﬁmﬁaumwﬁau 14 w1l (@39UA381 4%) URaIn impact strength fninen

agsnaudsian lulasiaw 14 wil (@s9UFA5e 1% uaz 4%)

Wisuifisuanazianlulasan : dradafiou 14 wift (@19UJNTN 4%) waad tensile
properties ﬁﬁqcﬂ uazuaa9d flexural properties InatAgsnuanazay 10 wifl (@39UgA3e0
4%)

wWlsuisuanizdauanuion fhahafiay 14 Wil (@139UNTL 4%) Uraddn tensile
properties Wazf1 flexural properties gan’héf’;amuﬁau 20 w1 (139U A3 1%)
é’aaﬂwﬁauﬁm@au 14 WAl (@390 A8 4%) URaIe tensile properties waz flexural
properties gjdﬂd’]é’aamaﬁau@?wl,m"lﬂmnw Unﬁué’aamaﬁauﬁmﬁau 20 Wi Adlnd

Wasnuaegfioudsan lulasian 14 wifl (@ussUisen 4%)

wWisuifsusnnzianlulasw : dradreiay 14 Wil (@139U]R381 1%) ugasa tensile
properties §9§A A0t 9NBY 14 W (ANTIUJATEN 4%) uaaIA impact strength §Ig@ Waz
#10819N% 4% (10 Uaz 14 w1l) uaadan flexural properties TNALALINY
Wisufisuanzday : Medwhay 14 Wi (@59UA300 4%) uaase tensile properties
Wazdin flexural properties g4nindnatnafiay 20 wiH (@FUATN 1%)

Y ' A Y @ [% a o ' aan ' .
Mmadnaudiedauanuian 14 win (@3aiTen 4%) uaasdn flexural properties Uag
impact strength gani1eratnsNaudisianlulasiaw udiidn tensile properties InalAesiue

agsnaudmoia lulasiaw 10 wifl (@390 §A5e0 4%)

4. gav v
0
0
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0
5. ga3 A
0
0
0
6. §a3 VI
0
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7. g9 VI
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Wisuifisuanzia lulasian : @rad1enfassljisen 4% uaasdn tensile properties @
ga lagdaatefiay 14 wfl (@u3aJiSen 1%) uaasdr tensile properties Indideaiuen
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adhaflay 10 wifl (39381 4%) udidlen flexural properties §9nin wazdidn impact
strength fn

0 uRsufisuannzdou : fradhafiay 14 wifl (1390381 4%) uFAIA tensile properties
gan’hé"sam’nﬁau 20 Wil (AA39U AT 1%)

0 é’aamaﬁauﬁwﬁaumm%u 14 wfl (@391 381 4%) uFaIAN tensile properties Tnatdes
fudhagsfiaudioianlalasiamn (@139UNTeN 4%) ¥ 10 wfl uaz 14 Wil uduaasa
uI9l3Ia flexural properties dnin (LAEANNNNTN) LAZLEAIAN impact strength gaﬂiwﬁ

agsfioudsian lwlastan 14 wifl (@39l HA5e0 4%)

dl U ~ 1 k53 v wa A ﬁld 1 L3 v
ﬁ]qﬂwﬂﬂqiﬂ@ﬂﬂ\‘]‘ﬂ’lﬂ TﬂzLﬁu'l']ﬂ']iﬂ‘Uﬂ']?_JL@]']VLNIﬂiL'Jwa']N']EﬂSLWﬁll‘].l(ﬂl:“ﬁ\‘lﬂﬂ'ﬂ@ﬂ')']ﬂ']iaﬂﬂ']U(ZVJ]

@ & XX . o a wa A ' = & A e
auaINNIDU ﬂﬂumuagﬂﬂg@ilﬁ“ﬁu §N172N139Y  WazUILANUIRNUALDING aﬂ’]\‘lvlﬁﬂ@nll Hunvgana

1 a s v A wa A dé/
N Li‘ﬁufﬁ@]i Il Mﬂﬂtlﬂ’]‘wsl,%ﬂ’ﬁa'u@’)EIL@]']VLNI‘HSL’JW fa LL'ﬁ(ﬂ\‘iﬁll‘]J@]L?jx‘lﬂﬂ@]“ll%l%ﬂ?WTJN

3.2.2 auﬁ'ﬁmanameuwa’a’mL%amw%’amtazwé’oomﬂi:ﬁ%

ITuNuNaULRINAeNRGsInATA DMTA Nawdn dynamic mechanical properties (tan O,

storage modulus, loss modulus, full-width at half-maximum) LLmWé’\‘lmuﬂizﬁu (activation energy, E,)

#

. . . . # o ] a v A e g
activation enthalpy (AH e activation entropy (AS ) B ALAUY T,y myanziez laauifiong G]Mﬁ

)

(1) qm%gﬁﬁgaﬁq@‘uad tan O %GLﬁUULﬂWﬁU glass transition temperature (Tg)

(2) tan O maximum ﬁa@‘hl,mmﬁgdﬁqwm tan O LJUMLIVBNIATIRIUITZWING loss modulus
(E”) uaz storage modulus (E’) ﬁwﬁwgﬁmmmdwﬁé’mmuwﬁa\‘nuﬁgtymﬂvlﬂmﬂ%u

(3) Full-width-at-half-maximum (FWHM) 1Huaaninezasiie tan 8 fiszozatawilinasanags o
f':'«azi_iauaﬂﬁdmmmmm’lum‘sg@nﬁuwﬁamuﬁa damping fhani9iuezdl damping ¥ndu Aw
a5l wm S UNE I u

a3i 322 usassntARIwNarEaiauTauGiwamans  (dynamic mechanical thermal
properties) U0ILITUFATA G]ﬁﬁﬂ’%mmﬁmaﬂgjﬁ%m 4 % nagaussnnud 1 Hz lufiflzeudfiouly
WUDINMTBUAUANANI LTI "l&i"l@i”ﬁmmajmmuﬁa:Lﬂ%uuLﬁﬂugmLL@iazﬁm fn tan O 130 T, 10413
%uﬁvlﬁmnmsauﬁ'sﬂﬁaul,l,azauﬁ'ammvlﬂmnw fenlnddsein  dflivsuiioradwnwnzanummn
LLuumaamsL%aﬂmIMLaqavlmvhﬁ’u viaenudwitadoriuainanaliwings lisusamanuduius
I T, 1Ne3afl 3.22 uszstFinamaiedfAseanensail 3.24 Mo dunnzidofanaaan
MINARad (experimental errors) LL@iﬁaaglwﬁNﬁﬂau%ﬂﬁ Usingmanifien T, lisuwusnuysanmns
Lﬁ@ﬂﬁﬁ%mﬁwulumiﬂ@aawaa Boey and Yap [1] sausndugialndidanuszninsdiendsduiiou
fe3FmInases

AWAIIIUNIZGH (activation energy, E,) Pdumis T, (QL transition) fifwindismadia DMTA
Ianiananssnads [2-6] anuaumsensIdie aoil

In(f) = In A - (E/R). 1/T, (3.3)
Lﬁ‘a f = ﬂ'J']ﬂJﬁlﬁV]ﬂaaU W'H;'Jﬂl,ﬂu Hz
R = frnsivasie (gas constant = 8.314 J/K mol)
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QRN ANFIUAUI tand,,, Wia T, nibrndu K

AUWIUNAINUNIZGUIINANUTUBRINTINANWFNRN USRI In () waz 1T, lunmsnanasitlden T, 7

A2wA 1, 10 uaz 30 Hz

@ activation enthalpy (AH") léananudu (AHR) sesnwaNuFIRUTIZWINS In (FT,)

sz 1/T, @uaunsae i

In (7 Ty) = In (k27h) - (AH'/R). 1/ T, - AS'R (3.4)
i = AnINUILNEIR (Planck constant = 6.626 x 10" Js)
K =  sasfivasluanduum (Bolizman constant = 1.380 x 107" J/K)
As" = activation entropy @‘i'lmmvl,ﬁmﬂﬁ;@ﬁmmu y (c = In (k/2TTh)- AS#/R)
(A% activation enthalpy L& activation entropy ANLANFTEN9BS [31)
39l 322 auii@dnu DMTA 20938 uiifUSunmiaisal §izen 4 % nasoufianud 1 Hz
| ] [ 1\ VI Vil VIl

tan O (°C)

Themal 14 min 104.4 144 1 147.7 135.3 134.7 115.8 115.1
Microwave 14 min | 1106 | 1351 | 1491 | 1380 | 1305 | 1320 | 1075 |
Microwave 20 min | 1207 | 1397 | 1441 | 1384 | 1229 | 1329 | 1154 |

tan O maximum

Themal 14 min 1.240 0.781 0.525 0.846 0.773 0.652 0.667
Microwave 14 min | 1185 | 0734 | 0534 | 0915 | 0832 | 0649 | 0875
Microwave 20 min | 0763 | 0756 | 0539 | 0943 | 0866 | 1010 | 0859

Full-width-at-half-maximum (FWHM) of tan 0 (OC)

Themal 14 min 19.25 20.61 32.29 18.82 23.67 33.67 33.02
Microwave 14 min | 1758 | 2143 | 1183 | 1967 | 3118 | 2515 | 2142 |
Microwave 20 min | - 2345 | 2620 | 2351 | 2754 | 2668 | 17.56 | 1950 |

Glassy modulus (GPa)

Themal 14 min 2.43 1.58 1.57 1.81 2.20 2.39 1.72
Microwave 14 min | 151 | 156 | 116 | 104 | 127 | 146 | 193 |
Microwave 20 min | 149 | 138 | 122 | 123 | 084 | 142 | 156 |

Rubbery modulus (MPa)

Themal 14 min 24.8 15.7 16.9 16.5 18.7 141 10.7
Microwave 14 min | 144 | 179 | 157 | 12 | 137 | 168 | 18 |
Microwave 20 min | 147 | 131 | 268 | 161 | M4 | 11 | 139 |
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mwé'\‘mum:éjumadﬁﬁ”aﬂ%-uau"[avlm@ﬁﬁuﬁﬁﬂmf': fwdsnunzduagluda 327 - 597
kJ/imol snLugas VI Afidndnann (200 kymol) dausasluassf 3.23 Sniazfinnndafanaaluns
NARDY wé’amum:é}uﬁ@‘hu’gm"l,@?ﬁﬁ@iﬂﬂﬁlﬁmﬁ'uwé’amumzéjmaaﬁﬁaﬂ%ﬁswmumnﬁn”‘s%’ué"uq laun
286 - 525 kJ/mol [3], 290 -508 kJ/mol [4], uaz 357 kd/mol [5] Cook uazam [6]ldmBaUITMIINUNTZGH
2898Wandiaszanas 500 - 600 kJ/mol %a@hﬁvlﬁf:ﬁmag‘s:ijmﬁﬁmsswmmmﬁau fla 700 — 900
kJ/mol ez 200 kJ/mol Chen Wazamse [7] Vl,@i”swUmumwa‘"amuﬂi:ﬁumaawa'ﬁwa%@m6] (PEEK, nylon 6,
nylon 6/12, nylon 12, PET) feaglugad 230 — 790 kJ/mol Q:Lﬁuvlﬁiﬂmwé’amum:ﬁummﬁﬁan%ﬁau

o A

(ﬁ’)LILGI’]VLMI@]SL’)Wﬁﬁ’IlﬂﬁLﬁle‘lﬂ‘LJ‘Yla‘.Uﬁ’Jﬂ(ﬁau Usuaniszuumslianuieurisesuuuitliinaainsiiie
ﬁ%’lﬁrg@iaiﬂiaa%waﬂmaqaﬁl,%aﬂmﬁ’u Awasnunszguiiuwliuduiuiiy T, wie tan O, Ao o
T, ;jq%uwé'auwuﬂﬁzéjua:ga%uﬁaﬂ woansTuinulunenudngde [3.4] Lasa uazame [4] e
mmvﬁmLLulwuaaﬂ‘%mmmiﬁaﬂmiuLaqamaﬁﬁaﬂs‘ﬁﬁuﬁuﬁﬁum T, AINAIANAINUNIZH Tuvnie
HaMINaaosTeslaTInsisuil El'dvl,&immmmmwé’uﬂ'uﬂ@]ﬂmaizijwé’dmum:ﬁuuazﬂ‘%mtumi
Wnadisen ﬁaffawLﬂumﬂ:mﬂ’%mmn’mﬁ@ﬂﬁﬁ%y’lﬁﬁ’lmm"l,@Tﬁ@iﬂnﬁLﬁmﬁ'ummwmﬂ%gmw%uﬁ
ASNEARINUNIN LL@:I@]yﬁ'avl,ﬂmw&'amuﬂimjumaawaﬁma%ﬁ]zagiwﬁaaﬂfnmﬂ &9 Cook unzams [6] o
na'ﬂ'a'jﬂ‘wﬁaamm:ﬁumﬂaj"ﬁuagjiﬁ’uﬂ%mmmnﬁ@ﬂﬁﬁ%m #IUA" activation enthalpy AfiAMI@LIAUAY

AWAINUNIZGU 6 activation entropy Aidwimklalargeann uaasisanuliibumnbouluszaugs wie

' o A a { ' e .
nandnipnihfefiiinuninafenlnizasluanagslugas o transition (high degree of long range

cooperative motion) NURLBLAVBINANINARDIB T WRNLAN Y reprint Awuulunanuin n

39N 323 WaINBNIzdWnd W T, 2assTunldiinmasad)iien 4 % dAwasannns

FATZRA2LLATEI DMTA

I Il i v Vi Vil VI

Activation energy, E, (kJ/mol)

Themal 14 min 365 575 315 438 521 391 354
| Microwave 14 min | 7 | 385 | a7 | 508 | 388 | 426 | 597 |
| Microwave 20 min | 206 | a7 | 458 | 515 | 200 | 442 | 459 |

Activation enthalpy, AH (kJd/mol)

Themal 14 min 363 571 311 435 518 388 351
| Microwave 14 min | 34 | 32 | a3 | 504 | 384 | 423 | 594 |
| Microwave 20 min | 202 | | 455 | 512 | - 197 | 439 | 456 |

Activation entropy, AS* (J/mol)

Themal 14 min 728 1139 508 832 1037 765 673
Microwave 14 min | 613 | 630 | 749 | 096 | 77| 813 | 1328 |
Microwave 20 min | 790 | o | 857 | 1012 | 267 | ¢ 850 | 041 |
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3.2.3 YSanminseadinazamuainaranmssn

q u

ihnnunavusanaseumsnamasiel jisendisinefia DSC USunminnlanswaes

]
aaa =

v . ° A a a a & a &
NAMBANNTIW (exothermic peak) Qnmmmmamuanﬂimmmim@ﬂgﬂsmwmw’numawumaauuu

'
A

Weldtuanuieudnaranmuluaiediianed  Audldnmvvesdradwnifad jisenauyssl  (100%
conversion) launannsienziaiosdunvih liinad jisonnelueies DSC wu lagmnauasiafian
§03619 971138091 fresh sample inaslu DSC pan
a 6 = a aaa A a v o o o 2 =y
Aenzdmdinumafedjitengelodluanazansfudioieias DSC lasaadunuangn
A ' a v ' s ° y oA o v o o d .
nagauLTMnALHBLAzUSnlndraury Sududumbingnivledermduvediaiainasey tensile
X o a ana ' & A A o N
properties fwinmiauifiadizenliauy ol azliiamuainuiaudsinguu DSC thermograms shdndud
e o i
lamafduimauaumde Ui

