
RESULTS AND DISCUSSION
C H A P T E R  I V

4.1 Monomer Preparation

The effect o f  solvent on the synthesis o f  diamine-based benzoxazine was 
studied by comparing between the melt method and the solvent method. *

Table 4.1 M onomer synthesis conditions

Solvent Temperature Reflux Time Products
(°C) (min)

Solventless 80 30 Sudden polymerization yielding 
oligomers and polymer, no monomer was 
obtained.

Solventless 40/ 30/ Oligomers were obtained.
80 30

Solventless 30 30 5% yield o f white solid monomer
Solventless 30 10 7% yield o f white solid monomer
Toluene 110 240 Monomer and some oligomers were 

obtained as a pale-yellow viscous fluid.
CHC13 60 90' 60% yield o f white solid monomer
CH2C12 40 120' 61% yield o f white solid monomer.

* The reaction time for the highest percent yield.

From the solvent method, both chloroform and dichloromethane, which 
have lower reflux temperatures, yielded more monomer than toluene, which has 
higher reflux temperature. Due to the exothermic reaction, using solvent and lower 
temperature gave higher yields.

In the solventless method, several temperature programs were used (Table 
4.1), but all o f  them gave almost the same results, the reactants immediately 
underwent the Mannich condensation reaction and ring-opening polymerization.
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Oligom ers were obtained instead o f  the monomers because the reaction heat 
generated made the reaction temperature go up leading to the ring opening o f  the 
monomers. Compared with the dilute system , the solvent helped heat dissipation 
better than that o f  the solventless system  so greater amount o f  monomer was 
obtained. This is in contrast to the lesser reactive aromatic amines where high yield 
was obtained with the solventless method (H. Ishida, บ .ร . Pat. 5,543,516, Aug. 6 

(1996)).

4.2 Monomer Characterization

The FTIR spectrum o f  the bifunctional benzoxazine monomer is shown in 
Figure 4.1. The bands that appear in the frequency region 1550-1400 cm ' 1 are due to 
the substituted benzene ring. The bands in the region 1240-1210 cm ' 1 and 1040-1020  
cm ' 1 correspond to the antisymmetric and symmetric C-O-C stretching modes. The 
region o f  1150-1050 cm ' 1 is due to the C-N-C antisymmetric stretching, while the 
symmetric stretching mode appears at 800-720 cm '1. Another characteristic band is 
the absorption at 918 cm ' 1 which is assigned to the C-H out-of-plane deformation 
(Rodriguez, 1995).

Figure 4.1 FTIR spectra o f  the diamine-based benzoxazine monomer.
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Inspection o f  the ’h  N M R  spectrum o f  the diamine-based monomer reveals 
three resonances at respective chemical shifts o f  4.9, 4.1 and 3.0 ppm with equal 
integrated intensities (Figure 4.2). This im plies that three different methylene groups 
exist in the structure. The singlet peaks at 4.9  and 4.1 ppm are the signal o f  
m ethylene units in the oxazine ring and the other singlet peak at 3.0 ppm corresponds 
to the m ethylene bridge linking the two oxazine rings. The aromatic protons show  
multiplets around 7 .5-8.5 ppm. The intensity integration confirms the difunctional 
structure o f  the diamine-based benzoxazine monomer. A long with the lack o f small 
resonances in this area, which is the case when synthesis impurities are present, the 
monomer obtained was o f  very high purity.

Figure 4.2 *H N M R  spectra o f  the Figure 4.3 13c  N M R  spectra o f  the
diamine-based benzoxazine. diamine-based benzoxazine.

In addition to NM R analysis, 13c  N M R  has also been utilized to 
determine the structure of/.he monomer (Figure 4.3). The resonance peaks at 82 and 
51 ppm are assigned to the aliphatic methylene carbons in the oxazine ring and the 
resonance at 49 ppm is assigned to the methylene carbons o f  the bridge linking the 
two oxazine rings. The aromatic carbons show  the resonance peak between 110 and 
160 ppm.

Thermal characterization o f  the benzoxazine was accom plished by TGA and 
DSC. The result o f  the TGA experiment is shown in Figure 4.4. It can be seen that 
the polybenzoxazine remained stable up to 2 4 0 °c  with the char yield at 800°c under 
nitrogen o f  41%.
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Figure 4.4 TGA thermogram o f  the diamined-based benzoxazine monomer.

