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Abstract Natural fiber composites containing diglyci-
dylphenylphosphate (DGPP) resin were prepared from
DGPP, diglycidyl ether of bisphenol-A (DGEBA), and
Borassus fruit fiber. Morphology, thermal, and mechanical
properties of blends and fiber-reinforced composites were
investigated. The tensile strength, flexural strength, and
tensile modulus increased up to 10% addition of DGPP and
decreased with high percentage of DGPP. The flexural
strength of composites was increased up to 15% addition of
DGPP due to good dispersion and toughening of DGPP in
DGEBA. As observed by the SEM analysis, the matrix—
fiber adhesion was poor in the case of 20% DGPP con-
taining composites and failure occurred through fiber
pullout whereas for composites with 5 and 10% of DGPP,
interaction of fiber and matrix was strong and failure
occurred through fiber breakage rather than fiber pullout.
Addition up to 15% DGPP improved desired thermal and
mechanical properties of these composites.

Introduction

Natural fiber containing polymer composites are of
increasing interest in recent years, because of their low
cost, low density, good mechanical properties, and ample
supply of fibers from renewable resources [1-8]. As a
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consequence, many reports have focused on natural fiber-
based composite materials [9—14]. Among them sisal, coir,
pineapple, jute, and bamboo have gained attention of
researchers [15-22]. Although preliminary studies on
Borassus fruit fibers were reported in the literature [23], a
significant study on coarse and fine Borassus fruit fibers
was carried out by Obireddy et al. They have characterized
these fruit fibers on morphology and mechanical behavior,
and X-ray diffraction studies suggested that these fruit
fibers can be utilized as reinforcement component for green
composite [24]. Borassus (Palmyra Palm) is a genus of six
species of fan palms, native to tropical regions of Africa,
Asia, and New Guinea, economically useful and widely
cultivated. The fruits are eaten either roasted or raw, and
the young, jellylike seeds are also edible [25].

Natural fibers are organic materials and sensitive to
flame and hence, improvement of flame retardancy of
composite materials has become important to comply with
safety requirements. The expeditious method used to
acquire flame retardancy is the incorporation of flame
retardants into epoxy matrix system that can interfere with
combustion for satisfactory flame retardancy [26]. Among
the various flame retardant systems, organophosphorus
compounds were identified as better fire retardant materials
in terms of environmental and health safety, which gen-
erate less toxic plume than halogen-containing counterpart.
Most of them were incorporated as additives to operate
individually or collectively in the matrix for enhancing fire
retardancy along with other special characteristics like
processability, plasticisability [27], thermal stability [28],
and adhesion [29]. Nevertheless, additive type approach is
associated with variety of problems, such as poor com-
patibility, leaching, reduction in mechanical properties, and
weakened attraction. Therefore reactive type flame retar-
dants were found to be more effective in fire retardant
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applications [30-43]. Recently, we have synthesized
phosphorus-containing epoxy resin namely diglycidylphe-
nylphosphate (DGPP) and used for the preparation of
organophosphorus liquid crystalline thermosets and MMT-
clay-based nanocomposites [44, 45]. This study deals with
the investigation on the effect of DGPP content (blended
with DGEBA) on flammability and mechanical properties
of Borassus fruit fiber composites prepared using DGPP/
DGEBA blends as matrix.

Experimental
Material

DGPP was synthesized based on the reported procedure
[46]. Borassus fine fruit fibers (Borassus flabellifer) were
extracted from dried ripened fruits (Fig. 1) and used as
reinforcement. Epoxy resin was a liquid diglycidyl ether of
bisphenol-A (DGEBA) (Ciba Geigy, Araldite LY 556) with
an equivalent weight per epoxide group of 195 £ 5. The
ambient temperature hardener used herein is an aliphatic
polyamine (Ciba Geigy, HY 951).

