CHAPTER V

RESULTS AND DISCUSSION

5.1 Characterization of Polybenzoxazine Alloys

The curing exotherms of the oxazine resin (BA-a) and the binary

mixtures (BP) between benzox ic novolac resin (P) were shown in

Figure 5.1. DSC thermogram: erm of the BA-a with the onset
---- : °C. BA-a has been shown to
cid catalysts or initiators. The
)\\’a tion so it does not yield any
; \ ultifunctional benzoxazine
,\ g initiator) to ten minutes or
¢ thermograms clearly showed
that the curing exotherm péa erature when phenolic novolac
e curing peak of BA-a at 225°C

be concluded that the addition of

content in the binary mixtures :
was shifted to 150°C in BP37. The

phenolic novolac resinte azine resin can substantially

Y]
with that has been reporte :“ by S. Rimdusit and H. Ishida, 2
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broader when phenﬂic novolac contentgincreased. TES signified tha&}he polymerization

of the resiqnlwlfe'i (ﬂu&ﬁﬁ)ﬁﬁ Ngﬁft}@eﬁn&}ﬁ}ﬁeﬁme of phenolic

novolac resih. Furthermore, the area under the exothermal peaks slightly increased and

reduce the curing tempesdtu sult is in good agreement

then decreased with increasing amount of the phenolic novolac fraction in the binary
resin mixtures. The behavior thus suggested only certain fraction of the phenolic novolac
would be needed in the resin alloys as the rest of phenolic novolac seems to show no

contribution to the network formation in the binary alloy systems.
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Relationship between curing enthalpy and the phenolic novolac mass fraction was
shown in Figure 5.2. In the other report, benzoxazine resin can be thermally cured while
phenolic novolac resin shows no sign of a curing reaction without an addition of initiators
or catalysts [S. Rimdusit and H. Ishida, 2000]. Therefore, the observed curing exotherms
in Figure 5.1 belong to either the reactions among benzoxazine monomer resin or
between benzoxazine and phenolic. The area under the exotherm peak tends to decrease
with decreasing the amount of the benzoxazine resin in binary mixtures as seen as theory

curing enthalpy. From the plot, the theor enthalpy should reduces when phenolic

y inear fashion. However, the actual
a xothermic peak of Figure 5.1.
The actual curing enthalpy of Dinagy-mixture cuiing-process normalized with the fraction

of benzoxazine resin were highef théh a Yo d1S \\\\
fraction are in the range of Q#fG / se.of curing enthalpy between
1P

novolac resin content increases a

curing enthalpy was calculate are

hen phenolic novolac mass

benzoxazine and phenolic ng#ol resm no more than 0.2 of

gl ) %\ re n. Nevertheless, the actual

mass fraction, can form

curing enthalpy tends to befSimg to t% '~= ues when the phenolic novolac
()48

mass fraction is more than 0. refoqy;; 170 timal \pheénolic novolac mass fraction to

be effectively alloyed with the bénzg azine resie ld'be less than 0.2.
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The completion pfith cén be proved by a solubility

BP01, BPS2, and BP73) were
immersed in chloroform/r@hano nixed ‘solv at the m& ratio of 70/30 to observe
extractable phenolic novolag’ mass fraction. The extracting time was up to 1 month.

Fignre 5.3 revealecﬂ ﬁrﬂ GJ. a{l ‘E] ﬂﬁowg{r}ﬁ d the color change of

the solvent was obvib usly seen even at éen days of the test. The sol bllxty test of these

s IR AN TUNNININY

Flgure 5.4 showed a processing window of BP binary mixtures using a heating

test of starting resins. In

rate of 2°C/min. The dynamic viscosity of the resin as a function of temperature was
recorded. In the first stage, the uncured monomers in the form of solid powder at room

temperature changed to soft solid as the ramp temperature approached its softening point.
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At this point, dynamic viscosity of the binary mixtures rapidly decreased with increasing
temperature. In the second stage, the binary mixtures became liquid giving lowest range
of viscosity. This lowest viscosity range provides a processing window for a
compounding process of each resin. At the final stage at higher temperature, the binary
mixtures underwent crosslinking reaction past the gel point thus resulting in a rapid
increase in the viscosity beyond this transition [S. Rimdusit and H. Ishida, 2002].

