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NuATeAnvmavesasiauaulalag 3 vila BTDA, s-BPDA way PMDA @awginssunis
aaefaniaauiouvedlanediuesseninawedivureny du  (PBA-a)lauaulalas lagly
\A3asile Thermogravimetric analysis (TGA) idns1msliaudou () 5-20 swrnwalduane
w7 luussenreniney 9nnsiAswEnsaatefnesaseurestaneduesie 3 uile
wuin Tawedwesnai 3 vilafimsaatefamenuiou 5 funou Amdsunefusiug (£a)
isvedanedwesiinauusasaslaweulasaaiia BTDA, s-BPDA waz PMDA 21nn153tAS 129
MiSaaunarans Composite kinetic fiAWnfiu 202, 203 uaz197 Alagaselua Auddy
LarIINMITIATIERAIITVaUNAAIERS Integral master plot 9zlad1 nalnuffsenisaaiesn
mennudevluusartuneureslanedimeivia 3 vliafisuuvuiiuwuulasguamemvsausiay

fwmasa (Random nucleation with one nucleus on the individual particle, F1)



ABSTRACT

Effects of dianhydrides i.e. BTDA, s-BPDA, and PMDA on thermal degradation
kinetic of bisphenol-A-aniline based polybenzoxazine (PBA-a) copolymers were
investigated by using. non-isothermal thermogravimetric analysis (TGA) at various heating
rates in the range of 5-20°C min ' under areon atmosphere. The DTG thermograms of the
polybenzoxazine modified with BTDA, s-BPDA, and PMDA exhibited five stages of thermal
degradation reaction. The BTDA, s-BPDA and PMDA-modified polybenzoxazine
copolymers exhibited activation energy (Ea) values of the thermal degradation process
determined by Composite kinetic method of 202, 203, and 197 kJ mol'l, respectively.
Furthermore, the appropriate conversion model of the degradation processes was also
examined by Integral master plot method. The determination of the degradation
reaction mechanism or type of solid state reaction of the five stages of the
polybenzoxazine copolymers is accounted by random nucleation model with one

nucleus on the individual particle (F1).
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2.1 Algebraic expressions of ¢(@) and f (@) for the most common mechanisms
operating in the solid state reactions

2.2 aufAveswedmeinunmgaid U suiisuivautRvemediuuvendy

4.1 w@dsnmmeaudounaslanedweinonsinisiianudeu 20°C min'

4.2 AmwasnunenusiuaannisAuulagly Coats-Redfern method a4

Tanedwes BA-a:BTDA=1.5:1 lua #isnsinisiiarudeu 20°C min’

4.3 AmdsnunaiuiiuaaInnsAuIMlegly Coats-Redfern method wadlanadiues

BA-a:BTDA=1.5:1 Tua #ismsinslvanudou 5, 10, 15 wag 20°C min |

4.4 AmdunaiuduianasAinlagleis Composite kinetic aadlanadiies
BA-a:BTDA=15:1 laa #igmsnislimnudou 5, 10, 15 uaz 20°C min '

4.5 Amdsnunenuiunannsauanlagly Coats-Redfern method v84

lanedues BA-a:s-BPDA = 1.5:1 lua fisnsnnislviarusau 20°C min '

4.6 AwdsnunatuITuaIINn1sAIMlaglY Coats-Redfern method Uadlanadwas

BA-a:s-BPDA = 1.5:1 lua #isnsimslvianudeu 5, 10, 15 uaz 20°C min
4.7 mwasnuneiutugannisawalagly Composite kinetic method v84
Tawadwes BA-a:s-BPDA = 1.5:1 lua fisnsinisliainudou 5-20°C min'
4.8 AmasnunenuiunannsauIulagly Coats-Redfern method Va4
Tawadwas PBA-a:PMDA=1.5:1 lua fignsinislanusou 20°C min'
4.9 amasnunanuiusanmsaanlaglyddd Coats-Redfern vaslanadiues
BA-a:PMDA=1.5:1 lwa fiswsn1stimnudau 5, 10, 15 wag 20°C min’
4.10 mwasnunenusiuaannsAmuwnlaeleds Composite kinetic vailanadiues
BA-a:PMDA=1.5:1 luia fignsamslanudou 5, 10, 15 waz 20°C min'
4.1 smdanunefuiuduagnalnufiiensaansdmemiuieuades 5
Funsunsaaneiveauieuvadanediuad PBA-a:BTDA, PBA-a:s-BPDA,

PBA-a:PMDA
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2.1 msdaasiziuazniaiaufisewedweslawdureivuronymuisdu BA-a)
2.2 Derivatives Yonmtinansitwaeves BA-a and 22P-a 90 TGA thermograms
yoamsaatemvsaussunelaussenalulasiau
25 ﬂa‘l,ﬂamit,ﬁmﬁﬁ%mmsaawﬁamomm%fawmwaEmusuaﬂ‘m%ulu‘ﬁu’umauﬁ i
24 na"LnamsLﬁﬂﬂ;’jﬁ%mmsama&hmamm%’auwmwaﬁLuufaanm%u’lu‘ﬁ"’umauﬁ 1
2.5 nalnamsLﬁﬂﬁ;‘jﬁ%mmiama&hmamm%auwaawaﬁmueuanm%u‘luﬂfumauﬁ 1
2.6 lassasavesansianaulalasa BTDA, s-BPDA uay PMDA
2.7 DTG curve and individual contributions at heating rate 20 °C min”
(a) PBA-a, (b) SPI, (c) PBA-a/SPI = 25:75 wt%
2.8 The comparison between the experimentally obtained differential
(da/dT - T) degradation curves (Color curves) and the calculated

da/dT — T degradation curves (Symbol curves), using with the following

‘inetic triplet’ as Ea = 193.8 k) mol”, 4=9.82x10"min" and f(a)=(I-a)"”

4.1 TGA WeslulATUYBINBAIBITEUU PBA-a, BA-a:BTDA = 1.5: 1 lug,
BA-a:s-BPDA = 1.5:1 lua, BA-a:;PMDA = 1.5:1 lua 71 B = 20°C min "

4.2 TGA maﬁuLmimaﬂ,ﬂwaﬁma%uazmasﬁqﬁmﬁnﬁaaéwaﬁmdﬂsﬁiaqmmﬁ
(dw /dr) vesszuu BA-a:BTDA = 1.5:1 Tua #i8nsnslvianuiou 20°C min

4.3 T6A woshuunsuveslanadiwesuazuasaimindegnsiimeluregamai
(dw /dt) wosszuu BA-a:s-BPDA = 1.5:1 Tua fisnsinislvianufou 20°C min |

4.4 TA wasTuunsuveslanadiwesuagnameimiindogaiiveludegumai
(dw /dr) vesszuv BA-a:PMDA = 1.5:1 lua #8asnisTaanudou 20°C min’

4.5 Differential thermal analysis (DTA) 284lAWDALNDITTWININOALUUTBNYITU
(PBA-a) uazanslaweulalasauila BTDA fignsmslinnnudeu 20°C min'

4.6 Differential thermal analysis (DTA) vaalanadluaIsznINWoAUUYDNY T
(PBA-a) wazanslauaulslasiuia s-BPDA fisnsnstianudeu 20°C min'

4.7 Differential thermal analysis (DTA) voalAnadluaIsznINNOALUUIONT Y
(PBA-a) waranslaueulalasdaiin PMDA fisnsnisTviauiou 20°C min’

4.8 mwdiudsening In|g(a)/T?| fu /T (Coats-Redfern method)

i g = 20°C min" vadlanedwes PBA-a:BPDA igld F1 model
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4.9 enuduwussewinin|fg(a)/T? | fu /T (Composite kinetic method)
£ =5-20°C min" vaslawedwes PBA-a:BPDA ield F1 model

4.10 mwdiussewing In|g(a)/T?| fu I/T (Coats-Redfern method) 7
B =20°C min" valawedies PBA-a:s-BPDA iiold F1 model

4.11 ANAUNUSITNIN ln[ﬁg(a)/TzJ fu 1/T (Composite kinetic method)
£ =5-20°C min" vaslawedies PBA-a:s-BPDA wiald F1 model

4.12 ANUFURUTIENIN lnlg(a)/TzJ fu /T (Coats-Redfern method) 7
B =20°C min" voslawadiues PBA-a:PMDA iiold F1 model

4.13 mmﬁuﬁ’uéswiwlnlﬁg(a)/T"j fu /T (Composite kinetic method) 7
S =5-20°C min "' vadlanedwes PBA-a:PMDA dield F1 model

4.14 pnuduwusseving_ P uay gle) w89 F1 model (dunudni), R3 model
P (xov 50 ) g (0- 50 )

Y =2 Ay a ' o w v [ .l o
(Fuiu &du) NiA0 a 79 1oRsINSIRAILSeaY 5-20°C min | lunisaanesh
JUNBUN 1 VoIlANeALILUDS BA-a:BTDA = 1.5:1 lua

4.15 pudmiudsening 20 uag @) 103 F1 model (@urnudni), R3 model
P (.\‘0_ 50 ) & (0- 5 0)

v o o v a ' o o v [ -1 @
(dudiu ddu) Ne0 a 7199 NERsINTIRANLSEY 5-20°C min - lunisaanesi
YURBUN 2 VoIlANDALNDS BA-a:BTDA = 1.5:1 Tua

4.16 Anuduusszving P& uay gle) w3 F1 model (@uriudvn), R3 model
P(Xo,m) 8(0-50)

v e v a ' a o v v -l Y
(dudiu @du) 91A1 o fi1eq NoRsINsiiAmSeu 5-20°C min - lunsaanes

Sumouit 3 vaslanedies BA-a:BTDA = 1.5:1 lua

4.17 mnuduussening 2 uay gl) ves F1 model (@uviudnn), R3 model
p(xo.m ) g((). 50)

& oy a ' =Y v [% .-l @
(duiu ddu) Aen a aneq AemsInsiiauseu 5-20°C min | lunisaanesh

Junaudt ¢ vedlanediues BA-a:BTDA = 1.5:1 lua

4.18 aud@miussening_ &) uas g@) vee F1 model (1Fusiudni), D3 model
px,5)  g050)

Y o ay a ' oW v v -1 Y
(Euiu @du) 91A1 a A1eq Aorsimsiirudou 5-20°C min lunisaanes

Junaudi 5 vedlanediues BA-a:BTDA = 1.5:1 lua
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4.19 mudiudseving 20 uay gl@) we F1 model (1durivdv), R3 model
P(xa.so) £(0.50)

v o ay a ' i o v v S | o
(Fuilu &) 9iA1 a A1eq NonsImsiiauseu 5-20°C min - lunisaanes

Supui 1 vedlanedwad BA-a:s-BPDA = 1.5:1 lua

4.20 puduiussewing 20 uar la) wee F1 model (1 dunivan), R3 model
P\Xy 50 g(0~50)

v o a o ' P gy v v .. =1 @
(iduiiu dd) NAn a A9 NensINIsiAuseu 5-20°C min - lunsaanesi

Sunoui 2 vadlanedwes BA-a:s-8PDA = 1.5:1 lua

4.21 auduiussewing_P0) uag gl@) w83 F1 model (1@ufivd), R3 model
P(xa.w) 8(0-50)

v o4 Ay o ' i o o v o1 @
(duiiu d@du) i o i1eq Aonsinslviausou 5-20°C min~ tunisaanesh

Fumoudi 3 vedlawediues BA-a:s-BPDA = 1.5:1 lua

4.22 auduiussening P uay gle) vee F1 model (duriudnn), R3 model
P(xo._io) g(0.50)

v e Ay a ' a v v 1% | Y
(1duiiu ddu) A a A9 NBRIINIsiAINSoU 5-20°C min - lunsaalesy
Junoudl 4 vaslanadiues BA-a:s-BPDA = 1.5:1 lua

4.23 auduiussening 26 uag gle) 993 F1 model (@uudnn), D3 model
p(xo.m) 8(0450)

v = v a ‘ oo v 1 - Y
(dudiu d@du) AiAn o Aneq AdRsINsiANSou 5-20°C min~ lunsaanes

Sumoud 5 vaslanedues BA-a:s-BPDA = 1.5:1 lua

4.24 arwuduwussening_P0)_uag gle) 993 F1 model (Funivd), R3 model
P(xo.so) 8(0-50)

v a2 a o 1 a o v -1 @
(duiiu ddu) A a 6199 AonsInsviauSou 5-20°C min - lunisaanesi
Jupoun 1 vaalawedines BA-a:PMDA = 1.5:1 lua

4.25 pnudmudsening_2&)_uay gl@) 281 F1 model (Furiudnn), R3 model
pP xo.so) 8(050)

Y ot oy o ' - v o1 @
(duviu d@du) 7id1 a 199 AdRsINsliaudou 5-20°C min~ Tunisaanes

Sunauf 2 vodlaAwedies BA-a-PMDA = 1.5:1 lua

4.26 auduiussening_P0) uay ele) v83 F1 model (@uiudni), R3 model
P xo,so) g(0.50)

Y o4 ay o ' v v v .-l @
(iuiiu d@du) NN a 61399 N9RsINTIiALSeY 5-20°C min tun1saanes