X = 1 - (AH, / AH)] x 100 (3.5)
A A a A PN .
L8 X fa UInnmnsinadiTen (extent of conversion)
AH, @8 USunmanusaunaisaanunann fresh sample
AH, @8 USunmanusannagaaninanTunasay

AH, Lﬂuﬁamenaaﬂﬁﬁ%mﬁﬁmﬁuammugsd (100% conversion) Tagldaniufiues exothermic peak
Bwdeaiun ;Tefi 3.24 meﬂ’%mmﬂﬁﬁ’%mﬁLﬁ@‘fm']nmiawam%ugm@m flaf@sa AT
fu tsBusulng AU Asoluzie 90 - 100 % Hiftssnegasluvannsidimafod fiseluds oo%
mnmwmauﬂ%wLﬁﬂm‘hLmuaﬁ@mﬁ'mzwmu%nmquﬁﬂmaLLNuLLa:U%LamInéTmauu,m'u wuddiunm
msiadfisuedinumanitas Nams‘n@mmf:ijmanﬁdmmm‘jwLamamaqmﬂﬁﬂﬂﬁﬁ'%mmaa@ﬁ"a%umu
wnzawdn@udr miaudsan lulasnnazilisinagudnasuiuieutousTionwey  dildiianlum
souliisane vSmpeuwdwezldudmsaifialfiseiesndn

wnfinsannafildlunsesaisiulsnmnafeUjitoudr  nseudoianlulasnasiis:
fnBuannnitniauaisgay LﬁaamﬂnmmﬂumsauﬁaUg‘]’amzlﬁammuﬂ'j’l fig 20 Wi EATLLITU
AfFu e u9UATEN 1 % uaz 14 Wl SmSuETuATUTInailise 4 % luwwnsfinseudieoin
lulasianitiu naflasasiazauninmfiasiluamsef 3.4 wih 33

mwmj']Lazuan1stﬁﬂﬂﬁﬁ%ﬂ'\uu§uﬁ’aadw

HAIINMIIATEReneLA3a9 DSC LRaAWI M USamanadjisen (extent of conversion)
maaﬁﬂ”aﬂﬁﬁuﬁauﬁamgja‘uLm:Lm"l,uiﬂ'il,awl,l,amlummaﬁ 3.24 FUNUUBIBNAIUHS (center) Ha
éwé’zymﬂstmﬂuu’%nmﬁﬁwiﬂmaauauﬂ'&%ma fulsmuey (edge) llisusanlunmasay

wa A " & ' A . AR a aaa ' o < ' aa v ° v A
FUUALTINR LL(ﬂLﬂuﬁ?u‘ﬂuﬁm‘ﬂﬁﬂ’ﬁLﬂ(ﬂﬂQﬂiU’]aﬁl’mﬁu’nﬁ&laﬂﬂuwuﬂqu L@]’]VLNIﬂiL’JV\I'Y]@ﬁlzmaﬁ"ﬂﬁll‘ﬂlﬁsﬁu
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a v o o< \ . ° a Y ‘=g o a
IMNAAINUIDURNUILRUDNILLNUITY E]El’]\‘]vl.'iﬁ@’ul mmamLmlalumam@mnmauﬁmuagﬂummmammm

(@unT9) Amanzaudaian lulasniazaniznmsauaae

msausan lulasnuszdauanuiausassfudiulngianmmaied jitenlndideeiuun

figsvndmaiiiiundddnunn  PinamafedjitowestunuuTnagudnauas ey

paasBudwlng Alenlnaifaans

qmmq]ﬁﬂm FUNTUBTUVBITUNARBLLALINURLEAI AT

LEAIIIENIIZTMIDLURZY WAV BILU LRI ONANUANZRUABNTOU

gﬂﬁ 3.31 — 3.34 JunnWSouiisy

VinunaifiadjiseuszgannInaauniudtusesdoyalua1snen 3.24 uaz 3.25

TR 3.24

YSunmmisiializen (%) va9dWandisdu dudrmeasinaiia DSC

Specimen Thickness 1.5 mm’

Specimen Thickness 3 mmb

ga3 Accelerator 1% Accelerator 4% Accelerator 1% Accelerator 4%
Center’ EdgeUI Center’ Edged Center’ Edgef Center’ Edgef
I (OV) 86.9 - 86.9 - 99.2 99.5 99.2 99.5
v | 023 | 023 | 023 | 023 | %9 | 075 | %9 | 975
Il (OV) 89.7 - 97.2 - 99.6 99.4 98.8 -
My | o7a | 945 | o72 | 079 | %9 | a3 | 995 | 983
I (OV) 93.4 - 96.6 - - - - -
vy | 999 | 852 | 096 | a1 | B - -
IV (OV) 81.6 - 99.6 - 98.3 98.0 100 -
v | %3 | 884 | 007 | o77 | a7 | 046 | 995 | 998
VI (OV) 94.5 - 97.5 - 98.6 98.8 98.2 -
v | 950 | 913 | %2 | 834 | 046 | 037 | %2 | 977
VIl (QV) 99.9 - 96.0 - - - - -
v | 999 | 991 | 093 | 014 | B -
VIIlI (OV) 97.3 - 99.1 - 98.5 99.2 99.2 -
v | %86 | 935 | o79 | 079 | 22 | 57 | %9 | 971

aanau 14 win danTuen lulasn lHaaney 20 wif way 10 win fWILMTAUIBGaUANNITaY

2a9L3TRNNANIIUH NI 1% uas 4% ausau szauiaslulasion 3 uaz 4 (99191497 3.4 n3in 33) i

nuliiuailjismlugas |

b { o
@]ﬁﬂ']?:ﬁﬂ']iaulu@nj’mﬁ 3.27 A1 82

(33

° FUNAROLAANINLILIULNAVDY tensile tested specimens

d & o . . \ d o o . {
TunaFoUAAINUAILFATaY tensile tested specimens (muﬁnﬂauﬁmmﬁ grip VoILATDINARDLUTULAL)

° Ju ﬂ@lﬁﬂﬂ@l@ﬁl’lﬂﬂ‘infuﬂﬂ’]dLLN%‘B%G']%‘Y]B‘]JVLG] (1ﬂ§1ﬁ]®ﬂ%£lﬂ§l’]\‘1LLNu)

‘%%1’1@]ﬁﬂU@]@lﬁ]’]ﬂUiL'Jm‘ﬂ’]ﬂﬁ]’mﬂ%ﬂﬂa’]dLLN%‘B%G’I%Y]@UVL@]'}J‘SWN’]N 3-5 wu.
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aT97 3.25

fiuansef 3.24)

Glass transition temperature 7838WanG13%u AwIaeuinaia DSC (ToyagalanIn

Specimen Thickness 1.5 mm’

Specimen Thickness 3 mm’

§a3 Accelerator 1% Accelerator 4% Accelerator 1% Accelerator 4%
Center’ Edged Center’ Edged Center’ Edgef Center’ Edgef
| (OV) 82.3 - 82.3 - 118.3 118.7 118.3 118.7
oMy | 890 | 883 | 890 | 883 | - 1063 | 1060 | 1063 | 1060
Il (OV) 90 - 76.7 - 110.7 112.3 116.6 -
My | 930 | 913 | % | 3 | 807 | 1 810 | 1123 | 1157
I (OV) 88.7 - 99.0 - - - - -
- Mv) | 1143 | 830 | 1117 | 897 | B -0 -
IV (OV) 83.3 - 77.0 - 120.7 126.0 116.6 -
oMy | 897 | 783 | 057 | 637 | 817 | 1 830 | 1153 | 1120
VI (OV) 88 - 89.3 - 80.7 78.7 101.9 -
oy | 853 | 817 | 0 | 0 | 750 | 757 | 861 | 773
VII (OV) 89.3 - 85.7 - - - - -
oy | 890 | 880 | 88 | 60 | B -
VIII (OV) 88.0 - 88.3 - 75.7 74.7 102.4 -
oMy | 820 | 800 | 1000 | o | 777 | 757 | 033 | 947

f . o {
C = IwAeInuaNTeN 3.24)

Pinadusaljisniinadediinmnsansanuipuuazgunniinine

'
a

Ujfitengege  asuaadluen

A ¢ a N ' A a a & A He o A, a X
TN 3.26 TIQUADNFIRA (Tpeq) 2dRININNTY 10 °C WWatindTanauilu 4% wudldnawiidniniu

1 a v { a 1 et v e ' aaa o v Aa aaa = t§/
dwdenn  anidugas Vil Afidinadeiudesinn  useashdusad§isedlwifed §isensian

(@nnTaand) uazanaliiy

TP 3.26

Aaaa

A’ dl v
wunldfa (enthalpy, AH)

&

JNILIANTH (NNIANLUAINAT

(%

'
Aad o

A /A

£
aUUINV)

6 v

samples (epoxy : hardener = 100 : 80)Ld ’Jmi’l:ﬂﬂ’s&ll,ﬂ%lad DSC

LLa:QMMQ&mmLmﬂwad exothermal peak (T eq) W83 fresh

Resin Accelerator1% Accelerator 4%
AH (J/g) Tpeak ( C) AH (J/g) Tpeak ( C)
° 312 157.7 312 157.7
I 254 166.3 330 143.0
I 339 162.3 363 150.0
v 252 169.7 324 146.3
W 282 167.7 322 149.3
\l 363 166.0 367 153.7
VI 302 168.0 340 148.7

¢ linnudSnmanssd jisen)
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100

95

Extent of Conversion (%)
©
o

80

75

@) Sample thickness 1.5 mm, Center

—— 1%(0V) -0 1%(Mv)
—&— 4%(0V) O 4%(MV)

120

| Il U} v \ Vil Vil

110 -

C)

~

100

Glass transition temperature
~
o
‘

[=2]
o
L

50

(b) B

Sample thickness 1.5 mm, Center

3U7 3.31

—— 1%(0V) -0 1%(Mv)
—&— 4%(0V) O 4%(MV)
I n vV i i Vil

nuusastSInamMaialiten (a) uszgmnpinaaunIudon (b) vede-
Wandlsdu Naudogauainuian (OV) uazia tulasian (MV) Tuanunm
1.5 mm uazlUSINUATIUGATI 1% uaz 4% dadiadiuinuguinag

L
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105

95 4

90 +

85

Extent of Conversion (%)

Microwaved samples (1.5 mm thick)

(a)

80 —10-- 1% center —X— 1% edge
-~ O - 4% center —XK— 4% edge
75
I m v vi vil vill
120
0. . .
110 (b) SO Microwaved samples (1.5 mm thick)

-

o

o
1

©
o
1

80

70

Glass transition tempeature (C)

60 -

50

=11~ 1% center —X— 1% edge

-+ O - 4% center —XK— 4% edge

JU7 3.32

Il 1] \% \ Vi VI

muusasdiinamauieliten (a) wszamnpinaaunIudan (b) vasdWan
Fisdunoumsianlulasav Fununmwn 1.5 mm ussiiUSanmaasslizen 1%

Was 4% é’@é’aamw‘%nmﬂuﬁﬂmmﬁu (center) WRSLILITAUBLLINY (edge)
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105

Sample thickness 3 mm, center
(a)
100 -
&
— 951
e}
12
o
Z
8 90 1 —— 1%(0V) 1% (Mv)
G —A— 4% (OV) -O— 4% (Mv)
c
o 85
x
L
80 -
75
| I % Y vill
130
120 (b) Sample thickness 3 mm, center
e 110
(0]
—
2
g 100 -
Q
IS
o
- 90
K]
=
2
S 80
=
(2}
&8 70
o ——1%(0V) <= 1% (Mv)
60 —A— 4% (OV) —O— 4% (Mv)
50
| Il % Vi Vil

=

3UN 3.33  anWuaeslTnamMaialdite (a) uszamnpinaaunIudiu (b) vesdwWend

A

sEuneudingauanuian (OV) waztan lulasian (MV) Tuanunur 3 mm uazd

UTNUaNTIUGATN 1% uaz 4% aadatauTmguinaniunu



Microwaved Samples (3 mm. thick)
(a)

100 1
S
~ 95 |
c
Re)
4
()
>
§ 90 |
&) —{ 1% center =X~ 1% edge
o
b —O— 4% center —K— 4% edge
& 85 -
L|>j —%— 1% (OV) center —%& 1% (OV) edge

80

75

I Y} Vi Vil
130
3
120 | (B) i ;
Microwaved Samples (3 mm. thick)
110
2
©
S100 4
IS
1]
& 90
.("%
c
Z 80
[}
©
o 70 {1 1% center —X= 1% edge
—O— 4% center —K— 4% edge
60 -
—%— 1% (OV) center —%& 1% (OV) edge
50
I Y} Vi Vil

3UN 334 nvuaaslSinannsiAad it (a) uazgunpiinaaunswdou (b) vesdwen

Bisduneudisanlulasinuazgaunnuion (OV 1%) Tuunud 3 mm uazdl
UTNUANIUGRTN 1% Uaz 4%A0d18E19UTIIUGUENAIUHY (center) Uz

LI VALLNY (edge)
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a’gﬂwamimam

1. 8Wend-uanlalasdundunlidnmni  swnsneulwifedfisensenlosluanadioianlulasanilslu

o A v oA o o o @ vn A a P Y
ﬂi')LiﬂuvLﬂL%uL@lU?ﬂuﬂuﬂqiauﬂ')ﬂ(ﬂau Iﬂﬂﬁuum“ﬁdﬂﬂ“ﬂadﬁﬁﬁugm‘i | was 1l VIQUQ'JEJL@]’]VLN{[ﬂﬁL'Jw

winnzanlum Nz ludnmdaiiarindudnandaanngniavudmoian lalasiaw a9 NIRDIgAT

J ¢ﬂl v A A dll! [ 1 : tﬁl v v v
HLNBSU@]'JEJL@]']VLNIQiL'JW HROIRNUGALTINANG Vl,maﬂmwumwnaumygaumﬁmau

2. mIaumsian lwlaswazldiaawniinisauen ﬂgji”aum'mi”au WalgunuIzasnanauasInuylSunm

mItnadfnsen

3. RUUANLFIINMITIATIEReamARa DMTA  usasliianinawandnauaae lulasianiiiaziang

' dl v A e A ey dd‘ v v
‘WuﬂLL%%ﬂ’]iL“EaNIUGINLaqaiﬂaLﬂﬂdﬂUﬂWﬂﬂ‘ﬁ'ﬂaU@’J EIQEHJ

4. mylenzidmoieias DSC lunmmmdinmmufedjitouszgmnpiinnauniudsu dylimanind

LLuzm'mLL@m@haauﬂ'ﬁL%dﬂaizmwﬁaazhaﬁauﬁmﬁauuamﬂwiﬂmw

] v
3.3 anandsdnaunlraadnlulasiand I nsusuara8199T

A = a o a a o & v v
L%E]\‘ﬁ]']ﬂﬂ']il,(ﬂiﬂllaWE]ﬂ‘ﬁﬂaﬂJIWﬁ“ﬂ ﬂqLﬂ%@IaﬂiT%uﬂ@]ﬁa‘U

N7 3 mm a9 %x‘i‘ﬁ’]ﬂ’liﬂ@lﬂﬂd‘gﬂl%&lﬂ&lﬂﬁl’m%%’l

1A

'
A

=

M

A A X = '
FaNunwAndn lasdanunu ly
3 mm gasndl EMI iDudssl s limansam

ldl e a v ' < Qy = J
ﬁﬂ’l'Jtﬂ']iﬂUl%L@]’le%JIﬂiL'JWﬂ L% NW:K&IVL@] L%B33N Li"ﬁ%ﬁ]:vl‘ﬁll AAINT WA TUITUI AN URUININY 1

ama:mmulmj@umm*ﬁ”aml,aﬂul,mvlwimnwLLam’LumSNﬁ 3.27 §9Na eI TugA1IznITauNWANGId

NMIBUAIBENINRIWIALII INNANEMINILEIINRINITALTRAMIZNNTOUNAINWIE IwTzaz I Tan 1w meTn

P v & 6 o ] i <3 ' (2 ' a ' '
mumu"l,mﬂummmm%u@ LL@]E]E]’NVL‘iﬂ@I’]N WU’]’]E"{ﬂ']'JZﬂ’]'SE]U(?’I’JEJL@]’]VLNI@TEL’JW“IJENLL@]ﬂzifj(@'iEl\‘IE]Qluﬂj’)\‘l