Fabrication of blends and composites

The composites were prepared as follows: a glass mold
covered by Teflon sheet having dimensions of 160 x
160 x 3 mm was used. A stoichiometric amount of LY
556 and various percentages (5, 10, 15, and 20%) of DGPP
were thoroughly mixed with room temperature curative
(HY 951), then the mold was loaded with matrix mixture
and Borassus (chopped fiber length in the range of

Fig. 1 Photographs of

a Borassus tree with fruits;
b Borassus coarse fibers;
and ¢ Borassus fine fibers

1-1.5 cm) fruit fibers in random orientation. To minimize
voids and avoid accumulation of excess matrix resin, the
mold was squeezed using a hand roller [47]. The excess
resin was removed and mold allowed to cure for 48 h at
room temperature and finally post-cured in an oven at
100 °C for 4 h as post-curing at higher temperature is
necessary for completion of reaction due to slow of dif-
fusion process [44]. All samples were allowed to cool
down gradually to room temperature. The blends of DGPP
and DGEBA were prepared without fiber in the similar
manner for comparison.

Thermal properties

Thermogravimetric analysis was performed on a Mettler TA
3000 thermal analyzer in a dry nitrogen atmosphere at a
heating rate of 10 °C/min with sample weight of 3-5 mg in
the temperature range of 35-700 °C. Curing studies and
glass transition temperature (7,) of the samples were per-
formed on a DSC instrument (DuPont 910) at a heating rate
of 10 °C/min, using a sample of about 3-5 mg, under
nitrogen atmosphere in the temperature range of 35-350 °C.

Mechanical properties

Tensile and flexural strengths were measured on a standard
computerized Instron 3369 Universal testing machine. The
tensile strength was measured for 150 x 25 x 3 mm
specimens at a cross-head speed of 5 mm/min as per
ASTM D 3039-76. The flexural strength of samples with a
size of 100 x 15 x 3 mm was measured at a cross-head
speed of 2 mm/min as per ASTM D5943-96 in the three
point bending mode. Impact test was performed employing
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an Izod impact testing machine, supplied by Interna-
tional equipments, Mumbai, India. Rectangular strips of
122 x 13 x 3 mm were used as per ASTM 256-88 spec-
ifications. The impact test was carried out at room tem-
perature and impact energy was reported in J m~'. Five
test samples were used for each test and the average value
was recorded.

Morphology

The morphology of fractured surface of the samples was
examined using a scanning electron microscope (SEM,;
JEOL JSM Model 6360). The fractured surface of the
samples was sputter coated with gold (JEOL JFC-1600) an
Auto Fine Coater before the fractographic examination.

Flammability test

Flammability of the samples was carried out by horizontal
burning test and limiting oxygen index test as per ASTM D
635 and ASTM D 2863, respectively. In the horizontal
burning test, the sample was held horizontally and exposed
the flame from Bunsen burner one end of the sample for
30 s. The sample was allowed to burn until it either
extinguished itself or burned past a gauge mark (100 mm)
on the bar. If the sample did not burn past the 100 mm
gauge mark, time and extent of burning were recorded. If it
burns past the gauge mark, average burn rate, in centime-
ters per minute, was reported. In the limiting oxygen index
test (LOI) a specimen was positioned vertically in a
transparent test column and a mixture of oxygen and
nitrogen was forced upward through the column. The
specimen was ignited at the top end. The oxygen concen-
tration was adjusted until the specimen just supported
combustion. The concentration was recorded in volume
percent. For each test three samples were used and average
value was noted.

Results and discussion

The aim of this study was to develop flame retardant nat-
ural fiber composites by utilizing flame retardant epoxy
resin (DGPP) of various weight percentages with com-
mercial epoxy resin (DGEBA) and 5% by weight of
Borassus natural fruit fibers as reinforcing materials using
aliphatic polyamine as hardener. Chemical structures of the
epoxy resins and hardener are shown in Fig. 2. Ten for-
mulations were prepared, wherein five formulation blends
of DGPP and DGEBA are named as Al, A2, A3, A4, and
A5 and the remaining five fiber-reinforced composites are
named as A6, A7, A8, A9, and A10. The details of all
formulations are given in Table 1.