Jupauf 3 vedlawediues BA-a:PMDA = 1.5:1 Tua
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4.27 euduiussening 20 uas ele) 489 F1 model (@unudn), R3 model
P(xo.jo) g(0.50)

v 2 o v a ' aa v v S | @
(Fuilu @) A1 a Aneq Aonsinsiianiudeu 5-20°C min - lunisaanesi
JuURDUT 4 YBILANDALIDS BA-a:PMDA = 1.5:1 lua

4.28 puduiudsening_20) uay gla) w3 F1 model (W@uvudnn), D3 model
p(xo.m) g(0.50)

o Ay i ' Py v I -1 @
(duiiu &) MiAn a Araq Rensimsiianudeu 5-20°C min~ Tunisaaned

duneudi 5 vaslanediued BA-a:PMDA = 1.5:1 lua
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1.1 AudAny
Lﬁaw’w’wlui‘]wﬁ’umméfaqmiwa?\maﬂuqmawnssuﬁﬁumnﬁu wu lugaaivnssy
5.davnsefin  (Electronic packaging) auwiufumNsau a1sdouiaan wasiuszaly
woRwpinounedn Wudu Jamedweiililugaamnssudandndnadiuszdedinuandiig
snshethaty Smnuaiiosmenudouiigumgiia Tnsnsiiseimunfaaneduesiilaudinig
aufeuiatuannsavild 2 33defuie BusnAenmsdunaseviwodmesvislviielilsaus
AN SeuTifeIns wazishaesiansviwedwesnay (Polymer blend), wedlueidaasy
(Polymer alloy) w3owadmoinaunadn (Polymer composite)
wodlugenmduduneduesvinlmivssnmmesiugnnsznaiieafiuiuiuednistu
Juasgnnansaady 3 wln Ao Fluea weadleduaszieiiu wazdleainiuurenmTuisiu
aunsoduaszildie  ddunumandesh  flessaiidlanaiiausodaudadliiiandFio
Fasmsldvainuany (Molecular desien flexibility) [1,2] auUfmisuvalsUszns wu e
winAauisiniliansadrasildlumnaiiguaddouldnglunssuunmsiug 3]
waglulfAsenisiianedweivieufisemedmeslaedu  (Polymerization) ldifissrimiou
(Self-polymerized upon heating) [1-9] luifasldiviuda (Curing agent or hardener) uaghi
\Aenanaosld (By-products) 9nufisermsiianedwesviililiiiadymnisifianasenely
Funu fidnsvenesamanuieulndeud (Near-zero shrinkage) [4,5] hlaniyminisiia
arduluguauniisonnsuu uaﬂmm‘ﬁmqa%ﬂmaQamaawaz‘%mwzjanm%uﬁué’a
annsavnsandsldielasnsasueiinvesmsiauie asnduiiusauaznguoziiy Juild
Tinedwoinuananiinaeutanirannsathlusegnaldanliogvainmats  Sadosnw
NMIAUTBUGA (High thermal stability) ﬁhms@ﬂ%uﬁw‘i’w [3,4] nulw (Low flammability) [6-9]
LivdesasiunarUanUdosmnuioutiosswinnsuwilnll  flaudRdedatuiuioineg 169
wonnt  Fsmsdaasisiiuusensndusduldiinsiaunisnmsdaaseieinisninislasi
ranefaiiluseaunsuszivg U.S. Patent 5,152,939 [10] uay U.S. Patent 5,266,695 [11] an
Suiimsduaseilaglidedddishazats  (Solventless  synthesis) @dldinsiUamenis
Ussivglu U.S. Patent 5,543,516 [12] Joilildueueesifiauuigrigedededufindiiy
Tumsihsduriaduldouludanisé diesnnsdaasmiisdulaglildsvihazanoyinla

'
=

ansunulumskanlinndsisanuansenuinddeannzuindenanmshiliivihazawanyue

v oa

amssinanaduaudinddyivisasilivurenadusduduindenimnzaunaviundy



dudsznovlutansineg wu asldluamdndlutanUsznauudsdmiunaunulsl [13-15] vie
wvidngilduiudule (16-18] wu dulsmsveuviodulsersriiadioldluauduoinimey
wIenuiuinseiunszay vav sgnlsinunwediuurensduiitesssde Wunedwasiifianm
Wi wavhianunsnsenSetaveguldd lnsamzwodivurenemdusialuiliidunea wu vinda
Husale-arlidunadiuurene1@u (Bisphenol-A-aniline based polybenzoxazine, PBA-a) 1iu
Ay ﬁaﬁuuﬁaLﬁummmmsﬂ‘lumsﬁw&ju waganifinienuiou wu gamgiinsdsuaniug
AdBum (Tg) guugiimsaanedmeanuiou (Td) wavauaiosn e uiouraimediues
wugenedu annsavhldlasnsuausnowodwed ¥indu wu Snendisdu (4] wealelud [19]
wadlgaoniou [20] g3y [21] Wudu venandfafimssenuszuuiiiinsuasansussiavila
woulslasalunwedivugene @y (221 wu wuleluwenszanfuenddnlawoulalase 3.3.4.4-
Benzophenone tetracarboxylic dianhydride (BTDA) WU wedlueswauiiladauc@ineay
nanMfie vuanwiouldgads  200-250 esrwaidua SauvAninaiin wazwedweinaniilad
anwansatunsianguldmilosSouiivuneduurensFunediues
mATeiRddvihnmsfnvnavesanstaueulelad 3 wiinde 3,3',4,4'-Benzophenone
tetracarboxylic dianhydride (BTDA), 3,3',4,4'-Biphenyl tetracarboxylic dianhydride (s-BPDA)
waz  Pyromellitic  dianhydride  (PMDA)  siawgfnssunIsaalusiniennuiauved
wodluuronedu-anslaueulalasalanedwed vinswaaeufeiriesiie Thermalgravimetric
analysis (TGA) Iuaququmﬂmﬁ (Non-isothermal condition) lagle35n19vaunamans
ﬁﬂﬁiﬂiﬂﬁﬁa Coats-Redfern method, Composite kinetic method Wag Integral master plot
method  Tumsduumsfineinvaunamans  waznalnufidenmsaansdmemiey

(Thermal degradation reaction model)



1.2 JagUszasAvaslasenisite
Anwnavesvlinvesaisiauaulalasisoriwisfitnesmissaunamansuaznalnufisen

ANSAANYAINIAIIUSDUVBILANDALDITEU NN R UUTBNTTULAzaNs lawaulalase
1.3  YaULUAYBIIATINITINEY

131  dueswvansuugens@ustuviinaflueaie (Bisphenol A)-eriidu (Aniline)
Tngleisnisdauasziuuulildsyvinazaty (Patented solventless method)

132 wisulanedweiwediuurenandu-arslaweulalasaidndruuugonedulsdu
1.5 lwa uazanslauoulalase 1 lua

133 veaeunavesasiawaulalass 3 wfin  Ae  3,34,4-Benzophenone
tetracarboxylic dianhydride (BTDA), 3,3',4,4'-Biphenyl tetracarboxylic dianhydride (s-BPDA)
uae Pyromellitic dianhydride (PMDA) sialafiesn nyinamussunadiuugenedu-asiaweuls
Tnsilanodiues suiias Thermogravimetric analysis (TGA)

134  Anvwavesansieweulalass 3 wllm Ao 3,3'4,4'-Benzophenone
tetracarboxylic dianhydride (BTDA), 3,3',4,4"-Bipheny! tetracarboxylic dianhydride (s-BPDA)
uaz Pyromellitic dianhydride (PMDA) @A TW1913RasI9aunarIa@nsn1saatgfiiIngenlng
Fouvewadluugongdu-ansiauaulalasalanediues laglgi8amseivisaunamans
ﬁdﬁ@lﬂﬁﬁa Coats-Redfern method waz Composite kinetic method

1.3.5 AIvERUNalNNTEAEMINIIANTY (Thermal degradation reaction model)
yoalanediueinediesviinwediuugenaduficaulsmearsianeulalass 3 vda fe 3,3',4,4'-
Benzophenone tetracarboxylic dianhydride (BTDA), 3,3',4,4-Biphenyl tetracarboxylic
dianhydride (s-BPDA) ua¥ Pyromellitic dianhydride (PMDA) lagld353imsnzinng

Yaunaransnwalulife Integral master plot method
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2.1 msienzdnesaunadansvasidnuauds (Kinetic analysis of solid state)

dmsungAnssunisaarsiiveanediuaiazianuduiusauanuigiuidn 9msinis

fcd a aaa )

wWasuwlas (da/dr) vemwedwesidudndulagnssivuSinuvesedmeiiiiaujiseaass

ANNTATUAUEUNUS AR

‘Z_‘;‘ = kf (@) 2.1)

TagAn1silasunlas  (Conversion, o) LHBIINNITAANBFINIIAINUSTDUTDINDRLLDS

[

ansavlanNaNNIsANNELNUS A
o Mo e Mr
M,-M,

v .
o Y LY '

e M, fio UMUNUDIRIBE 1IN U

ov

Y Qs '

M, A9 A mtinueIRIege ( 1Iala 9

)

M, do dhwiinuesneguiladuganisaanu

WonUfAsenisaanesmisanusauiettesiuawdsanuneiudus  (Activation

v U o aaa ) v al al
energy, Ea) IUUAIAINITDIUNTEINITAGIWAININAINTOU (k) Tuaunisy 2.1) fanduly

M3 Arrhenius equation @94

k = Aexp(—Ea/RT) (2.3)

wnue k& luaunisn (1) el

id‘ti = Aexp(—Ea/RT) [ («) (2.4)



WaNATUINITEANEAINIIANUSaUIBINaA e N wlFan 1izuuu Non-isothermal lae

nsiiawsauludnsiasdl (8 = dT/dt) annaumsi (2.4) aglein

Z—; = %exp(—Ea /RT) f(x) (2.5)

- - Y] Y v
Wo  a Ao dadiunisdaisdanieniiusou
a ) v -l
B A 8nsimsiviaauseau (K min )

- @ R 1 -1
Ea a9 wasaunanuuus (k) mol )

-

o a ¢ —
A 79 Wsonlwuudea unawas (min)

'
1 <

R Ao arAsiivesnie (8.314 J(mol K)')

a

T A 9aunni (K)

1 Vv

2

2

&

f(a) A Thermal degradation reaction model
NAUNTT (2.4) wazaunsi (2.5) anansadeuldidy

d—a = ﬁd—a = Aexp(-FEa/RT) f(x) (2.6)
dt dt

imsdnguaunsi (2.6) uazviinsduiiinsnazle integral conversion function, g(a) sl

1 5

gla) = O]‘f(a) da=Ap"" Iexp(—Ea/RT)dT (2.7)

2.2  A5mevaunaidns (Kinetic methods)

NTILATIERMIAR LU TN IIRAUNAAIANTUBINITAANYAINIIAILS BUA BATNS 1 uR B Y
11U (Activation energy, Ea) warAIns-antnuwdisa uames (Pre-exponential factor, A)
swinalnujiseinsaaieiivisaiiudey (Thermal degradation reaction model, f(a))

ansamialeg i svisvaunamanseasialyil



2.2.1 Coats-Redfern method
dwsu Coats-Redfern  method  ({udsfidenldlunisdinsisimaidiudsnia
AUNAANARNSUBINTAALHIN9IAUSDU AD AmEIuUneniusug wazAws-Lonlwuudsauva
wos savhnalnufAtenmsaatsimeenuieu Wosnannsaduinmiuusinanlfisns

mslimnseu (8) Wesaieinanifaaunis (2.8)

-2 AR Ea
In [g(a)T ‘]z In - — (2.8)
a RT

naun1si (2.8) luwdazzuuuunalnufiseinisaaissimisainudouuandlunisnei
2.1 L VHUANUFURUTIZTNIN ln[g(a)T‘ZJ MU /T HavedAIANNTULAZYAFALAUGAY AD AN
wasunenuug wazAmi-anlnuwdsaurawes audinu wagvinisidennalnufisenis

Y v s a g a ! . 5 % 2
ganeianiauSourasiannediues lnen15Ha1snaInal Linear correlation coefficient (R)

2.2.2 Composite kinetic method

BIATIZRAIIIIaUNaMIaRsLUUABNNEAN (Composite kinetic method) (T3S
ﬁgﬂﬁmmimmﬂ Coats-Redfern method 1AB9EYiNN1SIATILUAINIIRAUNAAIERSTITINAS
USudsusasnislvanuieu (4) Gazansamamdanunsiuiug uasams-8nlnuy

Weawdawmes saunanalnnsiinufisennisaalsfdinisninusou uansieaunisi (2.9)

(2.9)

In[ g (o)72] = ln(ﬂ) &

Ea —E

Mnaunsi (2.9) Weumnuduiussening In|(Bg(a)/T?)| fu 1/T fisnsnslian
Journe laeviniswdsuzvuuunalnyjisernisaaieiimiennudounuusiee dalduandlu
AIINN 2.1 ArATaMIAINaNIuAeNuTue tazAns-onlmuulvauvawmes 3nAANTY
wazgadaunuee auanu luwsaznalnufiseinisaaiesimiennuiou wavvinisidennaln

aaa o v a . . . .. 2
URsenisaanesiamiiniusou laeia1sanaInan Linear correlation coefficient (R)

