CHAPTER 4

RESULTS AND DISCUSSION

4.1 Ternary System Based oi Benzoxazine, Epoxy, and Phenolic Resins

1 p@e 0f 30-300 °C at the heating
. nd p

ic novolac resins are shown

The DSC thermogFifis-m the
rate of 10 °C/min of n

in figure 4.1. An ex Ing reaction is observed in

benzoxazine monome the case of epoxy, the

endothermic peak has : ‘\1 ue to the evaporation of the

monomer. However, for o1) ~\~1- al event was observed.

benzoxaz

[ epoxy
" phenolic.n

Heat flow (W/g)
o o
=) BN

1
S

100 7150

QW']MF]?EU@I’W@V]EH&E

Figure 4.1 DSC thermograms of raw material employed in this study.

Recently, Rimdusit and Tanthapanichkoon®’ reported the triangular diagram
showing the relationship among the compositions at the temperature with 5% weight

loss and percent residue at 800 °C of these ternary systems, as shown in figures 4.2
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and 4.3 respectively. Rimdusit and Ishida?’?® reported the effect of ternary system

composition on curing behaviors and thermal transition, Ty, of these resins.

Figure 4.2  Triangular diag ature at 5% weight loss as a

function of a comp@sition of terary systems.
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Figure 4.3  Triangular diagram shows the percent residue at 800°C as a function

of a composition of ternary systems.
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One of the important properties of electronic packaging encapsulants is their
thermal stability. As a result, the ternary mixture with the mass ratio of 3: 5: 2 of
benzoxazine: epoxy: phenolic novolac resins has been chosen for Investigation since
it provides high thermal stability, optimal char yield suitable for the above
application. The chosen ternary system presents maximum temperature at 5% weight
4 shows the DSC thermogram of BEP352.
The curing peak position o 7 ‘t:ﬁn , 5 @betilythe same as that observed with
mer (v.e., about 240 Gy Figure 4.5 shows the FT-IR

loss in the triangular diagram. Fig (e 4

polybenzoxazine homopo

spectrum of BEP352 while thespeak assignmeit of this resin is shown in table 4.1.
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Figure4.5  FT-IR spectrum of BEP352.
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Table 4.1 Peak assignment of BEP352.

Peak position Assignment
(em™)
3421 O-H stretching of 2° alcohol
3058 C-H asymmetric strs ching of methylene of epoxide ring

3036 C-H stre -,}&3;;1 (€ sing
2966 C-H asyminietr o
- C stretchifig thyl group

2930 C-Ha hing 0f methyl
g o ene group
Xy,

- a"'réim Ty Sy
P e

2872

1602, 1508, Sy Ll"r 7 "\I'}n\; o
EMlY/// 3 N
1383 Jsymmettic 'deforma £

eminated methyl group of

fictchitl

1296, 1235 C-O(-~ @ : .fﬁ-ﬂ ; g of aliphatic aromatic ether

1183 1,4-di-substitued of benzene ring

1120 C-H in_plane de .}&:‘ of 1,2,4-tri-substituted mode of

1036 .*‘ : b atic aromatic ether
“'

946

ane deformation of 1,2,4-tri-substituted mode of

4.2 Curing Reaction of Monomer Systems

Figure 4.6 represents the temperature dependent FT-IR spectra of air due to
high temperature in hot cell. The total energies detected by the detector increase as
temperature increases. The shifts of baseline spectra have been observed. These

phenomena have significant effect particularly in the low wavenumber region.
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Not only the energy from the infrared light source reaches to detector but there are
also some additional heats from hot cell. As a result, spectrum of air is affected by

the increasing temperature.
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Figure 4.6  The temperature dependent FT-IR spectra of air.
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Figure 4.7 shows the FT-IR curing spectra of benzoxazine monomer at 100
°C. There is no change in the benzoxazine monomer because the benzoxazine ring is
stable at 100 °C. Figure 4.8 shows the FT-IR curing spectra of benzoxazine monomer
at 200 °C. However the ring-opening reaction of benzoxazine occurs at high
temperature. As the curing process proceeds, large molecules are formed. There is