@ Springer

DSC analysis

To understand the processability and completion of curing
of the blends and composites, DSC study was conducted
for the formulations A1-AS. The thermograms are shown
in Fig. 3 and the characteristic temperatures are given in
Table 1. Thermograms showed the absence of residual
exothermic peak indicating the completion of curing
reaction. Table 1 shows that the T, of the formulations
(A2-AS5) decreased with increase in DGPP content ascri-
bed to plasticizing effect of DGPP arising by two factors,
(i) is the pendant phenyl ring in DGPP which increases the
distance between polymer chains and (ii) the weaker P-O—
C bonds in DGPP. No abrupt change in T, was noticed for
samples A2—AS5 as compared to blank sample Al. Thermal
stability decreased with increase in DGPP content, clearly
identified from exothermic peak of DSC curve observed
above 265 °C attributed to decomposition which is in
accordance with TGA data.

Thermal stability and flame retardant properties

Thermal stability of polymeric materials is significant
while used as flame retardant that mainly concern the
release of decomposition products and formation of char.
TGA provides direct information about thermal stability
and degradation mechanism by measuring weight loss of
sample as a function of temperature. Thus, cured samples
were compared with 5, 50% and stages I and II weight loss
temperatures and char yield at 700 °C as shown in Table 1.
Temperature corresponding to 5% weight loss in TGA was
viewed as a rough index of thermal stability. TGA results
indicated the formulations with and without fibers showed
(Fig. 4a, b) similar trend. Thermograms for neat DGEBA
sample (A1) and its fiber composite (A6) commenced to
lose their weight at 292 and 305 °C, respectively, and
degraded in the range of 292-345 °C with 50% weight loss
leaving little residue at 700 °C. TGA curves distinctly
demonstrated the effect of phosphorus content on decom-
position temperature and char formation as follows. Sam-
ples A2—AS5 and A7-A10 degraded in two stages and have
a lower initial decomposition temperature (IDT) of around
288-265 and 285-260 °C, respectively. Temperature for
the maximum rate of pyrolysis was lowered and the
amount of residual char at 700 °C increased with increas-
ing DGPP content attributed to P-O-C bond linkage in
DGPP [48]. Thus, while the resin is burning, the phos-
phorus segments degrade in the first step and form phos-
phorus-rich residue to prevent further decomposition of
epoxy resin by enhancing second decomposition at higher
temperature contributing to high char yield [49]. Due to its
more volatile nature, DGEBA (A1) and its composite (A6)
without flame retardant (DGPP) begins to decompose first
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Fig. 2 Chemical structures of
epoxy resins and hardener

10)/—0 -O-CHzg:-CHZOO\&
n

DGEBA

(o}
) o)
0 ('.; 0~

Q

NH2—02H4"NH"02H4"NH'C2H4"NH2

TETA
DGPP
Table 1 Thermal and flame retardant properties of cured blends (A1-AS5) and composites (A6—A10)
Formulation Formulation T, (°C)  Weight loss Tmax (°C) Char yield UL-9%4 LOI (%)
code (%) (mm/min)

5% (IDT) 50%  Stage 1 Stage 2
Neat DGEBA Al 131 292 340 326 - 5 35 19
DGEBA + DGPP5% A2 125 288 342 320 370 12 26 27
DGEBA + DGPP10% A3 120 274 375 301 372 18 23 28
DGEBA + DGPP15% A4 117 268 402 295 385 22 20 30
DGEBA + DGPP20% A5 111 265 428 276 410 25 18 32
DGEBA + Fiber A6 - 305 338 320 - 7 33 20
DGEBA + DGPP5% + Fiber A7 - 285 340 318 375 14 25 28
DGEBA + DGPP10% -+ Fiber A8 - 280 351 302 409 20 21 29
DGEBA + DGPP15% + Fiber A9 - 266 380 285 415 22 20 31
DGEBA + DGPP20% + Fiber  A10 - 260 410 275 430 27 16 32

IDT Initial decomposition temperature; 7, glass transition temperature
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Fig. 3 DSC thermograms of cured blends (A1-A5) show the
decreasing T, with increase in DGPP content

around 292-300 °C, and completely degraded at 700 °C.
However, initial decomposition temperature is lower with
the addition of DGPP to DGEBA matrix and the overall
thermal stability of samples (A2-A5 and A7-Al0)
increased up to 700 °C as expected.