Jofvasaunisil Ao TumsAwmaumeadindsiieg asfinnsandeya m dnsnsliaiy

Fousnaq Feaziimmwiudunniuidiedisuiu Coats-Redfern method Feiansandoyasin

INITINNT AU DULNEIANREN



A19797 2.1 Algebraic expressions of g() and f () for the most common mechanisms

operating in the solid state reactions

Symbol, Mechanism ala) A

A,, Nucleation and growth (Avrami equation (1)) n(t-o01"? 21- ofn(1-a0)
As, Nucleation and growth (Avrami equation (2)) Hn(l-()!)]u3 3(1- a)-n(1-o>’
A4, Nucleation and growth (Avrami equation (3)) [n(1-an™ a(1- an(1-a)”
Ry, Phase boundary controlled reaction {one-dimensional movement) a 1

R, Phase boundary controlled reaction (contracting area) n--a) 'y 2A1- )"

Rs, Phase boundary controlled reaction (contracting volume) [1-(1-a0) l/3] 3(1- )’

D,, One-dimensional diffusion al (1/2a’

D,, Two-dimensional diffusion (Valensi equation) (1- on (1- O+ a in(1- )]’

D, Three-dimensional diffusion (Jander equation) [1-(1- a)‘”]z (3/2)(1-(1- a)m]'l(l- ay’”’
Dq, Three-dimensional diffusion (Ginstling Brounshtein equation) [1-(2/3) a)(1- oy a (372)[1-(1- (/!)m]'1

F,, Random nucleation with one nucleus on the individual particle -In(1- Q) 1-a

F2, Random nucleation with two nuclei on the individual particle 1/(1- ) (- o’

F3, Random nucleation with three nuclei on the individual particle 1/1- ) (1/2)(1- )’

2.2.3 Integral master plot method
dw3UT5 Integral master plot lelun1sasivaaunalnujisoinisaaiaimiaai
Souiinswainizeaunamansiug luililde Coats-Redfern method wag Composite kinetic
method  Tdenadasiuniely minuaiildaenndeafuszuaniAdeaunisi (2.10)  #en
0.05<a <0.95

(@) __pkx)
8?0-50) B pfxo so) 210

a8 Senum and Yang (Perez-Maqueda and Criado, 2000) l@fiuum The fourth rational

express of P(x) faunsi (2.11)

X+ 18x7 +86x+96
Px)mmmg— T 2F TN (2.11)
X X +20x +120x" +240x+ 120

Wia x = Ea/RT; Ea = constant




2.3 nalnnsdansnanieaduiou (Thermal degradation mechanism) vadwaaLuuLan

g1PuvtinlaWusate-asiau (Bisphenol-A-aniline based polybenzoxazine: PBA-a)

WORLUUTONYITULTN PBA-a Fatdunadivugsnedursialufenduusa Uszinvmasiugs
pilassasiswuugauy (Network  structure) fliaudAniana neauSaundLlislsaunaun

Qs [l

Wodlwaduq NdAy 1y AusdnuazBwend Lannanisen 2.2

M58 2.2 audfvaswedimainunmgendidgUssuiisuivaudfvemediuugenedu [27]

Property BA-m Benzoxazine BA-a Benzoxazine Epoxy Phenolic

Tensile Properties

Modulus (GPa) 43 5.2 27 3.8
Strength {MPaj 44 04 59 48
Elongation at break (%) 1.0 153 4.5 1.8
Flexural Properties

Modulus (GPa) 3.8 4.5 2

Strength (MPa) 103 126 119

Strain at break (% 2.6 09 4.5

Impact Strength 1)/m, 3.2 mm thick) 31 18 32 17
Dynamic Mech. Properties

G atRT.(GPal 1.8 2.2

(' at 50 oC above T, iMPaj <45 3]

Density

Monomer (g/em') 1.159 1.200 1.16

Polymer (g/('m‘) 1122 1.195 1.26 1.28
Coefiicient of Thermal Expansion

2 1x 10" em e C) 21 1.7 23

[ ix 10" cmfem.*C) 69 58 0% 68
Glass transition temperature ( C) 180 170 165 170
Cure shrinkage (%) 2.9/0 4.5

Water Absorption (% at R.T.)

24h 0.17 0.1 0.12 0.23
7 day 0.40 0.28 0.62

120 day 115 0.98 1.8

Saturarion [ 1.9

Diffusion coeflicient (= 10" cmfs) 3.6 0.5 7.0




TunNs2UIUNNTEUATIZELUULDNIITULTTUILUSENBUAIBAISAIRUAITLAD UaWuoa-1o
(Bisphenol-A), Wefifadles (Formaldehyde) wareszfidu (Anitine)uazlunszuiuniswedines

Isdiwduvoauugany@ultiie1ausauwini wanaiagui 2.1

Uafuoale Wossaflan pxiidu
CH; Q NH,
CH,

|A
Q OH OH
N
< CH3

CH] > CH3

BA-a Oligo-BA-a

U7l 2.1 msduansiuaznisiinujisemediweslswtureavuronyFulstu BA-a) (23]

LAZIINNITIIYIIURGANTIUNNTAAAINNANNSBUTBINEEIUUTONY 1 TUslin PBA-a N18RTINNT

v v ° -l i a @ v v o o P
Iﬂﬂ'nllsau 20 C min  WUUNANTARWAINWANUTOUUTENOUMIY 3 mUWQULLaﬂQﬂQEUW 2.2

3

Rate of Weight Loss (%/min)

0 200 400 600 800
Temperature (°C)

5UN1 2.2 Derivatives o wilnansiviiovas BA-a and 22P-a 370 TGA thermograms 9834075

aansmannusauniglausseneiulasiay [24]
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NNFUN 2.2 siuldindunsunisaatsinisanuisurewedivureneduyila PBA-a i 3

Jumauseiufa N1 300°C, 388°C uwar 450°C &Feludumeuumardumeuaiuisaoiuivle

<

fillfe  figuugll 300°C  azenisufisoanisaateiivieaiuisunseiumis Mannich

1 v

bridge igunyil 388°C LNANTUNNTEINITAREAINIIAIIUTDUA I UL
- & o o a o a ) v
Isopropylidine group wagludunoun 3 VguuNU 450 C 91938NANITAANYAININAIIULIDU

999 Schiff base lasarmdululdvesnalnanisiinufisoinsaarssameninuiouves

wodluurenyFuluTumoun 1 uansfsgun 2.3-3U7 2.5

l
%
o " Tae W)
R \Q_/}“O/ e &)
R—( ))-ou
. N )
AN
1'}\_//l
ﬂ_(gTu (:H,x,/ii%‘
il R —{I/f/ _/] }':QH -_:;']V

T
—Z
=

G
©

JU# 2.3 nalnanmsiinu§Asemsaanssimmamnudeuveanedivuseneduluiuseui 1 [24]



' OH
=N CHa~
R C\ﬂou O}/
RSl ¢
/
A
% Okt CH,==N
R —(\Q/ ~-OH \K 5

OH CH;—N
H

A V&)

R

JUN 2.4 nalnanisiindiisemsaaigsdmnamiuieuvesedivuvenendulutuneui 1 [24)

?H NH, OH
A CHy }
L _,\\]\] /</,“\
Y &
R

JU# 2.5 nalnanisifinuisenmsaaedimiennuiouvesedivugeng@ulutunaui 1 [24]
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2.4 arstoauwaulalasa

anslausulalasaiinisléifuarssefulunssuiunsdanseinedmed wu woaleludiu
au arslaneulalasaiivanyyin sndiog1awu 3,3 4,4 -Benzophenone  tetracarboxylic
dianhydride (BTDA), Pyromellitic dianhydride (PMDA) wa¥3,3',4,4"-Biphenyl tetracarboxylic
dianhydride (s-BPDA) uanslassaiasiagui 2.6

O 0 O O
P L
O
- C-@ \O P :._‘ ~
LIOT OIS o TOOL.0
§ 5 o L
(n) ()
@)
T i
o @ 0
il il
@] @]

E‘Uﬁ 2.6 (n) 13983719904 3,3',4,4-Benzophenone tetracarboxylic dianhydride (BTDA)
(@) TAs9a3199049 3,3'4,4"-Biphenyl tetracarboxylic dianhydride (s-BPDA)
(M) lassadnaves Pyromellitic dianhydride (PMDA)
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2.5 9uIeNNe1v09

Jubsilp et al, (2011) [22] lavinms@Anwinisdaasigiwazautfniuaruaiasninmg
AU AuBanguiarAILulIvRUUYDNYITULsTUYa BA-a-lauaulalasd (BTDA)
Tanwediues 1na91nnsiy Fourier transform infrared spectroscopy LNHIﬁLﬁUﬁQEULLUU‘Um
Wuszioames (Ester linkage) Fafnainiuszlaiaudszwitangulensenda (Hydroxyl group)
YINeALUUTIN®ITU (PBA-a) Aunaum1suaiia (Carbonyl group) vasaisiaueulalasa (BTDA)
wazwu i usuweAiuuronyFuisdu (PBA-a) laueulslass (BTDA) lawedwes Milsnsndu
Tavluawes BA-a:BTDA = 1.5:1 'Lﬁdwqmw{]ﬁmSLU?{auamuzﬂéwLLﬁa (Glass transition
temperature, Tg) gafianAe 263°C  uasilgumpiinisaaisiinianinuieu  (Degradation

temperature, Td) a3ila 364°C

Manikandan et al., (2011) [25] l@vN1531AS1ZUNIIQUNAAIAAIVDINITAANBRAINS
AMuSauveIansUszian Anil 39357l un1sfneide Coat-Redfern (CR), Invarient Kinetic
Parameter (KP) agldiransuszian Anil ftuneunisaarefifisstunouder (Singe step
reaction) kasWUIAINSINURafuuATAUTEINM 26.93 k) mol wazAwsiintwuudea
uAwesiAUszIna 1.47 min | dwiunalnufiseinsaaneimennufouiinasdululdinn

ﬁqma’im%’umsamaﬁamamm%awuaamiihxmm Anil Aa P2 (Power law)

Tiptipakorn et al, (2007) [19] léviinsfinyingAnIsunIsaaIsfInIInINTouYe
WodAleINay (Polymer blend) s¥uinawedivuvensduasiia PBA-a Nuwealwasniwuudsn
waalolud (Polysiloxane-block-polyimide; SP) lagldia3esilonaasu  Thermoeravimetric
analysis (TGA) §91nN153ATIEVNUTY woRlesnanuansaudinuadosnisaudeuldide
gumgiinisaatsfvnannuiou (Td) a thifngands 10 wtoe wazd3unandn Char yield) dieh
Wnduaudndiunesuiun Pl inauluwedivugene iy Sanedweinanvzlian Td uas
USnau (Char yield) gaaaiidndauves SPI 75 wt% Lilsainlunediuesnaniiniuvuiuiy
293lA59519M1978 (Crosslink density) 1INNIIAIANUAUILLLBILATITIANUIBUBINBRLUULDN
Y1qU uanmnﬁwudwwq&nssum‘iaawﬁ’amdmm%awaawaﬁma%mamw’mwaéwwaﬂ
gdunila PBA-a ffu SPI ftumeumsaaisfmianudeu 4 ’Uxumauuamoﬁ’qgﬂﬁ 2.7 Faanunsn
fmnusmdtunefuiuivowsarduneuldaniinisinsginiasaunamand 3 33 e

Kissinger method, Flynn-Wall-Ozawa method wag Coat-Redforn method laguwmaziunau

mIaaeimIANTeuveanedeinay finalnfiseinsaatesianisnausounianizvewds
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1uwuu F1 (Random nucleation having one nucleus on individual particle) Astinn1sdu

fndea 1 Tedsaluoymaves  wedlwesuauseninmwadiuurensGuvila PBA-a i SPI

0

2=

i A

{0

doddt (min™)
degdt (min’"

B D -

i e b
» 3
h

[\ 200 00 60K) Bl 1000 0 200 UK NXY ‘G 1K)

Temperature (°C) Temperature °Ch

8

da/dt (minh

1o
T

i LaNg L e
4] RiE Y] 200 GEXY wour HXx

Temperature (°Cy

gﬂﬁ 2.7 DTG curve and individual contributions at heating rate 20 °C min " (@) PBA-a,
(b) SPI, (c) PBA-a/SPI = 25:75 wt%

