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CHAPTER |

INTRODUCTION

1.1 General Introduction

Phenolic resins are a large family of goclymers, consisting of a wide variety of
structures based on the reaction products of phemols with formaldehyde. The traditional
phenolic polymers have advaniages ’i'jncluding heat resistance, flame retardance,
dielectric insulation prop;e,rties_r thlis'they are employed in a wide range of applications.
Nevertheless, they also)ﬁé--disadvantaaes. For example, they are brittle; and use acid
or base catalysts upon ¢ ﬁg; they rélease by-products during curing which sometimes
affect the properties of materlals beoause qf VQIdS formation problem [1, 2].

Benzoxazines, ' new type ofs phenohc resins, were developed to overcome the
shortcomings of traditional phenohc whcle }etalnmg their benefits. Benzoxazine resins

o A -

can be easily synthesized from phenol formald‘ehyde and amine by employing solution

.—,—_i

or solventless methods [3]. The polymenzatrog oftbenzoxazine resins proceeds via ring-

e

opening of oxazine rings by thermal cure. In addltlon they /Mo not require catalysts for

S _f"

polymerization and;de not produce by-product upon curlng..u Polybenzoxazines exhibit

the characteristics that found in traditional phenolic such as heat resistance, flame
retardance, and good electrical insulation property. Besides, they also exhibit lots of
unique charaeteristics= including lew melt Vviscasity, diménsional stability, excellent
mechanical properties, as well as low,water absorption [4]. Because of these properties,
they’became oneinportant class of thermaosetting fesins in various ‘applications such as
electronic, aerospace, aircraft and adhesives.

Notwithstanding, there have been attempts to enhance the performance of
polybenzoxazines. Those approaches for improving their performance can be classified
into several ways: (i) synthesis of benzoxazine monomers with additional functionality,
(i) incorporation of benzoxazine in polymer chain, and (i) benzoxazine based

composites or alloys. According to Ishida and Sanders., 2000 [5], thermal properties of



polybenzoxazines can be improved by varying amine groups. In their work, a series of
benzoxazine resins was synthesized from bisphenol A, paraformaldehyde and various
types of arylamine groups e.g. aniline, m-toluidine, 3,5-xylidine. The glass transition
temperature (Tg) of 3,5-xylidine based benzoxazine as high as 243°C was obtained
which was higher than m-toluidine and aniline based benzoxazines i.e. about 209°C and
168°C, respectively.

Although benzoxazines have high flame retardant properties, it is not enough for
some applications, in which a UL-94 V-0 graderand high LOI valve is required [6]. To
improve the flame retardance, halogenated“Ccempounds are widely included into the
formulation as flame retardants: Howeier, these..compounds produce environment
problems because toxic_ combustion prodlucts are released during combustion. Because
of concern about enviFOnment non—halﬁogenated pased flame retardants become
increasingly popular to replage halog"enat’é&' flame retardants. Among non-halogenated
based flame retardants, phospho_rus_ cod?aiﬁting compounds are frequently used as
flame retardants owingsto their onv geﬁeratib*h of smoke and toxic gases. They work very

JRdd
-

effectively in condensediphase 'by. formation of char which is difficult to ignite. Char

454 -

inhibits gaseous products from_._fdjffusing to tlf}'_e_'_fé)}grolysis zone and protects the polymer

surface from heat and air [7,__8]_._,G_enerally_ﬁzbdlgghorus compounds are found to be

significantly more gffg’_ctive in oxygen or nitrogen groups cqﬁt_gining polymers. It is thus
important to have o%;ég_en or nitrogen atoms in the polymer_;Hain. If the polymer cannot
contribute to charring because of the absence of suitable reactive groups, a highly
charring co-additive hasgzio be introduced’ in combination with the phosphorus
compound [9].

From the work of Sponton,# M. et al [10], they reported that incorporating
phosphorus can improve,fite resistant properties. In their research €opolymerisation of
aniline"based benzoxazine (BA-a) with different phosphorus content by varying molar
ratios of phosphorus containing glycidyls (Gly-P) were prepared. It was observed that
the presence of phosphorus significantly increased the LOI values of the resulting
polymers even when the phosphorus content was only 1.7%. Therefore, incorporation of
phosphorus compound into benzoxazine resins was believed to increase the char yield

and thus fire resistance of polybenzoxazines.



In this study, triphenyl phosphate flame retardant (TPP) will be incorporated in the
aniline based benzoxazine (BA-a), m-toluidine based benzoxazine (BA-mt), and 3,5-
xylidine based benzoxazine (BA-35x). The samples will also be characterized by DSC,

DMA, FTIR, flexural test, TGA, LOI test, UL-94 test.

1.2 Objectives

1. To study effects of typ

the obtained poly

Fwme retardant in

3. To examine m i € f the resulting

7 n the obtained flammability of
S !& t, BA-35x).
d

2. To find suitabl

benzoxazine resj

flame retarded

ik
AN

. Synthesize benzoxazine resins froj i arylamines (aniline,

. Study funot@al gro

4. Find curing Coedmon by D|fferent|abcann|ng Calorimeter (DSC).

oA UHANHRINNT

- Undérwriter's Laboratory Flammablllty Vertlcal Test UL94

‘1 mmm WRINAY

- Differential Scanning Calorimeter (DSC).

sform Infﬁed Spectroscope (FTIR).

- Dynamic Mechanical Analyzer (DMA).
- Thermal Gravimetric Analyzer (TGA).
- Universal Testing Machine (INSTRON: Flexural Test).



CHAPTER I

THEORY
2.1 Benzoxazine Resins
Benzoxazine resins are a new. of phenolic resins that are obtained from
reaction of phenols, formald Polybenzoxazine overcomes many
shortcomings of traditional phe ' icid or base catalyst and release

of condensation by-products..wh etaining good thermal properties and flame

erent substitution groups
attached. These substi | n-provide additiona polymerizable sites and also
affect the curing proces Srke i ' e resins can be classified in 2

major categories as shown in Figure 2.1 ar espectively.

iy

FAH&’;VIEJJ/J ei LTah- SR
PRI TUNNINY TR

Figure 2.1 Synthesis of monofunctional benzoxazine monomer [11].

N-R‘

Where X and R' are substitution group

R'includes a group such as CH,, C,H,, and benzene



(2) Bifunctional benzoxazine monomer.

OOROOH + 4 HCHO +  2HN-R'

Figure 2.2

K_\- monomer [11].

Where R' is substitution gro chas CH: and benzene

Benzoxazi -’ Ifg ing which induces ring-

opening reaction to ap ararized by a Mannich-based
bridge (-CH,-NR-CH.,- [}2] and without usmg}any Catalyst The resins generates no by-

products, orﬂo%ﬂdﬂﬂ %rﬁsﬂﬁﬁ%’ rw ﬂﬁdﬂvﬂﬁ' offers an excellent

dimensional stability for the final product The rlng opening mechanlsm occurs by

T



o5 NR i OH 7

Polybenzoxazin hich is possibly due to the

stabilization of the Ma molecular hydrogen bonding

between the phenolic € j s jand the nitrog Of the Mannich bridge [11]. In
addition, polybenzoxazines exhi hér out , \\g~ formances including:

\\\ ¢ shrinkage upon cure.

® High temperature resisiz
ﬁ‘l" .u_s '
® Flame retadan .

 —

In this research, a resins ;J- synthesized from varying

types of arylamines as shown in Figure 2.4. Benzoxazme resins are synthesized from

e AU INEIN
RN ITUUMING 1A
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3,5-Xy I|d|ne

Figure 2.4 A series of benzoxazine resins from varying types of amines [12].



Table 2.1 Properties of three types of arylamines -based benzoxazine resins [11].