Flame-retardant properties of cured samples (A1-A10)
were evaluated by UL-94 (horizontal burning test) flam-
mability (Fig. 5) and limiting oxygen index (Fig. 6) tests
and results are listed in Table 1. Both the formulations
(A1-AS and A6-A10) established similar trends in flame-
retardant property. The more volatile nature of samples Al
and A6 caused higher burning rate and lower LOI values
than DGPP containing samples. The burning rate decreased
and LOI increased for samples A5 and A10 with 20% of
DGPP to about half the value of samples Al and A6,
respectively. Generally LOI values for polymers should be
>26 to meet the requirements for flame-retardant appli-
cations and specimens must not have a horizontal burning
rate greater than 37 mm/min for thicknesses between 3 and
12 mm [50]. Table 1 indicates that all the phosphorus-
containing samples (A2-AS5 and A7-A10) show LOI value
between 27 and 32 and horizontal burning rate in between
16 and 26 mm/min. It is clear that the incorporation of
phosphorus-containing DGPP in DGEBA thermosets pro-
moted excellent flame retardancy as compared with flam-
mable DGEBA curing system.

The char yield, LOI, and UL-94 values of A2-AS5 are
lower than those of A7-A10 (Table 1), which may be
attributed to the formation of acids during pyrolysis
that increase dehydration of fiber components and char

@ Springer
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well as a diffusion barrier for oxygen and volatile com-
bustible components [51, 52].

Mechanical properties
Tensile, flexural, and impact strengths

The measured tensile, flexural, and impact strengths
of cured samples AI-A10 are shown in Figs. 7, 8, 9,
respectively, and the data is presented in Table 2. The
tensile and flexural strengths of A2—-A3 and A7-A8 were
found to be higher than that of the neat epoxy system (A1)
and its corresponding composite (A6). This is attributed to
—P=0 group in DGPP which is more polar in nature and
can form hydrogen bond with residual -OH groups gen-
erated in the curing process and the —OH groups of natural
fibers, assisting in good compatibility of DGPP resin with
DGEBA which in turn acts as crack stoppers and increases

@ Springer

Fig. 6 Limiting oxygen index of cured blends (A1-AS5) and compos-
ites (A6—A10) shows the oxygen index increases with increasing DGPP
content

tensile and flexural strength as well as modulus. But the
tensile and flexural strengths of A4, AS and A9, A10 were
decreasing with increase in DGPP content which is ascri-
bed to lower bond strength of P-O—C bonds in DGPP will
provide more flexibility and plasticizing effect to the cured
system. Rigidity of the system also reduced.

The impact strength (Fig. 9) of cured samples (A1-A10)
showed a dissimilar trend in their tensile and flexural
strengths. Impact strength of A4 and A9 systems is
somewhat higher than the remaining systems of respective
series. The same samples (A4 and A9) evidenced lower
tensile and flexural strengths (wide Table 2) indicating the
samples A1-A3 and A6-AS8 are comparatively rigid than
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Fig. 7 Tensile strength of cured blends (A1-A5) and composites
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Fig. 8 Flexural strength of cured blends (A1-AS5) and composites
(A6-A10)

A4 and A9, respectively. The lower percentage of elon-
gation values for samples A1-A3 and A6—AS8 than samples
A4-AS5 and A9-A10 too indicates the rigidness of A1-A3
and A6-AS8. Albeit, there is a decrease in the flexural and
tensile strengths with increasing DGPP content samples
A2-A4 and A7-A9 have the good impact strength. The
improvement in impact strength is ascribed to the presence
of DGPP content which acts as toughening agent up to
15%. In the case of fiber composites, it was reported that
the strong interface between fiber and matrix reduces
impact strength of the composites [53]. At high level of
adhesion, the failure mode is brittle and relatively little
energy is absorbed as indicated by the data on samples

Fig. 9 Impact strength of cured blends (A1-A5) and composites
(A6-A10)

A6-AR. In the case of a weak interface, triaxial stresses at
the tip of an advancing crack causes debonding to occur
and a crack bunting mechanism takes place that improves
toughness of the material [51]. However, very low adhe-
sion may result in the lowering of toughness as it can be
ascertained in the SEM photograph (Fig. 10e) of A10.