W Aa lEyeauiigs 3 wazlsiaalunisaulusie 6 — 10 win

aaf 3.27

gnzmiaumeian lwlasinaasatnsrianuuuuauaIa@en (single step)

Resin Thermal oven (150°C) Microwave oven (Level 3)
Accelerator 1% Accelerator 4% Accelerator 1% Accelerator 4%
| 25 min 10 min
Il 12 min 7 min
\Y] 25 min 15 min 15 min 7 min
VI 12 min 6 min
VIl 10 min 6 min

3.3.1 aNUABINAVDIANANTLITWN O ULULDUAD WAL

Tensile properties, impact strength Lae flexural properties madﬁﬁaﬂ%lﬁ%ugmi@hm LRAILUAN

71991 3.28 - 3.31 uaz3UN 3.35 - 3.37 13Fugas | WinTuUTnmauljiten susdugasaugimads

Msaiiondsinm 1% uaz 4% WauReuiousuiaidinavadudasgasniiszuumaudany wui

ANUUANANFNTATINAVRIga a1 gilanuduten  dududasfarsanudazantd  Saaziianuianizin

voIgaLazinmaLTljiten gas | faudsianlulasiinugas Tensile properties uaz flexural

properties @agnindmadnoudmegdoy MuwItugas II nduTUFATeSFnm 4% (Dugasnddnonn

fmiumiaudsianlulasd wnlisud@dnaifisurimiafniidainineudiagdey Bugasdug

LRAIENUA b FILEND
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a7 3.28

FUUALTINAYIBWNTIITURUY 3 mm LITUlATIUF5e0 1% audisgauanuian

Resin Tensile properties Flexural properties Impact
E (GPa) | G, (MPa) €, (%) E (GPa) | G, (MPa) €, (%) | Strength (kJ/m)
1.66 69.21 8.06 3.84 96.81 6.36 3.18
+ t+ + t+ + + +
0.14 7.84 1.69 0.30 13.00 3.08 0.87
1.49 35.88 3.49 240 52.08 2.33 1.68
I + + + t+ t+ + +
0.23 8.23 0.81 0.54 0.20 0.41 0.44
1.68 17.12 1.31 2.62 62.01 245 1.91
v + 5.12 + + + + +
0.33 0.39 0.35 10.88 0.39 0.29
1.84 30.18 2.39 3.09 58.35 1.94 0.44
Vi t+ 6.89 t+ + t+ + +
0.28 0.50 0.35 8.95 0.25 0.13
2.06 29.34 1.74 3.84 73.08 2.78 2.04
Vi + 6.19 + + + + +
0.14 0.33 0.73 5.18 0.26 1.15

a397 3.29

FUUALTINATIBWNTLITURMN 3 mm LITUlATIUJTe1 4% audisgauanuian

Resin Tensile properties Flexural properties Impact
E(GPa) | ©, (MPa) €, (%) E (GPa) | &, (MPa) €, (%) | Strength (ky/m’)
1.66 69.21 8.06 3.84 96.81 6.36 3.18
T t t t t t+ +
0.14 7.84 1.69 0.30 13.00 3.08 0.87
1.62 29.30 2.54 2.23 38.12 2.14 2.34
I t t + t t + +
0.05 3.19 0.42 0.56 5.24 1.48 1.03
1.44 45.07 4.59 2.64 63.24 2.51 2.52
v + + + + + + +
0.07 9.04 0.73 0.23 12.73 0.39 1.00
1.51 38.43 3.63 3.17 74.04 2.67 2.52
vi + + + + + + +
0.17 5.00 0.54 0.15 19.42 0.91 0.96
2.05 45.51 6.14 3.04 63.95 2.25 2.27
Vil t t t t t + +
0.15 7.00 29 0.25 8.42 0.46 0.43
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aT97 3.30

wva A a ey a a a a o ' aaa v
RUUALDINIVUDIAWBNDLIDURAW 3 mm Li“ﬁull@nﬁdﬂgﬂ'iﬂ’] 1% aUﬂ’JEIL(ﬂWVLMIﬂ‘SL’JW

Resin Tensile properties Flexural properties Impact
E (GPa) | G, (MPa) €, (%) E (GPa) | G, (MPa) €, (%) | Strength (ky/im’)
1.52 21.49 1.70 3.51 45.24 3.95 3.1
+ + + + + + +
0.34 5.31 0.30 0.10 12.31 0.23 0.63
Il 1.50 2527 2.21 3.29 50.98 2.21 1.46
+ + + + + + +
0.21 5.03 0.90 0.32 8.79 0.24 0.24
1.41 16.23 1.28 2.28 32.30 1.61 1.81
v t t t t t + +
0.44 5.54 0.38 0.11 7.04 0.31 0.52
1.36 31.01 4.45 2.52 50.82 2.06 1.14
Vi + + + + + + +
0.29 7.09 1.14 0.53 5.74 0.37 0.45
1.97 38.92 1.76 3.60 63.71 5.24 1.14
Vi t+ + + t+ + + +
0.12 9.63 1.1 0.41 16.44 0.37 0.45

a397 3.31

suUAFINaUIBWanTLsTuvu 3 mm L3Fudaassljisen 4% audsenlulasian

Resin Tensile properties Flexural properties Impact
E(GPa) | ©, (MPa) €, (%) E (GPa) | &, (MPa) €, (%) | Strength (ky/m’)
1.52 21.49 1.70 3.84 96.81 6.36 3.18
T t t t t t+ +
0.34 5.31 0.30 0.30 13 0.38 0.87
1.59 33.11 2.78 2.61 58.39 2.93 2.36
I t t + t t + +
0.17 2.38 0.58 0.86 9.58 1.7 0.71
1.71 41.24 4.03 2.59 68.37 2.94 2.25
v + + + + + + +
0.16 6.95 0.37 0.71 9.78 0.83 0.45
1.78 28.88 2.70 2.31 47.46 2.1 247
vi + + + + + + +
0.07 7.92 0.54 0.65 15.63 0.59 0.35
1.73 4428 4.02 3.74 9099 2.70 2.28
Vil t t t t t + +
0.25 6.30 1.30 0.33 7.65 0.48 0.84
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Strain at Break (%)

\ Vil

8T 4% TUNARBURUI 3 mm (OV = oven WAz MV = microwave)
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3191 3.37  Impact strength 2298WaNTLITUFATEN 9 NBLUUUATIGAL T 3 mm

(OV = oven, MV = microwave, 1% sz 4% fa YSumaissdjisen)

(2
A A

éaﬁwé’mﬂaﬂmomﬁ{m fo maSsuifsusutRdinavesdiendisfuuazaonlnanzninitu
muﬁauﬁw&ifau (thermal curing) wazaumuLan lulasian (microwave curing) Iﬂﬂﬁﬂmmmi"?ugmmdﬂ
Vl&i"l@i”xqiaLﬁmﬂ%muLﬁmuauﬂ'&%ma‘i:wjngm Lwia]:ﬁﬂLﬁamgmﬁmmmmiamsamﬁ”;mm"Lﬂmnw %
SsulunsenasibiumsanmeanTnan lusasfnuisotsusnidunsdnsiamzanendissu udiitasann
fimsUsuanuvnvestunwiorniiunanIngn s S9imsAnwdwendistudianunmnlnaiide

18T IMINLATHNAID IR UUTZN L 1 - 2 mm AaNNATUNADE IR UIY TN 4 3 - 4 mm

3.3.2 ANUABINAVDIANDNTLITUNOULULKRAILA WA DY
AN INEIINILEII gay |l Lﬂugmﬁmm:amamiauﬁaULmvl,uIﬂmw;rmﬁq@ A% NN
' & A o g ° a a ) g A v A AdAaoe
maamaq‘lﬂamaan%gmu wazvmsulSsuineuiugas | mMInaaasnanitaziienlsisduniainss
YRS 4% whuw mIsunmeanaauluen lwlasan wanefismssulagliszaumiasd giow Tuszas
¢ v QI 04 o = v é/ o 1 lﬂl e = U 1 dq’ I v e
ERRUED) Lmemmumaﬂ%gwu idatiasnwll nsidanlszniznmsautni WunInasasnauny
minasRanaignlwdasdu inaldnnuiamianzihaniu lasdndnnmaiugiude nmsgus-uliion
METzAUMAIG gRaw NMINaaasfEwIn szaumas 2 liaansaildiwendisduudeaald 3a8en
lﬁszﬁuﬁwﬁaﬁﬂugm‘%uﬁu LL@iiw:L’Jmm"ﬁ’luﬂﬁQuﬁfu laufinmailunistiinue @Taqﬁwmsmaauﬁuﬁaga
MeamIldrzasiandnggnn ama:msaulumw"LuImmWLLuumwﬁumumaaLiéﬁugm | UAzgas I WA
dl s o . . 1 g; 1 a a wa A g;
A9T9N 3.32 13FUFaT | i lUnasay Tensile properties L¥inti fwsBugas Il JaudEidanans 3
Uszian nuaaImMIUTouisusNUATInaze s tuluannen 3.32 LLEIG]GI‘LLE‘JJ‘?] 3.38 — 3.41 Junu
FILNATN miawmﬂ‘*ﬁumausl,ul,mvl,wimanl:meauﬁaL%dﬂaﬁniﬂmiaumeﬁ'umaul,ﬁﬂma:auéhmg}”
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0UAWTE UNLI% impact strength U89L3FUFAT I Anmsaudisianlulasiinuusastuaan end1as nad

G093z nINTN sNzmIsunvinfiona lilsan1izimanzaun be

TN 3.32 ﬁﬂ']’JZﬂ’liEl‘]ﬂ%L@nvL%JIﬂiL’JWLL‘]J‘LI%G']SJ‘IT%@Q%’UE]ULi“fiugﬂi I HRZHAT Il

Resin | Resin Il

Code Heat source Condition TéIé Heat source Condition Ts‘6
(sec) (sec)

ov Thermal 150°C, 25 min 1500 Thermal oven 150°C, 15 min 900

oven
18 L3/10 180 L3/7 125
2S-1 L2/20 + L4/5 339 L2/5 + L4/3 131
28-2 L2/25 + L3/5 357 L2/5 + L3/5 144
28-3 L2/25 + L6/5 465 L2/3 + L4/3 110
25-4 Microwave L2/20 + L3/10 393 Microwave L2/3 + L4/5 159
28-5 oven - - oven L2/10 + L3/5 198
2S-6 - - L2/10 + L3/7 233
2S-7 - - L2/10 + L4/3 185
2S-8 - - L2/10 + L4/5 234
2S-9 - - L3/5 + L4/3 167
38 L2/20+L3/10+L5/5 555 L2/10 + L3/7 + L4/3 310
‘V\%J’]EJLV\(?’J L2/20 %msﬁﬂ%ﬁzﬁuﬁ’lé’a 2 LL@Z(;I’:GL’JG'IVH/ 20 ‘W]‘?l

T manedanmildasdunsliaduwlulasnunieding (actual heating time)

o [l dl ;F{ L [} a Q g; v v
datiltlunmesessanauiidudiagvziianw (= 3 mm) auu ozmlumiaudiogau
ANNTEUIIADUTIUWIN NITAALIA INTaUaIBLan b laTW Wuridanenalda Ao AudandInwla I
wnlulasnnilsluaiaten  Hrozualumadaeiashivihnuzoznaniisgldsuadululasnd e
Aa dydqz o s =) 1 2 2 =3 fl 1 d' v
nnlasniipiddeding felimunnsiamiulasanldies Ssldmaninauguizszimydasaiuly
' A v @ a A A . . o ' A9 o
daittasld dmnAaszaziianluniaidainiad (setting time) IMNWATINVEININNNITLAD 1% gas 28-1 AilF

@ a | v A A A ' A . . <
VAWYINNL 25 Wf wadwnRnTannamnedasddssadnlulasiineanan (actual heating time) astiln
naues 339 Twfl wihuu nsRiasanszezumauludauanuiauiu azdasldiimnimueniagagne
lugau lasnmiunsltledoulusismeanslud domalt azduinanlulasawlfiamsuningey
aNTan adndlsneay Wunidadn vnltian lulaswiliaauiuudasied HaTaINNTaLUNILLLTUABY
WeauaznasTuaen  anadannammaassndnglulasensisednld  wmsszuumsiinusasen
TulasnluasaFauts fsudheungeiuu adululestaniesnunasiusuudeiion wdszuuaziniia-

Dasypravhlddiaiomssaasy mldiingdnssuasony pulsed wave
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25

1.5 4

Impact strength (kJ/m2)

0.5

gﬂﬁ 3.

ov 1S 251

41 Impact strength 789L3TUgay II NeudsgauaNNion (OV) uaz
wnlulasnnuuuruaawdsn (1S) Lazaasdunat (2S-1 — 2S-9)

2S-2 2S8-3 254 2S-5 25-6 2S-7 2S-8 2S-9

3.4 aWand-tlanlauninanlnanaualgaaninlasian

3.4.1 sadfBenazasdnandaaulndngasais

Tensile properties, impact strength Lae flexural properties maa%ﬁaﬂ%ﬂauiwﬁwgmi@mﬂ waaalu

@197197 3.33 — 3.36 LLazgﬂﬁ 3.42 — 3.44 ﬂauiwaﬂgms I NnaudastanlulaTnginsLsadauandasnin

MatNaumuday ﬂawiwﬁ‘ﬂgm Il Aaudizanlulasianuaad flexural properties dninanatnsfaueise

gﬁall &% tensile properties a2 impact strength @agniLantag

aaf 3.33

sudAiinavasdnandaaulnin Bulanisljite 1% sudiogdeuanuian

Resin Tensile properties Flexural properties Impact )
E (GPa) O, (MPa) &y, (%) E (GPa) O, (MPa) &y (%) Strength (kJ/m’)
I 2.,05 60.26 4.47 414 99.29 3.16 12.62
+ + + + + + +
0.18 7.56 1.07 0.40 18.82 1.04 1.51
Il 1.77 19.48 1.73 3.81 71.07 1.92 9.58
t t + + + + +
0.08 6.27 0.56 0.55 6.63 0.12 1.50
v 2.42 25.61 1.43 3.80 73.06 2.05 10.60
+ + + + + + +
0.14 7.20 0.54 0.44 4.48 0.14 4.23
\ 1.98 43.08 3.66 4.59 77.56 1.91 3.06
+ + + + + + +
0.17 5.70 0.54 0.47 8.16 0.13 0.42
Vi 2.08 46.26 3.15 5.22 76.71 2.59 5.82
+ + + + + + +
0.20 3.38 0.49 0.41 5.17 0.35 1.72
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TP 3.34

wva A a ey a a a a ' aaa v v v
ﬁNU@L‘HGﬂWUE}\‘IE’]WE}ﬂ‘ﬁﬂE’]NIWﬁW Li‘ﬁ%u@]’)lfi(]ﬂgﬂ‘iﬂﬁ 4% EU@]’JU%IQU@]’N&I'S’P]%