Temperature (°C )

Figure 4.5 D SC  thermograms o f  (a) the diamined-based benzoxazine monomer and 
(b) the polybenzoxazine cured at 180 ° c  for 1 hour and 200 ° c  for 30 minutes. 1

The non-isothermal DSC thermograms o f  bifunctional benzoxazine are 
presented in Figure 4.5. There is a melting endotherm at 113°c. M ultiple exotherms 
centered at 180, 207, and 2 4 9 °c , respectively, are also seen. The two low  
temperature exotherms might be due to the polymerization o f  benzoxazine resin (D.J. 
A llen and H. Ishida, Polymer (submitted)). The exotherm at 2 4 9 °c  is due to the 
degradation rather than further curing as shown by the TGA experiment indicating 
that degradation begins at about 240°c . This peak was also observed in the DSC
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curve o f  the fully thermally polymerized polybenzoxazine (Figure 4.5b). The glass 
transition temperature o f  the polybenzoxazine is about 160°c as determined from the 
very weak transition in the same thermogram.

4.3 Fiber Surface Treatment

4.3.1 Alkali Treatment
The alkali treatment promotes the partial removal o f  the 

hem icellulose, w ax, and lignin present on the fiber surface (A ziz, 2004) leading to 
changes in fiber m orphology and chemical com position. The change in the surface 
m orphology o f  the treated fibers was studied by Scanning Electron Microscope 
(SEM).

Figure 4.6 SEM micrographs o f  (a) the untreated sisal, (b) y -A P S  treated sisal, (c) 
y-G P S treated sisal, (d) NaOH treated sisal, (e) N aO H /y-A PS treated sisal, (f) 
N aO H /y-G PS treated sisal.
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From Figure 4.6, it can be seen that the alkali treated fiber has a 
rougher surface and more crevices on the surface than the untreated one. Besides, 
som e loosely  spiraled fibrils are exposed indicating that som e cem enting materials in 
fibers are removed. Figure 4.6 also shows the silane-treated fibers, which will be 
discussed in a later section.

Figure 4.7 Percent w eight loss o f  sisal fibers after NaOH treatment at different 
times.

The effect o f  alkali treatment on the amount o f  weight loss o f  fibers 
w as studied at different concentrations o f  NaOH solution and times o f  treatment. 
Figure 4.7 show s that %weight loss o f  sisal fibers increases with NaOH 
concentration. The % weight loss was high initially follow ed by a more gradual 
w eight loss at longer treatment time. In agreement with other lignocellulosic fibers, 
the significant w eight loss o f  sisal fiber after alkali treatment can be ascribed to the 
partial dissolution o f  hem icellulose (Rong, 2001; Dansiri, 2002).

Figure 4.8 and 4.9 show FTIR spectra o f  untreated and NaOH treated 
sisal fibers. It can be seen that the intensity o f  the carbonyl stretching peak at 1730 
cm ' 1 corresponding to hem icellulose o f  fibers (Rong, 2001) was continuously 
reduced when treating time and NaOH concentration increased until it can no longer 
be perceived for the 5 hours curve in Figure 4.8 and 6% curve in Figure 4.9. The 6% 
concentration and 5 hour-treating, in which hem icellulose at fiber surface was mostly
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removed, were chosen to be the conditions o f  NaOH treatment for the next 
experimental part.

Figure 4.8 FTIR spectra o f  untreated fibers (a) and NaOH treated fibers with 
treating times o f  (b) 1 h, (c) 5h and (d) 24 h.

Figure 4.9 FTIR spectra o f  untreated fibers (a) and NaOH treated fibers at different 
concentrations o f  (b) 2%, (c) 4% and (d) 6%.

Figure 4.10 shows the TGA and DTG thermograms o f  untreated fibers 
and the fibers treated by 6% NaOH for 5 hours. The thermograms o f  untreated fibers 
shows two decom position steps. The first peak appears at 300°c and corresponds to
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the thermal decom position o f  hem icellulose and the glycosidic links o f  cellulose. The 
second one appears at around 3 6 0 °c  due to the thermal decom position o f  a -ce llu lose  
(Alvarez, 2004). In the case o f  NaOH treated fibers, the peak at 3 0 0 °c  is not present, 
w hile the w hole TGA thermogram is shifted to higher temperature with a higher char 
yield indicating that the NaOH treated fibers are more thermally resistant.