Properties BA-a BA-mt BA-35x
T, DSC (°C) 170 210 245
Storage modulus at 28°C (GPa) 1.39 1.78 1.63
Loss modulus at 28°C (MPa) 15.7 35.8 25.9

Crosslink density (mol/cm’) \\‘ ’ 1.1x10° | 1.9x10° | 2.6x10°
(N
. 7/
£

Temperature 5% Weigh; S&] 350 350
- 31 28

Char yield (% at 800/C)

2.2 Combustion of P/,

,1' | - i k= 1
s
o WA aligd
9
Figure 2.5 Fire triangle - three components required for a fire [16].
As illustrated in Figure 2.6, combustion is initiated by heating a plastic material

to its decomposition point. Decomposition is an endothermic process which breaks the

chemical bonds. The volatile fraction of the resulting polymer fragments diffuses into the



9
air and creates a combustible gaseous mixture. This gaseous mixture ignites when the
auto-ignition temperature (defined as the temperature at which the activation energy of
the combustion reaction is attained) is reached, liberating heat. Some of the heat is

transferred back to the surface of the polymer (fuel), maintaining the flow of flammable

| (Start)
7 hmg

volatile degradation products [9, 14].

n h|ghly exothermic)

lame — combustion

. iy i
| \ /vexothermlmty
' > embers ‘

2.3 Flame Retardants -

Flame retardantiaﬁ. chemicals whigéh' are added to combustible materials to

oroso ool L L AINLING PEI AR S e tmton, o

prevent a polymer from dripping. Th%-prlmary goal is to delay the |gn‘&9n and burning of

RO SR TR B GER o

consid&ration is to limit property damage. Flame retardants work by interfering with one

or more of three components of fire, either physically or chemically [15].
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2.3.1 Mode of Action

A flame retardant should inhibit or even suppress the combustion process.
Depending on their nature, flame retardants can act chemically and/or physically in the

solid, liquid or gas phase. The various ways in with flame retardants are described

below [9, 14].
- Physical Action Ther %‘, WhICh the combustion process can
be retarded by physical aoﬁ&___, _____—'

By Cooling: The addmv de lend ich cools the substrate to a
temperature below tha ired fe Stainin ion temperature.
By Formation of Proteg 2 sed tion layer can be shielded

from the gaseous phasewithie org 3 layer. The condensed phase

is thus cool, smaller qua 4 of py i Ived, the oxygen necessary to

- Chemical ion The most si tions interfering with the
combustion process lge place in the solid and gas phasea
Reaction in Gas Phase: Thesradical mechani&m of combustion which takes place in gas

ohase is o B fapoarirde | 1o Saetid Ecigrns aro stopped. The

system cools %lown and the supply of flammabl ases is reduciq. and eventually

o RIA A FRHEAAGNE | ) 2

Reactibn in Solid Phase: Flame retardants can cause a layer of carbon (charring) on the

polymer’s surface. This occurs, for example, through the dehydrating action of the flame
retardant generating double bonds in the polymer. These processes form a
carbonaceous layer via cyclizing and crosslinking processes cycle. (e.g. phosphorus

compounds)
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2.3.2 Types of Flame Retardants

A distinction is made between reactive and additive flame retardants. Reactive
flame retardants are reactive components chemically built into a polymer molecule.
Additive flame retardants are incorporated into the polymer either prior to, during or

(most frequently) following polymerization [15].

In addition, there ar used in smaller quantities

which are suitable f s silicon -containing flame

retardants and stannate

i ts increases in the order
F<<Cl<Br<l Brtﬂine an S areﬂs only halogen compounds
having commercial siggiﬂ‘glnce as ﬂame-lritgrdant chemicals. Fluorine compounds

cannot beooﬁ eﬁﬁ é‘sJaWiEJ ﬂi{e]rc%)tngaﬁ}sﬂw% because of the C-F

bond is too &ong. lodine compounds, although effective, are expensive and too

o

e AT TN

the chlquna d types because of its weaker bonding to carbon enable it to interfere at a
more favourable point in the combustion process [14, 16].

Halogen-containing flame retardants act by interfering with radical chain
mechanism taking place in the gas phase. The exothermic processes, which occur in
the flame, are thus stopped, the system cools down, the supply of flammable gases is

reduced and eventually completely suppressed. The high-reactive radicals HO* and H*



12
can react in the gas phase with other radicals, such as halogenated radicals X*
resulted from flame retardant degradation as shown in Figure 2.7. Less reactive radicals

which decrease the kinetics of the combustion are created.

RX + PH —% HX + RP

HX + HY — H, + X

02
Folyfe ) ']l'-, mer + R-X
Without | Withhalogenated Flame retardant
..‘E': / \
Figure 2.7 Mechani éﬁdrﬁ. enated flame retardants [16].
Ll
..w«'!’f-\ \
Phosphorus=cen ""':’:.:.*’.7:‘:::’.::.’:;5 in thermoset resins and
N,

mainly influence the Teact Jensed phase/or vapor phase or

sometimes in both pha es.

The most mﬂ u*ﬂpg nﬂ.:n gw“ EJ ’lﬂ ‘j

- Phosphate esters

ammmmmmwma d

- Red phosphorus and ammonium polyphosphate

In the condensed phase, the phosphorus-based flame retardants are particularly
effective in oxygen- or nitrogen-containing polymers. With most of them, thermal
decomposition leads to the production of phosphoric acid, which condenses readily to

produce pyrophosphate structures and liberate water. The water released dilutes the
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oxidizing gas phase. In addition, phosphoric acid and pyrophosphoric acid can act
as dehydrating agents, altering the thermal degradation of the polymer, and promoting
the formation of char. This char (carbonized layer) isolates and protects the polymer

from the flames and:

- limits the volatilization of fuel and prevents the formation of new free

radicals;

- limits oxygen diffusi

Phosphorus—t/ S can also volatilize into the gas phase, to
, LN,

* and OH* radicals which
terminates the highly i ating rac Is (H* and OH?*). Volatile
phosphorated compoun 7- [ st e ‘o*\,- combustion inhibitors since

phosphorus-based radical rage, five t -=~;\. ore effective than bromine and

ks

In this research, we use aryipnospha me retardant. Structure and

0

properties of arylphosphate are shown in Figure 2.8 and Table.2.2, respectively.

-y

)

Triphenylphosphate (_) - m
AL IAENINEANT

0—P—0

RN ‘%ﬂ HIaY

Figure 2.8 Structure of triphenylphosphate flame retardant.
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Table 2.2 Properties of triphenylphosphate flame retardant [17].

Properties TPP
Chemical name Triphenyl Phosphate
Appearance Solid

Phosphorus content (9 9.5

Density at

ially in phenolic resin for

LT :
\\ ose for photographic films,

101 in celluloid for fireproof.
- Plasticizer in lacquér: < d varnishes l-automotive upholstery and in

e ea————]
cellulo aoieieaiene _— 1‘

Nitrogen- coyalmng Flame Retardants m

Ll HANENINEINT. o oo

compounds are currently the most dsed group of mitrogen-containin@.flame retardants.

o akod b b b/l b ks A e s v

(by releasmg non flammable nitrogen, which dilutes the oxygen content) and condensed

phase, especially when combined with phosphorus compounds, helping the formation

of a more stable, cross-linked char.
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- Inorganic Flame Retardants

Aluminum hydroxide

Currently this is the most widely used flame retardant. It is low cost and easy to
incorporate in plastics. Aluminum hydroxide starts to break down in the temperature

range of 180 to 200°C. Conversion to aluminum oxide takes place in an endothermic

and dilutes the flame zone.

Magnesium hydroxide

Magnesium hydroxide &), i similar-way as aluminum hydroxide, but
magnesium hydroxide h ; NPOS k ure of 300°C.
Zinc borate .
Boron containin , rougt he endothermic, stepwise release of

water and by the formati soating Scti g-' substrate.

AULINENTNEINS
ARIANTAUNNIING A Y
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2.4. Flammability Testing

2.4.1 UL94

The UL94 series of flammability tests find widespread use in industry,
particularly with regard to the testing of parts and materials used in electrical and

electronics applications. The set of UL94,tests has been approved by the “Underwriters

Laboratories” as tests of the fl materials for parts in devices and

appliances. The most co st and UL94V tests. In terms of

practice and usage, the manly used. tes UL94 V for measuring the

ignitability and flame-sp o materials exposed to a small flame. The

and the Horizontal Burni gs. The UL 94V-0 is the most flame

Vertical Burning Test ( Nl ‘N ed mainly for encapsulants

UL94V is am 1t flammability test than the UL94HB test. This vertical

burn test has three perf gories. V-0 is the most severe requirement, while
=

V2 is the least severe. Passing the UL 94V t th e

-0 rating requires efficient flame

retardant performance, either from an inhe lame retardant material or from an
- e o

e T e
W,

additive package.' e he imens must be tested. The

specimen is classif ?f Iisted in Table 2.3 [9, 18].