the formation of an infinite three-dimehsi network. Some very highly branched

and crosslinked molecules are

reported by Dunkers and Is {2 18 opened by breakage of a C-O
bond of oxazine ring. Then benz6%azine molect e trai s from a ring structure to
a linear chain structurg(#s \\" ring this process, the tri-
substituted benzene ring \\ 12 becomes tetra-substituted
benzene ring. It leads to / ich base polybenzoxazine
structure, (as shown ifl figure A dignificant decrease of absorbance at 946 cm’™,
assigned to the oxazinesfingf indicates tha 11 \. . 1g reaction of benzoxazine
e 2w bands at 3500-3300 cm”,
assigned to the phenolic hyéh " { _ zine species. Figure 4.10 shows an

sbserved at 946 cm™'. This band is

occurred. This is also co

extent of reaction as a ﬁmctlo -n,-u-m! :J'
selected for furtherin

monomer. V. r A ‘

o
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!]l el
ﬂUH’J‘VlEWﬁWEJ\'m‘i
QWWNﬂiEUNMTJWEI']ﬂEI



Normalized Absorbance

3

3.0F
20F
1.0F

0.0 «r/\—/\fb\ﬁ

2.0

1.0

0.0

20
1.0

0.0

20}
1.0}

0.0

2.0
1.0

3500 3000 © s 1600 14007 1200 1000 800

FlUEINHRTHEING

Y
Fi Taee - i e & inea S T g )
lgureqq Wﬁaiﬁ‘nﬁ‘;ﬁu mmgﬂﬁl o n:a(:;gaﬁer

cooling down to room temperature.
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FT-IR curing spectra of benzoxazine monomer. (a) before heating, (b)
200 °C, (c) 200°C for 10 min, (d) 200 °C for 60 min, (e) 200 °C for

120 min, and (f) after cooling down to room temperature.
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Figure 4.11 shows the FT-IR curing spectra of DGEBA epoxy resin at
100 °C. There is no spectral change. Bqt at higher temperature, changes in the spectra
are observed. Figure 4.12 shows the FT-IR curing spectra of DGEBA epoxy resin at
200 °C. These changes are due to the effect of heating inside the hot cell. When
epoxy molecules received energy, changes in the vibration of chemical bonds are

observed. But there is no any chemi eaction occurred because there is no any

reactive species that can reac ted v idcring in the system. In addition after

the I'u‘ ,

heating, sample was coole d.down. 1 > room temptiature and spectrum again is taken
again (figure 4.12 (e)). The .. . -\ ar pattern as that of spectrum
collect before heating (fig At \ ""“i- index to confirm that there is

no chemical change in : '* ing to 200 °C. The small

increase in absorption ma he sample upon heating.
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100 °C, (c) 100 °C for 60 min, (d) 100 °C for 120 min, and (e) after

cooling down to room temperature.
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cooling down to room temperature.

Figures 4.13 and 4.14 show FT-IR curing spectra of phenolic novolac resin at
100 °C and 200 °C, respectively. It has been reported that spectral changes in -OH
stretching region (~3500 cm™) are due to the effect of hydrogen bonding, i.e., the
intramolecular and intermolecular hydrogen bond.*® Since the hydrogen bonds are

sensitive to temperature, more free hydroxyl components are observed upon
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increasing temperature. However there is no chemical change in the phenolic

molecules.
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Figure 4.13 FT-IR curing spectra of phenolic novolac resin. (a) before heating, (b)
100 °C, (c) 100 °C for 60 min, (d) 100 °C for 120 min, and (e) after

cooling down to room temperature.
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4.3 Curing Reaction of Binary Systems
Figure 4.15 shows the DSC thermograms of the binary mixtures of

benzoxazine and epoxy resins. At high benzoxazine fractions, there are shown only

single peaks. At high epoxy fractions, the splitting of curing peaks are observed.