From the rheogram of Figure 5 4, amic viscosity of the binary mixtures

compared at the same temperature tend with increasing the amount of
phenolic novolac resin. The dexitrificat § 1quefy1ng temperature) of these
binary mixtures also increased withthe increasingramg u _of the phenolic novolac resin
, BNebibited the lowest liquefying

g \ efying temperature among the
tested resins of 120°C. BP9ifand' B 7 possessed, inte diate liquefying temperature
between BA-a and BP73! S are due to the higher viscosity of
the phenolic novolac resin ¢@ nonomer. On the other hand, the

the increasing amount of the

ihary 7 -a resin showed the highest gel
point at a temperature of 210°C, _-i: o b, BP82, and BP73 are 195°C, 165°C,
and 160°C, respectively. Thi ¢ corres pfbe DSC results (Figure 5.1)
that phenolic novolac *{. J ng temperature of BA-a
resin. Therefore it acts initiator for the -openinﬁeaction of the benzoxazine
resin. Furthermore, the rh€oggams also indigated that BP73 has a rather narrow

mdoﬂfspm LYV YR FHS i inow tor s

wood/resin compo ing is con81dered‘BP82 and BP91 are probablynore suitable for

s QRARIATRIUN TN TR Y
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5.2 Process Condition of Molding Compounds of Polybenzoxazine

Alloys

Figure 5.5 showed DSC thermograms of BP91 and its filled systems at the
woodflour contents of 50% by weight and 70% by weight. The thermograms at all filler
contents revealed the curing exotherms with the same peak maxima of 210°C. This
characteristics indicated that the woodflour loading had no effect on the curing reaction,

either accelerating or retarding, of these bi ys or the filler is somewhat inert to the

curing reaction. Furthermore, the-area unde E peak expectedly decreased with

of the resin with increasing the

filler loading.

From the figure, t loys was selected at 160°C
because this temperature S nitiate ¢ crosslinking reaction of the
alloys. In addition, this tem ; lefate, enough for typical wood composite
fabrication. Moreover, thé d i0 ” m 23 \ \ oodflour filler must also be
considered to justify the compogite preessingfeond fions. As a general rule, curing or

melting temperatures should j’: ow 2 except for short period, in order to

achieve wood composites with maximuin integrifyuHigher temperature can result in the

release of volatiles, disgoforation. odor. and embrittlementof the wood component [J.A.
g —— 'l"

Youngquist, 1999]. Thefefore atisicd the above conditions.

|
The effect of curing® e on the wo -fille 91 _at 50% by weight of
woodflour contenﬂiuﬁcgnﬂﬂmﬂ:ﬁﬁm in Figure 5.6. The
curing time was varied from 0 to 180 gninutes. As ghe curing timegincreased, the area
under the Q’lﬁp%ﬁlﬂ%ﬂéi WQ%Wr&}Q &%4 of conversion
of the curing process. The complete polymerization of the alloy was attained when the
curing peak was disappeared. Figure 5.6 revealed that the isothermal curing reaction was

complete at 120 minutes at 160°C. The above condition was; therefore, used to cure our

polymer alloys and their wood composites.
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5.3 Properties of Polybenzoxazine Alloys

Degradation temperature (T4) is usually one of the key parameters that needs to be
considered for high temperature applications of wood composites whereas a limiting
oxygen index (LOI) is usually considered for flame resistant capability of wood
composites. The larger value of LOI, the harder it is for the material to burn. Generally,
in the case of LOI below 22, the material is regarded as “flammable” while for LOI equal
“self extinguishable” [H.T. Chiu ef al.,

rs and the wood filler used in this

or greather than 22, the material is classi
2000]. Table 5.1 summarized the L

study as well as those of some

od composites. From the table,
as 41 [C.A. Harper, 2004]
was obtained to be about