Morphology

Representative SEM microphotographs for fracture sur-
faces of blends and their fiber composites are shown in
Fig. 10a—f. Figure 10a, b indicate a smooth and homoge-
neous fractured surface with cracks in different planes, for
the neat epoxy (Al) and 10% DGPP blend (A3). This
indicates a brittle fracture, which accounts for its poor
impact strength. Nevertheless, it was observed some par-
tially co-continuous nature of fractured surface for samples
A3 and A5 (Fig. 10b, c) with increasing DGPP content
from 5 to 20%. Good dispersion of DGPP in DGEBA leads
to enhanced toughness of samples A2—A4. In the case of
A5, this dispersion leads to plasticizing (or flexibility)
effect with increase in DGPP content. The fracture of
composite (A10) occurs by fiber pullout and it is indicated
by holes and fiber ends (Fig. 10f), as a result of poor
adhesion between fiber and matrix. Consequently the
mechanical properties are poor (Table 2). A similar effect
was observed in the case of A6 (Fig. 10d) to some extent in
addition to brittleness, hence mechanical properties were
poor. With respect to A9, adhesion between the matrix and
fiber may be intermediate which leads to progressive
de-lamination that requires additional energy. Hence A9
shows improved impact strength. Figure 10e shows that the
failure occurs by fiber breaking rather than fiber pullout,
indicating better interaction between fiber and matrix in

@ Springer
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Table 2 Mechanical properties of cured blends (A1-AS5) and composites (A6—A10)

Property Al A2 A3 Ad A5 A6 A7 A8 A9 Al10
Tensile strength (MPa) 40.6 434 459 35.0 28.3 46.1 51.2 532 40.0 332
Tensile modulus (GPa) 2.00 2.18 2.07 1.97 1.91 2.19 2.64 2.33 233 2.29
Elongation (%) 2.6 2.9 2.8 3.0 3.0 24 23 24 2.8 2.9

Flexural strength (MPa) 74.5 76.3 85.2 68.6 52.7 88.6 105.8 94.3 79.0 61.3
Flexural modulus (GPa) 2.61 2.88 2.73 2.13 2.35 29 322 3.41 2.64 2.58
Impact strength (J/m) 46 74 76 80 66 67 86 93 98 82

(a)

Fig. 10 SEM microphotographs of the fractured surface of blends
(a—c) and fiber composites (d—f). a Morphology of fracture surface
exhibits smooth surface of blend. b Exhibits brittle fracture. ¢ Shows
some co-continues faces. d The failure of the composite occurs by

AS8. It is understood from the literature that if fiber—matrix
adhesion is strong, the mechanism of failure changes from
fiber de-bonding and pullout to brittle failure, and this
reduces the impact strength [54].

@ Springer

fiber pullout and fiber breakage. e The strong interaction of fiber and
matrix in which failure occurs through fiber breakage. f Failure occurs
through fiber pullout with increasing DGPP content

Conclusions

This investigation had an objective to develop green
composites utilizing Borassus fruit fiber and fire retardant
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resin DGPP blending with commercial epoxy resin
(DGEBA) incorporating various weight percentages and to
study the effect of DGPP content on the properties. The
DGPP was blended with DGEBA by 5, 10, 15, and 20% by
weight (formulations A1-A5) and corresponding fruit fiber
composites were prepared (A6—A10) as well. Although the
thermal stability of blends (A2-AS5) and composites (A7—
A10) were decreased with increasing DGPP content to
some extent as compared to neat epoxy (Al) and its
composite (A6), the fire-retardant properties significantly
improved. The T, values of blends (A1-AS5) were moderate
in the range of 111-131 °C. Information on 7, would help
to understand the processing conditions of blends and
corresponding fiber composites. The tensile and flexural
strengths as well as modulus were reasonable and increased
up to 10% DGPP content and decreased for 15 and 20%
whereas the impact strength of these formulations showed
inverse trend. The impact strength was improved till 15%
of DGPP addition ascribable to good dispersion and
toughening effect of DGPP. SEM analysis of blends and
composites provided a clear picture about dispersion of
DGPP and bonding nature of fiber and matrix and con-
cluded that the formulations A2-A4 and A7-A9 have
superior properties than the rest.