T em p era tu re  (๐ (ว)

Figure 4.10 Thermograms o f  untreated fibers and the fibers treated by 6% NaOH  
for 5 hours.

4 .3 .2  Silane Treatment
SEM micrographs o f  the y-am inopropyltrim ethoxysilane (y-APS)- 

treated fiber and the y-glycidoxypropyltrim ethoxysilane (y-G PS)-treated fiber were 
shown in Figure 4.6. There is no dramatic change in the surface m orphology o f  the 
silane treated fiber compared to the untreated one and the surface morphology o f  the 
N aO H /y-A PS treated and N aO H /y-G PS treated fiber is also not visibly different 
from that o f  the NaOH treated fiber.

The FTIR using attenuated total reflection mode (ATR) was used to 
analyze the chem ical functionalities present on the surface. Due to the small 
quantities o f  silanes present on the fiber surface, the analysis was based on the 
spectral differences between treated and untreated samples. The difference spectra o f  
y-A P S  and y-G P S  treated sisal surface are shown in Figure 4.12 and 4.13,



26

respectively. In general, free N H 2 groups show a band around 1600 cm '1. From 
Figure 4.12, it can be seen that y -A P S  treated fibers shows a distinctive absorbance 
peak at 1575 cm '1. This band is the typical deformation m ode o f  NH2 groups 
hydrogen bonded to the OH functions o f  both silanol m oieties and cellulosic fiber as 
shown in Figure 4.11 (Abdelmouleh, 2004; Plueddemann, 1982). The band around 
1130 cm ' 1 is related to Si-O-C band w hile the absorption band at 1030 cm ' 1 

corresponds to the Si-O -Si bonds (Abdelm ouleh, 2004).
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Figure 4.11 N H 2 group hydrogen bonded to the OH functions o f  silanol.

Wavenumber (cm^) Wavenumber (cm"^)

Figure 4.12 Difference spectra o f  (a) the y-APS-treated and untreated fibers and (b) 
the N aO H /y-A PS treated and NaOH treated fibers.

The Si-O -Si bond is indicative o f  the existence o f  polysilsesquioxane 
deposited on the fiber and the Si-O-C bond would confirm the occurrence o f  a 
condensation reaction between the silane coupling agent and the sisal fiber. The Si- 
O-C group is also present in the unhydrolyzed silane. However, the conditions 
adopted in this study w ill not leave unhydrolyzed species to the detectable 
concentration. W hile the observation o f  the Si-O-C related band might seem to
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indicate the presence o f  the interfacial bond, the weakness o f  the band and complex 
spectral features necessitate further study before conclusive statement can be made.

F igure 4.13 Difference spectra o f  (a) the y-G PS-treated and untreated fibers and (b) 
the N aO H /y-G PS treated and NaOH treated fibers.

The changes in the water contact angle on the sisal sheets after 
treatment with y -A P S , NaOH/ y -A P S , y-G P S , and NaOH/ y-G P S are shown in 
Figure 4.14, w hich represent the dynamic acquisition o f  the values o f  contact angle 
with time. With 0.1% y-A P S , the contact angle values increase from 62° to reach a 
high limit o f  about 72°. This increment results from the y -A P S  configuration which 
is assumed to orient its polar N H 2 heads toward the fiber surface and form hydrogen 
bonds with the cellulose hydroxyl groups. Such configuration would leave the 
m ethylene sequence exposed at the surface, thus providing the hydrophobic character 
(Abdelm ouleh, 2004). The higher concentration o f  y -A P S  o f  0.5% results in a higher 
limit o f  water contact angle o f  about 83°.

The NaOH treatment coupled with y -A P S  treatment shows almost the 
same result as the treatment with only silane in the case o f  0.1% y-A P S . However, in 
the case o f  0.5% y-A P S  treatment, the NaOH treatment enhances the hydrophobic 
character as can be seen from the highest value o f  contact angle at 89 °. From the 
results, it can be concluded that the alkali treatment removes som e hem icellulose
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from  the fibers, thus m aking cellu lose fibrils and the ir hydroxyl groups m ore exposed 
to the fiber surface. A fter alkali treatm ent, the condensation  betw een the silanol 
groups o f  silane and the hydroxyl groups o f  the sisal fibers can occur m ore readily 
than that w ithout alkali treatm ent.