Figure 2.9 Vertical flame test [19].
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Table 2.3 Classification of material for the UL94V flammability test [19].

Vertical

Ratings

Requirements

V-0

» Specimens must not burn with flaming combustion for more than 10

seconds after either test flame application.

* Total flaming combustion time must not exceed 50 seconds for each set

of 5 specimens.

» Specimens mustnet-burn wjh flaming or glowing combustion up to the

specimen holding clamp:

+ Specimens musiMot drip flaming particles thatignite the cotton.
i

« No specimepican have glowing combustion remain for longer than 30

seconds after rgmaval of the tegﬁ flame.

V-1

F v,
+ Specimens must not burn withflaming combustion for more than 30

seconds after @ither test flame apélicétion.

* Total flaming cembustion time m_y_rs_ﬁﬂot exceed 250 seconds for each set

of 5 specimens. e

+ Speciméns must not burn with flaming or glowing combustion up to the

specimen:_holding clamp. -

+ Specimens must not drip flaming particles thatignite the cotton.

* Ng specimen,eanshave, glowing-combustion-remain.fer longer than 60

seconds after removal ofthe'test flame.

V-2

» Specimens must not burn with flaming‘cembustion for more than 30

secaonds after either testflame application.

* Total flaming combustion time must not exceed 250 seconds for each set

of 5 specimens.

» Specimens must not burn with flaming or glowing combustion up to the

specimen holding clamp.
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2.4.2 Limited Oxygen Index (LOI)

This test is used to indicate the relative flammability of materials [7]. The value of
the LOI is defined as the minimal oxygen concentration [O,] in the oxygen/nitrogen
mixture [O,/N,] that will just support flaming combustion of a material initially at room
temperature.

The LOl is expressed as:

J_
As air contains 21?(,‘ ials.- with an LOl below 21 are classified as
(o) V' \\ ‘\
L

“combustible” wher above are classified as “self-

\t ained at ambient temperature

AEhaN
NN
AN\

extinguishing”, bec

show the better the flame

a
tionsc
without an external e P (&

retardant property.

mixture of gased (N2/04)

Figure 2.10 Experimental set-up for LOI measurement [9].



CHAPTER IlI

LITERATURE REVIEWS

The thermal and mechanical properties of effect of polybenzoxazines based on

alkyl-substituted aromatic amines were examined by H. Ishida, Daniel P. Sanders, 2000

[5]. A series of benzoxazine resir ' ynthesized that upon polymerization
produce a varying amount ¢ idges, arylamine Mannich bridges,

J
tures-ofm=toluidine based benzoxazine (BA-

\ontam increasing amounts of

[ [ S e \ \ es in the network structure as
shown in Figure 3. give s \:'1‘ 1| \ nhanced glass transition
temperatures when pi ed i aniline Pase: zoxazine (BA-a) , being similar to
the phenolic Mannich bidge n¢ E | | Figure 3.2. In addition, it can

crosslink densities but no

o
significant effect on the ch --;— ] a amine-based benzoxazine resins

ﬂUEJ’JVIEW]’ﬁWEJ']ﬂ‘i
QW’]ﬁNﬂ‘iﬂd UA1AINYAY

Figure 3.1 The arylamine Mannich bridge network formation
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Figure 3.2° phenolic

) 1_‘

dihydroxyphenyl) diph y
l é-\

summarises the Tg and LOI . -'»f of 1€

A and diglycidy!l ether of (2,5-
udied by Sponton, M. L. et al.
2009 [20]. Phosphorus- e—epoxy resins with different
phosphorus or silicon con '.,\ or Gly-Si and Bz-BA. Table 3.1
osets increased with the epoxy
content for the phosphorus e—epoxy while the opposite trend was
observed for the silicon-contatr 7 gk e—epoxy. Moreover, Phosphorus-
containing materials -'“'"‘.“-""-T:-'T“"""‘-r-"—‘"".'.:a -the phosphorus content is

low, with the corre C perties. In contrast, the

ect in the flame retardant

::?::ZL;ZGgﬂﬁWW%‘W g
AMIAN TN INAE

presence of silicon ifthe studied percentages has no




AULINENTNEINS
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Table 3.1 Thermal properties and LOls of the polymers.

E /BA P% | Si% Tg(°’C) | LOL%O,
poxy epoxy/BA-a % i,%
Tand_ | (VIV)
- 0:1 - - 172 31.8
DGEBA 1:2 , - 170 32.2
1
DGEBA 17:1 - 7 . 161 32.0
DGEBA - - . 139 31.6
Gly-P : 5 a2 179 46.0
Gly-P ’ ; 3 ey 84 48.0
Gly-P : : ' 189 455
Gly-Si 1 o ). \147 32.0
Gly-Si : 4 (=) \ 122 324
Gly-Si 1 88 319
The flame reBrdancy of polyben i stigated by Chia W.C. et al,

i zme was prepared, and
then copolymerized with an aro ed bﬂzoxazme (bis(3-phenyl-3,4-
dihydro—2H—benzo[e][1,?ﬂogzin—G—yl) metha% F-a) and an aromatic diamine-based

benzoxazineﬁsﬂ%@oﬂﬂoﬂiﬁ(%@hﬂ ﬂe@ne, P-d). The flame

retardancy of &ipolybenzoxazmes mcreased with the phosphorus content and UL-94 V-

OgragI ﬁﬁ Wtﬁﬂa 15)619? ?]V a(Ej for F and P-
series gopolymers, respectively, as shown in Table 3.2. It indicated that phosphorus can

improve the fire resistant properties of polymer.
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Table 3.2 Thermal properties and UL94 data of the polymers.

Sample ID Weight Ratio of P,% UL-94 grade
AB/F-a, AB/P-d
F-a 100 0/100 0 Burning
F-a 90 10/90 0.36 V-2
F-a70 V-1
F-a 50 V-0
P-a 100 V-2
P-a 90 V-1
P-a 70 V-0
P-a 50 V-0

The curing and t
based benzoxazine and benzo ,- - r have been studied by Sponton, M.

Ver temperature as shown in
Figure 3.2. Figure 3.3Jowe 20 z-BﬂAPO/BZ—BA in nitrogen. The
decomposition temperaiture of phosphorus—free resin is lower than the phosphorus-

cnanra o P YA B o

performance vid phosphorus modlfloatlon

amaﬂnim UAIINYA Y



40 60 B0 100 120 140 160 180 200 220 240 260 280 300 320 MOC

Figure 3.6 DSC plots benzoxazine system: 1 (Bz-BAMPO)
2 (Bz-BAMPO/BZ-BA, 3:1), 3 (Bz-BAMPO/BZ-BA,2:1),
4 (Bz-BAMPO/BZ-BA, 1:1), 5 (Bz-BAMPO/BZ-BA, 1:2),
6 (BZ-BA).