Therefore, there are probably at leas :chemical reactions occurred.' The first

ion i ization ree “ . / oxazine, and the second is the
copolymerization of benze he and }4
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Figure 4.15 DSC thegnograms of the blnary mixtures of benzoxazine and epoxy

FTTJEJ’JVIEJV]SWEJ’W]‘E
A TR TaLFaV L ek 11 PC

dlfﬁcult to occur at 100 °C. Thus phenolic hydroxyl groups that contributed to the
curing reaction are not under go chemical change upon heating. As a result, there are
no any reactive species which can reacted with the epoxide ring. However at high
temperature, the ring-opening reaction of benzoxazine occurs. So that not only the
polymerization of benzoxazine monomer occurs but the copolymerization reaction of

benzoxazine and epoxy occurs as well. Figures 4.17 and 4.18 show the FT-IR curing

spectra of BE11 and BE12 at 200 °C, respectively. At the end of reaction, the
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absorbance at 913 cm’', assigned to the epoxide ring, disappeared. But the
absorbance at 946 cm™ still remains (figure 4.17 (e) and 4.18 (e)). In the
polybenzoxazine homopolymer, this band has disappeared within 60 minutes (figure
4.8 (d)). It indicates that the copolymerization of benzoxazine and epoxy occurs
faster than polybenzoxazine homopolymerization. After the ring-opening reaction of

benzoxazine, the phenolic hydroxyl enerated by the ring-opening reaction can

react with epoxide ring more easi ly than th; benzoxazine monomer. However
at high benzoxazine fracti —. , . ‘ observed. Figure 4.19 shows
the FT-IR curing spectra'. "BEs at 24 N"\-‘ﬁ d of reaction, the absorption

. | yws aiLextent of reaction at 946 cm™

intensity at 946 cm™ disappefred’ Figure 4.20 sh 3
AN

ine and epoxy resins.
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Figure 4.21 shows the DSC thermogram of the binary mixtures of
benzoxazine and phenolic novolac resin. The binary systems exhibit lower curing
peaks than that of polybenzoxazine homopolymer. Figure 4.22 represents the FT-IR
curing spectra of BP11 at 100 °C. It shows the decrease of absorbance at 946 cm™ as
a function of curing time. This is in good agreement with the previous reported'” that

the existence of phenolic novola free phenolic hydroxyl structure could

sin can be proceeded at a lower
temperature than polyb 2, ‘ : gure 4.23 shows the FT-IR
curing spectra of BP1 The abs o ntensity at 946 cm’' starts to
2 \ esult in polybenzoxazine
h1n 30 minutes. Figures 4.24

\ P21 at 200 °C, respectively. It
ATYAT 1x - educed with the 1ncreasmg

nt of reaction at 946 cm™ as a

homopolymer (figure 4.8
and 4.25 show the F =]

demonstrates that the giire
of phenolic novolac resi

function of curing time of -f..; i benzoxazine and phenolic novolac
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Figure 4.21 DSC thermograms of the binary mixtures of benzoxazine and

phenolic novolac resins.
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Figure 4.23 FT-IR curing spectra of BP11. (a) before heating, (b) 200 °C, (c) 200
°C for 10 min, (d) 200 °C for 60 min, (€) 200 °C for 120 min, and (f)

after cooling down to room temperature.
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Figure 4.24 FT-IR curing spectra of BP12. (a) before heating, (b) 200 °C, (c) 200

°C for 5 min, (d) 200 °C for 60 min, (e) 200 °C for 120 min, and (f)

after cooling down to room temperature.
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Figure 4.25 FT-IR curing spectra of BP21. (a) before heating, (b) 200 °C, (c) 200
°C for 10 min, (d) 200 °C for 60 min, (e) 200 °C for 120 min, and (f)

after cooling down to room temperature.
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Figure 4.27 shows the DSC thermograms of the binary mixtures of epoxy
and phenolic novolac resins. The thermograms show no exotherm maxima within the
observed temperature range. However, the onsets of exothermic peaks are observed.
This indicates that the reaction between these two resins slightly occurred within the

observed temperature range. Figures 4.28 and 4.29 show the FT-IR curing spectra of

EP11 at 100 °C and 200 °C, respe ivelys In both cases, the absorption band at 913
cm™ disappeared. It means .\‘-;. “ een epoxy and phenolic novolac
resins occur. This is also mce of new bands at 1335 cm
assigned to the C-O(-Ar '5-1 ic aromatic ether linkage
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4.4 Reaction Kinetics of Ternary Systems

Form figures 4.2 and 4.3, when the amount of phenolic novolac resin is fixed
at 20% by weight and the amounts of benzoxazine and epoxy resins are varied, the

ternary mixtures show higher themmal stability. Figure 4.30 shows the DSC

BEP
BEP35
| BEP442( -
BEP5
BEP622 ( ik
BEP712 (—-"%

=
a

=
N
T

Heat flow (W/g)
o
=

mgureasm@mamm HUANEIRY o

phenolic novolac resins.