Figure 4.14 W ater contact angle o f  untreated and treated sisal fibers; (a) amino- 
silane coupling agent (y -A P S ) and (b) epoxy-silane coupling agent (y-G PS).

In cases o f  y -G P S , the contact angle increases from  62° to 72° w ith
0.1%  y -G P S  and reaches a high lim it o f  about 77° w ith  0.5%  y -G P S . A s in the case 
o f  y -A P S , fibers treated by  0.1%  and 0.5%  y -G P S  after the alkaline treatm ent show 
the h ighest values o f  contact angle. From  these results, it could be concluded that the 
silane w as deposited  on the fiber surface providing m ore hydrophobic character and 
the alkali treatm ent enhanced the efficiency o f  the deposition.

4.4 Composite Properties

4.4.1 E ffect o f  R einforcing Sisal Fibers
Sisal fibers w ere incorporated in a 50:50 benzoxazine:epoxy resin 

m atrix  to form  a un idirectionally  re inforced com posite. The effect o f  reinforcing sisal 
fibers on  m echanical properties w as studied by  vary ing  percentage o f  sisal fiber o f  
5% , 10% and 15% by  volum e.
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Figure 4.15 E ffect o f  fiber volum e on (a) tensile properties, (b) flexural properties, 
and (c) im pact strength  o f  sisal-benzoxazine/epoxy com posites.

F igure 4.15 a, b and c show  the com parison o f  m echanical properties 
o f  the benzoxazine/epoxy  resin  and sisa l-benzoxazine/epoxy com posites w ith  various 
percents o f  fiber. The presence o f  sisal fibers leads to an increm ent o f  tensile 
strength  and Y o u n g ’s m odulus. The flexural properties slightly  increased w hen sisal 
fibers w ere used  as a reinforcing m aterial. B esides, the im pact strength  w as im proved 
sign ifican tly  in the sisal fiber reinforced benzoxazine/epoxy  com posites com pared 
w ith  benzoxazine/epoxy  polym er. Thus, it can be concluded that the m echanical 
p roperties could  be im proved by incorporating  sisal fibers in the benzoxazine/epoxy
resin.
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4.4.2  E ffect o f  M atrix C om position
B enzoxazine-epoxy m ixtures w ith  25% , 50% , 75%  and 100% by 

w eight epoxy w ere cured and incorporated w ith  1 0  vol%  o f  sisal fibers for 
m echanical analysis. A nhydride and tertiary  am ine w ere used as a hardener and a 
catalyst to cure the 1 0 0 % epoxy resin; how ever, the m ixtures o f  benzoxazine-epoxy 
could  be cured w ithout them . The presence o f  epoxy resin  sign ifican tly  im proves the 
processability  o f  benzoxazine because the low viscosity  o f  epoxy resin enhances 
fiber im pregnation  ability. M oreover, since the benzoxazine used still requires 
purification  and degassing processes to elim inate any unreacted  residues or solvent 
causing void form ation in the curing step, the low  v iscosity  epoxy resin  helps to 
reduce the v iscosity  o f  the resin m ixture m aking the entrapped a ir escape m ore 
easily.
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Figure 4.16 D ependence o f  (a) tensile properties and (b) flexural properties o f  sisal- 
benzoxazine/epoxy com posites on the epoxy content in the res if. m ixture.

The tensile and flexural properties o f  the com posites w ere determ ined 
as show n in Figure 4 .16 (a) and (b). It can be seen that the tensile  strength and 
flexural strength  increase as the m atrix  becom es richer in epoxy content. The 
addition  o f  epoxy m ay  im prove the perfection  o f  the crosslinked netw ork and 
contribute to the increased tensile strength and flexural strength. In contrast, the 
tensile m odulus decreases w ith epoxy content o r it can be stated that benzoxazine 
helps to increase the m odulus o f  the com posites. From  Figure 4.17 (a), it is evident
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that w hen w e have high epoxy content, percent tensile  strain  at break o f  the 
com posite  increases.