Resin Tensile properties Flexural properties Impact )
E (GPa) O, (MPa) &y (%) E (GPa) G, (MPa) &y, (%) Strength (kJ/m’)
2.,05 60.26 4.47 4.14 99.29 3.16 12.62
t t t+ t t + +
0.18 7.56 1.07 0.40 18.82 1.04 1.51
1.75 31.93 3.07 3.77 75.08 210 21.00
I + + + + + + +
0.12 4.44 0.76 0.52 8.06 0.15 2.32
0.86 37.41 297 3.77 69.86 1.96 17.97
\Y + + + + + + +
0.35 7.57 0.62 0.50 6.27 0.16 3.78
0.72 43.46 3.19 4.67 84.06 1.95 14.93
Vi + + + + + + +
0.54 5.87 0.71 0.65 9.34 0.31 3.1
1.03 52.49 417 4.24 71.18 1.86 20.97
Vil + + + + + + +
0.70 6.49 1.13 0.16 7.04 0.14 1.79
M0 3.35  sudddInavasdWandaanlndn 1dulaasslisen 1% sudsenlulasian
Resin Tensile properties Flexural properties Impact )
E (GPa) | G, (MPa) €, (%) E (GPa) | G, (MPa) €, (%) | Strength (kJ/m’)
1.96 44 .40 3.36 3.43 61.54 1.94 13.76
+ + + + + + +
0.23 1.17 1.54 1.29 5.12 0.12 1.70
1.76 26.58 2.33 2.24 57.33 2.08 9.35
I + + + + + + +
0.20 3.08 0.54 0.12 7.31 0.22 242
2.09 23.89 1.44 2.98 51.66 2.10 13.18
\Y + t+ + + + + +
0.34 4.01 0.21 0.30 9.35 0.29 3.98
1.67 22.73 240 3.22 51.36 1.83 5.33
Vi + + + + + + +
0.24 6.17 0.87 0.62 4.87 0.36 0.87
2.02 27.58 1.77 4.42 69.89 2.14 6.47
VI + + + + + + +
1.71 8.44 0.53 0.66 5.71 0.22 1.36
@991 3.36  sudABInavesBRandaenlnan 1ulanssufisen 4% sudsenlulasian
Resin Tensile properties Flexural properties Impact )
E (GPa) | G, (MPa) €, (%) E (GPa) | G, (MPa) €, (%) Strength (kJ/m")
1.96 44 .40 3.36 3.43 61.54 1.94 13.76
t t t t t + +
0.23 1.17 1.54 1.29 5.12 0.12 1.70
1.53 31.92 2.71 4.14 77.92 2.05 17.41
I t t t+ t t + +
0.14 3.62 0.54 0.36 2.55 0.31 3.43
1.3 33.6 5.51 2.97 56.81 2.07 13.49
\Y t t + t t + +
0.41 2.96 0.97 0.51 8.75 0.27 0.90
1.28 31.35 6.65 4.43 73.66 1.77 17.11
Vi + + + + + + +
0.58 3.9 2.05 0.53 6.99 0.10 2.46
1.71 34.36 7.1 4.21 67.68 1.69 13.49
VI t + + + + + +
0.69 5.26 3.63 0.30 9.78 0.29 3.35
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[ v
3.4.2 aNUABINaYaIdNaNSAaNINANNOURUURAILDAD
ﬂauiwﬁﬂgm | Iﬁanwuzﬂﬁaumﬁauﬁmﬁugm | muﬂauiw%ﬂg@i Il 9z U19@AIzNmlauny
AllunsnasaInuLstn LL@iﬂTa;‘Jlamulmya:mamﬁ'mauiw%ﬂmﬂﬂﬂﬁ gN1zMIaUaadlWENLEAI LN

5797 3.37 Namsmaamamlugﬂﬁ 3.45 — 3.50

TN 3.37 ﬁﬂ']’JZﬂ'l‘Sa‘UI%L@]'IVLSJIﬂiL'JWLLUU%G?SJ‘EJ’%@B%’UEN?IE]&II‘W?T'YI@@I? | HRZFAT Il

Composites | Composites Il
Code Source of Condition Tak Source of heat Condition T906
heat (sec) (sec)
ov Thermal 150°C, 25 min 1500 Thermal oven 150°C, 15 min 900
oven
1S L3/10 180 L3/7 125
28-1 L2/20 + L4/5 339 L2/10 + L4/5 234
28-2 L2/25 + L3/5 357 L3/5 + L4/3 167
28-3 L2/25 + L6/5 465 L2/15 + L4/5 285
2S-4 Microwave L2/20 + L3/10 393 Microwave L2/10 + L4/7 285
28-5 oven - - oven L3/5 + L4/5 216
3S-1 L2/20+L3/10+L5/5 555 L2/10+L3/5+L4/3 275
3S8-2 - - L2/10+L3/5+L4/5 324
3S8-3 - - L2/10+L3/7+L4/3 310
354 - - L2/10+L3/3+L4/7 338
38-5 - - L2/15+L3/5+L4/5 375
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gﬂﬁ 345 - 3.47 \JuauidBanavasnenlnangas | g]mﬁaudﬂuama:msauﬁl%agf: mM3eu
Lmuaaaﬁy'm]auaz‘lﬁamﬂaL%aﬂaﬁﬂdwmsauLLuuiy'umam?]mLmzaulu@’aummﬁ”au 1ummzﬁﬂaw1w§m§m
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3
X. Fang and D.A. Scola, J. Polym. Sci. Polym. Chem., 37, 4616 (1999).
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C. Jordan, J. Galy, J.P. Pascault, C. More, M. Delmotte and H. Jullien, Polym. Eng. Sci. 35, 233 (1995).
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J.J. Aklonis and W.J. MacKnight, Introduction to Polymer Viscoelasticity, 2nd edn., John Wiley & Sons, new York, 1983.

6
P. Alazardm, M. Palumbo and A. Gourdenne, Macromol. Symp. 199, 59 (2003).

107



25000

Viscosity (cP)

0 T T T T T T
0 5 10 15 20 25 30
Cure time (min)

160000

(b)

140000 - L2

120000 -

100000 -
OVEN

80000 -

Viscosity (cP)

60000 -

40000 -

20000 -

0 2 4 6 8 10 12
Cure time (min)

3UN 355 anunitavedsdussninamiaudiadauanuian (OV) fi 150°C uazausie

o lulasanfissqumaseng (L2 - L4) : (a) nanlwdn I (b) aanlwdn I

AaulwENgaT Il axfaiduaafianiig L2 — 15 min, L3 — 5 min waz L4 — 3 min anundiafn L2 -
25 min V8Igas | wasfi L2 — 10 min 289gas Il ﬁmgamﬂLfimﬁﬂuﬁ'umm%ﬁﬂﬁ L3 — 5 min 189§a7 | Uaz
L3 - 3 min VoIgaT I Lﬁaﬁmimﬂamazmsamauiw‘aﬂgm | dh0g9 1S azBuRaduvesudaield
seaumngg 3 uan 7.5 wift waziiluvasudsluiig 10 wd deustndrasne 1S aziduvasudnoudlating
25-3 wdanunitavasdiagng 18 lugrenauduaadeiidnviniu 3,420 cP (7l L3 = 5 min) fendrninena
wilauoals®ufiouf L2 — 25 min (21,300 cP) sanSlumaiuiuvemitadowiadwasiiazing

o @ ] o a & ' @ , & o {
ﬁﬁﬂ@uﬂﬂﬂiﬂﬂﬂﬂ%ﬂu%ﬁ@ LASDAIINIILNNY WD UIIDN G]“UE]\‘iﬂ’J’]&I‘Viﬁ@lu’m:Lﬂu@ﬂﬂmzﬁ‘ﬁdﬂi:mﬁ

108



ldvmIasaiaanumiiavesdietng 25-1 uaz 35-3 vasnanlnangas I YagasdagneBuuda
é’aLﬁaagiuﬂwsawﬁ”’mauﬁaaa 9 L4 — 3 min (628819 25-1) uaz L3 — 5 min (§a819 38-3) lasfianie
MIBUVBIAIBENY 2S-1 A L2 — 10 min + L4 — 5 min WASENIZNIOLVEIAIENY 3S-3 Aa L2 — 10 min
+ L3 - 5 min + L4 — 3 min anunbanawiaiduiaavesaiagie 1S 1¥nu 98,900 cP (L3 — 3 min) wazil
frdnnanunitanewialnanasfiogny 251 waz 3S-3 ATerAL 134,000 cP (L2 — 10 min) 1w
V‘huaaLamﬁ'uﬁ'uﬁnma"[ﬂuﬂaﬂwﬁwgm | saruilumainananiiafiunumadn weznmsaufiaans
fidanmafuanuniauuudng

Naﬂuadmﬁmqmﬁgﬁﬁvlﬁmnmiauimwmm@i’mS]f:uamel,ugﬂﬁ' 356  amwnifiselaidn

q U

A a a a & o o ad = @ o ' a a a A v A &
AURNTIINVDILTTW LHaINNT NI TIANUNNDULEID 1‘HL’mﬂuﬂﬁ’vaumu 5 N llﬂ']‘ﬂ“mﬁ‘ﬁu 1 a3

A
da 1 Mananes M imwasusmad e iwiUAlFa3susunwionasousutiaians 6t HanTIn3d
auinede waslfiiudmunuuninuuesudazanizmyale qm'ﬁgﬁmaqﬂaﬂw%mﬁ'uﬁumm:ymm
lunseu uwazUWENMIzlgUnDiannd @iwmu\aﬁLﬂuﬁﬂ’f‘:@uqmmﬁﬁmﬁuﬂmmﬂumamﬁa frIun1vau
LT WA B LR 500 mﬂ%s:é’uﬁﬁéﬁgﬁm:ﬁﬂﬁé’@mSwaamnﬁuqm%gﬁgoﬁu WRANTIM ALY

Aa

ad o 1 a a a ta' J = { et o e a o = t:l
maoqm%gwaﬂwm:mummﬂunumnwmwnaomﬂwu@ Nzautias 2 FZUBAIIIVBININNURNA

)]

fwﬁqﬂ LLazqm%Qﬁgoq@ﬁﬁﬂmﬁu 100°C a9t 9Lidungegedn N L2 Asdwlindad msﬁqmwgu
A & ' o A A o Y A X A o Y A A o o o oA o
Wndnagetgin L2 dldsanmainiveesenuniiationdlddis Weaifisunuszaumasdusg szau
o w a a a £ ' = o @ . o A £ ' & @ d &
Mas 3 - 6 wlgumnUindnaiITaiInudiIay RINA AN URTALANT RN ITINSIY TarazTn
awng iAamaindaluans ildlimansnfaduiumld andldnanidesduiianzmisuuunay
ﬂ'umauiuﬂauiwaﬂgms I s duan1aen liwanzaw ﬁgaﬂﬁmﬂmiﬁLisTmLLiuﬁaﬁ'm'hmiauLLuuaaa**ﬁ'u
ADY E'Eua?\‘ll,ﬂmvlﬁ'»nwnﬂﬁwlugﬂ 3.56a 1uﬁ1uaaLamﬁ'umiauLLuumwiu@]ausluﬂaquaﬂgm Il 92LTI7
o ' & ' & o Ao ' o wva A { ' ) o A &
FANINMIDLBUURBITUADY LRAITINITUDIAINT NN R aNTATInananin wnfe damIaiuInved

qnm:q}ﬁLLazmm%ﬁmmﬁzﬁé’mwﬁqﬁmmzaw waziazduaaNa Ut 9t

3.5.3 N133LAIEHNITTALNIZVDILITUL LAWK IIUNIAILATN SEM
a % o o a £ o v A a A £ A A o
miauaaulwanlwanlulasandisszaumsigedu awiliidulgunglgedu lesnniiszau
o @ a o A £ o & A o A & A a Aaa
Masgaaziiszozmlunsliadululasavuiuiu damuazlianuioumelusduannidu Bufialfitm
£ 4. o ¥ » - v e o o . u C .
andu hduswgueiniiniusesanuniiaveasdu mildszaumaidn g wu L2 weldlunsguisdu
o v a 1 U é‘ =1 = 1:' J I} U 1 v = a U U U l&’ A o v v
MldisBudas 95audn Januniainivetnetng sswalisdunzdoduloumlannnin viavinldau
v A & oA ac A [ ' A v A o . 7 ' 1%
louwiudonanndu lddnwidononumguadudisan lulasnluniaims RTM laminates’ wudndu
v A v | J o v wa A g’ 1 { a v nq, QI 1 dl
loumifiansuaoninnduuazin liand@idnagedu mwdisanniaies SEM asfimiidudiadnafiuan
ﬁ'ﬂﬁ]’mmsmaauauﬂ'&%anmmmlugﬂﬁ 3.57 uaY 3.58 é’m%’mauiwﬁﬂgm I wa I NE1OL USIwmN
& A o A A LA A ' . [ a A A o A A
Hudwendisduaz lifinasenmeniatesing (voids) lagias danadsunamsineiauasdwandisduun
b tEwlouIniRTey lgunzia wyaIIN interfacial adhesion 3:HINILITULALEWLLLAIAN
30 Wuansoei lddasnmslundanmsinauIngn Nz i i gulfBInaveIna N INANGIRY FUN19I9T9
AN oRLIERNzAaNEWbuL NN WEa9Id interfacial adhesion §9N lunsasiasaualnLaIad
SEM % "l@i”ﬁwmizjumﬂmw%mmuﬁaﬁwmLﬂ%ﬂ‘uLﬁﬂuﬁ'u AU é'hasmﬁﬁauﬁ'aL%aﬂaﬁﬁqﬂa:ﬁmﬁu

meaﬂﬁlﬁﬂﬂmﬂﬁq@ INMIANATITRGILINATRA SEM 8100 LIS UANBHEAITNITAAVDILITULS

7
M.S. Johnson, D.D. Rudd and D.J. Hill, Polym. Compo. 18, 185 (1997).
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ABSTRACT: The objective of this work was to compare
the mechanical properties of epoxy resins cured by thermal
heating and microwave heating. Epoxy—anhydride (100:80)
resins were cured in a domestic microwave oven and in a
thermal oven. The hardening agents included methyl tetra-
hydrophthalic anhydride and methyl hexahydrophthalic an-
hydride. Three types of accelerators were employed. Ther-
mal curing was performed at 150°C for 20 and 14 min for
resins containing 1 and 4% accelerator, respectively. Micro-
wave curing was carried out at a low power (207 or 276 W)
for 10, 14, and 20 min. All cured resins were investigated
with respect to their tensile properties, notched Izod impact
resistance, and flexural properties (three-point bending) ac-
cording to ASTM standards. The tan 6 and activation energy
values were investigated with dynamic mechanical thermal
analysis, and the extent of conversion was determined with

differential scanning calorimetry. The differences in the me-
chanical properties of the thermally cured and microwave-
cured samples depended on the resin formulation and prop-
erties. Equivalent or better mechanical properties were ob-
tained by microwave curing, in comparison with those
obtained by thermal curing. Microwave curing also pro-
vided a shorter cure time and an equivalent degree of con-
version. The glass-transition temperatures (tan 8) of the
thermally and microwave-cured resins were comparable,
and their activation energies were in the range of 327-521
kJ/mol. © 2005 Wiley Periodicals, Inc. ] Appl Polym Sci 97:
1442-1461, 2005

Key words: activation energy; composites; crosslinking; cur-
ing of polymers; resins

INTRODUCTION

The utilization of microwaves for heating began in the
1940s. Studies of the microwave processing of poly-
mers in the early 1960s led to several successful appli-
cations in the rubber, textile, and food industries.
Since the mid-1980s, there has been a great deal of
interest in the microwave processing of polymers.'
Because the mechanism of microwave heating is inde-
pendent of thermal conductivity, microwave heating
avoids heat-transfer-rate problems encountered in
conventional thermal heating, for which the low ther-
mal conductivity of polymers is problematic. This rel-
atively new form of energy transfer offers many dis-
tinct advantages over conventional heating, such as
volumetric, fast, directly selective, instantaneous, and
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Bangkok, Thailand.