Normalized Absorbance

62

1.2
0.8~
0.4

a: 28-65 °C *

1.2
0.8
0.4
0. 0p==

T

b: 88-130 °C

1.2~
0.8
0.4
0.0

1.2+
0.8

d: 188-212°C

12
0.8

T

e:221-244°C

0.0

f252272°C

1.2+ = ‘ ATP .

0.8'— ﬂ L“ ﬂ q I,I " \ A' i

AN A A

0.0 et BATU S e A '_: JY1E a g
-.‘lr',-'l \ d BLA o0 A - o1 J

1.2+ q *

0.8F

0.4f

00 3500 3000 1600 1400 1200 1000 800 600

Figure 4.31

Wavenumber (cm™)

FT-IR spectra of BEP262.



Normalized Absorbance

63

- a: 32-96 °C &
2.0+

1.0k

0.0 M
L b: 112-147 °C
20k

1.0F

1.0}

0.0~z 3000

1600 1400 1200 1000 800 600

Wavenumber (cm™)

Figure 4.32 FT-IR spectra of BEP352.
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As mentioned for further analysis. Non-

isothermal DSC experiment§ at ¥agiou ratés is performed and their results

are shown in figure 4.38. A suigle peak is observed in all DSC curves, which is

similar to that of polyb : 5 as an overall process,
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heating rates. At slow heating r eaction occurred at the beginning.
However, the end of th ction is fiot e 16 the lack of calorimeter
sensivity. At the }._—_"_‘"‘* Wther kinds of secondary
reactions could also ixﬂrfere ation of A@ As a result, the total heat

of reaction is averaged fiémsthose heating rages and was determined to be 155 J/g.

AULINYUNTINYUING

Table 4.2 Tidtal heat of reaction ialculated at grious heating rates.

8

nset exotherm

Heatiqg rate Exothermic peak

(°C/min) (€} (°C) /)
5 227 197 152
10 240 210 155

20 252 218 158
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To evaluate the kinetic parameter, a basic kinetic analysis was performed.
The activation energy is calculated by Kissinger’s and Ozawa’s methods. The plots

suggested by Kissinger’s and Ozawa’s methods are shown in figures 4.39 and 4.40,

respectively.
9.6
B |
T’ -10.4f /
-10.8} &
S04 FPa Ui .98 2.00
/ _’ 3
L
Figure 4.39  Kissinger’s plot 3 etermination of BEP352.
Lt /
T35,
3.2
2.8}

Mﬁuﬁ"‘mw” alib
N R9NTUUNIINS ”

.90 1.92 1 94 1 96 1.98 2.00

IX;O_3 (K—l)

Figure 4.40 Ozawa’s plot for activation energy determination of BEP352.

The calculated values of E, are 112.35 and 120.86 kJ/mol by Kissinger’s

and Ozawa’s methods, respectively.
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To evaluate the reaction order, the mechanistic model is assumed. It is
assumed that curing reaction of the ternary mixtures follow an #"” order mechanism.

The assumption would then be tested against the experimental data. Equation 2.5 can

be re-written in logarithm form:

(4.1)

Thus a plot ¢ provide a straight line with a

slope equal —

The plots 6f I

BEP352 at various heating rafes‘aic sho wiin'figures 4.41 - 4.43.
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Figure 441  Plot of m(‘;—‘:J and % of BEP352 at 5 °C/min.
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The mathematics of this model is expressed in equation 2.11. By
substituting the Arrhenius equation for k into equation 2.11 and take logarithmic of

the result, the following expression is obtained:?

(42 -

(4.2)
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So that a graph of ln(‘fi—‘:) against In(1-a) should be a straight line of

slope n.

To check the validity of the kinetic model in equation 4.2, the plots of

m(‘fj_f) against In(I1-a) werg I ﬂ f /"' at various heating rates as shown in

figures 4.44 - 4.46.

lnla)

A ﬁ wsz(%}}qaﬂm io%&iﬁ’]aﬂ i
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20

Figure 4.45 Plot o A dhd 1r(1 2o BEP352 at 10 °C/min.