Figure 4.17 D ependence o f  (a) % tensile  strain  at b reak  and (b) toughness o f  sisal- 
benzoxazine/epoxy  com posites on the epoxy conten t in the resin  m ixture.

Ish ida and A llen  (1996) show ed that increasing the epoxy content o f  
the benzoxazine-epoxy  copolym er resulted  in a h igher crosslink  density. High 
concentration  o f  crosslinks w as show n to inhibit the in term olecular packing and 
enhance netw ork  flexibility.

F rom  F igure 4.17 (a) and (b), the tensile  strain  at break  and toughness 
o f  the com posites w ere found to increase as epoxy w as added. T he extensibility  o f  
the po lym er m atrix  is due to the decreased in term olecular packing  and chain 
in teractions w h ich  enhance the ability  o f  segm ents to flow  under load. In summary,

. the m echanical requirem ents o f  a specific application  can be processed  by varying
the epoxy conten t in the po lybenzoxazine-epoxy com posites.

4.4.3 E ffect o f  F iber Surface M odification
M echanical perform ance o f  a fiber re inforced  com posite  prim arily 

depends on three  factors: (a) strength and m odulus o f  the fibers, (b) strength and 
toughness o f  the  m atrix , and (c) effectiveness o f  fiber-m atrix  bonding  in transferring 
stress across the  interface. For a unid irectional com posite , longitudinal tensile 
response is m ain ly  governed by  the fiber p roperties w hereas the transverse response
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is strongly dependent upon the m atrix properties (C ahn, 1993). Thus the effect o f  
surface treatm ent on  longitudinal m echanical properties w ill be d iscussed based on 
the tw o factors: strength o f  fibers and interfacial bonding.

Figure 4.18 D ependence o f  tensile strength o f  sisal fibers on  (a) N aO H  oncentration 
in 1 h  treatm ent and (b) treating tim e in 6 % N aO H .

The N aO H -treated  sisal com posites show  the tensile  strength less than 
that o f  the untreated-sisal com posites. From  the previous study  in  Section 3.3.1, 
N aO H  treatm ent partly  rem oves the cem enting m aterials, lignin and hem icellulose, 
in sisal fibers so this m ay reduce strength o f  the fiber. The fiber tensile  testing w as 
carried out by  vary ing  N aO H  concentration and treating  tim e. T he results are show n 
in Figure 4.18. It can be seen that the tensile strength o f  sisal is reduced by  N aO H  
treatm ent. The reduction o f  fiber tensile strength is h igh in itia lly  follow ed by  a 
gradual reduction  at greater N aO H  concentration and longer treatm ent time. 
S reekala and T hom as (2003) also observed that the tensile strength o f  oil palm  fibers 
w ere reduced after 5% -N aO H  treatm ent for 48 hours. A lthough the fiber-m atrix 
adhesion m ay be im proved and the stress m ay be transferred  w ell to the fibers, it 
cannot com pensate for the reduction in fiber strength and, hence, the tensile strength 
o f  the com posites is not as high as that o f  the un treated-sisal com posites.
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(e) (f)

Figure 4.19 SEM  m icrographs o f  tensile fracture surface o f  sisal-benzoxazine/epoxy 
com posites using (a) untreated sisal; (b) N aO H -treated  sisal; (c) y -A P S -trea ted  sisal; 
(d) N aO H / y -A P S -trea ted  sisal; (e) y -G P S -trea ted  sisal; and (f) N aO H / y -G P S - 
treated  sisal.