25
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Y
v.“ at 800°C under air are

summarized in Table+3.3. Decomposition temperatures (i

loss) of DOPO?ie z xginﬁv volac resi sgﬁﬁﬁ? re_not as thermally stable
as the phos hjj— rﬁﬁ(ﬂv a ins. ﬁ\ﬁ in the temperature
region above 400°C, the degradatioff rates of the phosphorous-containing resins were

IRAXT Ta V- P oV R YT TaYa T i F YT Yoy THI

resins a/ith the highest content of DOPO-Gly have the high char yield which increased

perature of 5% of weight

as the phosphorous content increases, it indicated that their flame retardancy would be

relatively high. The char yield has been correlated to denote flame retardancy.
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Table 3.3 Thermal properties of benzoxazine-modified novolac resins with

GlyDOPO.
Sample Ratio NB:DOPOGly TGA (Air Atmosphere)
T5%(C) | T,.(°C) | %Yield (800°C)
NB - 342 350 13
NB:DOPOGly 1:0.2 331 360; 437 23
NB:DOPOGly 28

AULINENTNEINS
PRIAATUAMINYAE




CHAPTER IV

EXPERIMENTAL

4.1 Materials

Bisphenol-A, polycarbonate g : ntributed by Thai Polycarbonate Co.,

d from Merck & Co. Inc. A series

—

of arylamines i.e. aniline “puri @ purity), 3,5-xylidine (= 97%
purity), from Fluka Chemi ere | l-i;"‘sk eceived. Triphenylphosphate was

purchased from Fluka C \

heated to 110°C foral inutes to yield a | ow solid monomer product. The
products were :"____::;__.7,. "ﬂ' N NaOH solution and
distilled water. The @ifie Oro ed over @dium sulphate. Finally, the

solvent was evaporated. 'As the same prooegje BA-mt and BA -35x were synthesized

" ﬂﬂm NERINBINT
“Wﬁwmm UANAINYA Y

4 3.1 Slabs

The three types of benzoxazine monomers were mixed at various weight
percentage of TPP i.e. 0, 2, 5, 8, 10 %. The mixtures were heated and mixed until the
homogeneous resins mixture were obtained. The step cure for BA-a in an air-circulating

oven was 150°C for 1 h, 170°C for 1 h, 190°C for 1 h, 210°C for 2 h, and 220°C for 2 h.
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For BA-mt and BA-35x, the final cure at 230°C for 1 h was added. The cured

polybenzoxazines were left to cool down and taken out from molding.

4.3.2 films

The polymer films of were prepared by mixing monomers at various weight

percentage of TPP i.e. 0, 2, 5, 8, 10 % with tetrahydrofuran (THF). The solutions were

ried at 60 and 100°C for 1 h each to

cure at 150°C for 1 h, 170°C for 1

r%mt and BA-35x, the final cure

. 100 pm.

cast onto a glass plate and the
remove THF. The curing ste \

h, 190°C for 1 h, 210°C

at 230°C for 1 h was ad

4.4 Characterizations

1
4.4.2 Fourier Transforg Infrared Spectroscopy (FT-IR)

Qmu g‘l q‘ 3’] ﬂnj wea ’Lf]ljof each sample was
investigated by Fourier transform mféred S ectrosa-p FTIR). The Ihlfnple for infrared
@i AN S INT TN L. e

bromlde (KBr) pellet. The THF was evaporated in vacuum oven. All spectra were

recorded with JASCO spectrophotometer model FT/IR-420 in an optical range 650-4000

-1
cm .
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4.4.3 Differential Scanning Calorimetry (DSC)

Curing behaviors of benzoxazine monomers and its mixture at various weight
percentage of TPP were determined using Differential Scanning Calorimetry (DSC) with
Rigaku Thermo Plus 2 DSC8230 model. The samples were sealed in aluminum pans by
weighing a monomer of approximately 5-10 mg. The calorimetric measurement was

performed using a heating rate of 10° and nitrogen flow of 50 ml/min. All samples

following relationship:

where H

4.4.4 Dynamic Mech cl

Dynamic V|scoe'§stlc measurement Were conducted on Automatic Dynamic

v|scoe|astornﬂRﬂE])o(q<?1 E[j\tﬂﬁﬁ :W Elaq ? rate of 4°C/min. The

specimens me@unn 0.1 mm were tested in elongation mode and from room
%“‘Eﬁﬁﬂmmmiﬁﬂﬁ

DMA glas per.

4.4.5 Universal Testing Machine (Flexural Mode)

Flexural tests of the samples were investigated on a universal testing machine

(model 5567) from Instron Co., Ltd., according to ASTM D790M-93 Five specimens with
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dimensions of 1.2 x 60 x 3 mm’ were tested for each composition. The test method

was a three-point-bending mode with a 48 mm supporting span and 1 kN load cell.
The flexural strength, flexural strain and the modulus were calculated by the

following equations:

Where E.=

P = | [ 3 2 |08 tion curve, N.

L = o, 4 & g

o ;

d =De

m = 2ight-line portion of the load-

4.4.6 Thermogravimetric Analysis (TGA)

The thermal mbility of the cured samples wem determined using Rigaku
Thermo Plus 2 TG- DTA"I"@1 20. The weight-éf saﬂes were in the range 10-15 mg.

Sample was ﬂ uﬂ % nﬂw S/w ,] ﬂaﬁamed at 110°C for 10

min. After coolﬂown to room temperature, the measurement was maglesat a heating rate
rateﬂ BRI S BB BIIE NG oo
measu d as a function of temperature. The degradation temperature (T,) of
polybenzoxazines and polybenzoxazines/TPP were reported at their 5% weight loss.

Char yield of the above specimens were also reported at 800°C.
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4.4.7 UL94 Vertical Test

UL94 tests were performed on vertical testing apparatus as shown in Fig. 4.1.
Five specimen bars 120 x 12 x 3 mm were used for each composition. The specimen
was placed in a holder in a vertical position the lower end of specimen is contacted by a

flame for 10 second thus initiating burning. A second ignition was made after self-

extinguishing of the flame at the s for 10 second. The burning process is
characterized by the times t, an ..I he two burning steps. The parameters
t, and t, denote the time be ovmg ne flame and self-extinguishing of

the sample. Moreover, lt’@Moted’!whet rips from the sample are released or

N
W t,and t,. If t, + t, were less

drips make absorbent co

than 10 second with no dappin®

L
¢ a o/
AWIANN TR TINE QL
q
4.4.8 Limited oxygen index test (LOI)
LOI values were measured using an LOI instrument on bar (70 x 7 x 3 mm)

according to the standard oxygen index test ASTM D2863. The test was based on the

determination of the lowest volume concentration of oxygen in a gas mixture of nitrogen
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and oxygen (O, and N,) required for ignition and the onset of burning. LOI values

were calculated according to the following equation.

LOI (9%) = — 2=

O, +N,

AULINENTNEINS
PRIAATUAMINYAE



CHAPTER V

RESULTS AND DISCUSSION

5.1 Chemical Structures of Benzoxazine Resins

A series of arylamine based—benzr_oxazine resins wes synthesized from
bisphenol-A, paraformadehyde, and arylamine.:-The,reaction products were purified to
eliminate the partially ring-opened oligomers and.unreacted reactant. The structure and
purity of benzoxazine resins weresidentified by 'H.NMR: Figure 5.1 shows the 'H NMR
spectrum of three typeQ}fbéﬁzoxazine Ffsins studied in this work. According to Ishida
and Sanders [10], the chapacteristic protdn§ at approximately 4.57 and 5.32 ppm were
assigned to those of ,f/Ar— CH.& N=ané! O CH,— N- which are responsible for a
formation of a benzoxazme ning+ A resonanée appearlng near 1.57 ppm was associated
with the methylene proton of b|spheno| -A WHeTe'as the signal in the range 6.5 - 7.5 ppm
was from aromatic protons BA mt and BA'é&x showed the development of signal at
2.31 and 2.27 ppm, respectlvely, WFHCh are +e+af£d to methyl protons on the substituted
aniline rings (Ar-CHS)._ Neverth’elé'ss,:the abséﬁce‘bf'resonang;e at 3.6 ppm indicated that

opened Mannich :'bé‘se—aﬁd—drgomefﬁompmdrhadfbféen removed during the

purification procedure [2] These spectra confirmation that the three types of arylamine-

based benzoxazine resins were highly pure.

5.2 Curing Process ‘Investigation

The' polymerization [of foenzaexazine resin can be completed, merely by thermal
treatment. The curing processes of arylamine-based benzoxazine resins and
benzoxazine/TPP mixtures can be observed by a differential scanning calorimeter as
shown in Figures 5.2-5.6. The curing behaviors of neat arylamine-based benzoxazine
resins are shown in Figure 5.2 revealing BA-mt and BA-35x to exhibited different curing
behaviors from BA-a. In the case of BA-mt and BA-35x, two overlapped exothermic

peaks at 223°C and 239°C as well as 211°C and 243°C were observed while BA-a
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showed only a single dominant exothermic peak at 236°C. This indicated that the

curing reaction of BA-mt and BA-35x possessed at least two cure stages. According to
Ishida and Sanders, 2000 [12], the curing process in the main exotherm (first peak) at
lower temperature was assigned to the oxazine ring opening reaction. Meanwhile, the
small shoulder beside the main peak at higher temperature was corresponded to the
side reaction at the para position of arylamine ring which generated the biphenolic
methylene linkages called arylamine Mannich bridge and methylene linked structures.
The onset temperature of the first exothermic/pgak.of BA-a, BA-mt, and BA-35x were at
197, 183, and 170°C, respectively. From the‘results, polymerization reaction of BA-35x
can be initiated at the lowest temperaturé among-the three types of benzoxazine resins
due to the lowest onset temperature of the resins. However, to achieve fully cured of BA-

35x, relatively higher cusing temperature r:hight be needed as a result of the appearance

of the highest second exethesm peak"rat 24‘3% of the resin.