the LOI of phenolic novolz '
whereas that of the polybes

¢ \‘ :\ ed materials. Moreover,
\ »;:\- pared to BA-a when the phenolic

BA-a to a slightly higher ghﬁ ":\

as 88 were ranging from 30 in the

_’ 0

Sl ) \' ?
experiment by DSC thermogfamg' (Figpie 5:2); the plot indicated that certain amount of

and BP73. From the previous

phenolic novolac can react wit BALa resits phenolic novolac mass fraction was

more than 0.2, the amount of the _-_vg-:;::_, ovo in became in excess to completely

crosslink with the benzgxgzine resin. As a consequence. thi ~the'E0I of the obtained polymer

Y |

alloys slightly increased®*witl ovblac resin. However, these

) 4

“self extinguishable”. The larg

values were also classified LOI value of the phenolic

novolac comparing to that of th@BA-a ma 0 the more prevalent benzene rings in
the phenolic nov. ux&qu mt& ﬁnsé Er}iﬁ e retardation of the
phenolic novolac. F’gm the table, LOIs @f our unfilled.alloy matrix sygtems remain much
greater thaq.hw r‘ ay@ﬂ %aﬁtds jdx%qo’]y’gs%(&lra\.a \&d composites
such as PE, PP, or PS [C.A. Harper, 2004]. Although PVC may be a good candidate for

achieving fire resistant wood composites due to its high LOI value up to 50, the polymer

itself upon combustion, can release undesirable HCI gas which is corrosive and toxic.
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Figure 5.7 showed heat of combustion (HOC) of BP polymer alloys. HOC slightly
decreased when phenolic novolac mass fraction increased from 0.0 to 0.3 because of the
slightly low HOC value of the phenolic compared to the polybenzoxazine. The values
were in the range of 34-35 kJ/g from BP73 to the neat polybenzoxazine. The HOC values
indicated that after ignition and removal of the ignition source, combustion became self-
propagating if sufficient heat was generated and radiated back to the material to continue

the decomposition process. Therefore, one might expect an inhibited flame propagation

as a result of a lower HOC. These implied e HOC could be a significant parameter
in the flammability studies. Howeyer, er alloys used in this research is
much lower than those polymezic matriec d to produce wood composites

e.g. PP (HOC=43), PE (HO PS, (HOC=40)-{C.A Harper, 2004]. Therfore, the
alloys are highly attractive to beMised ite 1 ‘1?%.‘? of natural fiber composites.

The relationship be “nevolac ms ction and char yield of our

char yield of the unfilled

polymer alloys clearly incr ass fraction increased. This
is due to the higher char , the” shienolic novolac resin compared to the
polybenzoxazine. The polybe ANEE ; ted"char yield about 25-30% while

that of the phenolic novolac is 55% ;i pre prevalent benzene rings in the

phenolic novolac struc V_c;- .4M it was evi e char yield of the alloys
significantly increased *Fr* creased from 0.0 to 0.2,
with the maximum char ygd abou 0- value (35@ is significant greater than

those polymeric matrices oftgn used for making wood composites e.g. PP (char

yield=0%), PS (chﬂy%%mcgwlﬁow gﬁ\ﬁ @ar yield=11%) [C.A.

Harper, 2004]. In tha]alloys, char yield s°1ightly furth&ﬂncreased wheE})henolic novolac
tin the char yield

RN

of the alloysgwas attributed to the excess amount of &e phenolic novolac beyond 20%

o

showed no contribution to the network formation and the thermal integrity of the fully

cured alloys.
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The relationship between phenolic novolac mass fraction and degradation
temperature (T4) of BP polymer alloys was shown in Figure 5.9. From the thermograms,
the Ty of the alloys increased with increasing amount of the phenolic novolac mass
fraction from 0.0 to 0.2. The phenolic novolac mass fraction beyond 0.2 resulted in the
systematically decrease of T4. This result indicated that the optimal amount of the
phenolic novolac resin that can react with benzoxazine resin was less than 20% by weight.

This amount of the phenolic novolac resin was expected to be able to react with the

' e. This observed behavior was also in
%’/ﬂ the char yield property of the

benzoxazine resin to constitute a netwo

good agreement with the heat of 1¢
alloys.