Vyazovkin et al, (2011) [26] lefin1ssreaunisideluiivaises Kinetics Committee
of the International Confederation for Thermal Analysis and Calorimetry (ICTAC) 19%1n13
Laua‘iﬁmsﬁmmmwauwamam%ﬁmﬁ’aﬁagamnmﬁmswxﬁmsamaﬁamamm%@)wmms
Afianuzidureuds 1wy Thermogravimetry — analysis  (TGA), Differential  scanning
calorimetry (DSC), waz Differential thermal analysis (DTA) 35614 9 Vignﬂ’uauaﬁugﬂ
Wauntuie il uUsmavaunamansae Amdsnunetusiug, Ams-snlnuudvaurames

ufnalnufisensaanedmeanuiouvesianngnaesustiugunniu uenaniidlandiaia

l
ad

Q v v J =t ) vy < o v
96 wazdonperaiunayds ey wawmisadeninluuszendldlamuaiumingan ng

e e

FuusnlunislaveuanAtuAITILTNINITIATILVANSAANEHINIIAINUTOU taun15USULUABY

v
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gaunpiiliwansaiulumsaaeulasldteyastaios 3 Toya ntudon T alauuz ey
TumsAmuINmIAILUTNIRAUNAANERSAD AMNAIUNBANTIUR 8NFIDE1TU Isoconversional
method 1%y Friedman method, Flynn-Wall-Ozawa method, Kissinger-Akahira-sunose
method, Kissinger method daduigaildfuunivans Weswinissnanlisuiudemsiunaln

aaa LY v

U{]ﬂiﬂ’]ﬂ'\iﬁﬁﬁﬂﬁ]’)ﬂ’]dﬂ’l’]ﬂi

L £ [

ou InudsunsiANLdITuS s ISR s une fusTus Tu e
dadiunisaatesmiennuseu  (Conversion, @) NaINNNSIHUINAIWAIURDANITLUATIAN LY
Wasuwamuadnaiunisaatsdimieanudeu 151aunsodenld33nsuuu Linear model-
fitting TunsdwanitonguuuvreanalnufAzemsaaeiamianufounasems-nlmuy
Foaunaned lnedorveisiae TunsdwanitonsuuuuveanalnufAsernisaaieianig
ANNSBY lu“lé{gm‘hﬁﬂlﬂmﬁmmswﬁ 2.1 windu nande fawlineainmsdwugUuuunaln
Ujisensaatesaimeanuieu avlinssfuguuuunalnufiseinisaaiedimianiiudeu i
wanslilumisnedt 2.1 311Lmuéﬁndnﬁs]’ommsauﬁ'%'h'ﬂumaa%*uﬁama‘uaqmé’maumaamaﬁa
VAUTBUABINIINTAAERINIIANTBUTaTAR LS lunisnduiumnamdssnunefuiudil
Adsunlanieardadiunsaaiiiniianudeuisulas 1siasagldizuuy  Nonlinear
model-fitting lun1sAruIumIAIwa IUNoALTUs wazA1  wi-18nlwuuloa unawmes

Woenduisivisanmimnuiawaiafitinainal o Mudsunvadle 935 Nonlinear model-

fitting axldndnnsfe IBrasiumasassvenanfitesfignssninsdsnsidadiunisaaiss

'
a

nunwieu (da/de) Aldannismeassivatdnsidadiunsaanssaneanudou (da/dr) ¥
loanmsAnm Badouaunisluzuaes Residual sum of squares (RSS) Inansiudeunsn

{ as v o

wUsmavauwaransAedAmasu  edudiug, Ani-onlwuudea uawes uazdeyadu q
Wy van (b, gaumandl (1), dadumsaarssimaiiuiou 1 uusardunsunisaaissivisainy
FoU MAMNAINUNANTUR LazAamsdnlmuudea uawes lauaifiwunzaufe ARv

Winavea Residual sum of squares (RSS) fiAoeiian

Jankovic, (2011) [27] lafinwmpAnssumsaaeiimisauieunialianizanmgiilsl
AT (Non-isothermal condition) ¥asiuadntnsosdu (Phenolic triazine thermoset resin,
Primaset PT-30) lngldiadasiionadau Thermal eravimetry analysis (TGA) meldaning
Tulmsiau 151%137(1673asmﬁmalﬂﬁu’wmLLamauwamam%‘uaqmsaawé\’amamm%auﬁé”mﬂms
iausau (8) we 9 wuin ma‘uaqﬁaaﬂwﬁqmmaﬁg@wmsLL‘Usﬁumuﬁmwmﬂﬁmm%au
Ltamﬁagﬂﬁ 2.8 AMNUIBTMTIATIEINvaUNEMAR TR E AU MNAFILU TN aUNa AN AR
Ao Anasnunenuiug, Ams-enlwuuldsaunawmes Judanalnufiseinisaatsdimisai
foulagFildlumsiiaswvimssaunamansfie Friedman method (FR), Kissinger-Akahira-

Sunose (KAS) TolunisAuiumn Ea uag A, 35 Composite kinetic method 19lun1saiuiuan
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Ea, A uaz f(a) 35 Compensation effect (Isokineticrelationship, (IKR)) Td@uanuiatudiue
fl@) iléanisves Composite kinetic method, luvausiiguas Invariant kinetic parameters
method (IKP  method) 19A1ua0uAY Ea wag A eBuduaiduds (Fa, A Wildanisves
Friedman method (FR), 35 Kissinger-Akahira-Sunose (KAS), 33 Composite kinetic method
Tuvngi Integral master plot method l¥lun1sasivasunalnuisenisaaisdivieniuiou
#ns1U91n33U83 Composite  kinetic method 15iAudenadsafunseliiannnisAnyinig
aanefaveauioues Primaset PT-30 wuinituneunisaasimneniadou 1 duneu uass
nalnufiseIn1saaienimianiuioukuy One and a half-order (F3/2) kinetic model lagdl

Awlsmavaunaamans (Ea.4) s awiea f(a) Adnaldluudazisdanandradu e
1

aenndpIRuTsTiAdrelUiAe Ea = 193.8 kI mol”’, A=9.82x10"" min

0.018 i S T

41— Experim. curve (0.01 “C min")
0.016{— Experim. curve (0.10 °C min")
3 Experim. curve (1 °C min")
0.0144— Experim. curve (10 °C min™)
1= Experim. curve (100 °C min")
o~ 0.0124 Cslc‘:latcd l::rie [
’ 4 © Cakulated curve
‘Si 0.0104 - Cakulated curve
g { © Cakulated curve ;'1
= 0.0084 -~ Calulated curve &
3 | Model F3/2 (n =372) 1
< "
0.006 -
A
: \
0.004 \
0.002- \\
0 100 200 300 400 500 600 700 800
Temperature (C)

g‘dﬁ 2.8 The comparison between the experimentally obtained differential (de/dT - T)
degradation curves (Color curves) and the calculated da/dT —T degradation
curves (Symbol curves), using with the following ‘kinetic triplet’ as

Ea=1938 k) mol’, 4=9.82x10"min" and fla)=(-a)”
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A5N15AUUNITIAY
3.1 gunsaluazasiadl

3.1.1 gunsal
- Thermogravimetric Analyzer (TGA)
- wlvausou (Hot plate)
- dasaadey 4 sumia
- By
- ANBUAINTA

- hHwwvUasu
3.1.2 @15tA3

- UaWueale (Bisphenol-A, Commercial Grade) Iﬂalﬁ%msaﬁumgumﬂ
vitnlnglnaaisusium 991 (Thai Polycarbonate Co., Ltd. (TPCC))

- Wi weduadlen (Paraformaldehyde, AR Grade) 9n Merck Company

- 9rUau (Aniline, AR Grade) 311 Panreac Quimica SA Company

- aslavaulalase 3 wiia A BTDA, s-BPDA waz PMDA 21nU3¥% Sigma
Aldrich, Japan Aerospace Exploration Agency Wagu3®w Acros organics,

- asvinazaneutin N-Methyl-2-Pyrrolidone (NMP) 21nUS®w Fluka Chemical

3.2  35n15vaaes

3.2.1 MSAsEunaalasNausenIanadluugenedu-aslawaulalase
3.2.1.1 ASIASEULUUIDNTITULTTU (BA-a)

LUZNTITFULTTY (BA-a) wSaulaannansUafuea, wiswosiianles wazosd

a

AU MLEnIIEU 1:4:2 naufunauvail 110 seAuwaldod Tupnegfiiumansu nsznadiiug

q v
wasIntiy 30 Wit agldsBuniidnuusiduvewdsdimdedeuiigumail vee antuiliiduns

[ v o
wazussyvIsnulilugiu
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3.1.2.2 MawssadunausEuIuurensduivansiawaulalase
LUUYONYITULITU (BA-a) nandvaislawoulalasaaiia 3,3,4,4-
Benzophenone tetracarboxylic dianhydride (BTDA), 3,3',4,4'-Biphenyl tetracarboxylic
dianhydride (s-BPDA) wag Pyromellitic dianhydride (PMDA) (BTDA) fidadiulua BA-a:DA
(1.5:1) 19 NvP (Jusharans innsuavansazaneilgumgdl 80 ssruwadoaduinan 24 Falus

muﬁwmsﬁﬂﬂﬁmmqquﬁ 120 seFwalded 09 240 asrwalduadutian 10 97lug

3.2.2 A5n1snadau
msﬁnmqmwﬂuﬁﬁmﬂﬁﬂmsamaéf’nﬁawmmm%auLLaxﬂ%mmLﬁwaq
wodlasnanszrinanedivugengdunazaisiaweulalasdiuuleiluuenszaisuondanla
woulslasauile 3,3,4,4'-Benzophenone  tetracarboxylic dianhydride (BTDA), 3,3'4,4'-
Biphenyl tetracarboxylic dianhydride (s-BPDA) wag Pyromellitic dianhydride (PMDANagla
Lﬂ%ThermaLgravimetric analyzer (TGA, Rigaku Thermo Plus 2 TG-DTA TG8120) lun1snaass
Tgnsnsliaudeud 5, 10, 15 way 20 ssrmwaldvaneuni INYUNNAVDITUTS 1000 99e

walged nelaaniizensnau laglidnsinisluavesansnoun 50 Sadanssouli waztiviin

[%
a w o @

Yaeag sz 8-15 fladiniy uwiindedwiivgluinduilsiduiugumagll aaumgiinas

¥ u
v

AANUAIINAINSDUYBINDBLUDTHAULAAINFILNUIL M NUDa15T 8T 5% lasuvidn was

USnaudvawiieafigaumall 800 esrwaided
33 msuaTevideyanivnass

Apsizidayanisnaaeinin TGA wesluunsy Jauanianuduiusseniedadiuniai
WdeainnisaaesiineauTauivgum)iivewediuessyuu BA-a, PBA-a:BTDA = 1.5:1 Tua,
BA-a:s-BPDA= 1.5:1 Tum, BA-a:PMDA= 1.5:1 Ta fil#8nsnisliaanudousie q fie 5, 10, 15
waz 20°C min’' mmfuﬁwmimmm’uﬁ"um TGA WasluunsuLiiauanIn LS s IaNasng
1,]'”mﬂﬂéhasmﬁmalﬂﬁiaqmmﬁ (dW/dT) Fsaansavendunounisaaisiimennuieuses
szuulanediweaiding 1l SuhnsinsyitussunisaaeiimnsanudeudismstaTusunsy
Peak fit tilaaninsauantunaunsaasivsnILoutesszuLlane e sina i ldmus iy
AafiAnTy ?zfaLwiawijzumaummmﬁwmmv&hé‘huﬂsmmauwamam%ﬁa ATNAIIUNB AN US,
nalnujitenisaanedimisaiuioulay Coats-Redfern method, Composite kinetic method

lay Integral master plot method
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41 wavosvialavwaulalasAfatanasnInn1IA21u52UVBITTUUNIRLUUYDNYIYY

Tavoulalasalawadiuas

mngﬂﬁ 4.1 uansanuduiussgnindadiumaiivdeainnsaaiedinieninuseu
(Residual weight, %) fuguu)lveswedinesssuu PBA-a, BA-aBTDA = 151 lua,
BA-a:s-BPDA = 1.5:1 laia, BA-a:PMDA = 1.5:1 Tua fisasanisiviaanudou 20°C min ' asidiule
Tdnvasdunsmiiuualivanauilogumgiiingedu Wesnndunuldiuanufouuariinns
aaesimemuiouiligademaresiuny dwalfnafivdeanasameimisaiuiou
anas uenaniunliumsgydmavasszuilawedwevis 3 ssuufimsgydematiosniiwe
e PBA-a lngdaunalan au gumniila q wdwinifianisaanesanedwes PBA-a vxildndiu
watmdonnmsaaneiimianuioutiosnitszuu PBA-a lanediwed Fuandiiuitssuula
wedwedia 3 sruuiinnuaiiosinrudeuiiginimediuesuia PBA-a dwiunisiiansan
Char yield %ﬁmsmwﬁqmwg:ﬁ 800°C wazgaumpiinisaaieda (Td) fmiinesiusnumely
(Weight loss) 5% lagAndianandnasuanssiansnad 4.1

MNgUR 4.2 Faguit aa memmé'uﬂ'uéiwdmaGhmfmﬁﬂéhadwﬁmalﬂﬁQquﬁ
A9 9 dW/dt v93ruUlANANDIUDY PBA-a:BTDA,  PBA-a:s-BPDA  uaz PBA-a:PMDA
AAIGTU mﬂgﬂﬁ 4.2 ﬁdgﬂﬁ 4.4 28leri1 msaanefnsaufeuvessruulanediuesii 3 il
fitunounsaaesiiosananudeusnnnit 1 tuneu feduiitevnisinsevidunsunis
aauinanuioureslanedeiwnazets Jwviinsiunsiinnsaateiinieniiusaulaenis
4lUsunsu Peak fit Tnoraveansusniinvadlanedumadiis 3 szuulagldlusunsuuansdagudi