Acknowledgement The P.K gratefully acknowledges the financial
support from Department of Science and Technology, New Delhi,
India, under the SERC Scheme (Ref. Sanction No. SR/S1/PC-14/
2003). P.S sincerely acknowledges the Council of Scientific and
Industrial Research (CSIR), New Delhi, India, for the award of Senior
Research Fellowship.

References

1. Laranjeira E, De Carvalho LH, De Silva LSM, D’Almeida JR
(2006) J Reinf Plast Compos 25:1269
. Bledzki AK, Gassan J (1999) Prog Polym Sci 24:221
. Mohanty AK, Misra M, Drzal LT (2002) J Polym Environ 10:19
. Wu C (2009) Polym Degrad Stab 94:1076
. Suizu N, Uno T, Goda K, Ohgi J (2009) J Mater Sci 44:2477. doi:
10.1007/s10853-009-3317-y
6. Xie Y, Hill CAS, Xiao Z, Militz H, Mai C (2010) Compos A
Appl Sci 41:806
7. Gassan J, Chate A, Bledzki AK (2001) J Mater Sci 36:3715. doi:
10.1023/A:1017969615925
8. Teulé F, Furin WA, Cooper AR, Duncan JR, Lewis RV (2007) J
Mater Sci 42:8974. doi:10.1007/s10853-007-1642-6
9. Al-Sulaiman F (2000) J Reinf Plast Compos 19:1379
10. Varada Rajulu A, Babu Rao G, Ravi Prasad Rao B, Madhusudana
Reddy A, He J, Zhang J (2002) J Appl Polym Sci 84:2216
11. Varada Rajulu A, Venu Nadhan A, Rama Devi R (2006) J Appl
Polym Sci 102:2338
12. Pickering KL, Beckermann GW, Alam SN, Foreman NJ (2007)
Compos A Appl Sci 38:461
13. Hassan ML, Hassan EA, Oksman KN (2011) J Mater Sci
46:1732. doi:10.1007/s10853-010-4992-4

DA W

14.

15.
16.

17.

18.
19.

20.
21.

22.
23.
24.

25.

26.

27.
28.
29.
30.
31.

32.
33.
34.
3s.
. Ciesielski M, Schifer A, Doring M (2008) Polym Adv Tech

37.
38.
39.
40.
41.
4.
43.
44,
45.
46.
47.
48.
49.
50.

S1.
52.

53.
54.

Preeti L, Netravali AN (2002) J Mater Sci 37:3657. doi:
10.1023/A:1016557124372

Towo AN, Ansell MP (2008) Compos Sci Technol 68:925

Rout J, Tripathy SS, Nayak SK, Misra M, Mohanty AK (2001) J
Appl Polym Sci 79:1169

Joseph K, Varghese S, Kalaprasad G, Thomas S, Prasannakumari
L, Koshy P, Pavithran C (1996) Eur Polym J 32:1243

Razera IAT, Frollini E (2004) J Appl Polym Sci 91:1077
Deshpande AP, Bhaskar Rao M, Lakshmana Rao C (2000) J Appl
Polym Sci 76:83

Liu L, Yu J, Cheng L, Yang X (2009) Polym Degrad Stab 94:90
Aratjo JR, Waldman WR, De Paoli MA (2008) Polym Degrad
Stab 93:1770

Georgopoulos ST, Tarantili PA, Avgerinos E, Andreopoulos AG,
Koukios EG (2005) Polym Degrad Stab 90:303

