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ABSTRACT

This study performed to investigate the effect of addition of 0, 0'Diallyl Bisphenol A (DABA)
on the thermal, mechanical, morphological and flame retardance behaviour of Novolac
Phenolic/Carbon fibre composites. The miscibility of DABA and novolac phenolic resin was studied
using DSC. Both modified and unmodified novolac phenolic resin were characterised for chemical
structure using FTIRE. TGA studies reveals that DABA modified novolac have better thermal
stability. The results indicate that the appropriate content of DABA can significantly improve the
mechanical properties such as the tensile strength, flexural strength, interlaminar shear strength
and Impact strength of DABA modified novolac composites without compromising inherent. flame
retardant property. The 8 wt.% DABA modified novolac composites yvielded more than 100%
increase in impact strength compared to that of unmodified novelac composites. SEM studies of the
tensile fractured specimens revealed that modification of novelac resulted in improved resin/fibre
interfacial strength.
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INTRODUCTION

Phenolic resin has widely used in industry because of its good flame retardance, electrical
insulation, dimensional stability and chemical resistance (Chiang, 2001; Goswami et al., 2005).
However, the poor wet-out between fiber and phenclic resin and the brittleness of phenolic resin
are serious problems of the fiber-reinforced phenclic composite. All the mechanical properties of
modified phenolic resin can be increased by incerporating flexible groups inte the resin matrix
(Wang et al., 1999a). For example, either ester groups or other hydrogen-bonding funectional
groups are more flexible than is phenolic resin. Hence, modified phenolic resin, which will absorb
more leads, can improve the brittleness of novolac-type phenolic resin (Ma et al., 1998, 2001;
Lee ef al, 1998, Wu et al., 1997). Carbon fibers have been widely used as reinforcement in
composites for thermal protection due to their superb dimensional stability at high temperatures,
low density and a wvariety of outstanding physical and mechanical properties. The carbon
fibre ratio (%) in the fabric has a significant effect on improving mechanical and physical
properties of composite materials (Abd El-Hady and Abd El-Baky, 2011). In the production of
carbon fiber-reinforeced composites, the materials are typically preformed as prepregs for easy
handling and processing (Park and Kang, 2002; Rimdusit et «l., 2009; Wang et al., 2008,
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Sulaiman et al.,, 2008). Among carbon fibres both PAN based and Pitch based carbon fibres are
used for particular applications (Babu et al., 2008). Researchers tried to reduce brittleness of the
phenclic resin through meoedifying/blending with different elastomers and other thermoplastic
polymers. Novolac phenolic resin was modified with polyethylene oxide and improved
flexural strength and ILSS of carbonfcarbon composites (Hung et al., 2002). Modification
of  the phenolic resin with p-Hydroxyphenvlmaleimide/Acrylic ester copolymer and showed that
the ester based copolymer have higher toughness than the phenolic resin (Matsumoto et af., 1992).
The phenclic resin medified with polyamide showed better bonding between fiber and matrix
(Wang ef al., 1999b). Hydroxyl terminated polybutadiene using resole as compatibilizer
improves the fracture toughness of the phenolic novolac resin (Nirmal et al., 2006). The
brittleness of the phenolic composites was reduced by reducing void content using ester based
blocked pelyurethane as toughenming agent (Wu ef af., 1996). CFRPs can be used for
strengthening concrete beams (Alzoubi and Zhenfliang, 2007; Alam and Jumaat, 2009).

The present study describes an attempt to improve toughness of the novolac phenolic resin by
blending with DABA without compromising its inherent fire properties. Although many researchers
have worked on novolac phenclic resin with many toughening agents to improve mechanical
properties, no literature is available on the fire retarding properties of novolac phenolic composites

toughened with DABA.

MATERIALS AND METHODS

Novolac phenclic resin (Fig. 1) was synthesised from phenol and formaldehyde by a reported
procedure {Chiang and Ma, 2004) and was used as the matrix resin. DABA (Fig. 2) was supplied
ABR organics, Hyderabad India. PAN based Carbon fabrics (204 g, plain weave, supplied by M/s
CD Interglass Germany) were used as the reinforcement for the composites. The effect of the
addition of DABA in different weight percentages on the viscosity of novolac phenolic resin was
studied by Brockfield Viscometer (DV-II +PRO, USA). The miscibility between novolac phenclic
resin and DABA was studied using Differential Scanning Calorimeter (DSC) calibrated with an

! with nitrogen

indium standard. The DSC experiment conducted at a heating rate of 5°C min~
environment.