1 H ow ever, the tensile m odulus <jf N aO H -treated  sisal com posites is 
h igher than  that o f  the untreated one. A fter N aO H  treatm ent, the sisal fiber surface is 
rougher and static frictional force is increased thus the fiber-m atrix  adhesion is 
enhanced by m echanical interlocking. It is believed that the vacancies outside and 
inside the fiber left by N aO H  treatm ent facilitate penetra tion  o f  the resin  w hich 
replaces the rem oved cem enting m aterials (R ong, 2001). Since the im m igrated resin  
is connected to the bulk  m atrix  form ing a netw ork, the h igher rigidity o f  the 
com posite  is also reflected on the decrease in its extensib ility  so the m odulus is 
increased.
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The im proved adhesion betw een the treated  fibers and polym er matrix 
can be c learly  seen by SEM  m icrographs o f  the tensile  fracture surface o f  
unidirectional sisal-benzoxazine/epoxy com posites as show n in  F igure 4.19. W ith a 
w eak in terfacial bond, the fracture is m ore likely  to lead to interfacial debonding and 
extensive fiber pullout. I f  bonding is strong, the failure m ode is fiber breakage at the 
fracture po in t resu lting  in  a fairly  sm ooth surface across the section  (C ahn, 1993). 
For the untreated-sisal com posite, the failure m echanism  is in terface debonding, the 
com posite  show s the surface w ith  fiber pulled  out from  the m atrix. O n the other 
hand, fracture o f  the N aO H -treated  fiber occurs at the crack  p lane in the com posite.
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Figure 4.20 E ffect o f  fiber surface m odifications on the tensile  properties o f  sisal- 
benzoxazine/epoxy  com posites.

T he y -A P S -trea ted  sisal com posite and the N aO H / y-A P S -treated  
sisal com posite  show  sim ilar tensile properties. The tensile  strength  o f  these 
com posites is low er than  that o f  the untreated-sisal com posite. From  F igure 4.20, it 
can  be seen that the tensile  strength  o f  y -A P S -trea ted  sisal fiber is reduced due to the 
fact that the  fiber treatm ent w ith  the am ino silane is done in a basic condition  (alkoxy
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groups o f  y -A P S  are hydrolyzed in water. Thus, the natural pH  o f  the silane solution 
exceeds 10 (P lueddem ann, 1982)) like alkaline treatm ent so som e cem enting 
m aterials o f  fibers m ay be partially  rem oved. The tensile strength  o f  N aO H / y-A PS- 
treated sisal fiber is low er than  that o f  sisal fiber treated by only  y -A P S . This 
reduction  o f  fiber tensile  strength causes low er com posite tensile strength than the 
untreated one. H ow ever, the relatively  h igh m odulus o f  y -A P S -treated  sisal 
com posites com pared to untreated-sisal com posites reveals the less tensile strain at 
break and the better in terfacial interaction, w hich can be explained as in the case o f 
alkaline treatm ent. The SEM  m icrographs o f  tensile  fracture surface give supporting 
evidence. The SEM  results do not show  indication o f  fiber pullout, w hich indicates 
good adhesion betw een m atrix  and fiber. The im provem ent o f  in terfacial bonding in 
the y -A P S -trea ted  sisal com posite is the result o f  hydrogen bonding betw een amino 
groups on the y -A P S -trea ted  fiber and hydroxyl groups in the po lym er m atrix.

y-APS y-GPS

F ig u re  4.21 D ependence o f  tensile  strength o f  sisal fibers on  surface m odifications.

The decreased tensile strength and increased Y oung’s m odulus after 
y -A P S  treatm ent also observed in pineapple lea f fiber-reinforced polyester 
com posites (D evi e t  a l . ,  1996).

โ ^ ^ ^
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Figure 4 .20 show s the tensile properties o f  the sisal- 
benzoxazine/epoxy  com posites w ith  d ifferent fiber-surface m odifications. y-G PS- 
treated  sisal com posites show  tensile strength  h igher than that o f  both  the untreated 
and y -A P S -trea ted  sisal com posites. C om pared to the y -A P S -trea ted  sisal, which 
form s hydrogen  bond to the po lym er m atrix , the The y -G P S -trea ted  sisal fiber can 
bond covalen tly  w ith  the hydroxyl groups o f  the polym er m atrix  w hile  m inim izing 
the dam age on the fiber during the treatm ent. Thus in term s o f  in terfacial bonding, 
the y -G P S -trea ted  sisal com posite  is be tter than the y -A P S -trea ted  sisal composite. 
In term s o f  strength  o f  treated fibers, pH  o f  the solu tion  in y -G P S  treatm ent is about
5.5. Thus, it does not affect the fiber strength  as show n in F igure 4.21. A dditionally, 
the hydrogen  bond ing  o f  the am ino group o f  y-A PS to the fiber surface m ight reduce 
the reactiv ity  to the m atrix. The results from  both  factors m ake the tensile  strength 
o f  the y -G P S -trea ted  sisal com posite  h igher than  that o f  the y -A P S -trea ted  sisal 
com posite.