Contract grant sponsor: Thailand Research Fund; contract
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controllable heating. Microwave energy, with its long
wavelength, offers deeper penetration than ultraviolet
or electron-beam irradiation but does not possess suf-
ficient energy to cause bond cleavage. Only acceler-
ated dissipative heating occurs in microwave process-
ing. In this way, energy may be distributed rapidly
throughout the volume of a material. Surface over-
heating or uneven accelerator decomposition is
avoided.

In conventional thermal processing, energy is trans-
ferred to the material through the convection, conduc-
tion, and radiation of heat from the surfaces of the
material. In contrast, microwave energy is delivered
directly to materials through molecular interactions
with the electromagnetic field. This results in rapid
heating throughout the material’s thickness with re-
duced thermal gradients. Volumetric heating can also
reduce the processing time and save energy. The abil-
ity to process polymeric materials with microwaves
depends on the applied frequency, electric field
strength, dipole structure, additives or fillers that have
been included with the polymer, and dielectric prop-
erties of the polymer. When two materials are simul-
taneously subjected to microwave irradiation, the
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TABLE 1

Characteristics of the Chemicals
Chemical Grade Viscosity at 25° (cP) EEW AE Supplier
Epoxy DER 3317 11,800 189 — Dow Chemical Co. (Midland, MI)
MTHPAI1 Lindried” 46QC 60 — 166 Lindau Chemicals Co. (Columbia, SC)
MTHPA2 EG/NT 50 — 166 LonzaSpa Co. (Milan, Italy)
MHHPA SW 53 — 168 LonzaSpa Co. (Milan, Italy)
DMP-30 Ancamine K54 200 — — Anchor Chemical, Ltd. (Los Angeles, CA)
EMI Imicure EMI24 6,500 — — Air Products and Chemicals, Inc.
BDMA Purum (>98%) — — — Fluka (Buchs, Switzerland)

EEW = epoxy equivalent weight; AE = anhydride equivalent.
“n = 0.15.

higher dielectric loss material is heated more rapidly
than the lower dielectric loss material. With micro-
wave irradiation as a heating source, chemical reac-
tions occur. This leads to the study of microwave-
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induced chemical reactions. A controversial topic in
this study is whether there is a microwave effect, or
nonthermal effect, on chemical reactions beyond heat-
ing. On the basis of the research published so far, there

Figure1 Chemical structures of the epoxy (DGEBA), hardeners (MTHPA and MHHPA), and accelerators (BDMA, EMI, and

DMP-30).
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TABLE II

Sample Designation and Composition
Resin Hardener Accelerator
I MTHPA1 Unknown
1I MHHPA DMP-30
11 MHHPA EMI
v MHHPA BDMA
VI MTHAP2 DMP-30
VIl MTHPA2 EMI
VIII MTHPA2 BDMA

is still no consensus.”'”"' Critics of the microwave
effect often claim that differences can be attributed to
poor temperature measurement and control of exper-
imental conditions that result in systematic error. The
existence or nonexistence of a microwave effect con-
tinues to be an area of considerable debate and re-
search.

Epoxy resins are among the most important ther-
mosets and have many major industrial applications,
such as surface coatings, adhesives, and fiber-rein-
forced composites. Major barriers to the use of ther-
mosetting composites in many applications include
the long cure and postcure processing times required
to achieve the required mechanical properties. There
has been much research in the area of microwave
processing for epoxy resins, including epoxy-amine
systems*™1#15242728  and  epoxy-anhydride  sys-
tems.”**> Some research groups have employed do-
mestic microwave ovens without modification,”!43°
and others have modified domestic microwave ovens
with a magnetic stirrer’ or to accommodate a fiber-
optic probe,** but some of them have not provided
details of the modification.'®> Therefore, a domestic
microwave oven is applicable to scientific experimen-
tation. Galema®? also mentioned the application of a
domestic microwave oven. Most researchers have
studied the kinetics or chemical reactions (extent of
curing) and physical properties, that is, the glass-tran-
sition temperature (T,) and dielectric properties. A
few publications report the mechanical properties of
microwave-cured epoxy.””''?® There is controversy
over the kinetics of curing and mechanical properties
of microwave-cured samples in comparison with
those of thermally cured samples. The reaction rate,
cure time, and Tg of microwave-cured epoxy have
been reported to be dependent on the resin system
(hardener/curing agents).****! No microwave effect
on the kinetics of epoxy curing and the three-dimen-
sional structure has been proposed,'>*® but some re-
searchers have proposed rate enhancement by micro-
wave curing.”'®* Small changes in the mechanical
properties of microwave-cured epoxy have been re-
por’ced,7’11 whereas increases and decreases in the ten-
sile properties have been observed.” Disagreements on
the properties of microwave-cured samples may result
from the following factors:

TANRATTANAKUL AND SAETIAW

o The resin system: Different chemicals show dif-
ferent dipole structures and dielectric properties,
and these result in different behaviors.

» The microwave oven: Different cavities (including
the cavity shape and cavity material) and differ-
ent modes affect microwave power dissipation.
The irradiation of a pulsed-power microwave
oven differs from that of a continuous-power mi-
crowave oven."” The uniformity of the electric
field and position of the sample are also impor-
tant. Nonuniformity within the electromagnetic
field will result in nonuniform heating.

« The sizes and shapes of the samples: The temper-
ature at the center of a sample is higher than that
at the sample’s boundaries because of the slow
heat conduction inside the sample. An increase in
the curing time allows heat transfer from the cen-
ter to the boundaries, and this leads to more ho-
mogeneity.”

* The curing conditions: The microwave power and
curing time control the temperature of a sample.

In this work, we report the results of a systematic
study of epoxy-anhydride resins cured in a home
microwave oven. Because multimode systems are the
most common processing systems used in industrial
applications'” and this research involves industrial
work, we used a domestic microwave oven. Data ob-
tained from this work will be applied to industrial
work in the future. The mechanical properties and
dynamic mechanical thermal analysis (DMTA) of the
microwave-cured epoxy resins are compared with
those of conventional thermally cured resins. To the
best of our knowledge, our resin systems have not yet
been reported in the microwave-curing literature. Be-
cause this work is focused on the efficiency of micro-
wave curing and the mechanical properties of the
selected epoxy system, direct comparisons between
the kinetics of curing activated by thermal and micro-
wave heating are beyond the scope of this study, and
the kinetic mechanisms during the polymerization of
the reactive system are not the aim of this article. The
mechanisms of the epoxy—anhydride system are very
complex, and for that reason, many works in the ref-
erences do not include the mechanisms of curing re-
actions. However, the mechanisms of the epoxy-an-
hydride reaction are reported in many publica-
tions.*~%

TABLE III
Heating Conditions
Source of heat Accelerator (%) Condition
Oven 1 150°C, 20 min
4 150°C, 14 min
Microwave 1 10 and 14 min
4 10, 14, and 20 min
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TABLE 1V
Calibration Data of Microwave Power
Equivalent
Setting Magnetron’s output power

Level power (W)? power (W)P (W)<
1 80 — —
2 160 71 138
3 240 158 207
4 320 249 276
5 400 352 345
6 480 406 414
7 560 513 483
8 640 586 552
9 720 610 621
10 800 698 690

? Data derived from the producer.

P Experimental data derived from measurements based on
ref. 29.

¢ Data derived from a linear regression with R* = 0.9732.

EXPERIMENTAL
Materials

The chemicals are listed in Table I. The epoxy resin
was a general-purpose-grade diglycidyl ether of bis-
phenol A (DGEBA) with n = 0.15. Two hardeners
were employed: methyl tetrahydrophthalic anhydride
(MTHPA) and methyl hexahydrophthalic anhydride
(MHHPA). The accelerators included tris-2,4,6-di-
methyl aminomethyl phenol (DMP-30), 2-ethyl-4-
methyl imidazole (EMI), and N-benzyl dimethylamine
(BDMA). MTHPA1 contained an unknown accelera-
tor, whereas MTHPA2 and MHHPA contained no
accelerator. The chemical structures of all the materi-
als are shown in Figure 1. All the chemicals were
commercial-grade and were used as received.

Sample preparation

The main suppliers of the anhydride hardeners sug-
gested using approximately 80-90 wt % of the anhy-
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TABLE V
Comparison of the Setting Time and Heating Time of
the Microwave Oven

Equivalent
power Setting Actual heating
Level (W) time (min) time (min)
3b 207 10 3
14 4
20 6
4° 276 10 4
14 6
20 8

? Data from TABLE IV.

P Refers to 30 and 40% of 800 W, respectively (= 240 and
320 W of setting power, respectively), according to the prod-
uct data sheet.

dride/epoxy stoichiometric ratio to obtain better
properties. For that reason, we employed a ratio of
80:100 anhydride/epoxy. The concentration of the ac-
celerator was 1 or 4 parts per hundred parts of epoxy
resin. The sample designations and compositions are
listed in Table II. After good mixing, air bubbles were
released from the resin before it was poured into a
mold. A chromium-coated steel plate was used as a
mold for thermal curing, whereas a Teflon mold (17
cm in diameter and 3 cm deep) was used for micro-
wave curing. The amount of the resin was weighed to
control the thickness of the specimens. A Memmert
U500 oven (Schwabach, Germany) was employed for
thermal curing. Microwave curing was performed in a
Sanyo EM-X412 commercial microwave oven (Sanyo
Thailand Co., Bangkok, Thailand) at a frequency of
2.45 GHz. This microwave oven was fitted with a
voltage controller to facilitate the processing power (to
be specified). It consisted of 10 power levels, with the
maximum level equal to 800 W. In this work, the
applied power was based on the physical performance
of the cured samples. No air bubbles and no burning

900
800 -
700 -
600 -
500 -
400 -
300 -
200 -
100{ o o

O experiment
O power setting
— Linear (experiment)

Power (watt)

(e}n}

0 T T T T

50 60 70 80 90 100

Level (%)

Figure 2 Calibration curve of the microwave output.
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Figure 3 Tensile properties of the epoxy resins containing 4% accelerator (OV = oven cure, MV = microwave cure): (a)
Young’s modulus, (b) tensile strength, and (c) elongation at break. The accelerator concentration of resin I was unknown.
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Figure 4 Impact strength of the epoxy resins containing 4% accelerator (OV = oven cure, MV = microwave cure). The

accelerator concentration of resin I was unknown.

were criteria for good specimens. The optimal power
level of resins I, II, VI, and VIII was the fourth level
(power setting = 320 W), whereas resins III, IV, and
VII were cured at the third level (power setting = 240
W). The heating conditions for microwave curing and
thermal curing are described in Table III.

Mechanical property testing

The tensile properties, flexural properties (three-point
bending), and notched Izod impact resistance were
tested according to ASTM D 638 (type I), ASTM D 790,
and ASTM D 256, respectively. The tensile testing was
conducted at a tension speed of 5 mm/min and at a
gauge length of 50 mm. The three-point-bending test
was executed at a speed of 8§ mm/min with a span
width of 25 mm; the specimen dimensions were 25
X 50 mm?. The specimen thickness was approximately
1.5 mm. Five specimens or more were tested for every
sample for all the testing.

Differential scanning calorimetry (DSC) analysis

The extent of conversion (x) of the cured samples was
determined with a PerkinElmer DSC7 (Norwalk, CT)
at a heating rate of 20°C/min from 30 to 250°C. The
heat of the complete reaction was obtained through
the curing of fresh resins under the DSC heating scan.
The area under the exothermic peak represented the
heat of reaction. The specimens were cut from the area
near the center of the cured samples or along the
gauge length of the tensile specimens.

DMTA

Cured resins were machined to fit the DMTA testing
geometry specified by the Rheometric Scientific

DMTA V system (Piscataway, NJ) (ca. 10 mm X 240
mm X 1.5 mm). The testing was performed in a single-
cantilever mode at a heating rate of 2°C/min with a
strain control of 0.1%. The applied frequencies were 1,
10, and 30 Hz within the temperature range of 30—
250°C. T, was taken as the temperature at the peak of
the tan & curve in the glass-transition region. The
breadth of the glass transition in the tan & curve was
determined as the width across the curve when it
dropped to half of its peak values [full width at half-
maximum (fwhm)]. The moduli in the glassy and
rubbery regions were measured at T, — 30°Cand T, +
30°C, respectively.

RESULTS AND DISCUSSION
Microwave oven calibration

The microwave had 10 power levels. According to the
product data sheet, the levels 1 and 10 were the lowest
and highest powers (80 and 800 W), respectively. Be-
cause the microwave oven used in this study was a
domestic one, we measured the magnetron’s output
power according to the method described by Voss and
Madsen.”” The magnetron’s output power at each level
is listed in Table IV; the experimental data were lower
than those reported by the producer. The equivalent
powers derived from the linear regression of experimen-
tal data are listed in Table IV and shown in Figure 2.
Practically, the output power of the magnetron could be
controlled through the adjustment of the period of op-
eration or through the adjustment of the cathode current
or magnetic field strength.'” In home microwave ovens,
the magnetron is operated at full power. During a spec-
ified time, the current is turned on and off for segments
of the period, and the average power is reduced. This
on/off type of control is often called duty cycle control.
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Figure 5 Flexural properties of the epoxy resins containing 4% accelerator (OV = oven cure, MV = microwave cure): (a)
flexural modulus, (b) flexural strength, and (c) flexural strain. The accelerator concentration of resin I was unknown.

One period of the microwave oven used in this study
was 17 s. The real heating time of the oven, therefore,
was controlled by the setting power. At the setting
power of level 3, in one period (17 s), the resins received
microwaves for the first 5 s, and then they were heated
again after 12 s. At level 4, the actual heating time was 7 s
per period. The higher power level had a longer heating

time; that is, the heating times were 14 and 17 s at levels
8 and 10, respectively. Therefore, the actual heating time
in the microwave oven was much shorter than the set-
ting time, as described in Table V. This indicates that the
output power of the home microwave was governed by
the duty cycle control, and the microwave output power
depended on the actual heating time.
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Figure 6 Tensile properties of the epoxy resins containing 1% accelerator (OV = oven cure, MV = microwave cure): (a)
Young’s modulus, (b) tensile strength, and (c) elongation at break. The accelerator concentration of resin I was unknown.
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Figure 7 Impact strength of the epoxy resins containing 1% accelerator (OV = oven cure, MV = microwave cure). The

accelerator concentration of resin I was unknown.