{1 ’
L A5

’  J
Figure 5.3 exhibits gffegt of tr”ipheng/ipho_sphate flame retardant (TPP) on curing

behaviors of BA-35x. This non—halogen'q‘tje_d flame  retardant was added in the

benzoxazine resins in order tosinvestigate ifég-ijfei[ﬂect on flammability enhancement and

other essential properties such as curing_:-;ain_d;_tbermomechanical properties in the

benzoxazine resins. -:'_E_he maximum and onset of the exothe_flinj_jc peaks of BA-35x were
observed to slighﬂ; shifted to lower temperature With._:ah addition of TPP. This
phenomenon can alsa.be observed in BA-a/TPP system.as shown in Figure 5.4. The
maxima of the first exothermic peak of BA435x : TPP at 100:0, 98:2, 95:5, 92:8, and
90:10 mass ratios.were found ta be 211, 199, 198, 195, and 191°C, respectively. In
addition, the small shoulder, second peak temperature, was also systematically reduced
from 236 G, to 220'Cwith' 10% by lweight of TPP. In the case of BA‘a, the exothermic
peak was shifted to 221, 218, 214, 212°C for 98:2, 95:5, 92:8, and 90:10 mass ratios ,
respectively. Moreover, the heat of reaction determined from the area under the main
exothermic peak and the second shoulder exothermic peak was also decreased with
the TPP addition. The observed curing acceleration suggested that TPP might act as a

Lewis acid catalyst or initiator for polymerization of the benzoxazine resins. Only minute

amount of TPP was needed to obtain similar curing acceleration i.e. about 2 % by
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weight. The addition of larger amount of TPP in those benzoxazine resins was found
to show negligible shifting of the exothermic peak to lower temperature and only the
reduction of the area under the peak was observed possibly due to the dilution effect of

the additive. [23].

The fully cured condition of the benzoxazine and TPP mixtures was determined

from the disappearance of the exothermi
/ e neat BA-a and 35x. The neat
repre the mixture compositions for
| —— 'J —
determining the fully cure . From the i
peaks decreased with | i éuting >mper

at each temperature g

eat of reaction under the DSC curve. Figure.
55 and 5.6 show the DSC

benzoxazine resins wer:

the area under the exothermic
sing a curing time of 1 hour
mpletely disappeared after
curing at maximum tem 05C | ours. The degree of conversion of the
polymerized benzox

were calculated according to

the following relations

% conversi

where H,, [Is@aheatt of reactic n of a pa tially cul

Both ﬂ uﬂ q%eﬁfﬂﬁnﬁﬂfﬂ {Tﬂﬁnments The heat of

reaction of uneéured BA-a was determmed to be 282 J/g (0% conversion). The heat of

Y. WIS 117N M 112 L

conversion) after curing at 150°C for 1 hour, and after curing at 150°C for 1 hour, 170°C
for 1 hour, 190°C for 1 hour, 210°C for 1 hour, 210°C for 2 hours, and 220°C for 1 hour.

Finally, the 100% conversion was obtained after the final cure at 220°C for 2 hours.
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However, the area under the exothermic peak still remained after heat
treatment at 220°C for 2 hours for BA-35x as shown in Figure 5.6. Therefore, an addition
curing step was added at 230°C for 1 hour to get the complete polymerization. As a
consequence, the curing step at 150°C for 1 hour, 170°C for 1 hour, 190°C for 1 hour,
210°C for 2 hours, 220°C for 2 hours was chosen as an optimum curing condition for BA-
a/TPP systems whereas for BA-mt/TPP and BA-35x/TPP systems, the additional curing

step at 230°C for 1 hour was used.

5.3 Functional Groups of Investigation
J

The important functienal.groups of the benzoxazine resins were studied by FTIR
spectroscopic techniques Figure /5.7 slipows the FTIR spectra of arylamine-based
benzoxazine monomers and TPP: Thé absorption bands appeared at 947 and 1498 cm’
were assigned to thé oxaziné rng and -dtllhe,,r_tri-substituted benzene ring [12] in the
benzoxazine ring strucilire, fespectively wrf\i-{e the absorption bands at 826 (a), 777 (b)
and 756 cm’ (c) were assignea t:b thosé-:g;f ji,3,5-trisubstituted benzene in BA-35x,
meta-substituted  benzenein - in-A_—-mt, a;u:;l;_-‘-_]_;_rﬁono—substituted benzene in BA-a,
respectively [23]. For TPP, thef main absor_p‘ff@r_w-. bands at 1188 and 1298 cm’ were

assigned to the P=0'and P-O-C- [2Qj as shown -in Figure 5:10/(d).

Figures 5.8—5.19 represent the FT-IR 'spectra of thejully cured polybenzoxazines
of all three types of the enzoxazine resins. Acgording to the polymerization mechanism
reported [10]'the joxazine ring wasropened by the breakage of a!C-O bond to form the
network structure. The peak assigned to the oxazine ring (947 cm'1) was thus
disappearéd. The absorption“vand) of the vibration’of tri-sulbstitited benzene ring (1498
cm'1) was shifted to the absorption band at 1487 cm” which became tetra-substituted
benzene ring. It also led to the formation of a phenolic Mannich base polybenzoxazine
structure. At the same time, the band attributed phenolic hydroxyl group was found at
3300-3400 cm™". These confirmed that polymerization reaction of oxazine ring- opening
proceeded by thermal curing. In addition, a new absorption band was developed at

about 829 cm” which was assigned to the 3,4-dimethylaniline while BA-35x presented
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the new absorption band at 845 cm’ and was assigned to the 1,3,4,5-tetrasubstituted

arylamine ring as shown in Figures 5.9 and 5.10, respectively. The network structure of a
fully cured BA-a was composed of the phenolic Mannich bridge network whereas those
of BA-mt and BA-35x composed of additional amount of arylamine Mannich bridge and

methylene linked structures [12].

The infrared spectra of arylamine-based benzoxazine resins containing 10 wt% of
TPP are shown in Figures 5.11-5.13. The characteristic absorption bands at 1188 cm’

was assigned to the P-O-C.due to the presenceof IRPP. After complete polymerization,
o

no change in the spectra.was cbserved particularly in the positions of the peaks
comparing with those of.neat polybenzoxazines. This implied that TPP additive was only

physically dispersed in the polybenzoxazijne matrix with no specific chemical bonding to
the polymer network. T
1 Il C
L '
/ . J
5.4 Glass Transition Temperature Determin’étion
¥ £
Al 2/
Viscoelastic behavior reflects the combined viscous and elastic responses,

under mechanical stress, of ma}teriraijé which ﬁq_!iqt_ermediate between liquid and solid in

o

character. Glass ftrafsition temperatures are characterized"’ by a change from hard,

glass-like material t'e:é rubbery solid [26]. The behavior cantbe examined directly using

dynamic mechanical analysis.

The plots of the l6ss:modulus (E’) andiTan 0 as a function of temperature ("C) for
the neat arylaminesbased /PolybenzoxXazines are shown infFigure 5.14. The glass
transition temperature or Tg was determined from the maximum ,point on the loss
modulus (E) curyes or the O relaxation peak of thelloss faetor (Tan 8). The maximum
E” is the most appropriate value to identify T, as it corresponds to the initial drop from
the glassy state into the rubbery plateau region [20-21]. As can be seen from the figure,
BA-35x demonstrated the highest T, at 255°C comparing with those of BA-mt, or BA-a
which were found to be 220 and 177°C, respectively. The introduction of aryl-substituted
amines was reported to help increase the network crosslink density that occurred at the

para position of arylamine ring i.e. arylamine Mannich bridge and methylene linkage
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formation. The additional crosslinking would clearly increase the T  of the network [5].