Figure 5.10 showed heof / \n -"“\ esy(T,) of the polybenzoxazine
and the polymer alloys bety / D enohc novolac resins. All
polymer alloys showed only Single aphyd ‘ the 1 111ty of the two resins was
obtained. From the plots,“T, of @hefalloys decigase 65°C to 112°C when the
phenolic novolac mass fraftiof ificreast m 40 0.5. The trend is of linear
relationship as seen in the ingét ¢ {This ¢ '\.- s probably because the T, of
phenolic novolac polymer cure _'_"_.’ me ramine is 121°C [C.P.R. Nair,
2004] while the BA-a has higher T f)%?"
lower with increasing t -_,, her ' the BA-a was found to
help improve the T, of icpolymer alloys due to l self-polymerized and to
undergo crosslinking with Q’lam amount of the phienolic norl lac.

s | IS IR St ot st

were shown in Tablé 5.2. It was fourgd that the ﬂexural modulusn)lghtly increased

e QAR BRIV A e

increased from 0.1 to However, the flexural values were similar when increasing

esult, Ty of the alloy systems were

amonut of the phenolic novolac. These implied that the amount of phenolic novolac resin

had no significant effect on flexural properties.
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5.4 Properties of Woodflour-filled BP Alloys.

Figure 5.11 showed the limiting oxygen index (LOI) of the woodflour-filled BP
alloys. As phenolic ncvolac mass fraction in the alloys increased from 0 to 0.7, the LOI
of the composite specimens, at the same woodflour content of 50% by weight,
systematically increased from 25.2 to 28.1. In addition, the LOI changed from 22.8 to
24.4 for those specimens at a constant woodflour content of 70% by weight. The LOI

also obviously decreased with i 1ncreasm woodflour content due to the inherently lower
LOI (LOI=21-22) of the woodflour, the /y. wood composites based on BP
alloys gave promising fire resistat propertic .AS 2-28.1 at 50% by weight of
woodflour content, compari grrenii] / € ‘-u y available systems such as
LLDPE-wood fiber composi 3 \\“ ght of woodflour content) [B.
Li and J. He, 2004]. ’ \

Rate of burning of o

displayed that the rate of b

own in Figure 5.12. The figure
\1 \. nt of phenolic novolac resin
increased. The rate of burni re@f? n 18. \ M/min in the polybenzoxazine

wood (i.e. phenolic novolac mass/ifra ;. on = to" about 14.8 mm/min in BP55

comparing at the same woodflour ¢ ontent of 70% weight. At woodflour content of
50% by weight, the rate @fburning b ecame 17.7 mm/min fo; .w} polybenzoxazine wood
while those using the all6 1' trices .k on of greater than 20% by
weight, were self- extmgul able i.e. the LOT values are ab - e 25. These phenomenon

implied that BP82 dlslﬁed‘slﬁcwnt fire resistant EI r:f]ln addition, the rate of

i il Whaho

the most ﬂammable ecies in these woed composnteé. However, these BP alloy wood

composites @%&ﬂm@hﬁﬁ m %%’q 'g-nﬁ%} '}a)%])% by weight

filled sawdus&PP composites, having the burning rate of 31 mm/min [M. Sain et al.,
2004].

burning expectedly as the woodflour is

Heat of combustion (HOC) of woodflour-filled BP82 was shown in Figure 5.13.

From the plot, HOC of the composite systems decreased when woodflour content
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increased. This is due to lower HOC value of woodflour comparing to the polymers used.
(i.e. HOC of BP82 and woodflour are 34 and 19 kJ/g) In general, HOC over 30 kJ/g may
be classified as being extremely flammable [UN/SCETDG/19/INF.43]. The HOC of our
wood composite systems are 26 and 23 kJ/g at 50% and 70% by weight of woodflour

content which are well below that criteria.