Ultimate mechanical properties
System containing 4% accelerator

The mechanical properties of the epoxy resins contain-
ing 4% accelerator are shown in Figures 3-5. Obvi-
ously, the effect of the microwave irradiation on the
cure of this epoxy—anhydride system depended on the
curing agents; this finding is similar to other research-
ers’ work. This study employed three curing times in
the microwave oven (10, 14, and 20 min), and eight
recipes (Table II) were investigated to determine the
mechanical properties. There was no attempt to seek
the best mechanical properties and the best recipe.
Young’s moduli of the oven-cured samples and some
microwave-cured samples were in the same range
[Fig. 3(a)]. The tensile strengths of resins III, IV, and VI
showed significant differences between the oven-
cured and microwave-cured samples, whereas those
of resins I, II, VII, and VIII were similar [Fig. 3(b)]. The
impact resistance of the microwave-cured samples
seemed to be higher than or similar to that of the
oven-cured samples (Fig. 4), except for resin VI. The
flexural modulus and flexural strength of certain mi-
crowaved samples were in the same range as those of
thermally cured samples (Fig. 5). For resins I and I,
the microwave-cured samples showed good mechan-
ical properties like those of the samples cured in the
oven, including the tensile properties, impact strength,
and flexural properties. Undoubtedly, the mechanical
properties of the microwaved samples were strongly
dependent on the chemical structure, formulation, and
curing time. Therefore, each resin exhibited its own
characteristics, and it was difficult to draw a conclu-
sion for all the resins corresponding to other previous
works, as stated earlier.>””'! We can state that a
microwave-cured epoxy with good mechanical prop-
erties can be achieved.

System containing 1% accelerator

Because the mechanical properties strongly depend on
the resin composition, we investigated the effect of the
accelerator concentration. By reducing the accelerator
concentration to 1%, we had to increase the cure time
in the oven to 20 min because the resin could not be
cured in a shorter cure time. The cure time in the
microwave oven was 14 min or more. We selected the
shortest time to minimize the cure time, and we also
had a target cure time that was not longer than 20 min.
Resin I contained an unknown accelerator. Figures
6—-8 present the mechanical properties of the resins
containing 1% accelerator. Figure 6 shows that resin I
had higher modulus and strength in oven curing,
whereas the rest of the resins showed promising prop-
erties in microwave curing. The impact strength (Fig.
7), flexural modulus, and strength (Fig. 8) of the oven-
cured samples were higher than those of the micro-
wave-cured samples. This indicates that curing the
resins with 1% accelerator in the microwave oven for
14 min did not improve the mechanical properties.

Comparison under the same heat source

Until now, our results have shown that microwave
curing can improve and not improve mechanical
properties. It is essential to design the optimal curing
conditions for each resin system to obtain the optimal
properties. It has been established that the stiffness
and impact behavior have an optimum at an 80%
epoxy conversion and decrease with higher extents of
reaction,®® and a higher crosslink density lowers the
modulus of epoxy.” To better understand each prop-
erty of this system, we compared the mechanical prop-
erties of the resins cured under the same heat source.
Figures 9-11 show the mechanical properties of resins
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Figure 8 Flexural properties of the epoxy resins containing 1% accelerator (OV = oven cure, MV = microwave cure): (a)
flexural modulus, (b) flexural strength, and (c) flexural strain. The accelerator concentration of resin I was unknown.
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Figure 9 Tensile properties of the epoxy resins containing 1 or 4% accelerator and cured in an oven at 150°: (a) Young’s
modulus, (b) tensile strength, and (c) elongation at break. The accelerator concentration of resin I was unknown.
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Figure 10 Impact strength of the epoxy resins containing 1 or 4% accelerator and cured in an oven at 150°. The accelerator

concentration of resin I was unknown.

cured in the oven for 14 and 20 min. Resin I had higher
values of Young’s modulus and the tensile and impact
strengths for the samples cured at longer time (20
min). In contrast, an improvement in the flexural
properties of this resin was obtained with the shorter
cure time (14 min). Resins II-VIII were quite compli-
cated because of the different amounts of the acceler-
ator. A higher tensile modulus and tensile strength
were derived from the samples cured for 14 min (con-
taining 4% accelerator). The impact strength and flex-
ural properties of these resins showed complex re-
sults, except for their flexural moduli, which became
higher in the samples cured for 20 min (containing 1%
accelerator). Figures 12-14 present the mechanical
properties of the microwave-cured samples containing
4 or 1% accelerator. Under the same cure time in the
microwave oven (14 min), higher impact and flexural
strengths of resins II-VIII were obtained from the
resins containing 4% accelerator, whereas higher val-
ues of Young’s modulus and the flexural modulus
were obtained from the resins containing 1% acceler-
ator. These results indicate that each mechanical prop-
erty had its own requirements. To differentiate those
requirements is beyond the scope of this study.
Although there are many articles reporting on mi-
crowave-cured epoxy resins,' few report the me-
chanical properties of microwaved samples. Micro-
wave-cured epoxy—-amine systems show various me-
chanical properties,®”?1>3! including slight or
significant increases in the mechanical properties,
strength reduction, and no significant changes in the
elastic properties. Most of the microwave-cured resins
have been based on an epoxy-amine system; only a
few researchers have worked on epoxy-anhydride

systems.”*?®> Zhou et al.*® reported that microwave-
cured epoxy—maleic anhydride resins showed higher
compressive and bending strengths than those cured
in a thermal oven. They cured epoxy resins for long
times (e.g., 1 h for microwave curing and 3 h for
thermal curing). We could not compare our results
with their results because of differences in many fac-
tors, including the microwave oven, hardener, and
curing conditions. For our microwave-cured epoxy-
anhydride system, we found that microwave curing
offered a shorter cure time and equivalent mechanical
properties in comparison with oven curing. Each me-
chanical property could be obtained from the individ-
ual optimal curing condition and individual optimal
resin composition. This agrees with work of Boey and
coworkers.”*?! They reported that the optimal cure
time was dependent on the resin system; the changes
in the hardener caused changes in the cure time and

T,.

Extent of the conversion

To determine y under microwave curing, we investi-
gated all cured samples with the DSC technique.
There have been many researchers using DSC to de-
termine the degree of conversion of an epoxy resin
from microwave curing”'®2°?'%%33 and thermal cur-
ing.*"* When the samples were not completely
cured, the exothermic peak was obtained from the first
heating scan. x of the cured samples was calculated as
follows:

x(%) = [1 — (AH,/AH,] X 100
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Figure 11 Flexural properties of the epoxy resins containing 1 or 4% accelerator and cured in an oven at 150°: (a) flexural
modulus, (b) flexural strength, and (c) flexural strain. The accelerator concentration of resin I was unknown.
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(@) Young’s modulus and (b) tensile strength.

where AH, is the heat of reaction of the samples cured
in the thermal oven and microwave oven and AH; is
the heat of reaction of fresh samples cured under the
DSC heating scan, representing 100% conversion. The
x values of all the cured samples are listed in Table VI.
All the samples were cured to more than 90% conver-
sion, except for a few samples. Most samples showed
97% conversion or more. Only oven-cured resins I and
IV containing 1% accelerator showed low yx values, 87
and 82%, respectively. The complete curing reaction of
epoxy resins, determined with DSC, has been estab-
lished.'®*+*°=>! Particularly, the 100% conversion of
microwave-cured epoxy has been reported.'®** Obvi-
ously, the concentration of the accelerator (1 and 4%)
did not have a significant effect on the degree of
conversion for the microwave-cured samples. As
stated earlier, the microwave output of our microwave

(b)

viI

Tensile properties of the epoxy resins containing 1 or 4% accelerator and cured in a microwave oven for 14 min:

oven was controlled by the on/off current. Therefore,
the actual heating time was much shorter than the
setting time, as described in Table V. Again, we tabu-
lated the effective cure times (actual heating times) for
all the samples in Table VII. Noticeably, the micro-
wave oven exhibited more efficiency in curing than
the thermal oven, that is, a shorter cure time for the
same or greater degree of conversion. We can state
that the microwave showed rate enhancement for cur-
ing. Generally, the total process time or cure time
should decrease, but the kinetic reaction may or may
not change.'® Changes in the reaction rate and T,
depend on the resin system.*?*?' Boey et al.'® pro-
posed that microwave curing led to rate enhancement
because the curing time in the microwave oven was
shorter than that in the thermal oven and different
curing agents showed different results.
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Figure 13 Impact strength of the epoxy resins containing 1 or 4% accelerator and cured in a microwave oven for 14 min.

DMTA
a Relaxation

DMTA has been used widely to characterize epoxy
resins.”> It has been argued®®® that some thermo-
sets have a heterogeneous structure with regions of
low and high crosslink densities, and this may affect
their ultimate properties. Because the breadth of the
glass-transition region gives an indication of the range
of molecular mobility in the network, studies of the
glass transition can provide information about heter-
ogeneity. Table VIII presents DMTA results. T, was
taken as the maximum of the tan 8 curve in the glass-
transition region at 1 Hz. The maximum tan & value
corresponded to the peak height of T,. The breadth of
the glass transition of the tan & curve was determined
as fwhm. Figure 15 presents tan & curves of resins I
and II. They showed normal curves as common resins.

The o-transition temperatures (tan &) of the ther-
mally cured and microwave-cured resins were in the
same range, with some deviations, as shown in Table
VIIL In theory, the glass-transition region moves to a
higher temperature because of the higher crosslink
density. Most resins were almost completely cured
and showed slight differences in x between thermal
and microwave curing, as listed in Table VI, but some
resins showed different T’s with different curing sys-
tems, as listed in Table VIII. This was also found in the
microwave-cured epoxy-amine resin reported by
Boey and Yap.?' The values of T, did not correlate
with the degree of conversion. They mentioned that
the effect of microwave curing with different curing
agents on the resulting T, was less understood. The
rate of the crosslinking reaction was proportional to

the difference between T, at that time and the cure
temperature. Once T, exceeded the curing tempera-
ture, that is, vitrification occurred, the reaction sub-
stantially stopped, and this limited any further in-
crease in T,. It was therefore possible that the theoret-
ical maximum T, was not achieved because of a
nonoptimal curing process. The maximum T, de-
pended on the curing agents and curing conditions.
Table VIII lists the breadth of the tan 6 curve (in
terms of fwhm). The breadth of the transition region
was relatively dependent on the resin formulation and
independent of the degree of cure, and all the values
were in the same range within the experimental errors.
Cook et al.>® also found the independence of the de-
gree of conversion, and they suggested that the
crosslink density per se did not cause broadening. It
has been argued® that the crosslink heterogeneity is
directly reflected in the breadth of the glass transition.
The single phase observed in the tan 8§ curve in this
study did not support the existence of a two-phase-
structure, crosslink heterogeneity. However, it has
been suggested®® that phase-separated domains are
too small to be detected by DMTA. Some conflict in
the relationship between fwhm and the crosslink den-
sity of cured vinyl ester resins was reported by Scott et
al.?® For each resin formula, the glassy moduli of the
thermally cured and microwave-cured resins tended
to fall in the same range. This value was slightly
higher than Young’s modulus, as shown in Figure 3.
The crosslink density could be calculated from the
rubbery modulus.””**%® The rubbery moduli of micro-
wave and thermally cured resins for each formula
were in the same range, except for resins I and III. The
DMTA results indicated that our epoxy-anhydride
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Figure 14 Flexural properties of the epoxy resins containing 1 or 4% accelerator and cured in a microwave oven for 14 min:

(a) flexural modulus and (b) flexural strength.

resins had similar or only slightly different crosslink
densities for both curing systems.

Apparent activation energy (E,)

E, of the a relaxation can be an important clue for
identifying associated molecular motions.> DMTA
spectroscopy was used to establish the changes in the
crosslink density and measure the energetics of the «
transition as quantified through E,, the activation en-
thalpy (AH*), and the activation entropy (AS*).>®> The
apparent E, value for the a relaxation was calcu-
lated®*° by means of the Arrhenius relationship from

the slope of a linear plot of the logarithm of the ap-
plied frequency (In f) versus the inverse of the tem-
perature at which the maximum peak of tan & (T,)
appeared as follows:

Inf=InA~- (E/R) X 1/T,

where R is the gas constant and A is a constant. AH* and
AS* were calculated with an Eyring-type relationship:*>>*%>

In (f/T,) = In (k/2mh) — (AH*/R) X 1/T, — AS*/R

where k and  are the gas constant and Planck’s con-
stant, respectively. AH* was derived from the slope,
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TABLE VI
Extent of Conversion of the Cured Samples

1% Accelerator 4% Accelerator

Microwave Thermal Microwave Thermal

Resin (%) (%) (%) (%)

I 97 90 97 97

11T ~100? 93 ~100? 97

v 96 82 ~100* ~100*

VI 95 95 98 97

VII ~100* ~100 29 96

VIII 99 97 98 99

Resin I showed degrees of conversion of about 92 and 87%
for microwave-cured and thermally-cured samples, respec-
tively. The setting cure time was 14 min for both heat sources.

# Exothermic peak was not observed.

TABLE VII
Effective Time for Curing

1% Accelerator 4% Accelerator

Microwave Thermal Microwave Thermal
Resin (min) (min) (min) (min)
1I 6 20 6 14
III 4 20 4 14
v 4 20 4 14
VI 6 20 6 14
Vil 4 20 4 14
VIII 6 20 6 14

Resin I was cured in the thermal oven for 14 min, and the
effective time for microwave curing was 6 min.

and AS* was derived from the intercept [c = In(k/27h

— AS*/R)] of a plot of In(f/T,) versus (1/T,).
Comparing the two different curing methods, we

found that each formula showed not very different E,

TANRATTANAKUL AND SAETIAW

values that fell in the range of 327-597 kJ/mol, as
listed in Table IX. The very low E, value of resin VI
cured in the microwave oven for 20 min may be at-
tributed to the experimental error. E, of this epoxy was
similar to that of other works, that is, 286-525,% 290 -
508,%* and 357 kJ/ mol.>® Chen et al.® reported that the
E, values of some microwave-cured polymers [poly-
(ether ether ketone), nylon 6, nylon 6/12, nylon 12,
and poly(ethylene terephthalate)] were in the range of
230-790 kJ /mol. Cook et al.”® reported that E, for the
epoxy networks was approximately 500—-600 kJ/mol,
which was lower than the values of 700-900 kJ/mol
but higher than the value of 200 k]J/mol obtained by
other researchers for similar networks. This implies
that our microwave-cured epoxy-anhydride resin ex-
hibited little difference in the network structure, in
comparison with the thermally cured one.