The chemical structure of the unmodified and modified novolac resin was studied using FTIR
spectroscopy. The samples for FTIR analysis were mixed with KBr powder, pressed in to pellets and
introduced into Perkin Elmer spectrum GXA Fourier transform infrared (FTIR) spectrophotometer

at a resolution of 4 em™ in an optical range of 400-4000 em ™.
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Fig. 1: Condensation reaction for the formation of phenol formaldehyde

T— O—xI

21



Astan J. Mater. Sei., 8 (1) 20-30, 2011

\

OH
HO

Fig. 2: Chemical structure of [ allyl Bisphenol A (DABA)
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Fig. 3: Processing cycle of the novolac carbon fiber reinforeced composites

Thermal degradation of the novolac resin and DABA medified novolac resin was examined with
Du Pont 951, Thermo Gravimetric Analysis (T(GA) instrument from room temperature to 800°C
with a heating rate of 10°C min ™" under nitrogen atmosphere. The measurements were conducted
with 6-10 mg samples. Weight-loss/temperature curves were recorded.

The novolac phenolic resin with 10 wt.% hexamine catalyst was blended with 2 to 10 wt.% of
Di allyl bisphenol A (DABA). This blend was used as a matrix to impregnate the carbon fiber
{pre-pregs) using brushing impregnation technique and dried at rcom temperature for 24 h.
Twenty plies of pre-pergs were stacked in a metal mold of dimensions 24x12x0.3 em and cured at,
pressure of 4 MPa. The heating temperature profile of the die controlled by two heating plates
along the compression direction 1s 60°C for first hour, 80°C for 30 min, 100°C for 30 rmn and 120°C
for 30 min. After curing the samples were subjected to post curing at 130°C for 24 h (Fig. 3). But
the processability of the composites becomes difficulty due to higher viscosity at higher percentage
of DABA (>8 wt.%).

Void content of both the novolac phenalic composites and modified novolac phenolic composites
with various DABA contents were studied as per ASTM D 2734,
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Novolac phenolic/earbon fiber and modified novolac phenolic/carbon fiber composites were
tested for ultimate tensile strength as per ASTM D-3039 standard using universal testing machine
(M/s Kalpak, Pune) with a cross head spead of 5 mm min~". Five samples were tested and average
values was reported.

The flexural strength of the both unmeodified and modified novolac phenolic composites was
determined using the three-point bend method as per ASTM-D790 standard. Five specimens with
span length of 100 mm and cross-head speed of 2 mm min " were tested and average values were
reported.

The Inter Laminar Shear Strength (ILSS) tests were conducted using three-point bend
technique according to ASTM D-2344 standards with cross head speed of 1 mm per minute. Five
samples were tested and average value was reported.

The Izod impact strength of both unmeodified and modified composites was measured as per
ASTM D-256, using Izod impact testing machine. Fracture surfaces of the tensile specimens were
studied using scanning electron microscope to know interfacial adhesion between matrix and
reinforcement. The morphology of the tensile fractured composites specimens were studied using
JEOL JSM840A-(Japan) Scanning Electron Microscope (SEM).

The L.0O.T 1s defined as the minimum fraction of O, in a mixture of O, and N, that will just
support flaming combustion. The L.O.I. test was conducted according to the ASTM D 2836 Oxygen
Index Method using a test specimen bar 7-15 cm long, 6.5 mm wide and 3 mm thick. The sample
bars were suspended vertically and ignited using OR by a Bunsen burner. The flame was removed
and the timer was started. The concentration of oxygen was increased if the specimen was
extinguished before burning away for 2 min or 5 em. The oxygen content was adjusted until the
limmiting concentration was determined.

