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Abstract

Phenol-formaldehyde resin is an inevitable polymer material because of their excellent properties like heat resistance,
chemical resistance, creep resistance, and low water sorption. But the drawback associated with PF matrix is buckling
and brittleness. The incorporation of nanofillers can effectively reduce these problems. Carbon nanotubes is one among
the nanofiller which is widely used to enhance the mechanical, thermal, electrical properties of the host matrix.The
present study deals with the synthesis and comparison of two Phenol-formaldehyde nanocomposites incorporated with
pristine multiwalled carbon nanotubes and carboxylated multiwalled carbon nanotubes via in-situ polymerisation tech-
nique. The effect of filler loading (MWCNT, MWCNT-COOH) with different weight percentages (0.05 wt%, 0.08 wt%,
0.12wt%, 0.15wt%) has been investigated in this study. Pristine MWCNT was functionalised with carboxyl groups and
confirmed by XRD, FT-IR, CHN analysis, X-ray photoelectron spectroscopy, AFM and Raman spectra. All these analysis
showed successful funtionalisation of pure MWCNT. The prepared nanocomposites were compared by mechanical,
thermal and morphological analysis. The effect of both fillers on tensile strength, stress-strain, young’s modulus and
elongation at break were also analysed. The addition of MWCNT and MWCNT-COOH have enhanced the mechanical
and thermal properties of the prepared nanocomposite. The mechanical properties of PE-MWCNT nanocomposite
showed a maxima for 0.12wt% and for PF-MWCNTCOOH nanocomposite it was 0.08 wt%. Higher thermal stability
was exhibited for 0.15 wt% MWOCNT loading. The thermal stability enhanced by the addition of MWCNT COOH upto
0.12wt% and then declined. Moreover the prepared nanocomposites were morphologically characterized by scanning
electron microscope (SEM) and transmission electron microscope (TEM) and from the fracture analysis it is clear that
the reinforcements brought plastic deformation of phenol-formaldehyde nanocomposite from brittle to more ductile
material. From the TEM image it was clear that the presence of carboxyl groups attached on MWCNT reduced
agglomeration in PF matrix. Halpin-Tsai modelling was done for comparing experimental and theoretical values of
tensile modulus and it illustrates good correlation.
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Introduction

In recent years polymer based nanocomposites received
much attention as it shows excellent enhancement in
properties compared to the pure polymer. For the
past 20 years the field of nanotechnology has emerged
very vastly. The materials with nanoscale dimensions
exhibit unique properties which are not found in the
macro materials. The incorporation of these nano addi-
tives into a polymer will improve its desired properties.
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Carbon nanotubes are one among the nanoadditives
which found many applications in the field of nano-
composites. The synergetic effect of nanoadditives
and host matrix can bring increase in mechanical, ther-
mal and electrical properties. Due to the excellent opti-
cal, electrical, and mechanical properties of carbon
nanotubes, it has received much attention among the
researchers.'

Carbon nanotubes was first discovered by M .Endo
in 1978 during his Ph.D work and ligima reported first
in 1990, from that onwards it has got great attention.*>
It has many applications like nanoelectronics® photo-
voltaic  cells,’ superconductors,8 electrochemical
capacitors,” nanocomposites'® and sensors.'" CNTs
are one of the allotropes of carbon which are cylinders
of graphite that are covalently bonded. Since CNT is
composed of sp” carbons which is very strong com-
pared to sp® carbons which is the reason for its high
mechanical properties. The advantage associated with
CNT is the small dimension which makes it as a perfect
reinforcement for improving the mechanical and ther-
mal properties of polymer matrix. CNT exhibits very
good mechanical property with a Young’s modulus of
0.27 - 0.95TPa.'? Large number of works are still going
on in the field of both thermosetts and thermoplastics
reinforced with CNT. Several research studies are
going on in polymer reinforced CNT composites.'¥ '3

Phenol formaldehyde resin is associated with appli-
cations in the field of aerospace, structural compo-
nents, adhesive industry, foam materials etc.'®'” By
the incorporation of nanofillers these problems can be
rectified. The history of phenol-formaldehyde (PF)
resin relies on the invention of “Bakelite” by Leo
Bakeland in 1907.'"® It was also called Bakelite and
was the first synthetic plastic ever made. Being a non-
conductive material PF resin has enormous usage in
the field of electrical insulators, circuit board produc-
tion moulding compounds, coating, adhesives etc.
From the early stage onwards Bakelite was used as a
matrix for making composites. Even though PF have
excellent thermal stability, insulation properties, flame
retardancy, ablation properties, its inherent nature is
brittleness and buckling. The brittle nature of PF
resin due to high crosslink density restricts its industri-
alisation. The phenol- formaldehyde resin has phenom-
enal chemical and physical properties compared to
other plastics. PF resins are actually thermosetting pol-
ymers which can be obtained by treating phenol with
formaldehyde. By incorporating nanofillers with PF
resin shows excellent physical and chemical properties
than from the pure form.