W hen sisal fiber w as first treated  w ith  N aO H  solu tion  and then by 
y -G P S , the tensile  strength  is im proved. It is believed  that the y -G P S  can  react easily 
w ith  cellu lose m icrofibrils in the N aO H -treated  sisal fibers because alkaline 
treatm ent rem oves som e hem icellu lose and m ake cellulose m ore exposed to fiber 
surface. Thus N aO H /G PS treatm ent leads to an interfacial in teraction  stronger than 
in the case o f  y -G P S  o r N aO H  individual treatm ent. The h ighest tensile  strength o f  
the  N aO H /y-G P S -trea ted  sisal com posite  gives supporting  evidence.

C om pared to tensile properties, R ong e t  a l . show ed that the flexural 
failure o f  the com posites depends m ain ly  on fiber/m atrix  interface ra ther than fiber 
strength  (R ong, 2001). The results o f  flexural test in F igure 4.22 agree w ith  the SEM 
results. In general, flexural strength and flexural m odulus are sligh tly  im proved by 
the  fiber surface treatm ents. The N aO H /y-G P S -trea ted  sisal com posite  gives the 
h ighest flexural properties. This result agrees w ith  the result from  the tensile tests 
w hich  show  that N aO H /y-G P S  treatm ent g ives the best in terfacial bonding  com pared 
to the others in th is work.
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F ig u re  4.22 D ependence o f  flexural properties o f  sisal-benzoxazine/epoxy 
com posites on fiber surface m odifications.

Untreated NaOH y-APS NaOH/ y-GPS NaOH/
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F ig u re  4.23 D ependence o f  im pact strength o f  sisal-benzoxazine/epoxy com posites 
on fiber surface m odifications.

For the Izod im pact test, in all cases o f  fiber surface treatm ent, the 
im pact strength  o f  the treated-fiber com posites are low er than  that o f  the untreated 
one. It is im portant to m ention that, in m ost fiber-reinforced com posites, a significant
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part o f  the energy  absorp tion  during im pact takes p lace through the fiber pull out 
process. The low  im pact strength o f  treated fiber com posites is due to the high 
bond ing  o f  the treated  fiber w ith  po lym er m atrix  w hich  results in the fracture o f  fiber 
at the crack  p lane as can  be seen from  F igure 4.24. The untreated-fiber com posite 
show  the im pact failure w ith  m any fibers pulled  out. In contrast, in the case o f  the 
treated-fiber com posites, m ore tearing  o f  the fibers could be observed together with a 
few  cavities left b y  pu lled-out fibers.

I f  the low er im pact strength (less energy absorption  from  fiber pull out 
process) m eans better in terfacial adhesion, the effect o f  d ifferen t surface treatm ents 
can  be concluded as follow ings:

i) the N aO H  treatm ent coupled  w ith  silane treatm ent results in better 
adhesion  than the individual silane treatm ent o r N aO H  treatm ent,

ii) the y -G P S  treatm ent gives be tter fiber-m atrix  bond ing  than the 
y -A P S  treatm ent. This agrees w ith  the results o f  tests on  tensile strength and flexural 
strength.

L ooking  back  to the contact angle results, the y -A P S  treatm ent gives 
h igher values o f  contact angle than the y -G P S  treatm ent. H ow ever, it does not m ean 
that the am ino groups o f  y -A P S  could react w ith  polym er m atrix  be tter than y-G PS. 
R eactiv ity  o f  the silane w ith  the resin  is m ore significant than  w ettab ility  o f  the 
treated  fiber surface. In this case, y -G P S  can form  covalent bonds w ith  the resin 
w hereas y -A P S  form  hydrogen  bonds even though the y -G P S  treated  fiber show  the 
low er hydrophobic  character. H ow ever, the contact angle m easurem ent provides 
useful in form ation on surface m odification  as described previously .
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(e) (f)

F ig u re  4.24 SEM  m icrographs o f  im pact fracture surface o f  sisal-benzoxazine/ 
epoxy com posites using (a) untreated sisal; (b) N aO H -treated  sisal; (c) y -A F S - 
treated sisal; (d) N aO H / y-A P S -trea ted  sisal; (e) y -G P S -trea ted  sisal; and (f) 
N aO H / y -G P S -trea ted  sisal.
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