20\
\

Figure 4.46 Plot of In ((2—?) and In(1- a) of BEP352 at 20 °C/min.

In all cases, the plots show the linear fit to the equation 4.2. Table 4.3 shows
the differences between the activation energy and the reaction order calculated at

various heating rates.
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Table 4.3 Activation energy and reaction order calculated at various heating

rates.
Heating rate Activation energy Reaction order
(°C/min) (kJ/mol)
5 1.03
10 1.03
20 1.02
Thus, it can be g of BEP352 is the n™ order

kinetic. The activation g )4.93 kJ/mol with the overall

reaction order of approxi
Figure 4.47 showsgthat 3EP352. Both the absorption
913 and 946 cm™ started

existence of phenolic novoldc resiin the re. As a result, the reactions occur at
L

lor 120 minutes. It is due to the

the lower temperature than polybénzoxazmmehemopolymer, this is in good agreement
with the previous i-" 1 in
and then 120 °C fof, 120 minutes, the
(b)), while the absor@ na , j amced.
disappeared when the ckmng condition wa at 100 °C for 120 minutes, 120 °C for

120 minutes, FP g ﬂénﬂaﬁ w \ﬁ d then 200 °C for 90
minutes (figureys %}l Thus it shows that the reaction between benzoxazine with
pheno (ﬁ ﬁle zoxazine and
epoxygsﬁbj ﬁaﬂ ﬂdﬁmmﬁq ﬁHVI ation occurs,

respectlvely.

_5 100 °C for 120 minutes
W | disappeared (figure 4.47

','j ever this absorption band
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Figure 4.47 FT-IR spectra of BEP352. (a) before reaction, (b) 100 °C/120 min, (c):
(b) with 120 °C/120 min, (d): (c) with 150 °C/120 min, (e): (d) with
180 °C/120min, (f): (e) with 200 °C/90 min, and (g) after heating.
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Figure 4.48 exhibits the FT-IR curing spectra of BEP352 at 200 °C. It is
well known that the gelation time of benzoxazine was short.*® This is because the
benzoxazine ring opened and the phenolic hydroxyl groups that contributed to the
curing reaction were produced easily. Figure 4.49 presents extent of the reaction at
946 cm™ as a function of curing time. Almost 100% of oxazine ring opened within 30

minutes. Since the gelation imposes mdb

will be affected. Therefore, the s sis 0 parameters will be calculated from
the data up obtained up to 0 minu es. .._4

AULINENTNEINS
ARIAATUAMINYAE



Normalized Absorbance

2.0

1.0

0.0

2.0

1.0

0.0

2.0

1.0

0.0

20

1.0

0.0

2.0

1.0

78

i

ki

{f]

!
b
o .
sl

3500

3000 1000 14004 , 1200 1 OOO

ﬂ‘IJEI’J NEWIHEINT

600

b “iﬁéﬁnﬁ;ﬁﬁmﬁﬁ WELAAE o



79

8
||
g of
O
<
(@)
2 ™
S
> 4
'::§ 3
Al
||
2 1 " 1
0 100 120

Figure 4.49 Extent®f thé re

According to t} absorbance observed in IR

technique is linearly prog -.ft--;—-z:' pcentration of sample. Due to the

nonlinear heating rate in the ho i%g On kinetics are calculated as a function
4,

of time rather than Sinpe £ S 9 ple concentration can be

expressed in general 1

..-?a

'Hi
]

ﬂummm"’ﬂmﬂﬁ

isthe change of absorl%ance as a functlon of time, k& 1Ue rate constant,

andnahmmﬂim NN Y

(4.3)

where

To determine the order of reaction, there are three ways of plotting the

absorbance as a function of time: *

(1) the zero order reaction (i.e., n = 0)
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A(A), - A(A )=kt (4.4)

(i)  the first order reaction (i.e., n = 1)

In [A—(’l)i] = —kt (4.5)

A(2)

and (iii) the second orde

(4.6)

\Therefore, reaction is the first

¢of the line (k = 0.1095 sec™"),

Only the s
order. The rate constant .

as shown in figure 4.50.
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Figure 4.50 Plot of In[ 4(A)] and time of BEP352 at 946 cm™.
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