As indicated earlier PF polymers have excellent ther-
mal stability, insulation properties, flame retardancy,
ablation properties, its inherent nature is brittleness
and buckling. These properties can be reduced by

reinforcements with nano materials, toughners like
rubber, incorporating elastomers etc. Alumina nano-
particle reinforced PF resin showed enhancement in
curing rate and better interaction with the host
matrix.'? It is reported that the addition of CNT and
graphene derivatives improved the mechanical proper-
ties and thermal stability of PF nanocomposite. PF
resin modified different functionalities of graphene
oxide improved the degradation temperature and char
yield.>® More over nano hybrids of graphene oxide and
CNT enhanced the mechanical properties of PF
matrix.”’

The perfect reinforcing effect depends on high aspect
ratio of the filler, uniform dispersion, and better inter-
facial interaction with the polymer matrix. For the effi-
cient load transfer between the filler and polymer
matrix homogenous dispersion plays a pivotal role.
Otherwise the CNT’s will tend to agglomerate leading
to the degradation of properties. Out of different proc-
essing techniques we have adopted in-situ polymerisa-
tion technique since it can bring excellent interaction of
CNT with polymer matrix. Abedi et al.** fabricated
polyethylene-clay nanocomposite by in-situ polymeri-
sation technique. A conducting polymer nanocompo-
site was prepared by reinforcing graphene oxide
homogeniously via insitu polymerisation.”® Several
researchers have adopted this technique for attaining
a homogenius dispersion of nanomaterials in polymer
matrix.>* 28

In the case of thermosetting polymers in-situ poly-
merisation is found to be an effective processing tech-
nique for attaining a homogenious dispersion of CNT
in the polymer. Moreover the funtionalisation of CNT
can bring effective interaction and better compatibility
with the polymer matrix. The sidewalls of CNT can
be carboxylated by oxidative treatments with acid
mixtures. The commonly used acid mixtures are
HNO3, HNO3 - HzSO4, KMHO4, H202, KMHO4-
H,S04.%° 3° The oxidative treatments modifies the side-
walls of the CNT with carboxyl group (-COOH) and
hydroxyl group (~OH). Several researchers have
adopted these oxidative treatments for surface funtion-
alisation of CNT.

Several works are going on to improve the proper-
ties of PF composites. The application of PF resin as
composites mainly relies on the presence of intermolec-
ular hydrogen bonding. These will help to interact
strongly with functional groups present in the fillers.
Zhang and co-workers developed phenolic composite
incorporated with boron and silicon in order to
improve heat resistance and anti-oxidation property.®’
Thermal stability of epoxidised phenolic resin was
increased by the addition of graphene oxide deriva-
ties.”’ The effect of CNT reinforcement on phenolic
resin incorporated with graphite powder and carbon
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fibre was investigated.® The addition of CNT have sig-
nificantly reduced porosity and increased interfacial
interaction among phenolic-graphite composite.
Moreover from the TGA analysis the thermal stability
also increased by the addition of CNT to phenolic-
graphite composite. Saghar et al.*® have investigated
the improvement in ablation properties of PF resin
by the addition of MWCNT and silicon carbide.
They found that the incorporation of MWCNT (upto
9%) has enhanced ablation properties.

In our previous work reduced Graphene oxide
(RGO) was incorporated into the PF resin. Graphene
oxide was reduced using green strategy (potato starch)
and incorporated into PF matrix. The obtained nano-
composites exhibited exceptional improvement in
mechanical and thermal properties.>* Our group have
also done large number of works in the field of PF mac-
rocomposites.***! In the present work, pristine
MWCNT and MWCNT funtionalised with carboxyl
groups were incorporated into phenol formaldehyde
resin via in-situ polymerisation technique and compared
the mechanical, thermal and morphological behaviour
of the prepared nanocomposite. The carboxylated
MWCNT were characterised by FT-IR, XRD, CHN
analysis, X-ray photoelectron spectroscopy, AFM and
Raman spectra. The mechanical, thermal and morpho-
logical analysis were conducted in order to compare the
prepared nanocomposites. The morphological studies
of the prepared nanocomposites were examined using
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The thermal properties of
the nanocomposites were analysed by thermogravimet-
ric analysis (TGA) and differential thermal analysis
(DTG).

Materials and methods

Materials

Phenol (99%), Formaldehyde solution (37%), Sodium
hydroxide pellets (analytical grade) Glacial acetic acid
(99-100%) were supplied by Merck, India for synthesis
of resol resin. Multiwalled carbon nanotubes with an
average diameter of 10-15nm and average length 1—
5um were supplied by ad-Nano Technologies Private
Limited, India. The reagents used for carboxylation
were sulfuric acid (H,SO4) (98%) and nitric acid
(HNO3) (69%).