45  fagun 4.7 azvinlvmsiuindvuneunisaatefinisanuiouvodlanedwe s 3 seuy

Usenaulunie 5 Jumau

4.2 A15IATITIALYSNINAUNAAIEATURITEUUNR ALY DngTu-lanaulalasd

Tanwadiuas

4.2.1 szuuwediuuwanandu-lawaulalasauiin BTDA (BA-a:BTDA = 1.5:1 lua)
3IN3UN 45 LAAITUMBUNISARIEFINIIAINUSDUVDILANDALNDS

PBA-a:BTDA @aUsznaulusiy 5 UMDY LAYLAALTUABUAILITOAIUIUAIAILUINS
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Jaunamans As Amasnunenuiiueg, nalnufiseinsaanedinisainuiausie Coats-Redfern
method wag Composite kinetic method

dmSumsruuaiiulsnaaunamansiieds Coats-Redfern vatusiariuna
uanafagURl 4.8 9nguuanemduiussEning in|g(a)/T?| fu /T Tumsaanedimenny
Younaatanlanedines PBA-a;BTDA fidasinislviaauieu 20°C min ' uazdaavesd a = 0.05,
0.1, 0.5, 0.7 waz 0.9 V94 Tuﬁﬁmaan&hasmmsﬁnmmima‘l‘t'fnalﬂmsLﬁﬂﬂﬁﬁ%mmsamaﬁama
AMUSDULUY F1 model (11nM15137 2.1) NngulirAudy Ao Awdsnunenuiud veus
avfinitdnsInslyeuiou 20°C min ' lnsAmdssunouiudfidnalianmsidsuuuunaln
UFAsomsameiimsanmdeudug uanalilupmsisit 4.2 9anansnedt 4.2 annsoaguliin e
wisunefutusiveinisaatefvneaudeu 5 duneu fiensinsiiaanudeu 20°C min" ves
Janlawedluad PBA-a:BTDA fiAwwiaiu 145, 178, 217, 251 uag 289 kJ min | AWdWU uwag
nalnufizensaaieimeanudouris 5 dureu a Smsnnslaudeu 20°C min' vestania
wedlues PBA-a:BTDA diguuuu F1 FagiAn Linear correlation coefficient (R*) flvianlnd 1 1n
fign dmsuamdsnunefuiuduazsuuuunalnufAzenisaasimannuounuuveaiagle
wodlad PBA-a:BTDA usiazfinnnsaansfvnsainuiounisnsimsiaudou 5, 10, 15 way
20°C min ' wanafIRngIedl 4.3

dmiunsAunuAIRUINIRaUNamManine3s  Composite  kinetic  Udusay
%umauuamﬁagﬂﬁ 4.9 FaTournudiiusszning n|fe(a)/T?| fu /T fadednsnsli
mu¥eu 5, 10, 15 uag 20°C min ' lngvasnmagssuuuunalnufjiseinisaaisiimieniiy
Youuuu F1 luiitelden o = 0.05, 0.1, 0.5, 0.7 wag 0.9 AUFIAU mﬂg‘dﬁ 4.9 aunsavan
wasnefuiudveslawediues PBA-a:BTDA fidnsinisTviauiou 5, 10, 15 was 20°C min’
FaldnAnanuduveadunsmanuduius wasvhnmswasuguuuunalnufisensamesams
mnufouduq lneAmdsnunoiuiuivadanedues PBA-a:BTDA Wionsinislvimnudou 5, 10,
15 uag 20°C min " Wevhmsdsuuanalnufsenisaanesmanudeunuuseg uanat
mand 4.4 Tnsudastuneumsaanesimanudeunansimdnurefuiudviniy 135, 170,

195, 227 way 284 kJ min | muasu

4.2.2 szuunediuugenydu-laweulalasauiin BTDA (BA-a:s-BPDA = 1.5:1 1ua)
mnguﬁ 46 uanURIUNSAANEFINNIAINLSouYeIlANeALNES PBA-a:s-BPDA
Usznoude 5 Humeu Seusasiunsuannsaduuiimulmiaaunanians e sndinu
efusiug, nalnUfAsennisaanesiimisanudeusie Coats-Redfern method wag Composite

kinetic method



21

dmiutunounisfuamniwefuaznalnmainUiizeinisaateimeniiy
Souvesianlanofiues PBA-a:s-BPDA Tuusiazdunsunsaanedvsmiiuou §1e35 Coats-
Redfern W@y Composite kinetic WanuguLABIAUNIATUINNINITITNBSWAZNAlNNS
WaufAzeanisaansfinieadusouvesianlanaiiues PBA-a:BTDA mng"d‘f/‘i 4.10  uang
AudnRuSsEning Inlg(e)/T?] Au 1/T fededasinishiniuiou 20°C min' Tnvwe
snfeggluuunalnufiseinisaatesimaanuieunuy Fl Tuiitaglden a = 005, 0.1, 0.5,
0.7 uaz 0.9 mudiy Awdsnunefuiusdsiumandnudurondunsimilusud 4.10 uay
sUuuunalnmsifaufisenaanesimnuiou wanslumseit 4.5 uaglumisnait 4.6 uansen
wé’amudaﬁ’uﬁuﬁmasﬂy’umu‘uaﬁaqiﬂwaﬁma% PBA-a:s-BPDA #igwsnnisliainuiousieg
Wity 135, 170, 195, 227 wag 284 k) min | awd1siu waznalnnsiinufissinisaanedinig
AuTeuizULLY Fl

NN3UT 4.1 annsamAmdanuefiusiusveslanedues PBA-a:s-BPDA Faldiain
maiuresdunsauduiusssnin In|Bg()/T? | fu /T wagvihmswdsusuuuunaln
UfRsemsaaefieauioudug TnsAmdanunofusiusvodanediues PBA-a:s-BPDA i
dasnsliaudou 5, 10, 15 waz 20°C min | Wevhnsdsuwasnalnufiseinisaatssn
MeASBuLUUAILY uanaTan1sed 4.7 Tnsudasdunsunisaaiefinisaiufouuansen

wianunefuudvindU 134, 164, 198, 240 way 278 kJ min . A8y

4.2.3 szuunwadiuuganydu-laweulalasavila PMDA (BA-a:PMDA = 1.5:1 lua)

1IN3UT 4.7 wanstunoumsaatesiimanmiouredlanedins PBA-a: PMDA =
1.5:1 ua Yszneudie 5 dumeu Swsasdumeuansodmuadulsmisaaunamansdo an
wasunenutdud, nalnufiseinisaaisdimieanuseusie  Coats-Redfern method uas
Composite kinetic method

‘lufﬁgumaumiﬁwmmmwwswﬁmas‘u,aznalnmsLﬁmﬂﬁﬁ'%mmsamaﬁ'smnmm%au
yasianlawodiuei PBA-a:PMDA Tuusdaztunaunisaaiedamanudeu #1833 Coats-Redfern
war Composite kinetic waaddulRgIfUNTANNIMMINITEWTRaznalnnISinURATEIN3
aanuiimannuiouvasianlanedues PBA-aBTDA 21n3UM 4.12 uananuduiussening
Inlg(a)/T] fu I/T Radesnsinishiniiudeu 20°C min' Tnswesndiegeguuuunaln
Uiiisenmsaaeimisarudounuy F1 udidagldin o = 005, 0.1, 0.5, 0.7 uay 0.9 auddy
Amdanunsfusiuddsduinmindaudureadunswlusui 412 uaggunuunalnnis
RaufAseraaefmsauiou uandumsed 4.8 warlumsnad 4.9 wansamdanunosusiug

wiazunouvesianlanedinas PBA-a:is-BPDA Mdns1n1sviAusaumnee tindu 140, 169,
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203, 240 way 267 kJ min AN waznalnnisiinujizeinisaatedmisausousiguiuy
F1

mﬂgﬂﬁ 4.13 aunsowamdsunetusiudvedlawediues PBA-a:BTDA Fsldann
Frmnutuvendunswanuduiusssuing in|Bg(e)/T?| fu /T wagvimswasuzuuuunaln
UFRssmsameimsaudoudug TasAmdanuretuiudveslawedues PBA-a:s-BPDA i
dmsnstvanudeu 5, 10, 15 uag 20°C min ' Wevhnswadsunlasnalnufiseinisaaiss
VNIAINSBULUUAILY WARIRINITIT 4.10 TnousazdunaunisaaisfmerusouLanse

wavunenuTuMmMNAY 131, 159, 192, 240 way 264 kJ min | Anudney

4.3 nalnmafiaufiseamsaatsdmieainaiouvadlanefinasnedivuganyrduuas
aslauaulalase

dmiumsiengiaaunaraninigls Integral master plot #gnldlunisnsiaaey

sUkuunalnufisenisaatediimieanuiounis 5 Junsuvesszuulanaiiues PBA-a:BTDA,

PBA-a:s-BPDA Uag PBA-a:PMDA Tngazuaninsanudumudszving P& fua dadunsw
P\Xg50

ANMUFURUSNLAINATITNAEDY LazANAURUSSENI  gl@) AU o Feazidunsivanuduwus
£(0.50)

nlganmsiuiamagel Tuntiasldrndsnunaiuiuinlasin Composite kinetic method

iipannAmdsuneiuiunanis Composite kinetic tun1smunildtoyasndnsinisl
v ' L e = ) s o Y ) I o @ fay v
ANSBUAT199 (5-20°C min ) Feagiiauusiudumnnnindiafisuiuamdsnunefuiugilaain

T8 Coats-Redfern gafinnsandayaiindnsinistiaiuiouniesn e,

4.3.1 syuunweaiuuvensdu-lakaulalasauiin PMDA (BA-a:BTDA = 1.5:1 Tua)

NFUN 4.14 Dagu 418 wanansANuduRusIENINg _plx)  Fyuax

P\Xo 50
AUELNUSTENING _gl@) U @ 9999UABUNITAANLAINIIAINUTDULAALTURDU LAY
g(0.50)
ANUFNAUSIEnIg _gla) AU o @ennalnmsiiaufiteinisaaisfinieniiusouiuy Fluay
£(0.50)

R3 dwiunisaanesmnanufoulufind 1 Saind 4 wasdwiunisaanesameainudouludin
5 ashnsidennalnmistinUfiseinisaaisfmamudeunuu F1 wag D3 desainfiansand
Linear correlation  coefficient  (R) fififnln&ifiss 1 39nnsipszdaimisiiinasnig
JaUNAAIANIAIE75 Composite  kinetic ﬁaﬁumﬂgﬂﬁ 4.14 503Uﬁ 4.18 azlenalnnng
Winufisensaateiimiennuioueianlanodiues PBA-a:BTDA vostumaunsaaefiimg

mmdeurta 5 duneu ﬁgULLUU F1 (ilesandn _&(@) = r(¥) e A19°) 1enN1INaITaIN
g(0.50)  plx,s)
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uduussening P& Feldnnisveass iU gl@)  wes F1 model (Eudiudn), R3

P(%o5) 5(0.50)
model (duitvduan) Fsldanngud] Arnae f1eq neludnsinisiiaiuiaeu 5, 10, 15 uag

- Y v i - a I3 =
ZOOC min  AMTAANYNININAINUIDUVDITUADUN 1-4 ypalanpdiues PBA-a:BTDA %GLLHWQIUEU

fa14417  arldinen k) wanadoyaluguuuyn)  Baldannnisveassiiuualiuniy
P\Xos0

AuduRuSANaunsh (2.11) danlndiAseduan_ele)  vssguuuunalanisiinyjiseinis
g(0.50)

aaineAuaunu F1 (1dudivdin) unnndndn el esguuuunalnnisiinujiseinis

2(0.50

aaa Y v

aanefmveauseunuy R3 dedudBudulainnalaujiseinisaaiesiinisanuiouveaned

~—

a3 PBA-a:BTDA fjUuuunalnmsiiaujisernisaaiesiivieninuisunuy Fl Turgfisuuuy
ﬂalﬂnmﬁmﬂﬁﬁ‘%mmiaa'laﬁamqmm%aumaa‘ﬂgumauﬁ 5 ilefiansaundovdnmsiiedtuiy
nsaaesimenudeuluduneud 5 arldinalnufzenisaatedmisanuouveslaned
wo3 PBA-a:BTDA figuvunalnnsiiaufiteimsaarsdmieniiuiouwuu F1 uinndnguuuy

nalnnisiiaufizernisaatesinieanuiouwuy D3 wansfagui 4.18

4.3.2 syuunadivuganedu-lawaulalasauiin PMDA (BA-a:s-BPDA = 1.5:1 lua)

NFUTN 4.19 fa3Un 4.23 LansALEuT LS LA AL d IR LSS Erng Pl

P(xoso)

U wazAudNRLSITNIN_gl@) AU a vesuRsunITARNEfINIeAINTauLsAzTuna Lag
g(0.50)

ANUduRUSIEnIn _el) AU o @ennalnmisiinujiseinisaaisiivnisanuiouvausiay

2(0.50)
n‘; a . 5 . , 2 aa v [l P @
Junaulasna1584191nAN Linear correlation coefficient (R) AifiAnlnatAed 1 wulAganussuy

Tawedles PBA-a:BTDA Aatiuangu 4.19 fagui 4.23 agleinnalnnisiinujiseinisaaisdn
IANuseuTeLianianediues PBA-a:BTDA Y83UUABUNTAAFINNIIALTEUYI 5 Tunau i

sUuuu F1 [esnndr _g@)___pl) e a o114
g(0.50)  p(xso)