TGA experiments of the woodflour-filled BP alloys at different woodflour
contents under nitrogen atmosphere wege shown in Figure 5.14 (a) and 5.14 (b).

ac mass fraction and char yield of
woodflour-filled BP alloys wag_ illustrated i From the experiments the char
yield of the wood composites Wwas«#o gnilicantly increase when the phenolic

novolac mass fraction incrcasé n 0.0 0.2 and.the char yield values became

by weight in the polymer#llo er systems and even lowered
some of their useful propegtics SThe aﬂf ['these phenomena is probably due to
the excess amount of the phegoli Lt _ "' 3 eight provided no contribution
to the network structure of the e 190% by weight of woodflour was
higher than that at 70% by weigllt‘_ B the amount of the phenolic novolac
resin to be fully reacted Wi ] i exceed 20% by weight of

the BP alloys. The char yjelds of sys ; 55049 to 36% at the 70% by

weight of woodflour coﬂm and aﬂhe 50% by weight of the
woodflour content. The values.are much higheg gompared to that of LLDPE-wood-fibre

composite, at 30‘ﬂyu E} ’J %ﬂ%ﬁ wlﬁfq ﬂu‘jneld of only 0.98% at

700°C [B. Li and J.%e, 2004].

The qlE’] @enth novoEym 1@ tion on degradat1 Qemperature (Tq) of

the woodflour-filled BP alloys was also shown in Figure 5.16. The T4 of the composites
increased when the phenolic novolac mass fraction increased from 0.0 to 0.2 and the Td
became relatively unchanged when the phenolic novolac mass fraction was above 0.2.

This observation is again due to the excess amount of the phenolic resin beyond 20% by
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weight giving no contribution to tlie network structure of the alloys. Moreover, the Ty
was found to decrease with increasing the woodflour content as the woodflour possesses
lower Ty of only 265°C while those of the phenolic novolac and the polybenzoxazine are
343°C and 334°C respectively.

Flexural properties of the woodflour-filled BP alloys as a function of the phenolic
novolac mass fraction were shown in Figure 5.17 and 5.18. From Figure 5.17, the

flexural moduli of the composites at variousyphenolic novolac mass fraction from 0 to 0.5

were similar; therefore, there was \\‘g‘r ¢ /I ect from the addition of phenolic
novolac on the resulting compOsite streng 2l i onsidered range of the alloy
composition. At the different woedfiSur conteitsisthe tlexural modulus of the 70% by
weight of woodflour-filled c@ sifos bdve s ‘t_q?‘vnﬁ ier, value than those of the 50%
by weight of woodflour-fillg ‘\ 0 the fact that the wood has a
flexural modulus as high as § . \n-‘ 0 ine has a flexural modulus of
about 4.7 GPa and the ‘phenolig VO - ha | 'modulus of 2.5 GPa. Moreover, the
increase in the amount of woodflour ca e modulus of the composites
due to the reinforcing capabilif; o?jgm ; dflour to the alloy matrice. The average
g'from 5.5-6.3 GPa and 6.0-6.6 GPa

¥eodflour, respectively. In this work,

flexural modulus of our wood eOmpESIics. was:
at 50% by weight and 70% by weigh

flexural modulus of the Wo antly higher than those of

——

é;"“,'! ene composites with 40%
quist, 1999], wood flake-
reinforced HDPE compositesayith 50% by weight of wood content (2.7 GPa) [P.W.

Batasuriva r . 0T bR P Y T NSt 70% by weigh of

wood content (3.1 @Pa) [P.W. Balasuna;a et al, 2001 and woodflour-ﬁlled unsaturated

polyester/ /04,44 GPe) INE
ﬁr%Q’ZOOI; Moreover Nﬁq u?uslol 861@ 8

Marcovich e al ﬂexural mod f our wood systems are higher

other reported wood polyah

by weight of woodﬂourﬂontent 3703%GP3 A. Yo

than those of the current commercial products (i.e. particleboard-grade composite,
particleboard flooring-product-grade composite and medium-density fiberboard (MDF)
composite which have flexural moduli in range of approximately 0.5-3 GPa [J.A.