Figure 5.15 presents the relationship between T, of the three types of polybenzoxazines
with TPP flame retardant content. The T s of the three types of polybenzoxazines
exhibited the same tendency that were reduced with increasing TPP content, i.e., T, of
BA-a, BA-mt, and BA-35x values decreased to 151, 186, and 201°C, respectively, with
an addition of 10 % by weight of TPP. The lower T, of polybenzoxazines with TPP
content can be explained by the small molecules of the TPP used. TPP acts as a
plasticizer, gets in between the polymer chains.and spaces them apart from each other
increasing the free volume,and consequently the"ease of segment mobility is increased.
As a result, the polymer chains can mo_\je around-at lower temperatures resulting in a
decrease in T [24]. Mogedvegsthe reductlon of T of BA-35x system was greater than
BA-mt and BA-a systemns; respectlvely TIJHS is owing to the effect of the methyl pendant

groups as well as from TPRadditive - to &gmﬂcantly increase the free volume of the

polymer. In addition, the analysis ‘of the h'?lght of the Tan O and the rubbery plateau
modulus revealed a trend in the. _prQ§s|1nklrj__gﬂddenmes. From the Figures 5.16-5.18, all
polybenzoxazines exhibited the .sia_llrp'e lendency with increasing TPP content that the
height of the Tan o peaks t;énd:ed:to increaég'érr';ﬂ the rubbery plateau region became
lower than that of the neat polybenzoxazm?&lhe mcreasmg height is, in principle,

associated with thtjer segmental mobility -and--more rejaxmg species [21]. As a

consequence, this" mdlcated that the networks of the rr_e’at polybenzoxazines were

denser than those of pelybenzoxazines-TPP systems. -

5.5 Thermal Stability Evaluation

Thermal stabilities’ of the” cured polybenzoxazines were compared using the
degradation temperature at 5 % weight loss and the percentage char vyield at 800°C
under argon atmosphere from thermogravimetric analysis (TGA). In TGA thermograms,

weight loss is recorded as a function of temperature as shown in Figure 5.19.

TGA thermograms of the neat arylamine-based polybenzoxazines are shown in

Figure 5.19. The degradation temperature at 5 % weight loss of BA-mt and BA-35x were
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higher than that of BA-a i.e. T, = 330, 350, 349°C for BA-a, BA-mt, and BA-35x,
respectively. Ishida and Sanders, 2000 [12] reported that in the case of BA-mt and BA-
35x, the polymerized network structure was not pure phenolic manich bridge network as
BA-a (as also seen in Figure 3.2) but contained additional crosslinking structures, i.e.
arylamine Mannich bridge and methylene linkage (see in Figure 3.1). However,
anchoring of the pendent rings in the BA-mt and BA-35x through reaction at the para
position should not significantly increase the thermal stability of Manich bridge unless
the phenolic moiety contributes significantly 16 the degradation mechanism of the
phenolic Mannich bridge structure. Moreover,«the _more rigid network created by the
methylene linkages create Kinetic barrier: to weightloss as well. Those bond formations
therefore contribute to thesobserved enha_lncement in T of BA-mt and BA-35x comparing
with BA-a. On the other hand,/the charf.L yields of BA-a, BA-mt and BA-35x are not
significantly different with the Values in;é'. range of 30-31 %. Thus the additional
crosslinking from phenolic Mannich-br—idgegand methylene linkage provided insignificant
effect on the char formationof the_resﬁlting 'ﬁg!ypenzoxazine networks.

P o
L ddi

The effect of TPP content.on the degradation temperature (T,,) and char yield

of polybenzoxazines is shown ‘_ilfl Hgure 5_;?@);{@ three types of polybenzoxazines

exhibited the same__dgcreasing trend in 5 % weight loss teméé_[ature with increasing TPP
content. Due to its'-'ifglatively low boiling point (245°C), ur._T_c;Ie'r temperature scan, TPP
tended to be released from the specimen before the thermal degradation of
benzoxazine matrix. Meanwhile, the char yields of polybenzoxazines in the presence of
TPP were observedito be higher than that ofithe neat polybenzoxazines as illustrated in
Figure 5.21. The char yields of BA-a,.BA-mt, and BA-35x increased fream 30.2, 31.4, 31.0
to 37u(, 39.3, and"35:9 %, respectively, with110 wt% of! TPP content. Char yield of the
material has been correlated with its flame retardancy [27]. Increasing char yield implied
greater fire resistance of the sample as it was proposed that char formation would limit
production of combustion gases, inhibit combustion gases from diffusing to the pyrolysis
zone and protect the polymer surface from heat and air. Thus fire resistant property of

the polybenzoxazines tended to be improved with the TPP addition.
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5.6 Flexural Property Examination

In three-point-bending test the specimen having standard geometry is
supported at its ends. A load is then applied at the center of the specimen under
standard conditions. The force is measured and registered during the deformation. Form
the evaluation, the flexural (bending) strength (proportional to the maximal load-bearing
capacity), and the flexural modulus (proportional by the stiffness of material) can be

determined [28].

Flexural strength represenis an é}bility of materials to absorb maximum force at
rupture. This ability concemas with storing and dissipating forces in polymers in the form
of movement, rotation and i/ibration of m}plecules, whieh might be transformed to heat,
deformation or sound, eto [28]. ;The ‘flexural properties of polybenzoxazines at various
weight percentage of T'E’P are shown n F@ures 5.22 — 5.24. Figure 5.22 is a plot of the

. J
flexural strength (MPa)sof the three polyben-zoxazmes as a function of the TPP content

:-_.'J-n ¢

(Wt%). In principle, flexural strength of a thermosettlng resin is influenced by a number

of interrelated parameters ¢ moludrng e molecqlar weight between crosslinks, free

.—_-i

volume, chemical structure network regﬁlfanty and perfection, and some other

e

contributing factors L29] As seen in Flgure 522 the ﬂexural strengths of the neat

polybenzoxazines were determined to be 139.6, 129.2, and. 1_16 0 MPa for BA-a, BA-mt,
and BA-35x, respectixely i.e. BA-a exhibited the highest__flexural strength among the
three polybenzoxazinesg'However, the flexural strengths of BA-a, BA-mt, and BA-35x
decreased t0122.0, 115.7, and 102.8 MPa, respeciively, with an addition of 10 % by
weight of TPP This result was ascribed to the effect of free volume of the modified
specimens: A higher free volume-with increasing TPP contents'mighililower interactions
and emhance the ability of the polymer chain segments to flow under load by such
means as rotationally configurational changes [29]. In addition, as described previously,
TPP tended to disperse only physically, without no chemical bonding, in a
polybenzoxazine matrix thus provided no contribution to mechanical performance of the

polymer.
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Figure 5.23 exhibits the plot of the flexural strain at break (%) of the arylamine-
based polybenzoxazines as a function of TPP contents (wt%). The flexural strain at
break of BA-a, BA-mt and BA-35x was observed to be about 2.40, 2.45 and 2.50 %,
respectively. The three types of polybenzoxazines showed slightly difference in their
flexural strain at break values i.e. BA-35x demonstrated the highest value. As a result,
the methyl side groups on the arylamine ring in this system provided some flexibility in
the polymer. The slight increase of flexunal strain at break (%) of the three types of
polybenzoxazines with an addition of TPP was also.observed. The values were found to
be 2.9, 2.8, and 2.9 % at.10 % by weE;ht ratio of IPP for BA-a, BA-mt and BA-35x

systems, respectively.