4.3.3 syuunoaluugane1du-tawaulalasautin PMDA (BA-a:PMDA = 1.5:1 lua)

NFUN 4.24 fagun 4.28 LanernuduRuSLanIns A LduRussening 2

P\Xo50
fu wavmmdiuderning 8@ fu o vesfumeunisaasimisenuieuusaziuney Tne
g(0.50)
ANUELTLSTENIN _?’(L)) fu a dennalanisiinufiseinisaaieivnaniiuisuveiusias
g(0.50

o a " i : . 2, ada [V ' P @
JuRDULABAIITUNANAT Linear correlation coefficient (RY) MilANtNALABY 1 WULALINUTLUU

laweduad PBA-a:BTDA fatiuangui 4.24 flagui 4.28 azlsrinnalnnisiiaujiseanisaansdn
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memmSeuvasianlanodiues PBA-a:BTDA vesdumoun1saaesimismuioun 5 dumeu il

sULUU F1 iosanen _&@)___Pl)_ fdna sag
g(0.50) p(xo.so)

FINUTINRANITILATIEINIIaUNAAIAATUDITEUULANDALLDS YA PBA-a:BTDA,

PBA-a:s-BPDA Uay PBA-a:PMDA ansaaguarmdsnuneduiuduaznalnnisiiaujiseinis
aanoivneaufeulddanandunised 411 lnousazdunounisaatsfinieninuiounes
Tanedwesnedivurensduiigauusieasiawouteulasmdused dumoudi 1 (360°0) uae
sumauii 2 410°C) WJunsdanefves Mannich base wag Phenolic base Tulpssasiaves
woRurenendy luvasiidunoudi 3 (480°0) Fadulgindunsaanefuea Carboxylic base
Tulawodweduas  luwoduugensduiuiiiontu dwiuiuneud 4 (530°0) uarlutumend
5 1 Hunsaaneieiussieamne (Ester linkage) wasiumsaanesdminlviiaasuszianly

Wfla (Biphyl) wazluu@u (Benzene) Aua sy
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o = v a cal o v v o L -1
A19199 4.1 1@0e5NINNINANNSBUTRIlANEALNBSNONIINTIIAIINSBY 20 C min

Copolymer Tg Td at 5% weight loss Char yield at 800°C
Co ) (%)
PBA-a 180 320 30.27
BA-a:BTDA = 1.5:1 mole 230 330 62.04
BA-a:s-BPDA = 1.5:1 mole 275 348 61.86
BA-a:PMDA = 1.5:1 mole 280 350 58.65




A15197 4.2 Awdsnunanutiusannsarululaely Coats-Redfern method o4

Taneduies BA-a:BTDA=1.5:1 lua nensnsiviaudou 20°C min |

26

2

2

Typ= Ea R Ea R Ea :
(kJ mol™) (J mol™) (kJ mol™)
Peak 1 Peak 2 Peak 3
A2 67 0.986 84 0.985 102 0.985
A3 42 0.983 52 0.983 64 0.983
Ad 29 0.980 36 0.980 45 0.980
R1 110 0.948 136 0.947 165 0.947
R2 126 0.970 155 0.970 189 0.969
R3 132 0.977 162 0.976 198 0.976
D1 230 0952 282 095 343 0.951
D2 250 0.965 306 0.964 32 0.963
D3 274 0.979 336 0.978 408 0.977
D4 258 0.970 316 0.969 384 0.968
F1 145 0.988 178 0.987 2. 0.987
F2 74 0.865 92 0.870 112 0.874
F3 158 0.879 195 0.882 28 0.885
Type Ea R Ea R
(ks mol) (kJ mol'™)
Peak 4 Peak 5
A2 119 0.985 137 0.985
A3 5 0.983 87 0.983
Ad 53 0.981 62 0.981
R1 191 0.947 220 0.946
R2 218 0.969 251 0.968
R3 228 0.976 263 0.975
D1 396 0.950 455 0.949
D2 428 0.963 493 0.962
D3 470 0.977 541 0.976
D4 442 0.968 509 0.967
F1 251 0.986 289 0.986
F2 130 0.877 151 0.880
F3 274 0.887 316 0.889



A5 4.3 FAndanunefuriudannnseunalasldy Coats-Redfern method waslanediues

BA-a:BTDA=1.5:1 lua figmsnsiaudeu 5, 10, 15 uaz 20°C min '

27

Heat rate Ha A Heat rate £ i
CC min Type (kJ mol ) P ™ Type (kJ mol )
Peak 1 Peak 4
5 F1 128 5 F1 231
10 F1 138 10 F1 256
15 F1 142 15 F1 248
20 F1 145 20 F1 251
Average 139 Average 247
Peak 2 Peak 5
5 F1 161 5 F1 270
10 F1 173 10 F1 287
15 F1 175 15 F1 285
20 F1 178 20 1 289
Average 172 Average 283
Peak 3
5 F1 195
10 F1 215
15 F1 212
20 F1 217
Average 210




A15199 4.4 Amdsnunaiutiuaainnmsmunlagleid Composite kinetic voslanodiwuns

BA-a:BTDA=1.5:1 laa #ismsinsiviaudou 5, 10, 15 waz 20°C min '
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2

2

Type Ea R Ea R Ea R
(kJ mol™) (kJ mol™) (kJ mol™)
Peak 1 Peak 2 Peak 3
A2 72 0.921 90 0.892 105 0.887
A3 51 0.761 63 0.722 75 0.744
Ad 40 0.605 50 0.566 61 0.603
R1 106 0.951 134 0.940 155 0.912
R2 119 0.971 150 0.964 173 0.929
R3 124 0.975 156 0.970 180 0.934
D1 204 0.923 257 0.931 294 0.882
D2 219 0.928 277 0.938 316 0.888
D3 239 0.934 302 0.945 344 0.893
D4 226 0.930 285 0.941 325 0.890
F1 135 0.982 170 0.980 195 0.940
F2 77 0.856 96 0.837 113 0.830
F3 145 0.876 183 0.880 211 0.845
Type o R2 o R2
(kJ mol™) (kJ mol™)
Peak 4 Peak 5
A2 120 0.800 148 0.835
A3 84 0.638 103 0.652
Ad 66 0.497 81 0.499
R1 179 0.856 223 0911
R2 200 0.881 250 0.941
R3 209 0.888 261 0.950
D1 345 0.863 432 0.935
D2 371 0.870 466 0.945
D3 405 0.879 509 0.955
Da 382 0.874 480 0.949
F1 227 0.899 284 0.965
F2 129 0.757 160 0.796
F3 245 0.814 307 0.878



A15197 4.5 AmasnunanusiunanNnsauIMlaely Coats-Redfern method o4

Tanwedwed BA-a:s-BPDA = 1.5:1 lua fignsimsiiminudou 20°C min'
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2

2

Type Ea R Ea R Fa R
(k) mol™) (kJ mol™) (kJ mol™)
Peak1 Peak2 Peak3
A2 64 0.988 82 0.988 100 0.986
A3 39 0.985 51 0.986 62 0.984
Ad 27 0.982 35 0.984 44 0.982
R1 105 0.951 133 0.952 161 0.949
R2 120 0.973 152 0.973 184 0971
R3 126 0.979 159 0.980 192 0.977
D1 220 0.956 277 0.956 334 0.953
D2 239 0.968 300 0.968 362 0.965
D3 262 0.981 329 0.981 397 0.979
Da 246 0973 309 0.973 374 0.970
F1 139 0.990 175 0.990 212 0.988
F2 70 0.859 89 0.863 109 0.872
F3 151 0.874 190 0.876 231 0.883
Type Ea R Ea R2
(k) mol ) (kJ mol )
Peak4 Peak5
A2 110 0.987 135 0.987
A3 69 0.985 85 0.986
Ad 48 0.982 60 0.984
R1 184 0.950 217 0.951
R2 209 0.972 248 0.972
R3 219 0.978 259 0.978
D1 380 0.954 449 0.954
D2 412 0.966 486 0.966
D3 452 0.980 533 0.979
D4 425 0971 501 0.971
F1 241 0.989 285 0.989
F2 125 0.871 148 0.874
F3 262 0.882 310 0.884



AN5197 4.6 Amasunetutudannisauuleegld Coats-Redfern method vadlanaawes

BA-a:s-BPDA = 1.5:1 lua #isnsinislvimnudau 5, 10, 15 uaz 20°C min '

30

Heating rate

Heating rate

(°C min) P (kJI:oL") °C min™) yee (kJ fnaot")
Peak 1 Peak 4
5 F1 130 5 £l 232
10 F1 129 10 Fi 233
15 Fi 137 15 Fl 239
20 Fl 139 20 Fi 241
Average 134 Average 236
Peak 2 Peak 5
5 F1 162 5 1 272
10 F 163 10 F1 274
15 F1 L%P 13 F1 279
20 Fl 175 20 F1 285
Average 168 Average 278
Peak 3
5 F 198
10 Fl 198
15 F1 208
20 F1 212
Average 204




M5 4.7 Amasnuneutunainnsaalegly Composite kinetic method w89

Tanediues BA-a:s-BPDA = 1.5:1 Tua fisnsinislimaudou 5, 10, 15 uay

20°C min’'
Type Ea R Ea R Fa R
(kJ mol™) (kJ mol™) (kJ mol ™)
Peak1 Peak2 Peak3
A2 70 0.879 88 0.923 107 0.932
A3 48 0.678 62 0.763 71 0.783
Ad 37 0.514 50 0.609 61 0.636
R1 105 0.937 130 0.956 157 0.956
R2 118 0.964 146 0.975 176 0.974
R3 123 0.972 151 0.980 183 0.978
D1 205 0.945 257 0.931 298 0.923
D2 221 0.953 249 0.930 321 0.928
D3 242 0.961 292 0.942 349 0.934
D4 226 0.930 285 0.941 325 0.890
F1 134 0.984 164 0.987 198 0.985
F2 75 0.813 94 0.859 115 0.871
F3 145 0.880 177 0.883 214 0.884
Type Ea R’ - R’
(kJ mol™) (kJ mol ™)
Peak4 Peak5
A2 125 0.845 147 0.872
A3 87 0.657 104 0.698
A4 68 0.500 82 0.547
R1 188 0.923 219 0.933
R2 211 0.953 246 0.960
R3 220 0.962 256 0.967
D1 366 0.947 422 0.940
D2 395 0.957 454 0.948
D3 431 0.967 496 0.957
D4 382 0.874 480 0.949
F1 240 0.977 278 0.979
F2 135 0.802 158 0.826
F3 259 0.884 301 0.887



A15199 4.8 Aandanunanusiunannserualayly Coats-Redfern method 984

Tanadwes PBA-a:PMDA=1.5:1 Tua fisnsnsivainudeou 20°C min’
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Type Ea R Ea R Ea R
(kJ mol™) (kJ mot™h) (kJ mol™)
Peak 1 Peak 2 Peak 3
A2 70 0.988 85 0.988 102 0.987
A3 43 0.985 53 0.986 64 0.986
AG 30 0.982 37 0.983 a5 0.983
R1 114 0.951 138 0.951 166 0.951
R2 130 0.973 157 0.973 189 0.972
R3 136 0.979 164 0.979 198 0.979
D1 238 0.955 286 0.955 344 0.954
D2 257 0.967 310 0.967 372 0.967
D3 283 0.981 340 0.980 408 0.980
D4 266 0.972 320 0.972 384 0.971
F1 150 0.989 181 0.989 217 0.989
F2 76 0.862 93 0.865 112 0.869
F3 163 0.877 197 0.878 237 0.881
Type Ea R T4 R
(kJ mol™) (kJ mol ™)
Peak 4 Peak 5
A2 119 0.987 138 0.986
A3 75 0.986 87 0.985
AG 53 0.983 62 0.983
R1 192 0.950 221 0.949
R2 219 0.972 959 0.970
R3 230 0.978 264 0.977
D1 398 0.954 456 0.952
D2 431 0.966 494 0.964
D3 473 0.979 542 0.978
D4 445 0.971 510 0.969
F1 252 0.989 290 0.988
F2 131 0.872 151 0.877
F3 275 0.882 316 0.886



A15199 4.9 AAINUNBNuIUAIINANSAUIlAeTYIS Coats-Redfern waalanadiuss

BA-a:PMDA=1.5:1 lsia Aems1n1sldmudou 5, 10, 15 uay 20°C min '
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Heat rate

Heat rate

. Type — 6 Type Fa |
('Cmin ) (kJ mol ) ("Cmin ) (kJ mol )
Peak 1 Peak 4
5 F1 128 5 F1 225
10 F1 131 10 F1 230
15 F1 151 15 Fi 252
20 F1 150 20 F1 252
Average 140 Average 240
Peak 2 Peak 5
5 F1 154 5 F1 264
10 i 160 10 G 1 222
15 F1 181 15 = 291
20 il 181 20 1 290
Average f51 169 Average 267
Peak 3
5 F1 187
10 F1 193
15 F1 216
20 F1 217
Average 203