Some insight into the relationship between the
structure and stiffness temperature was gained
through an estimation of E, associated with the o
transition.”® To the extent that the crosslink density
was greater, the hindrance of the surroundings on the
motions was more important, the corresponding E,
barrier was increased, and, finally, the appearance of
the motions was delayed to a higher temperature
(higher T,). In this work, there seems to be a relation-
ship between E, and tan & for each formula within the
limits of the experimental error; the higher E, was, the
higher tan 6 was. However, this relationship was not
valid for different formulas, that is, higher T,'s but
lower E.’s. This phenomenon also was reported in
previous work.”>** Furthermore, Laza et al.>* showed
that crosslink density of the epoxy resin is related to T,
but is not related to E,. Our resin system showed no

TABLE VIII
DMTA Data Measured at a Frequency of 1 Hz for the Resins Containing 4% Accelerator
1 11 11T v VI VII VIII

Tan & (°C)

Oven 14 min 104.4 144.1 147.7 135.3 134.7 115.8 115.1

Microwave 14 min 110.6 135.1 149.1 138.0 130.5 132.0 107.5

Microwave 20 min 120.1 139.7 144.1 138.4 122.9 132.9 115.4
Tan 6 maximum

Oven 14 min 1.240 0.781 0.525 0.846 0.773 0.652 0.667

Microwave 14 min 1.185 0.734 0.534 0.915 0.832 0.649 0.875

Microwave 20 min 0.763 0.756 0.539 0.943 0.866 1.010 0.859
fwhm of tan & (°C)

Oven 14 min 19.25 20.61 32.29 18.82 23.67 33.67 33.02

Microwave 14 min 17.58 21.43 11.83 19.67 31.18 25.15 21.42

Microwave 20 min 23.45 26.20 23.51 27.54 26.68 17.56 19.50
Glassy modulus (GPa)

Oven 14 min 243 1.58 1.57 1.81 2.20 2.39 1.72

Microwave 14 min 1.51 1.56 1.16 1.04 1.27 1.46 1.93

Microwave 20 min 1.19 1.38 1.22 1.23 0.84 1.42 1.56
Rubbery modulus (MPa)

Oven 14 min 24.8 15.7 16.9 16.5 18.7 14.1 10.7

Microwave 14 min 144 179 15.7 14.2 13.7 16.8 11.8

Microwave 20 min 14.7 13.1 26.8 16.1 114 14.1 13.9
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relationship between E, and the degree of conversion.
This may be attributed to the very close degree of
conversion for each formula and a normal large range
of E,. It has been reported that E, may or may not
rise with the conversion. As expected, the measured E,
and enthalpy values were similar in magnitude (Table
IX). AS* may provide information on the extent of the
rearrangements associated with the local motions.>
Remarkably, AS* showed a tendency similar to that of
E, and the enthalpy (Table IX). AS* could be correlated

with the magnitudes of the disorder and cooperativity
associated with the transitions involving similar struc-
tural units. The very large value of AS* represented a
substantial degree of long-range cooperativity in the «
transition.

CONCLUSIONS

This work has shown that the epoxy-anhydride sys-
tem can be cured with a microwave oven. The me-
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TABLE IX
E, AH*, of and AS Resins Containing 4% Accelerator
I II I v VI VIl VIII
E, (kJ/mol)
Oven 14 min 365 575 315 438 521 391 354
Microwave 14 min 327 355 417 508 388 426 597
Microwave 20 min 406 474 458 515 200 442 459
AH* (kJ/mol)
Oven 14 min 363 571 311 435 518 388 351
Microwave 14 min 324 352 413 504 384 423 594
Microwave 20 min 402 471 455 512 197 439 456
AS* (J/mol)
Oven 14 min 728 1139 508 832 1037 765 673
Microwave 14 min 613 630 749 996 717 813 1328
Microwave 20 min 790 911 857 1012 267 850 941

chanical properties of the microwaved samples (resins
I and II) were comparable to those of thermally cured
samples. The optimization of the electromagnetic
treatment was required. The rate enhancement of cur-
ing was obtained from the microwave curing. The
changes in the mechanical properties were associated
with the resin formulation and curing conditions. T,,
E, and other DMTA results indicated slight differ-
ences in the three-dimensional epoxy structures be-
tween the thermal and microwave curing.

The authors thank Thai Composites Co., Ltd., for supplying
the chemicals.
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ABSTRACT:

The objective of this study was to compare the mechanical properties between epoxy composites
cured by thermal heating and microwave heating. Epoxy-anhydride (100:80) resins reinforced
with glass fiber were cured in a domestic microwave oven and in a thermal oven. Hardening
agents included methyl tetrahydrophthalic anhydride (MTHPA) and methyl hexahydrophthalic
anhydride (MHHPA). For composites containing MTHPA and MHHPA, thermal curing was
performed at 150°C for 25 and 15 min respectively. Microwave curing was carried out at various
conditions, including 1-step, 2-step, and 3-step heating cycle, whereby each cycle employed
different power level and time. Tensile properties, notched Izod impact resistance and flexural
properties (three-point bending) were tested according to ASTM standards. It is found that the
microwave-cured composites produced mechanical properties as good as the thermally cured
composites. The 2-step and 3-step heating cycle using in the microwave curing process produced
better mechanical properties higher than those obtained from the microwaved 1-step and
thermally curing process. This is attributed to the slow increase in temperature during the
beginning of the microwave curing process whereby the very low power level was applied in the
first cycle of the multi-step heating process. This affected the slower rate of viscosity increment,
resulting in better wettability of the glass fiber with enhanced interfacial adhesion between the
fibers and the resins. The viscosity of resins affected the homogeneity of the crosslinked
structure. Therefore, rapid increment in viscosity may cause defects in the structure because of

the entrapment of uncrosslinked resins.
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INTRODUCTION

Since the mid-1980s, there has been a great deal of interest in microwave-cured processing
of polymers. There have been a lot of researchers in the area of microwave-cured processing for
epoxy resins as reviewed by Tanrattanakul and SaeTiaw'. Microwave processing for polymer
applications include crosslinking of polymer networks, polymerization of thermoplastics, curing
of laminates, and joining and reparing of composites. The use of microwave-cured processing is
expected to greatly reduce curing time and therefore the operating cost would be lower. A
reduction in residual stress in the processed materials and an improvement in the final properties
of the material are to be expected. Although most published articles of microwave-cured
processing in polymer have been reported on crosslinking and polymerization of resins, however
some researchers studied the microwave-cured composites, for examples, glass fiber/epoxy

8 10,11

composites”®, glass fiber/epoxy laminates’, carbon fiber/epoxy composites'®!!, glass-

graphite/polyimide composites'?, carbon fiber/polyimide composites', glass fiber/PMMA

7

+13 " graphite/epoxy laminates'®, and thermoplastic composites'’.

composites’ Boey et al.”™?
showed that the microwave-cured epoxy-amine system reinforced with glass fiber had strength
and stiffness as high as or better than that cured in a thermal curing process. They suggested that
the two main process parameters affecting the final mechanical properties of the thermoset
composites are the cure cycle and the reduction in void content. To effect the former, a
conventional thermal process is used normally, with the cycle duration lasting a matter of hours.
It is commonly known that in the case of polymer matrix composites, the load is taken mainly by
the fiber and the fiber-matrix interfacial strength is very important due to load transfer.
Interfacial properties of the microwave-cured composites have been reported®’. In general, the
fiber-matrix interface is considered to be an intensive chemicophysical linking which depends on
the local curing process, or more precisely, local thermal transfer across the interface’. For the E-
glass fiber/epoxy system, the E-glass fiber cannot be heated by microwaves due to the
transparency, the epoxy is heated and it then heats the E-glass fibers by thermal conduction. So
heat passes through the interface from the epoxy to the glass fiber. In the case of thermal curing,
the E-glass fibers are heated first and then the epoxy. The thermal gradient across the interface
decreases from the fiber to the epoxy. Bai and Djafari® reported that although the microwave-
cured samples provided more voids but their mechanical properties were similar to those of the

thermally cured samples, and the fiber-matrix interface of the microwave-cured samples was

Varaporn Tanrattanakul and Dumrong Jareondee

John Wiley & Sons, Inc.

Page 2 of 27



Page 3 of 27

Journal of Applied Polymer Science

stronger than that of the thermally cured samples. They proposed that if the curing is too fast and
the pressure is too low, the voids are susceptible to being trapped in the materials after curing,
which results in a degradation of properties. Yue and Looi’ also found that the interfacial shear
strength of the microwave-cured composites was higher, but the strength from the pull-out test
became lower. Liu et al'> employed a domestic microwave oven for fabricating polyimide
composites by using multi-step heating cycle because of the reaction path of resin used. They
mentioned that the electrically conducting fibers, such as graphite and carbon fibers, absorb the
microwave energy more efficiently than the nonconducting materials, and microwave process
may enhance the bonding between resin and fiber matrix. Fang and Scola" reported that
microwave-cured carbon fiber/polyimide composites showed better interfacial adhesion than that
of thermally cured composites.

The aim of this study was to study the processability of microwave curing process for
epoxy-anhydride system reinforced with glass fiber by using a domestic microwave oven.
Mechanical properties of the microwave-cured composites have been compared to those of the
conventional thermal cured composite. The improvement of mechanical properties of the
microwave-cured composites and the origin of this improvement will be discussed. The direct
comparisons between the kinetics of curing activated by thermal and microwave heating are
beyond the scope of this study, and the kinetic mechanisms during the polymerization of the

reactive system are not the aim of this article.

EXPERIMENTAL
Materials

The epoxy resin was a general-purpose-grade of diglycidylether of bisphenol A (DGEBA)
with n = 0.15 and epoxy equivalent weight (EEW) = 184 — 189 grams/equivalent. Two
hardeners were employed: methyl tetrahydrophthalic anyhydride (MTHPA) and methyl
hexahydrophthalic anhydride (MHHPA). The accelerator included tris-2,4,6-dimethyl
aminomethyl phenol (DMP-30). MTHPA contained an unknown accelerator, whereas MHHPA
contained no accelerator. The glass fiber was chopped strand mat with specific weight = 300

2 . . .
g/m”. All chemicals were commercial-grade and were used as received.
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Sample preparation

The main suppliers of the anhydride hardeners suggested using approximately 80 — 90 wt
% of the anhydride/epoxy stoichiometric ratio to obtain better properties. For that reason, we
employed a ratio of 80:100 anhydride/epoxy. The concentration of the accelerator (DMP-30) was
4 parts per hundred parts of epoxy resin. The sample designation and compositions are listed in
Table I. After good mixing, air bubbles were released from the resin before it was poured into a
mold. A Teflon mold (20 cm in diameter and 5 cm deep) was used for both thermal and
microwave curing. The resin and the glass fiber were weighed to maintain a constant resin-to-
fiber ratio (15 wt% fiber). After pouring the resin for 1/4 of mold volume, a glass fiber mat
soaked with the resin was placed into the mold, and the rest of the resin was filled. A
conventional oven was employed for thermal curing. Microwave curing was performed in a
domestic, commercial microwave oven at a frequency of 2.45 GHz. The microwave oven was
equipped with a turntable to prevent formation of hot spots due to non-uniform heating. This
microwave oven was fitted with a voltage controller to facilitate the processing power (to be
specified). The maximum output is 800 W, and the power output can be manually adjusted
between 10 to 100%, represented by power levels (L1 —L10). Each power level consisted of a
time period when the power was on followed by a period when the power was off, and the
timings are given in Table II. The microwave oven calibration was reported earlier'. In this work,
the applied power was based on physical performance and mechanical properties of cured
samples. No air bubbles and no burning were criteria for good performance specimens. The
heating conditions for microwave and thermal curing are described in Table III. Microwave
curing processes were classified into 3 types: 1-step heating (1S), 2-step heating (2S) and 3-step
heating (3S). The single step heating (1S) was done by using only one power level. The multi-
step heating was done by using two or three power levels successively. Based on our product
design, thermal curing was operated at 150°C and cure time should be between 15 — 30 min. The
composite I needed 25 min to get a solid specimen, whereas the composite II could be solidified
within 15 min. Initially curing condition in the microwave oven was produced by trial and error,
and the aim was to use the lowest power level and the shortest time. Curing conditions for both

composites were not necessary to be similar.
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Mechanical property testing

The tensile properties, flexural properties (three-point bending) and notched Izod impact
resistance were tested according to ASTM D638, ASTM D790 and ASTM D256 respectively.
The tensile testing was conducted at a tension speed of 5 mm/min and at a gauge length of 50
mm. The three-point-bending test was executed at a speed of 5.3 mm/min with a span width of
100 mm; the specimen dimensions were 25 mm by 120 mm. The impact resistance was tested
with a 2J-pendulum. The specimen thickness was approximately 3.5 mm. Five specimens or

more were tested for every sample for all the testings.

Sample characterization

The extent of conversion of the cured samples was determined by using differential
scanning calorimetry (DSC) at a heating rate of 10°C/min from 30 to 300°C. The dynamic
mechanical thermal analysis (DMTA) was employed to investigate a transitions. The testing was
performed in a three-point-bending mode at a heating rate of 5 C/min with a strain control of
0.02%. The applied frequency was 1.8 Hz within the temperature range of -120 to 250 C. The
thermal gravimetric analysis (TGA) was performed at a heating rate of 10°C/min from 30 to
800°C under nitrogen environment. Fractured surfaces of impact-tested specimens were coated
with gold prior to observation with a scanning electron microscope (SEM). An increase in
temperature of curing resin was investigated. After curing at a certain time, the resin was taken
away from the heating source and the resin temperature at the center of the mold was measured
immediately by using an infrared thermometer. This process took time approximately 5 s. The
temperature profile was plotted as a function of cure time. Viscosity of resin cured in a certain
time was determined by using Brookfield™ viscometer. Those cured resins were kept in the

freezer (- 10°C) prior to measurement.

RESULTS AND DISCUSSION
Mechanical properties of composites

Figures 1 — 3 represent tensile properties, flexural properties and impact strength of the
composite I respectively. The “OV” (thermal curing) and “1S” (l-step microwave curing)
samples are similar in terms of single step process. The thermally cured samples showed higher

tensile and flexural properties than the microwaved samples, except strain at break. In contrast,
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impact strength of the microwaved samples was higher. Mechanical properties of the composite
IT are shown in Figures 4 — 6. Comparing the “OV” to “1S” samples, the microwaved sample
exhibited higher flexural modulus and strength, whereas the rest of their mechanical properties
was lower that those of thermally cured samples. Considering the curing time of both
composites, the microwaved samples were cured under shorter time period. The composite I took
25 and 10 min in the thermal oven and microwave oven respectively. The composite II took 15
and 7 min in the thermal oven and microwave oven respectively. As mentioned earlier, the
requirement for microwave curing condition was using the minimum power level and time. For
single step curing of the composite I, the power level 3 (L3) was the minimum applicable level,
however the cure time cannot be longer than 10 min because if more than 10 min used, the
specimens will be burnt. Likewise, curing at L3 for 7 min was the mildest condition for 1-step
heating of the composite II. The higher power level or the longer time caused the samples to be
burnt or very brittle. For a domestic microwave oven, the setting time is not equal to the actual
heating time'. The actual heating time for L3 at 10 and 7 min was 180 and 125 s respectively.
This means the microwave oven spent only 30% of the setting time for irradiation. Although we
could obtain good mechanical properties from the single step process with shorter time in
microwave oven, we realized that better mechanical properties of the microwaved samples could
be derived if we used the proper heating condition.