The UL-94 vertical test was performed according to the ASTM D 3801 testing procedure with
a test specimen bar 127 mm long, 12.7 mm wide and about 3 mm thick. Five sample bars were
suspended vertically over surgical cotton and ignited by a Bunsen burner. A flame was applied
twice to the lower end of the specimen for 10 sec. The specimen was assigned to the class UL-94 V-0
when each after-flame time did not exceed 10 sec and the sum of the after-flame times for five
samples did not exceed 50 sec. Assignment to class UL-94 V-0 also required that the flaming drops
could not ignite the surgical cotton below the specimen. Assignment to class UL-94 V-1 required
that each after-flame time did not exceed 30 sec and the sum of the after-flame times for the five
samples did not exceed 250 sec. Assignment to class UL94 V-1 also required that flaming drops did
not ignite the surgical cotton below the specimen. If the flaming drops ignited the surgical cotton
below the specimen, then the sample was assigned to class UL-94 V-2,

RESULTS AND DISCUSSION

Viscosity studies: Figure 4 shows the viscosity change with the different weight% leading of
DABA. It was found that with the increase of the percentage content of DABA, the viscosity of the
total resin system increased and at 10% weight of DABA the viscosity becomes very high beyond

which the processability of the system decreased remarkably. Hence this study is constrained within
a maximum of 10% weight of DABA.

Miscibility studies: Figure b shows the second run DSC curves for novolac resin {curve-a) and
meodified novelac resin with 2 wt.% (curve-b),4 wt.% (curve-c) and 10 wt.% (curve-d) of DABA. The
miscibility was mainly ascertained on the bases of the occurrence of a single Tg behavior observed
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Fig. 4: Viscosity of novolac resin blended with different wt.% of DABA
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Fig. 5: DSC graph of Novolac blended with different wt.% of DABA (a) Pure Novolac, (b) 2 wt.%
(c), 8 wt.% and (d) 10 wt.%

throughout the whole blend range at various compositions of phenolic blends, suggesting that the
novolac/DABA blend system in this study is directly miscible which is in concurrence with elsewhere
studies (Wen-Bin et al., 2008).

FTIR studies: The interaction between novolac and DABA was corroborated by FT-IR
spectroscopy. The FT-IR spectra of unmodified novolac and Cured modified novolac with DABA are
presented in Fig. 8. Unmodified novolac shows a band at 3500 em™ which is assigned to the non
associated free hydroxyl groups. The flexible allyl group chain intersects into the free volume of a
phenolic matrix and provides more opportunity to form intermolecular hydrogen bonding and also
increases the average strength of the hydrogen bonding in this blend system. Peak breadening can
be observed in modified novolac which indicates hydrogen bonding implies better interaction
between the two components. This will lead to the increase in mechanical properties of the
composites.
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Fig. 6: FTIR Spectrum of {a) Unmodified Novolac and (b) Modified cured Novolac with 8% DABA

TGA studies: Figure 7 depicts TGA curves of the neat novolac resin and DABA modified novolac
resin. The TGA curves range from room temperature to 800°C in an atmosphere of IN,. The char
yields of the modified novolac increased with the amount of DABA. Increasing the char forming
reduces the production of combustible gases, decreases the exothermicity during pyrolysis reactions
and inhibits the thermal conductivity of the burning materials. The decomposition temperature of
the DABA modified novolac resin is more than neat novelac resin indicating that modified novolac
resin has good thermal stability.

Mechanical properties (UTS, FS. ILSS, Impact Strength): Figure 8-11 shows the UTS, F'S,
ILSS and Impact strength respectively for both unposteured and posteured novolac phenclic
composites modified with different wt.% of DABA. The mechanical properties attained the greatest
values at 8 wt.% DABA addition in both post cured and unposteured composites. UTS, FS, ILSS
and impact strength increased by 18, 17, 47 and >100%, respectively in postcured specimens at 8
wt.% DABA addition compared to that of unmodified novelac composites. It is well known that veids
have detrimental effects on the strength of the composite laminates (Stone and Clark, 1975). The
improvements are attributed to the decrease in voids (Fig. 12) which act as defect sites and initiate
cracks leading to premature failure. Chain modifier DABA improved the matrixffibre compatibility.
It contains flexible allyl group which reduces the cross linking density. The softening of the matrix
helps to absorb fracture energy. The improvements in mechanical properties were lower in case of
unposteured composites because of incomplete reaction. The addition of more than 8 wt.% DABA
increased the viscosity of the phenolic resin leading to processing difficulties.