A1597 4.10 Andanurefuusanniseualasldis Composite kinetic vaslanwediies

BA-2:PMDA=1.5:1 Tuia fismsnishiiamdau 5, 10, 15 wag 20°C min |
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Type Ea R Ea R Ea R
(kJ mol™) (kJ mol™) (kJ mol™)
Peak 1 Peak 2 Peak 3
A2 70 0.874 85 0.890 103 0.889
A3 49 0.711 60 0.737 73 0.738
Ad 39 0.558 a8 0.589 58 0.594
R1 104 0913 126 0.921 152 0.920
R2 116 0.933 141 0.939 170 0.939
R3 121 0.938 146 0.944 176 0.944
D1 199 0.894 240 0.895 289 0.896
D2 215 0.900 258 0.901 311 0.902
D3 234 0.906 282 0.906 339 0.908
D4 221 0.903 266 0.903 320 0.904
F1 131 0.946 159 0.951 192 0.952
F2 75 0.813 91 0.830 110 0.832
F3 141 0.844 171 0.851 206 0.855
Type Ea R’ Ea R’
(kJ mol™) (kJ mol’)
Peak 4 Peak 5
A2 124 0.815 132 0.725
A3 86 0.624 88 0.518
Ad 66 0.468 66 0.364
R1 188 0.901 205 0.849
R2 211 0.933 2352 0.886
R3 220 0.942 242 0.897
D1 368 0.934 410 0.924
D2 396 0.945 442 0.935
D3 433 0.956 483 0.947
D4 408 0.949 456 0.940
F1 240 0.958 264 0.917
F2 134 0.776 142 0.681
F3 260 0.869 283 0.817
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JunauNTaaILINNAUSauTelAneAINDS PBA-a:BTDA, PBA-a:s-BPDA,
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PBA-a:PMDA
Method Ea (K mol")
BA-a:BTDA BA-a:s-BPDA BA-a:PMDA
(1.5:1 Tua) (1.5:1 Tua) (1.5:1 Tua)
Coats-Redfern 210 204 204
Composite kinetic 202 203 197
Integral master plot F1 F1 F1
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PBA-a/s-BPDA = 1.5:1 Tua
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PBA-a/PMDA = 1.5:1 lua
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U 4.11 arwdiiussewinaln|Bg()/T?| fu I/T (Composite kinetic method) #igmsin1s

e udeu 5-20°C min " veslanedlmes PBA-a:s-BPDA Wield F1 model
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a v a 1 a o L4 13 o N1 o v
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Sumoudl 3 voslanedwes BA-a:BTDA = 1.5:1 lua
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a3V afiuTenauaztaauauue

v

NuATillavinnnsAnuinaveanslaweulalasaiuviin Ao 3,3' 4,4 -benzophenone
tetracarboxylic  dianhydride  (BTDA), 3,3' 4,4"-biphenyl-tetracarboxylic  dianhydride
(s-BPDA) uag Pyromellitic  dianhydride  (PMDA) fanwgfinssun1saalgfiniiniiuiouyas
Taweduesszninmadivugongdu (PBA-a) IngldinTaailoiinsizviauda Thermalgravimatic
Analysis (TGA) wuhdumeuNsaaneisedeuTetsuulanededee 3 viledl 5 Jumeu
Ingdasigimamasiunedudun (Ea) lae35 Coats-Redfern method — uay Composite
kinetic uagviimsiaseinalnmsiinufiseinisaaiefiniemiuisumeds Integral master
plot MNNNTIATIEVIN83T Coats-Redfern  azlamimassunafiuiusvoInIsaalufiIniay
¥ousa 5 dunoudmdulanodwes PBA-a:BTDA flewiafu 139, 172, 210, 247 wae 283 kJ
mol’ auddu dmiulanedines PBA-a:s-BPDA fiandsiunefusiusivindu 134, 168, 204,
236 waz 278 kJ mol ' mmdidu wazdmsulanediues PBA-a:PMDA fiAwdsnuneiusius
WU 140, 169, 203, 240 uay 267 kJ mol' muddu 91nMSIATIERIE3S Composite
kinetic atldAwdanunefuiuduasnisaansinianuieur 5 Juneudmiulanediues
PBA-a:BTDA fldwvindu 135, 170, 195, 227 wag 284 kJ mol ' sudidu dwmiulanedies
PBA-a:s-BPDA ilfwdsaunemusiusiviniu 135, 170, 195, 227 uay 284 kJ mol ' mud1du uaz
dmsulanediues PBA-a:PMDA fimwasnunenuiusvinnu 134, 164, 198, 240 wag 278 kJ
mol ' audisu aslinnInsginiavaunamanseneds Coats—Redfern uazds Composite
kinetic wanauurlfuuesAmdsnunsfusiudusanisaarsianisarnuieuluusasduneud
Tn&iduaiy uazdmiunsiiesesigiuuunalnmsaaiesinaemuieuyeaia 5 fupouvestan
lanwedweassyuu PBA-a:BTDA, PBA-a:is-BPDA uaz PBA-a:PMDA fisUnuunalnnisaasinig
mnseulunuuduaateiivesudaziinafoa (Random nucleation with one nucleus on the

individual particle, F1)
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Foreword

The inventor of Bakelite, Leo Hendrik Backeland, was born in Sint-Martens-Latem near Ghent,
Belgium in 1863. After getting his PhD from the University of Ghent at the age of 21, he was
appointed associate professor of chemistry. In 1907, L. H. Backeland took his first patent on the novel
material based on phenol and formaldehyde, which was commercialized as the first fully synthetic
plastic, “Bakelite”. Therefore, the year of 1907 can be considered as the beginning of “the Age of
Plastics”.

Celebrating the centennial anniversary of the great invention, the first Backeland symposium was
successfully held in Ghent, Belgium in 2007 by the organization of Professor Eric Goethals. The
second Baekeland symposium, Baekeland 2009 “2™ International Symposium on Thermosets”, was
held in Antalya, Turkey by the organization of Professor Yusuf Yagci. The second symposium was also
a great success. Now, following the successful two symposiums, Baekeland 2011 “3™ International
Symposium on Network Polymers” will be held in Toyohashi, Japan during September 11-14, 2011 at
Hotel Nikko Toyohashi. It happened that this year is the centennial anniversary of the production of
plastic in Japan, because Dr. Joukichi Takamine, a fricnd of L. H. Baekaland, produced Bakelite as the
first plastic in Japan.

The purpose of the meeting is to review the present trends and developments in all types of network
polymers, essentially from a R&D point of view.

The following topics have been selected:

1. New developments in network polymers

2. Modified resins and composite materiéls

3. Analysis and characterization of network polymers

4. Modelling, processing and shaping

5. New applications

The subtitle was changed from “thermosets” to “network polymers”, because now we have various
means to get three-dimensional networks other than thermal curing. Traditional phenolics and epoxies
are still two main important players, but in this Backeland 2011, we have presentations on various new
concepts towards the construction of networks, on the hard and soft materials, on the quickly
developing newcomers, and so on.

The symposium city, Toyohashi, and surrounding area are famous as the industrial and agricultural
districts. Especially, this area is famous as the production and import / export center of automobiles.

We hope that all of you will enjoy the scientific program as well as Toyohashi and its surroundings.

Prof. Tsutomu Takeichi Prof. Em. Eric Goethals
Toyohashi University of Technology Ghent University
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Degradation kinetic of polybenzoxazine modified with
aromatic tetracarboxylic dianhydride
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Bisphenol-A-aniline type polybenzoxazine (PBA-a) modified with benzophenone-3,3",4.4 -
tetracarboxylic dianhydride (BTDA) is attractive for those applications that require higi

thermal and mechanical properties with fire resistant characteristics as recently reported [1.2] 4

55 NS A B e A AR A1

Therefore, it is important to investigate the changes that take place during the therma!-
degradation of PBA-a/BTDA system. In this work, the activation energy and the reacti:

mechanism of the degradation processes of the PBA-a/BTDA at 1.5:1 mole presented &3 ;

FERERCERS -

thermogravimetric analysis under argon atmosphere have been estimated from non-isothern
kinetic results. The DTG thermograms of the PBA-a/BTDA at 1.5:1 mole exhibited fi~:
stages of thermal degradation reaction. The activation energy values obtained
Flynn-Wall-Ozawa method of five stages are 148-210 kJ/mol. Furthermore, the approprias

conversion model of the degradation processes was studied by Criado method a: °

exemplication of the third stage shown t
in Fig. 1. The degradation reaction i[9, ;
mechanism of five stages of the —‘:‘}—R: x
PBA-a/BTDA system is accounted by 08} i P _,/m‘/ ‘
random nucleation model with one ol ,:,__E;penmenml /'_J/_.,e'/ %/ﬁw\a\.
nucleus on the individual particle (F)). ' ,!
@

k]
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May It Please Your Royal Highness,

On behalf of the Organizing Committee of the 6th Pure and Applied
Chemistry International Conference (PACCON]} 2012, and all those convened here
today, may | humbly express my deepest gratitude to Your Royal Highness for having
graciously consented to preside over this Opening Ceremony.

PACCON has become an annual flagship scientific meeting among
chemists and related scientists where recent developments can be shared, ideas and
interests can be exchanged, new directions can be explored and new research
collaboration can be initiated. This year, PACCON 2012 has been jointly organized
by Chiang Mai University and the Chemical Society of Thailand under the Patronage
of Her Royal Highness Princess Chulabhorn Mahidol with support from several other
local agencies. This conference also celebrates the completion this month of the 4th
cycle (48 years) of Chiang Mai University since its founding in January 1964 as the
first provincial university in Thailand, outside of the capital Bangkok.

The theme of this conference — “Chemistry Beyond Boundaries” — reflects
the relevance and importance of modern-day chemistry to a wide range of related
fields. These widening scientific horizons are leading to new and exciting discoveries
that are improving the quality of life. This theme is therefore well chosen and is in
keeping with the multidisciplinary nature of modern scientific research.

The conference is being attended by more than 1,400 participants from 10
different countries. Three plenary lectures and 36 invited lectures will be given by
internationally renowned scientists from all areas of chemistry. Some of the most
recent advances in chemistry will be presented in eight oral sessions, three symposia
and four poster sessions. An open panel discussion on the topic of global interest in
relation to chemistry will also be hold by four executives from ones of the most
renowned private and government sectors.

The organization of a large meeting as the one today inevitably involves a
great deal of time and effort on the part of many staff. For this, | thank my colleagues
in the Organizing Committee and join them in hoping that the conference will lead
to furthering fruitful academic development and research collaboration, not only in
this region, but also in nation and worldwide. This conference provides a valuable
opportunity for young scientists to meet and interact with internationally recognized



authorities in their respective fields and to allow the passing on of research
experience from generation to generation.

Your Royal Highness, the auspicious moment has now arrived. May |
humbly request Your Royal Highness to open officially this Pure and Applied
Chemistry International Conference PACCON 2012.
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EFFECTS OF AROMATIC TETRACARBOXYLIC DIANHYDRIDE TYPE
ON DEGRADATION KINETIC OF POLYBENZOXAZINE COPOLYMERS

Chanchira Jubsilp'”, Sarawut Rimdusit’, and Isala Dueramae®

! Department of Chemical Engineering, Faculty of Engineering, Srinakharinwirot University, Nakhonnayok 26120, Thailand.
? Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand.

* Author for correspondence; E-Mail: chanchira@swu.ac.th, Tel. +66 2 6495000 ext. 2119, Fax. +66 37 322608

Abstract: The essential properties of polymer films in
microelectronic applications are thermal stability,
dimensional stability, and glass transition behaviour.
Therefore, in this work, polybenzoxazine modified with
aromatic tetracarboxylic dianhydride such as 3,3'4,4'
biphenyltetracarboxylic dianhydride (s-BTDA), and
pyromellitic dianhydride (PMDA) were investigated and
were compared with neat polybenzoxazine (PBA-a) in
order to develop new materials for microelectronic
applications. Thermal stability of s-BTDA and PMDA-
modified PBA-a copolymers was estimated by
determining the thermal degradation activation energy
and the reaction mechanism using non-isothermal
thermogravimetric analysis under argon atmosphere.
The DTG thermograms of PBA-a modified with s-BTDA,
and PMDA exhibited five stages of thermal degradation
reaction while the DTG thermograms of thermal
degradation reaction of the neat PBA-a displayed three
stages. The s-BTDA and PMDA-modified PBA-
copolymers similarly exhibited average activation energy
values of thermal degradation process using Coats-
Redfern method of 204 kJ mol’. Furthermore, the
appropriate conversion model of the degradation
processes was also examined by Integral master plot
method. The determination of the degradation reaction
mechanism or type of solid state reaction of five stages of
the PBA-a copolymers is accounted by random
nucleation model with one nucleus on the individual
particle (F1).

1. Introduction

Polybenzoxazines have excellent thermal properties
as high glass transition temperature and thermal
stability, good mechanical properties, and low water
absorption make them attractive alternatives to widely
existing applications such as electronic packaging
industry, composite matrices, and protecting coatings
[1]. However, some polybenzoxazine types, 1i.e.
bisphenol A-aniline type polybenzoxazine (PBA-a),
show brittleness in nature. Recently, multicomponent
of the PBA-a materials refer to combination of the
PBA-a with other resins and polymers, including
PBA-a alloys, and blends to overcome its brittleness.
Takeichi et al. [2] investigated thermal and mechanical
properties of poly(urethane-benzoxazine) films by
blending polyurethane prepolymer (PU) synthesized
from TDI and polyethyleneadipate polyol with a
benzoxazine monomer based on bisphenol A, BA-a.
They reported that increasing the PU, as the content of
BA-a increases, both the tensile modulus and strength
increase, while the elongation at break decreases.