The plot of flexural medulus (GPa?) of the arylamine-based polybenzoxazines at

various weight percent of TRP is shown %n".Figure 5.24. Flexural modulus defines the

relationship between a bending stress a'swdaihe resulting strain and is, in principle,

determined from initial"slope of the stres‘é?stain curve. As seen in the figure, BA-a

Al AN g
o d

possessed the highest flexural modulus vallj?__of 5.8 GPa. For BA-mt and BA-35x, those

values were found to be about:5:4-and 4.8 Gl‘_’_ié_.::.respectively. Furthermore, the flexural

modulus values of BA-a, BA-mi,.and BA—35;éjt_aiQ‘% weight of TPP deceased to 4.25,

4.27, and 3.58 GP@};{respectively. The observed phenome_rﬁq__also confirmed that TPP
was only physically;f'%_ixed with the polybenzoxazine may._r_i;c" to yield a homogeneous
mixture. The effect of PP small molecule tended to increase free volume of the polymer
matrix thus promoting its' strain at break. HoweVver, the presence of this small molecular
weight additive canfributedgto the lowering of mechanical strength and modulus of the

polybenzoxazine matrices
5.7 Effect of TPP on Flame Retardancy of Arylamine-based Polybenzxaozines

5.7.1 Limiting Oxygen Index (LOI)

The ignitability and fire resistivity of polymers can be characterized by a limiting

oxygen index (LOIl). The relative flammability is determined by adjusting the
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concentration of oxygen. The LOI is the lowest oxygen gas concentration which a

material will burn [30]. Figure 5.25 presents the LOI values of the three types of
arylamine-based polybenzoxazines at various TPP contents. From the figure, BA-a
possessed the highest of LOI values of 23.5 while BA-mt and BA-35x showed LOI
values of 23.0 and 22.0, respectively. The LOI values were also found to be
systematically enhanced by an addition of TPP. The higher LOI values of 26.0, 25.5, and
24.0 with an addition of 10% by weight of TPP were obtained for BA-a, BA-mt and BA-
35x, respectively. The effect of TPP content on the LOI values of polymer has been
extensively studies, and usually found that LOLwvalues.increased with an addition of TPP
content. For example, Mark.et-al. [31] 1f‘:3und that-LO| value of polystyrene increased
from 18.8 to 20.7 with ap.addition.of 5% _Iby weight of TRPP. Junfeng et al. [32] examined
the flame retardant of TRP in polybutylené terephthalate (PBT). They reported the result
that LOI value of PBT was signiﬂcanﬂry inc}eésed from 20.9 to 24.6 at 10 % by weight of
TPP. L. Kyongho et al [33] also found—that?L@,l values of acrylonitrile-butadiene-styrene
(ABS) were increased by adding of TPP Thg hlgher LOI values confirmed that TPP was
an effective flame retardant for Our porybenzoxazmes These results were also
consistent with those char yield values from-—__tnfae TGA results. The char yield also

increased with increasing of TPP content. T_@._phgﬁ formed during combustion can act

as a protective Iayéf for polybenzoxazines, which preverj':[s_{__ oxygen diffusion to the

surface of the specﬁn’én thus more oxygen is needed for its ._ecfnbustion [34].

5.7.2 UL94 VerticalcTest of TPP-modified Polybenzoxazines

UL94 is‘the most commonly used standard test for measuring the ignitability and
flamé-spread’of vertical bulk materials-exposed té a small-flame. Fivelsample bars of
each fully cured polybenzoxazine suspended vertically over surgical cotton were ignited
by a methane burner. Two ignitions of 10 seconds were applied to the sample. The
flammability of the three arylamines-based polybenzoxazines without the TPP additive is
summarized in Table 5.1. It was evident that the neat BA-a provided the shortest total
after-flame time (t, plus t,) from 5 tested specimens where t, = the after-flame time after

the first ignition and t, = the after-flame time after the second ignition.
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Meanwhile, BA-mt and BA-35x showed the longer times for self-extinction and
the flame could propagate the tested specimen up to a holding clamp. It was also
observed that BA-35x specimens showed a greater fire spread than BA-mt and were
severely burnt after the flame test. However, all three polybenzoxazines exhibited no the
dripping of flaming particles in the UL94 vertical test. The total after flame time of the
unmodified BA-a, BA-mt, and BA-35x were found to be 100.1, >250, and >250 seconds,
respectively thus BA-a was classified as V-1 raiing,under UL94 test. In the case of BA-
mt and BA-35x, both could.not pass the vertical rating category. This result indicated
that BA-a exhibited the best.flame retargancy comparing with BA-mt and BA-35x. The
flammability of the polybenzoxazines was ranging in the order of BA-a < BA-mt < BA-
35x. The phenomenonamight” be ascride to the presence of methyl group on the
arylamine ring which, upon pyrolysis": proé;ld'&:ed relatively. flammable CH, free radicals,

In theory, the flammability 0f a'given materq‘;al is strongly dependent on the concentration

of free radicals [35]. The firg reSistance of 6blybenzoxazines was examined by Wang et

al [36]. According to theig reported, bk-:{ggoxazine resins were synthesized from
difference of bisphenol i.e. bisphenyl-A andi’_»b_'_ié__@henol-F. The structure of bisphenol-A

has an addition of two methyl_sig_e groups C_;;hpé;[igg with bisphenol-F. They found that

the burning time of__b[_sphenyl-A based benzoxazine was Ioniégr than bisphenol-F based
benzoxazine. This r"es"'u_lt was in good agreement with our ._res'ult which the methyl side

groups have effect on.the fire resistance of polybenzoxazings.

The UL94 [test results for the three polybenzoxazines| with an addition of TPP
flame retardant ranging from 0. 2, 5,8, and 10 % by, weight are shown,in Table 5.2-5.4.
For BA-a iype polybenzoxazine, the classification of V-0 rating/ was achieved in this
polymer when at least 5 wt% of TPP was added. The total after-flame time for five
specimens for BA-a was reduced substantially from 100.1 to only 16.7 seconds. The
flame was observed to extinguish almost immediately after the remove of the burner.
Similar effect of TPP on fire resistant behaviors of BA-mt and BA-35x systems was also
observed. From Tables 5.3-5.4, UL94 classification of V-0 rating was also achieved with

an addition of only 2 wt% and 5 wt% of TPP in BA-mt and BA-35x, respectively. The total



45

after-flame time for five specimens was significantly reduced from >250 seconds to

21.1 seconds for BA-mt systems and from >250 seconds to 43.43 seconds for BA-35x
systems. The visual appearance of those tested specimens can be seen in Figures 5.29-
5.32. An addition of TPP flame retardant above those specified levels for each
polybenzoxazine provided only a further slight reduction in the burning time.
Consequently, maximum fire resistance of VO category under UL94 test of those

arylamine-based polybenzoxazines co e easily obtained with relatively low amount

'&1 mount of TPP would prevent the
F&oxazine&
%

It had been rep il PP mainly acted in gas phase as

of the TPP flame retardant. T

negative effect on other g

it could vaporize v int apc = licals, such as PO,*, PO* and
HPO*. These radicals aci€d a& scavengers rad|cals and thus resulted in
\‘\' vas also reported to act in a
7 ar as also observed in our
polybenzoxazine systems. I .' as har formation on the surface
inhibited gaseous products f’ sing-ic as well as shielded the polymer
surface from heat and air [20] asesult, ion process was suppressed or even

terminated.
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Figure 5.5 DSC thermograms of the neat-BA-a at various curing conditions:

(@ FLRCUE e M)-150-C Lt b ()t 50-C/Lh?,+ 170°C/1hr,

( A¥150°C/1hr +170°C/1hr + 190°C/1hr;

(VW150°C/1hr + 170°C/1hr + 190°C/1hr +210°C/1hr,

(@)t 50°G/ Wb+ 17 0°C/ hist 490°@/ thr 210°€/1hr + 210°C/2hrs,
(O)150°C/1hr +170°C/1hr + 190°C/1hr + 210°C/1hr + 210°C/2hrs +
220°CL1hr.and. (9).1502C/1 he +170°C/1hr +.490°C1hr. + 210°C/1hr
2107C/2hrs220°C A thr + 220°C/2hrs.
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230°C/ 1hr.
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Figure 5.30 UL94 verticaltestof BA-‘SSX without TPP flame retardant.
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Table 5.1 : Flammability of the three types of arylamines-based polybenzoxazines

without TPP flame retardant (3 mm thick sample).

Criteria for classification BA-a BA-mt BA-35x
- After flame time for each individual 14.4,5.7 >250 >250
specimen t1 or t2 (s) 7
- Total after flame time for 2 on >250 >250
set (s) (t1 + t2 for the
- After flame plus afte - -
individual specimen af
flame application (t2 + t
- After flame or atfer flow of Yes Yes
g
up to the holding clamp Gbbeidisi |
- Cotton indicator ;-'¢$=m:zmm7-==si-—:i No No
\"F I
particales of drops - +
,ﬂ i
e LY
|assifi imE! q ﬂﬁhing Burning

AMIANTUUNINYIAE
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Table 5.2 : Flammability of BA-a at various TPP contents (3 mm thick sample).