Youngquist, 1999].
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In Figure 5.18, flexural strength of our wood composites showed similar values
when the amount of the phenolic novolac increased from 0.0 to 0.5. The flexural strength
of the BP wood composites are ranging from 52-68 MPa in both filler contents. The
flexural strengths were relatively high value comparable to those of natural wood. These
results indicated that the resin alloys can be substantially adhered to the woodflour
surface. At different woodflour contents, the flexural strengths were similar in value since
the flexural strength of both the polybenzoxazine and the woodflour are about the same,

i.e. 76 GPa for the polybenzoxazine and 66 jJGPa for the wood. Moreover, the flexural

strengths of our wood systems se of the commercial wood flake-

MPa and 18 MPa at 50% by
weight and 70% by weight of wood-eon ) aetal.,2001].

reinforced HDPE composites.i

The effect of the phefoli /Olaedmass, frac the alloy matrices on the
dynamic mechanical properti sir f' {con 1pOs1 also examined. At room
cased with increasing woodflour
: 7 weight of woodflour-filled
polybenzoxazine and that of#fthe ?@ P \ e were 3.8 GPa and 2.7 GPa
respectively. Moreover, the rub ,gmfﬁ. 7 of'the woodflour-filled systems had
il “Lhe significant enhancement of the
composite’s modulus -,,, h f woodflo l 2 strong interfacial bonding
between the matrix and' "

J iy
Figure 5.20 showed ghe, loss modulus gurves of the woodflour-filled BP alloys

with 70% by weﬂ u Eo’ﬂ ‘Fl«%jt%{] @w Hﬂﬂ@olybenzoxazme The

maximum peak te erature in the los& modulus curve was used as a glass-transition

temperatuﬂ('ﬂdqﬂar ﬂjm ﬁ e?" gﬁT glybenzoxazme
was 170°C whereas the T, of t o by weight woodflour- polybenzoxazine was

up to 200°C. This T, value increased with increasing the amount of the woodflour
because of the greater T, of the woodflour i.e. 240°C [www.uwsp.edu]. Furthermore, the

T, of our wood composites at 70% by weight of woodflour content were similar, i.e. 200-
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218°C, when the amount of phenolic novolac in the alloy matrices increased froia 0.0 to
0.2.

SEM micrographs in Figure 5.21 (a) showed the uniform dispersion of woodflour
particles in our BP matrix. The relatively low melt viscosity of the resin alloy resulted in
the good distribution of the filler while in Figure 5.21 (b) the fracture surface of this filled
systems reveal substantial adhesion having smooth and continuous interface between the
filler and the matrix. The micrograph revealed no gap between the two components. The

potentially strong interface of our filled systems comfirmed the enhanced mechanical and

thermal properties of the resulting ¢

AULINENTNEINS
ARIANTAUNNING 1A Y
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Figure 5.3: Solvent e
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Table 5.1 Limiting oxygen index (LOI) of BP alloys compared with typical
matrices for wood composites.

Matrix Limiting oxygen index (LOI)
Polybenzoxazine 30
BP91 31
BP8&2 | 31
BP73 NN ﬂ!;}y L 31
Phenolic Novolac.Resi ‘-‘-—- _ 41

Polypropylen FQ\ \\ 17 |
Polyethyle //// g' AN N

Polystyreng I/ / ;r q'\ ;x: 18

Polyvinylchlo

* Ref : C.A. Harper, HANDBOOK OFBUIIDING '_,n ERIALS RE PROTECTION, McGRAW-HILL, New
York (2004). ZEL

ﬂUEJ’JVIEm?WEJ’Iﬂ‘i
amaanimumwmaﬂ
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Table 5.2 Flexural modulus and strength of BP alloys.

Phenolic Novolac Flexural Modulus Flexural Strength
Mass Fraction (GPa) (MPa)
0.0 4.7 76
0.1 4.7+0.2 1070.5
0.3 5.310.2 8710.5

AULINENTNEINS
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Figure 5.21: SEM micrographs of the fracture surface : (a) the dispersion of

20% by weight of woodflour in BP82, and (b) adhesion of 20%
by weight of woodflour in BP82.
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