25



Astan J. Mater. Sei., 8 (1) 20-30, 2011

1007
951
901
851
801

751

Weight retention (wt. %)

704

65

60

55

T T T T T T T T T d
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 7: TGA curves of (a) novolac resin and (b) DABA modified novolac resin
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Fig. 8: Effect of wt.% of DABA on Tensile Strength of carbon fibre reinforeed novolac composites

Morphology of the composite: Fractured morphology indicates fibre bundle brittle fracture and
pull out for the symmetrical ply arrangements (Bang et al., 2007). Figure 13a-f show the SEM
micrographs of tensile fractured specimens of CFRPs based on novolac phenolics modified with O
to 10 wt.% in steps of 2 wt.% of DABA, respectively. The micrographs showed that the fibre bundles
were evenly distributed without fibre breakage in the unmodified specimens. The weak fibre/matrix
adhesion leads to fibre pull cut as the dominant failure mechanism in them. The fibre/matrix
strength increased with increase in % DABA addition up to 8 wt.% which 1s evident from the
occurrence of greater degree of fibre breakage in these specimens. Further increase in loading of
DABA modified specimens showed lesser degree of fibre breakage (Fig. 13f), indicative of lesser
interfacial strength. The flexible allyl group of DABA interacts with the hydroxyl group of phenoclic

and increases the mobility of the phenolic resin along with the wet-out of the matrix and the
carbon fibre.
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Fig. 9: Effect of wt. % of DABA on flexural strength of carbon fibre reinforced novolac composites
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Fig. 10: Effect of wt.% of DABA on ILSS of carbon fibre reinforced novolac composites
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Fig. 11: Effect of wt.% of DABA on impact strength of carbon fibre reinforced novolac composites

Fractured morphology also indicates fibre bundle brittle fracture and pull out for the symmetrical
ply arrangements. Whereas unmodified and 2 wt.% DABA modified phenolic composites showed

the presence of cracks, it was absent in composites with higher percentage of DABA indicating
greater toughness
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Fig. 12: Effect of wt.% of DABA on void content of carbon fibre reinforced novolac composites

Fig. 13 SEM photographs of carbon fibre reinforced novolac resin composites modified with

various DABA contents (a) 0 wt.%, (b) 2 wt.%, (c) 4 wt.%, (d) 6 wt.%, (&) 8 wt.% and (f)
10 wt.%

Flame retardance: The percentage of oxygen in the O, and N, mixture, just sufficient to sustain
the flame, 1s taken as the LOI. The LOI values can be used to estimate the flame retardancy of
materials. The LOI value and flame retardance of unmodified and modified novolac phenclic carbon

fibre reinforced composites are given in Table 1. Which shows an extremely high LOI value 1s >55
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Tahble 1: The flame retardance of carbon fibre reinfarced modified novolac phenolic composites

DABA Content(wt.%) o] 2 4 6 8 10
UL-94 V-0 V-0 V-0 V-0 V-0 V-0
Limited Oxyzen Index (LOI) =B =B =55 =55 =55 =B

and flame retardance values of UL-94, V-0. The both standard values are maintained in all
percentage DABA added. There was no comproemising in the parent materials flame retardance
property after modification with improved mechanical properties.

CONCLUSIONS

The modification of novolac phenolic resin with DABA not only improved the mechanical
properties but also it retained it inherent flame retardance properties. The DSC study reveals that
phenolic/DABA blend 1s a completely miscible system. DABA 1s a good reagent for toughening the
phenclic resin. Thermal resistance of novolacs improved by the incorporation of DABA. All
mechanical properties showed that 8 wt.% of DABAMmovloac phenolic resin blends have the
maximum values. The post cured composites showed higher mechanical values such as tensile,
flexural, ILSS and impact strength than that of unposteured composites due to complete curing of
the composites. The flame retardance to 10 wt.% DABA in moedified novolac phenclic carbon fibre
reinforced composites shows values of UL-94 at V-0 with the LOI at more than 55, showing
excellent fire resistant properties. The fracture surface study showed that better adhesion between
matrix and the reinforcement hence the mechanical properties enhanced.
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