TPP TPP TPP TPP TPP
Criteria for classification
0% 2% 5% 8% 10%
- After flame time for each 144,57 | 85,09 2.3,0.9 0.9,0.9 0.9, 0.7

individual specimen t1 or t2 (s)

- Total after flame time for any 16.7 8.7 8.3

condition set (s) (t1 + {2 fo
5 specimens)
- After flame plus afte 0.9 0.7
time for each individua
specimen after the seco
flame application (12 +

- After flame or atfer flow of any No No No

specimen up to the holding

clamp

- Cotton indicator igni‘a by

¢
flaming parti e _._w N 019/ i

No No

pm

Classification V-1 \JOI V-0 V-0

amaammwﬁwmﬁ ]
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Table 5.3 : Flammability of BA-mt at various TPP contents (3 mm thick sample).

TPP TPP TPP TPP TPP
Criteria for classification
0% 2% 5% 8% 10%
- After flame time for each >250 3.2,1.0 1.7,0.9 1.0,1.0 0.9,0.7
individual specimen t1 or t2 (s)
- Total after flame time for any 13.1 8.7 8.3
condition set (s) (t1 + {2 fo
5 specimens)
- After flame plus afte 1.0 0.9
time for each individua
specimen after the seco
flame application (12 +
- After flame or atfer flow of any No No No
specimen up to the holding
clamp e
- Cotton indicator |gn|‘a No No
flaming parthTSﬂ ET’J
ific - - V-0
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Table 5.4 : Flammability of BA-35x at various TPP contents (3 mm thick sample).

TPP TPP TPP TPP TPP
Criteria for classification

0% 2% 5% 8% 10%
- After flame time for each >250 26.9,1.0 7.6,1.1 7.3,0.8 3.0,0.6
individual specimen t1 or t2 (s)
- Total after flame time for any 43.43 40.57 17.23
condition set (s) (t1 + {2 fo
5 specimens)
- After flame plus afte 0.8 0.6
time for each individua
specimen after the seco
flame application (12 +
- After flame or atfer flow of any No No No
specimen up to the holding.. ==
clamp e
- Cotton indicator |gn|‘a No
flaming parthTSﬂ ET’J

ific V-0




CHAPTER VI

CONCLUSIONS

Effect of triphenylphosphate flame retardant (TPP) at various weight ratios in
three types of arylamines-based benzoxazine resins were investigated. Among those
polybenzoxazines, BA-a showed the best fire r,e;s__istant properties, provided a V-1 rating,
while BA-mt and BA-35x did not pass UL—94 ‘vertical test standard. All three
polybenzoxazines achieved the highest"{/-o rating of UL94 standard with only a small
addition of TPP. That is BA mt passed | V-0 rating with an addition of 2 wt% of TPP.
Whereas, BA-a and BA— 3 achleved \/}O rating at 5 wt% of TPP addition. Limiting
oxygen index (LOI) of these polybgnzoxazines were also enhanced with increasing
amount of TPP. As a/result it Can bi concluded that the flame retardancy of

polybenzoxazines can bé |mprove by‘fhe adﬁmon of relatively small amount of TPP,

F " “ i

TGA results revealed that the degradakop temperature at 5 % weight loss of the

]

polybenzoxazines decreased W|th :ncreasmg_n"PP content in the polymers. On the other

hand, residual Welght at 800 C mcreased from 30 2 31.4, and 31.0 to 37.7, 39.3, and

35.9% at 10 wt% Qf__j;TPP for BA-a, BA-mt, and BA-35x, fcg-pectlvely. From the DSC
experiment, ring ope;n‘ing polymerization of benzoxazine tesins was observed to be

accelerated by a presence of TPP that passibly acted as a Lewis acid catalyst of

benzoxazine resins.

Therglassstrangition, temperature olbtained fromithe fpeaks ofvloss moduli of the
polybehzoxazines were observed 10 be reduced with ‘an addition ‘of TPP. In dynamic
mechanical property measurement, flexural strength and flexural modulus of all
polybenzoxazines were also found to slightly decrease with increasing amount of the
TPP. Meanwhile, the flexural strain-at-break was increased with increasing TPP. Finally
TPP was found to disperse homogenously in polybenzoxazines. However, no chemical

bonding between the additive and those polybenzoxazines was observed.
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APPENDIX A

Arylamine-based Benzoxazine Resins and TPP Characterization

Appendix A-1 Curing temperature of the neat arylamine-based benzoxazine resins.

|l_f!
Benzoxazine resin % temperature (‘')

oY ——— Minor

PA RSN ‘

o 1/7/&%\\\\‘ 0

oo LI 219
Nz

574 ‘\

\ t various TPP contents.

BA-a/TPP : curing temperature (°C)
W_ o
236
L A
I;" 221
T 218
u
214

"t QL

AMIANIUNNIINYIAY



Appendix A-3 Major of the curing temperatures of BA-35x at various TPP contents.

87

Benzoxazine resin

Curing temperature (°C)

Major Minor
100:0 211 243
98:2 .Ii ' ' 230
95:5 l”;’fr:‘; 208
92:8 7 197 220
90:10 220

AULINENTNEINS
PRIAATUAMINYAE
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APPENDIX B

Characterization of Arylamine-based Polybenzoxazines and TPP Mixtures

e (T ) and storage modulus at room
%olybenzoxazine at various TPP

Appendix B-1 Glass transition temperatu

temperature (E')

contents. §
AN BA-35x
Benzoxazine:TPP , . ;
. . GPa) | T,(C) | E(GPa)
100:0 do =P\ \\1 3.02 255 2.37
98:2 3.0\ | 4 11\" 78 2.13
43 0 S 4 %\k 228
95:5 168 M. %?. 195 77 210 2.40
92:8 4 2981040 ) 192 2.60 207 2.18
i) -ﬂa’;‘i
90:10 158 JYaeudo- 2k 6 2.77 201 2.32

o T——

Appendix B-2 Deg , > ratures (T ) at 5% wg’ and residue weights

(char y@) a 300 ased po!ﬂ&enzoxazine at various TPP

contents. P

_ AUYANENTNENAS

BA-35x

Benzoxazine:TPP O

ﬁd@ Char(%)
' 353’ 31.0

98:2 326 33.6 343 33.8 343 322
95:5 312 34.8 336 34.7 335 333
92:8 310 36.2 333 37.2 328 34.7

90:10 295 37.7 330 39.3 326 35.9




Appendix B-3 Flexural strength of arylamine-based polybenzoxazine at various TPP

contents.

Flexural strength (MPa)
Benzoxazine: TPP
BA-a BA-mt BA-35x
100:0 116.0
98:2 114.0
95:5 109.9
92:8 106.7
90:10 4 \ . - 102.8
a ‘.!E‘,
Appendix B-4 Flexural str ] benzoxazine at various
TPP content W -
&g j;
TR train at break (%)
Benzoxazine:TPP —
Tk f;.-r BA-mt BA-35x
100:0 2.50
98:2 4 . 2.65
95:5 . 2.68 2.58 2.72
92:8 ¢ e 088 o 272 2.86
(Y W
—F’r‘u‘ BT VI WERIT

s

.
awqaqmmwﬁwm ¢)
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Appendix B-5 Flexural modulus of arylamine-based polybenzoxazine at various TPP

contents.

Flexural modulus (GPa)
Benzoxazine: TPP
BA-a BA-mt BA-35x
100:0 5.44 4.80
90:10 .14 4.67
80:20 ﬂ 3.96
70:30 — | ﬁ 3.60
L
60:40 - 3.58
a ‘.!E‘,
Appendix B-6 The Limitin l@d “ ased polybenzoxazine at
various PP _nts,.‘*"ﬁ-'-
Pl alues
Benzoxazine:TPP —
T4 f;.-r BA-mt BA-35x
100:0 22.0
90:10 225
80:20 24.0 24.0 225
70:30 ‘A 24.5 24.0 23.0
L] ™
—F’r‘u‘ maﬁ BisiT]

s

d
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