It is well known that microwave heating is different from thermal heating. The
microwave energy is absorbed by the molecules through the polarization or dipole reorientation
of functional groups, which is consequently converted into thermal energy'. As a result, heat is
generated within the molecule, and, thereby, a homogeneous heating pattern is created in the
materials. This process is attributed to inside-out solidification of curing resin. On the other
hands, in conventional thermal heating, heat energy is transferred from the surfaces (outside) to
inside of the material by the conduction of the heating medium, resulting in outside-in
solidification. Different states of heating between microwave and thermal heat may cause
differences in viscosity and temperature profile of curing resin, which should affect crosslinking,
fiber-matrix interfacial adhesion, and homogeneity of resin-microstructure. We believed that if
we increased cure time in the microwave oven, we would receive better mechanical properties.
To do so, we needed to preheat the resin. Therefore, our strategy was using cycled heating by

preheating in the beginning and followed by regular heating, as called “multi-step heating”.
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As expected, the multi-step process (2S and 3S) increased the mechanical properties as
shown in Figures 1 - 6. Remarkably, modulus and strength of both composites cured by multi-
step heating were higher than those of thermally cured samples and single-step microwaved
samples. Because the proper condition for multi-step heating was difficult to predict, therefore
the initial experiment was by trial and error. However, we have tried several conditions for both
composites, and conditions which offered good mechanical properties are shown in Table III.
The composite I needed longer cure time than the composite II, this may be due to different
accelerator type and content and different hardener type. Based on the preliminary study, the 3-
step heating of the composite I took too much cure time, hence, we chose only one condition
(3S-1). The 2S-3 heating condition seemed to be the best condition of the composite 1. It showed
extremely high flexural properties and higher tensile strength than the 3S-1 and OV sample.
Conclusively, the 2-step heating is appropriate for the composite I in this study. There was no
effort to obtain the very good mechanical properties from the 3-step heating of the composite. In
contrast, the 3S-3 sample, 3-step heating, provided the best mechanical properties among the
composite II. All its properties were higher than those of OV-, 1S-, and 2S-samples. In our
studies it is necessary to employ the multi-step heating in the microwave oven to obtain higher
mechanical properties and this procedure also yielded higher mechanical properties than the
thermal curing. We believe that the interfacial adhesion will increase when the right multi-step

process is used, further proved by the increase in flexural strength.

Curing characteristics

It was successful to obtain the high modulus and strength from the multi-step heating
process in the microwave oven, 2S-3 and 3S-3 for the composite I and II, respectively. It was
interesting to study why the multi-step heating was better than the single step heating and why
the composite I preferred the 2-step heating whereas the composite II preferred the 3-step
heating. Based on DSC results, no exothermic peak was observed. Normally, we expected that
higher glass transition temperature of the composite showed higher modulus and strength. The o
transition temperature of the 1S and 3S-3 samples of the composite II were 138 and 143°C
respectively (Figure 7). Unfortunately, the [ transition temperature could not be observed. The
storage modulus at the plateau region (at 200°C) of the 3S-3 sample was higher than that of the
1S sample, reflecting the higher crosslink density. Although the difference in this transition
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temperature was not to a great extent, DSC results showed significant differences. T, of the 18,
2S-1, and 3S-3 samples became 78, 106, and 115°C respectively. As a result, the relationship
between mechanical properties and molecular architecture (or morphology) of the composites in
this study is corresponded to the above assumption. However, we would like to state that the
differences in T, may not always relate to mechanical properties. For example, the thermally
cured carbon fiber/polyimid composite'® showed lower T, but higher flexural strength than the
microwave-cured composite. This is because the interfacial adhesion between fiber and matrix
also plays an important role on the mechanical properties.

TGA technique exhibited very useful information. The TGA thermograms of 1S, 2S-1,
and 3S-3 samples of the composite II are displayed in Figure 8. The 1S and 2S-1 samples
showed 2-step degradation process and started degradation around 200°C, whereas the 3S-3
sample showed 1-step degradation process and started degradation after 240°C. An extent of the
first degradation decreased from 6.6 % in the 1S sample to 4.2 % in the 2S-1 sample. It seemed
that the crosslink density ranked in the following order: 3S-3 > 2S-1 > 1S. We verified these
phenomena by investigating the resin I, containing no glass fiber. The experimental results were
similar, the 1S and 3S-3 samples showed 2-step and 1-step degradation processes respectively
(Figure 9). There are differences in the 1-step and 2-step degradation process due to the
differences in microstructure or structure homogeneity of the resins. For some reasons, there
were some defects in the crosslinked structure, some prepolymer or some uncrosslinked epoxy in
the 1S and 2S-1 samples and this imperfection was attributed to the first degradation and
relatively low mechanical properties. Therefore, the 3S-3 sample of the composite I was the best
sample. This assumption was supported by TGA thermograms of the composite I as illustrated in
Figure 10. The 3S-1 sample showed the small degradation before 200°C, whereas this
degradation was not observed in the 2S-3 sample. As stated earlier, the 2-step heating process
was the preferential process for the composite 1. This is because the 3S-1 sample may contain
imperfection as stated earlier, represented by the first degradation before 200°C. It appeared that
TGA data coincided with its mechanical properties such as the higher mechanical properties and
the higher degradation temperature. It is established that the lower degree of cure was observed
in microwave samples and explained by the entrapment of reactive function within the

network'®. This is not in our study because DSC results showed no further crosslinking reaction,
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therefore, we believed that the imperfection of the samples derived from the entrapment of

uncrosslinked resin in the network.

Viscosity and temperature profile effect

We assumed that factors affecting structure homogeneity of epoxy resin and fiber-matrix
interfacial adhesion were resin viscosity and temperature profile during curing process. Rapid
increase in viscosity may cause imperfection such as defects in crosslinking because of the
entrapment of uncrosslinked resin'’. When the resin became too viscous in the early state of
crosslinking process, flowability or diffusion of epoxy and hardener were lowered, which caused
locally inhomogeneous structure. The viscosity effect, associated with the progress of the
reaction, hindered more and more the Brownian motion and lowered the kinetics of curing™. We
have measured viscosity of resins cured in the thermal oven and microwave oven at a certain
period. The setting temperature of the thermal oven was 150°C. Changes in viscosity during
curing are shown in Figure 11. Viscosity increased with curing time. Some parts of the
composite I were slightly solidified or became jelly-liked at the following conditions: L3 - 7.5
min and L5 - 2.5 min, whereas the following conditions provided solid fraction: L4 — L6 for 5
min. These specimens were unable to measure viscosity. In the same way, the composite 11
containing jelly-liked or solid-liked fraction was disregard, including L2 - 15 min, L3 -5 min,
and L4 — 3 min. It appeared that the increase in viscosity of the resins obtained from the thermal
oven and the microwave oven at L2 was similar, and the higher power level, the higher rate of
changes in viscosity. Remarkably, viscosity at L2 for 25 min and 10 min of the composite I and
IT respectively were very high compared to viscosity at L3 for 5 min and 3 min of the composite
I and II respectively. Concerning to heating condition of the composite I, the 1S sample was
converted into a partial solid around 7.5 min and became a complete solid at 10 min at L3.
Although, the 1S sample solidified prior to the 2S-3 sample (curing condition: L2/25min +
L6/25min), its viscosity before gelation (3,420 cP at L3 - 5 min) was lower than that of the resin
cured at L2 — 25 min (21,300 cP). This indicated that the rate of change in viscosity seemed to
be more important than the viscosity before gelation and the slower rate was more favorable. We
also observed the viscosity changes of the multi-step composite II, the 2S-1 and 3S-3 samples.
Their curing conditions were L2/10min + L4/5min and L2/10min + L3/5min + L4/3min. Both

samples became a partial solid at the second heating of cure cycle, L4 — 3 min and L3 — 5 min for
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the 2S-1 and 3S-3 samples respectively. The viscosity before gelation of the 1S sample (98,900
cP at L3-3min) lowered than that of the 2S-1 and 3S-3 samples (134,000 cP at L2-10min). The
system preferred relatively slow rate of increase in viscosity.

The temperature profile of the curing resins elucidated the effect of curing cycle. Figure 12
illustrates the temperature profile of both composites. Fresh resin was employed for each cure
time, and sample size was the same as that prepared for mechanical properties testing. The
thermal oven was set at 150°C, the microwave oven was set at L2 — L6 and also set for the multi-
step condition. Temperature was measured immediately after turning off the microwave power
or taking away from the thermal oven. Therefore, these temperatures reflect the true sample
temperature. Temperature increased with increasing cure time, and some conditions showed a
peak of the maximum temperature. These peaks represented the solidification temperature. For
the 1-step heating process, the higher power level provided the higher rate of temperature
increment, similarly to the viscosity behavior. The lowest rate of temperature increment was
obtained from L2, and the maximum temperature at L2 was lower than 100°C for both
composites. Undoubtedly, the resins could not be cured at L2, no matter how long the curing
duration. The slow increase in temperature of L2 lowered the viscosity increment compared to
using other power levels. The faster rate of temperature increment at L3 — L6 brought about the
higher viscosity, which may accelerate the local crosslinking process or entrap the uncrosslinked
epoxy in the network resulting in an inhomogeneous microstructure. For the multi-step heating
of the composite I, the 3-step heating condition may be inappropriate, compared to the 2-step
heating process. Obviously, the 3-step sample solidified faster than the 2-step one, as represented
by the maximum temperature. Similar behavior was observed in the composite II, the 2-step
cured sample became a solid prior to the 3-step cured sample (the better sample). This study
showed that the slower solidification produced better mechanical properties. Similarly to the
viscosity results, the slow rate of increase in temperature is preferable. It should be noted that the
2-step heating process could be better or worse than the 3-step, depending on the cure cycle. In
order to obtain the optimum results, the best condition allowing the slow rates of temperature and

viscosity increment must be available.
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Fiber-matrix interfacial adhesion

The higher power level caused the higher temperature in the resin because the higher
power level provided longer time for irradiation, thus more heat generation occurred inside the
resins. This was attributed to higher viscosity. By using the very low power level (L2) to act as
preheating and to gradually increase viscosity, this enhanced the wettability of glass fiber and
promoted interfacial adhesion between glass fiber and epoxy resin. The effect of microwave
resin preheating on RTM laminates was reported”’. It was proposed that preheating altered the
viscosity and thermal “age” of the thermosetting resins. It was anticipated that a lower resin
viscosity would improve fiber wet-out, increasing the mechanical properties of the laminate.
SEM micrographs of the composite I and II are demonstrated in Figures 13 and 14 respectively.
No void in the matrix was observed in every sample. The interfacial adhesion could be observed
from the fractured surface. The cleaner, smoother surface of the glass fiber indicated the lower
interfacial adhesion because lesser matrix adhered on the fiber. We observed the entire fractured
surface and randomly took photographs of each sample. More resin adhered to the fiber surface
of the microwave-cured (multi-step) composite than to the fiber surface of the thermally cured
composites. This suggests that adhesion of the resin to the fiber surface for the microwave-cured
(multi-step) composite was better than in the thermally cured composite. The 2S-3 and 3S-3
sample of the composite I and II respectively, showed a considerable amount of resin adhering to
the fiber surface, whereas the failure surface of the OV and 1S samples were essentially free of
resin. This was a strong indication that better wetting of the fiber by the resin occurred in the
multi-step microwave-cured system than in the thermally cured system. The interfacial adhesion
of the present composites may be ranked in the following order: 2S-3 > 3S-1 > OV, 1S (for the
composite I); 3S-3 >2S-1 > 1S > OV (for the composite II). This result is similar to that reported
by Bai and Djafari® and Fang and Scola', the fiber-matrix interface of the microwave-cured
composites was stronger than that of the thermally cured composites. However, in the case of
microwave curing, the cure cycle is one of the most important parameter that should be of

concerned.

CONCLUSIONS
This work has shown that the microwave oven was able to cure the glass reinforced

epoxy composites as good as or better than the thermal oven and the multi-step heating in the
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microwave oven was necessary. Appropriate heating cycle in the microwave oven was critical to

provide good mechanical properties. By means of preheating, the increase in temperature was

not too high, this gave rise to the slow rate of increase in viscosity which improved fiber wet-out

and reduced entrapment of uncrosslinked resin in the network. The rate of change in viscosity

seemed to be more important than the viscosity before gelation, and the slow rate was preferable.

The improvement in mechanical properties of the appropriate multi-step heating in the

microwave oven was derived from better interfacial adhesion.
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TABLE I
Sample Designation and Composition
Composite Hardener Accelerator
I MTHPA Unknown
11 MHHPA 4% DMP-30
TABLE II

Duration of Microwave Heating at Each Power Level
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Power setting (Level) Duration power on (s) Duration power off (s)

2 3 14

3 5 12

4 7 10

5 9 8

6 11 6

TABLE III
Heating Condition
Composites | Composites 1
Code | Source of Condition T* Source of Condition T*
heat (sec) heat (sec)
ov Thermal 150°C, 25 min 1500 Thermal 150°C, 15 min 900
oven oven

1S L3/10 180 L3/7 125
2S-1 L2/20 + L4/5 339 L2/10 + L4/5 234
2S-2 L2/25+ L3/5 357 L3/5+14/3 167
2S-3 L2/25 + L6/5 465 L2/15 + L4/5 285
2S8-4 | Microwave | 1.2/20 +L3/10 393 Microwave L2/10 + L4/7 285
2S-5 oven - oven L3/5+ L4/5 216
3S-1 L2/20+L3/10+L5/5 555 L2/10+L3/5+L4/3 275
3S-2 - L2/10+L3/5+1L4/5 324
3S-3 - L2/10+L3/7+L4/3 310
3S-4 - L2/10+L3/3+L4/7 338
3S-5 - L2/15+L3/5+L4/5 375

(1)

Note: Lx/y = curing at microwave power level “x” for “y” min. T* = actual heating time.
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Figure 1 Tensile properties of composites 1. (a) Young’s modulus; (b) tensile strength; (c)
elongation at break. OV= oven curing, 1S = 1-step curing, 2S = 2-step curing, and 3-S = 3-step

curing.
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Figure 2 Flexural properties of composites 1. (a) Flexural modulus; (b) flexural strength; (c)
flexural strain.
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Figure 4 Tensile properties of composites II. (a) Young’s modulus; (b) tensile strength; (c)
elongation at break.
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Figure 5 Flexural properties of composites II. (a) Flexural modulus; (b) flexural strength; (c)
flexural strain.
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Figure 7 The o transition temperature of composites II. The 1S sample obtained from

the 1-step heating process shows lower transition temperature than that
obtained from the 3-step heating process.
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Figure 8 TGA thermograms of composites II. The 1S and 2S-1 samples (obtained
from 1- and 2-step heating processes) show 2-step degradation process,
indicating the entrapment of uncrosslinked epoxy in the network. The 3-
step heating process offered highest crosslink density. Figure b is the
enlarged scale of Figure a.
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Figure 9 TGA thermograms of resins II. The 1S samples (1-step heating process)

show 2-step degradation process, indicating the entrapment of
uncrosslinked epoxy in the network. Figure b is the enlarged scale of
Figure a.
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Figure 10 TGA thermograms of composites 1. The 3S-1 sample degraded prior to

the 2S-3 sample, indicating the higher crosslinking reaction in the 2S-3
sample. The entrapment of uncrosslinked epoxy in the network may
occur in the 3S-1 sample. Figure b is the enlarged scale of Figure a.
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Figure 11  Viscosity of resin during curing in the thermal oven (OV) at 150°C and microwave
oven at various power levels (L2 — L4) : (a) composite [; (b) composite II.
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Figure 12 Temperature of resin during curing in the thermal oven (OV) at 150°C and

microwave oven at various power levels : (a) composite I; (b) composite II.
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Figure 13 SEM micrographs of fractured surfaces of composites I : (a) the OV sample; (b)
the 1S sample; (c) the 2S-3 sample; (d) the 3S-1 sample. The 2S-3 sample (c)
showed most resin adhered on the fiber than other samples, indicating most
interfacial adhesion in this sample.
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Figure 14
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SEM micrographs of fractured surfaces of composites II : (a) the OV sample; (b)
the 1S sample; (c) the 2S-1 sample; (d) the 3S-3 sample. The 3S-3 sample (d)
showed most resin adhered on the fiber than other samples, indicating most
interfacial adhesion in this sample.
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