Consequently, the film characteristics were either
plastics or elastomers, depending on the BA-a content.
The films with mass content of PU/BA-a (85:15) and
PU/BA-a (90:10) were elastic with a good elongation,
while the films containing more than 20 wt% of BA-a
were plastic with a relatively high modulus.
Contrarily, incorporation of the PU into the PBA-a can
not improve thermal property, i.e. glass transition
temperature (T,) and degradation temperature (T4) of
the PBA-a. However, T, improvement of PBA-a/PU
system has been reported by Rimdusit et al., [3]. The
T, of PBA-a blended with PU prepared from
isophorone diisocyanate and polyether polyol at mass
content of PBA-a = 70 wt% and PU = 30 wt% was
found to be 220°C. In addition, the alloys becomes
more bend via the storage modulus decreased when the
PU fraction in the alloys increased as a result of the
more flexible characteristics of the elastomeric PU
used. Interestingly, in recent years, both toughness and
thermal stability enhancement of polybenzoxazine
(PBA-a) modified with aromatic tetracarboxylic
dianhydrides, i.e. BTDA, s-BPDA, and PMDA has
been investigated by Jubsilp et al., [4,5]. The authors
reported that the copolymers prepared from PBA-
a/dianhydride displayed T, (263-300°C), T4 (410-
426°C), and char yield (60%) significantly higher than
those of the neat PBA-a with T, = 178°C, T4 = 361°C,
and char yield = 38%. Furthermore, all of the
copolymers exhibited greatly improved toughness
compared to the neat PBA-a. The bend enhancement
of all copolymers due to additional ester linkages,
structurally flexible functional group, formed in the
PBA-a network. Thus, aromatic tetracarboxylic
dianhydride-modified PBA-a copolymers are one of
the important thermally stable copolymers due to the
high thermal and mechanical properties. Therefore,
thermal stability and thermal degradation kinetics may
be significant to production and application.

In this work, the effect of aromatic tetracarboxylic
dianhydride types, i.e. s-BPDA and PMDA on thermal
degradation of PBA-a copolymers was studied by
dynamic thermogravimetric analysis (TGA) under
argon as different heating rates. The triple kinetic
parameters, i.e. activation energy (E,), pre-exponential
factor (4), and solid state degradation mechanism (f{ @)
or g(a)) for copolymer’s thermal degradation were
examined using Coats-Redfern and Integral master
plot methods.

Pure and Applied Chemistry International Conference 2012 (PACCON 2012)



2. Materials and Methods

2.1 Chemicals

Bisphenol-A-aniline based benzoxazine resin (BA-
a), dianhydrides, and NMP solvent are materials used
in this study. The BA-a based on bisphenol-A, para-
formaldehyde and aniline was synthesized according
to the patented solventless technology [6]. Bisphenol-
A, polycarbonate grade, was supported by Thai
Polycarbonate Co., Ltd. (TPCC). Para-formaldehyde
(AR grade) and aniline (AR grade) were purchased
from Merck Co. and Panreac Quimica SA,
respectively. Aromatic tetracarboxylic dianhydrides
were PMDA purchased from Acros organics and s-
BPDA obtained from Japan Aerospace Exploration
Agency, JAXA, (Prof. R. Yokota). NMP solvent was
purchased from Fluka Chemical Co. All chemicals
were used as-received.

2.2 Sample Preparation

BA-a resin was blended with s-BPDA and PMDA
at BA-a:s-BPDA = 1.5:1 mol ratio and BA-a:PMDA =
1.5:1 which is an optimal composition with good
thermomechanical properties as reported in our
published work [4,5]. The mixtures were dissolved in
NMP and stirred at 80°C until a clear homogeneous
mixture was obtained. The solution was cast on Teflon
sheet and dried at room temperature for 24h.
Additional drying was carried out at 80°C for 24h in a
vacuum oven followed by thermal curing at 170°C for
lh, at 190°C, 210°C, 230°C for 2h each and 240°C for
1h to obtain complete cure of the mixtures.

2.3 Characterization

Degradation temperatures at 10% weight loss
(T410%) and char yield at 800°C of all samples were
acquired using thermogravimetric analysis (TGA),
Rigaku Thermo Plus 2 TG-DTA TG8120 model. The
testing temperature program was ramped at different
heating rate of 5, 10, 15, and 20°C min™ from 50°C to
820°C under dry argon atmosphere. The sample mass
used was measured to be approximately 10 mg.

3. Results and Discussion

3.1 Thermal Stability of PBA-a Copolymers

Fig. 1 shows the non-isothermal thermogravimetric
(TG) curve of PBA-a, PBA-a:s-BPDA = 1.5:1 mol
ratio, and PBA-a:PMDA = 1.5:1 mol ratio at a heating
rate of 20°C min™'. From the figure, we can see that
Ty.10% and char yield at 800°C of the PBA-a increased
with an addition of s-BPDA and PMDA, indicating
that the addition of dianhydrides are effective for the
improvement of the thermal stability of the PBA-a.
Furthermore, the char yield of the PBA-a copolymers
increased as compared with the the neat PBA-a,
showing that the flame retardancy was also improved.
This is due to the formation of additional crosslinking
sites through ester linkage between the anhydride
group in the aromatic tetracarboxylic dianhydride and
hydroxyl group of the neat PBA-a, and a greater

aromatic content unit in the molecule structure of the
copolymers than that of the neat PBA-a [4,5].
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Figure 1: TGA thermograms of PBA-a (¢), PBA-a:
s-BPDA = 1.5:1 mol ratio (=), PBA-a:PMDA = 1.5:1
mol ratio (¢).

TG curves at the different heating rates (4= 5, 10,
15, and 20°C min'l) as example of PBA-a:s-BPDA =
1.5:1 mol ratio are displayed in Fig. 2. It can be seen
from Fig. 2 that increasing heating rate, TG curve
PBA-a:s-BPDA = 1.5:1 mol ratio is shifted to higher
experimental temperatures like PBA-a:PMDA = 1.5:1
mol ratio (not shown here), which is a typical case
of thermally activated heterogeneous degradation
process.
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Figure 2: TGA thermogram of PBA-a:s-BPDA = 1.5:1
mol ratio at different heating rate of 5, 10, 15, and
20°C min™".

3.2 Degradation Behavior of PBA-a Copolymers

TG and DTG curves at a heating rate of 20°C min’
for thermal degradation process of the PBA-a:s-BPDA
=1.5:1 mol ratio are depicted in Fig. 3. From DTG
curve, we can see that thermal degradation stages of
the PBA-a:s-BPDA copolymer are composed of at
least five overlapping stages while that of neat PBA-a
showed three stages [7]. To clearly separate of the
overlapping thermal degradation stage, Gaussian
Peakfit was used to separate the DTG curve and to
analyse the distinct characterization of each as
diplayed in Fig. 4. For the PBA-a:PMDA =1.5:1 mol
ratio, the DTG curve using the same analysis are
similar to that of s-BPDA-modified PBA-a copolymer
(not shown here).
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Figure 3: TG and DTG curves of PBA-a:s-BPDA =
1.5:1 mol ratio at a heating rate of 20°C min™".
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Figure 4: DTG curve and individual contributions of
PBA-a:s-BPDA = 1.5:1 mol ratio at a heating rate of
20°C min™' (a is conversion calculated from Eq. 2).

3.3 Degradation Kinetic of PBA-a Copolymers

The kinetics of thermal degradation as different
heating rates was analyzed with Coats-Redfern method
[8] as Eq. (1).

lnfg—(gzzln—'ﬂ——E"— (1N
T PE, RT

g MM, )
M,-M,

where «, G, g(@), E,, A and R are the relative mass
loss, heating rate (°C min™"), a function of & or reaction
model, the activation energy (kJ mol"), the pre-
exponential factor (min™') and the gas constant (8.314 J
mol' K') and the M, is the measured experimental
mass at time ¢, M, the initial mass, and M, the mass at
the end of non-isothermal experiments.

As example, five linear plots were evaluated using
Eq. (1) for the first degradation stages from five
various values of conversion (@) of PBA-a:s-BPDA
and PBA-a:PMDA are indicated in Fig. 5 and Fig. 6,
respectively. Similar plots of other stages of PBA-a:
s-BPDA and PBA-a:PMDA copolymers are not shown
here.
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Figure 5: Plot of In[g(a)/T*] versus 1/T with @ from
0.05 to 0.9 for F1 of PBA-a:s-BPDA = 1.5:1 mol at
heating rate of 20°C min’': (e) stage I, (®) stage II, (#)
stage III, (a) stage IV, (v) stage V.
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Figure 6: Plot of In[g(@)/T?] versus 1/T with a from
0.05 to 0.9 for F1 of PBA-a:s-PMDA = 1.5:1 mol at
heating rate of 20°C min-1: (o) stage I, (») stage II, ()
stage III, (&) stage IV, (v) stage V.

In[g(a)/T’]

From Fig. 5 and Fig. 6, E, and A values of various
g(a) were obtained from slope and y-intercept,
respectively, as presented in Table 1.

Table 1: E, and A determined using Coats-Redfern
method for degradation process of PBA-a copolymers.

. PBA-a:s-BPDA PBA-a:PMDA
Kinetic
parameters Stage [ Stage |
A2 Fl A2 Fl

E,(kJmin") 64 139 70 150
InA 11.5 21.6 12.0 27.7
A(min)  9.55%10* 3.44x10" 1.66%10° 1.03x10"
R? 0.9878 0.9897 0.9875 0.9894

From Table 1., R-square (R?) of A2 and F1 type of
solid state thermal degradation mechanism are not
significantly different. Therefore, integral master plot
mothod, which is defined by Eq. (3), was used to
confirm type of degradation mechanism.
gla) _ plx) (3)
g(0.50) P(-Voso)
where P(xo 50) is the temperature integral at the value

of a = 0.50. The fourth rational approximation of
Senum and Yang is used for p(x) in this article.

Pure and Applied Chemistry International Conference 2012 (PACCON 2012)



For example of stage I of the thermal degradation
process of the PBA-a:s-BPDA copolymer, Fig. 7
shows the theoretical integral master curves for A2 and
F1 models, and also the experimental master curves
that are derived using the constant value of Ea = 139
kJ mol™, calculated from the Coats-Redfern method, in
the range of 0.05 < @ < 0.90. It can be observed in Fig.
7 that the experimental master curves of all heating
rates are in good agreement with theoretical master
curve for F1 model.

5 6
® 5°Cmin" e .
s = 10°Cmin" L
* 15°C min® t/
4 20°Cmin’ T o
= o]
| 3 ®
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% 13 X
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Figure 7: Comparison between the theoretical integral
master curves of PBA-a:s-BPDA copolymer (stage I)
for A2 model (Full line), F1 (dash line) model, and the
experimental master curves (symbols) at heating rate
of 5-20°C min™".

Therefore, all data of E,, In 4, and g(a) of each
stage of PBA-a:;s-BPDA and PBA-a:PMDA
copolymers obtain from Coats-Redfern method were
summarized in Table 2.

Table 2: Kinetic parameters of obtain from Coats-
Redfern method PBA-a copolymers of each thermal
degradation stage

PBA-a:is-BPDA Kinetic parameters
E,(kImin") Ind (min") g(a)
Stage I 134 25.5 Fl1
Stage 11 168 28.8 F1
Stage III 204 32.1 Fl
Stage IV 236 347 Fl1
Stage V 278 379 F1
PBA-a:PMDA Kinetic parameters
E,(KJmin") In4(min') g(a)
Stage [ 140 25.8 F1
Stage II 169 28.7 F1
Stage III 203 31.7 Fl
Stage IV 239 347 F1
Stage V 267, 36.1 Fl

3.4 Thermal Degradation Mechanisms

The five thermal degradation stages of the
s-BPDA-modified PBA-a copolymers as shown in Fig.
4 are proposed that thermal degradation mechanism of
stage I (340°C) and stage 2 (410°C) occurred mainly at
Mannich base and phenolic cleavages in the PBA-a
while that of stage III (480°C) in the copolymer are
possibly closed to that of stage III in the PBA-a [7]

and carboxylic cleavage. In addition, benzoic acid and
carbon dioxide occurred from the cleavage of ester
linkage at stage IV (530°C) are presented as reported
in Ref. 9. Furthermore, biphenyl and benzene is
released in Stage 5 (590°C) as same as reported in
aromatic poly(ester-amide) system [10]

(o] o

HO-& C-0H
N
PR B
AN NN 5
: X
@ @ s-BPDA PMDA

Scheme 1: Copolymer of aromatic tetracarboxylic
dianhydride-modified polybenzoxazine.

4. Conclusions

The thermal degradation of polybenzoxazine
modified with aromatic tetracarboxylic dianhydride
modified copolymers was found to be a multistage
process composed of five overlapping stages, of which
the Ea can be calculated by Coats-Redfern method.
The study of separated curves from integral master
plot method indicates that the copolymers follow F1
thermal degradation mechanism. In addition, type of
dianhydride shows no effect on activation energy and
thermal degradation mechanism of the copolymers.
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