Sarvanan D, Pallavi N, Balaji R, Parthiban R (2008) J Text Inst
99:133

Obi Reddy K, Guduri BR, Varada Rajulu A (2009) J Appl Polym
Sci 114:603

Bill B (1999) Common names of common (and Uncommon)
palms, virtual palm encyclopedia. Palm & Cycad Societies of
Florida, USA

Pearce EM, Khanna YP, Reucher D (eds) (1981) Thermal char-
acterization of polymeric materials. Academic Press, New York
Kannan P, Kishore K (1997) Eur Polym J 33:1799

Kannan P, Kishore K (1992) Polymer 33:418

Senthil S, Kannan P (2001) J Polym Sci A Polym Chem 39:2396
Laskoski M, Dominguez DD, Keller TM (2007) Polymer 48:6234
Lin CH, Hwang TY, Taso YR, Lin TL (2007) Macromol Chem
Phys 208:2628

Liu W, Varley RJ, Simon GP (2006) Polymer 47:2091

Chiang CL, Chang RC (2008) Compos Sci Technol 68:2849
Levchik SV, Weil ED (2004) Polym Int 53:1901

Chen X, Jiao C (2010) Polym Adv Tech 21:490

19:507

Wang L, Yu J, Tang Z, Jiang P (2010) J Mater Sci 45:6668. doi:
10.1007/s10853-010-4759-y

He Q, Song L, Hu Y, Zhou S (2009) J Mater Sci 44:1308. doi:
10.1007/s10853-009-3266

Levchik SV, Camino G, Luda MP, Costa L, Muller G, Coates B
(1998) Polym Degrad Stab 60:169

Rosa ADL, Recca A, Carter JT, Mc Grail PT (1999) Polymer
40:4093

Liu YL, Hsiue GH, Chiu YS (1997) J Polym Sci A Polym Chem
35:565

Ravikrishnan A, Sudhakara P, Kannan P (2010) J Mater Sci
45:435. doi:10.1007/s10853-009-3959-9

Wang CS, Lin CH (1999) J Polym Sci A Polym Chem 37:3903
Sudhakara P, Kannan P (2009) Polym Degrad Stab 94:610
Sudhakara P, Kannan P, Obireddy K, Varada Rajulu A (2011) J
Mater Sci. doi:10.1007/s10853-010-5152-6

Datta C, Basu D, Banerjee A (2002) J Appl Polym Sci 85:2800
Ratna D, Banthia AK (2007) Polym Eng Sci 47:26

Zhu SW, Shi WF (2003) Polym Degrad Stab 80:217

Liu YLJ (2002) J Polym Sci A Polym Chem 40:359

Van Krevelen DW (1990) Properties of polymers. Elsevier, New
York

Levan SL, Winandy JE (1990) Wood Fiber Sci 22:113

Stevens R, Van Es DS, Bezemer R, Kranenbarg A (2006) Polym
Degrad Stab 91:832

Yeung P, Broutman LJ (1978) Polym Eng Sci 18:62
Manikandan nair KC (2003) Polym Compos 24:332

@ Springer


http://dx.doi.org/10.1007/s10853-009-3317-y
http://dx.doi.org/10.1023/A:1017969615925
http://dx.doi.org/10.1007/s10853-007-1642-6
http://dx.doi.org/10.1007/s10853-010-4992-4
http://dx.doi.org/10.1023/A:1016557124372
http://dx.doi.org/10.1007/s10853-010-4759-y
http://dx.doi.org/10.1007/s10853-009-3266
http://dx.doi.org/10.1007/s10853-009-3959-9
http://dx.doi.org/10.1007/s10853-010-5152-6

	Flame retardant diglycidylphenylphosphate and diglycidyl ether of bisphenol-A resins containing Borassus fruit fiber composites
	Abstract
	Introduction
	Experimental
	Material
	Fabrication of blends and composites
	Thermal properties
	Mechanical properties
	Morphology
	Flammability test

	Results and discussion
	DSC analysis
	Thermal stability and flame retardant properties
	Mechanical properties
	Tensile, flexural, and impact strengths

	Morphology

	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