Methods

Carboxylation of MWCNT. Carboxylation of MWCNT
was done by adding concentrated H,SO,, and concen-
trated HNOjs in (1:1) ratio. The reaction mixture is
sonicated for one hour. The (1:1) reaction mixture is

HNO4/H,S0,
R —

120 °C, 3 hr

Figure |. Schematic illustration of carboxylation of MWCNT.

refluxed at 120°C for 3 hours. After the reaction, the
mixture was diluted with distilled water and allowed to
sediment. The process repeated several times remove
the acid and dried in the air oven. The powdered sam-
ples were taken for further analysis. Figure 1 shows
schematic illustration of carboxylation of MWCNT.

Preparation of phenol formaldehyde resole resin-MWCNT/
MWCNT-COOH nanocomposite. For the typical synthesis
of resole resin F/P ratio =1.75:1 is taken. At first
0.5mole% of sodium hydroxide solution is ultrasoni-
cated with different loadings of MWCNT/MWCNT
COOH (0.05, 0.08, 0.12, 0.15wt%) for one hour. The
resultant solution is refluxed with phenol at 95°C for
15 minutes in a three neck round bottom flask. To this
solution formaldehyde is slowly added within twenty
minutes to ensure the polymerisation. The reaction is
kept for 5-6 hours till it turns turbid. After the comple-
tion of reaction, the resin was allowed to cool and it
was neutralised with glacial acetic acid to remove the
water produced during condensation polymerisation. It
was kept overnight and the aqueous layer was decanted
off. The prepared nanocomposite was transferred to
steel mould and subjected to step curing at different
temperatures (60°C for 2hours, 70°C for 12hours,
80°C for 3hours, 90°C, 100°C, 110°C for 1hour
and 120°C for 4hours). The resultant specimen was
used for analysis.

Characterisations

Fourier transform infrared spectroscopy. Fourier Transform
Infrared Spectroscopy was recorded using PERKIN
ELMER ATR infrared spectrometer in the range of
400-4000cm™'. The FT-IR spectra were taken by
making pellets of powdered samples (MWCNT,
MWCNTCOOH) mixed with KBr.

X-ray diffraction analysis (XRD). The crystallinity and
intensity changes of the samples (MWCNT,
MWCNTCOOH) were recorded on Bruker AXS D8
Advance with Cu Ko radiation with an angle range
5-80" (20 angle range) at a wavelength of 1.541 A, an
operating voltage of 45kV and a current of 35mA.
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CHN analysis. The percentage of carbon, nitrogen and
hydrogen of MWCNT, MWCNTCOOH were analysed
using CHN analyser (Elementar Vario EL III).

Thermogravimetric analysis. The thermal properties of the
samples were analysed using Perkin Elmer, Diamond
TG/DTG. About 10mg of the prepared nanocompo-
sites were put on the alumina cup and heated at a rate
of 20 °C/min in Nitrogen atmosphere.

X-ray photoelectron spectroscopy. Samples were analyzed
with XPS instrument TFA XPS from Physical
Electronics (Minich, Germany). The samples were
excited with monochromatic Al K,;, radiation at
1486.6 ¢V.The analysis area was 400 pm?>. Emitted pho-
toelectrons were detected with a hemispherical analyzer
located at an angle of 45° with respect to the normal of
the sample surface. Survey spectra were measured at a
pass energy of 187eV using an energy step of 0.4eV.
High-resolution spectra of Cls were measured at a pass
energy of 29.35eV using an energy step of 0.125eV. An
additional electron gun was used for surface charge
neutralization during XPS measurements.

Atomic force microscopy (AFM). The surface morphology
of pristine MWCNT and carboxylated MWCNT were
characterised with Atomic Force Microscopy (WITec
GmbH, Ulm, Germany) in contact mode at room tem-
perature. The suspension of MWCNT and MWCNT-
COOH was sonicated well and then analysed.

Raman spectrum. The Raman spectra of MWCNT and
MWCNTCOOH were done using RA-Confocal
Raman microscope with AFM (WITec GmbH, Ulm,
Germany).

Scanning electron microscopy (SEM). The morphology of
fracture samples were analyzed using JEOL Model
JSM - 6390LV. To avoid charring the samples were
sputtered with gold.

Transmission electron microscopy (TEM). The transmission
electron micrographs of PF-MWCNT and PF-
MWCNTCOOH nanocomposites.were obtained on a
High-Resolution Transmission Electron Microscope,
Jeol/JEM 2100. The ultramicrotome cutting was used
to obtain TEM images of PF-MWCNT and PF-
MWCNTCOOH nanocomposites.

Mechanical characterisation. The mechanical properties of
the samples were tested using Universal Testing
Machine (Tinius Olsen) according to ASTMD 638.
The samples were cut into rectangular strips and the
testings were conducted at room temperature with a
gauge length of 60 mm and speed rate 2 mm/min.

MWCNT-COOH

100

804 w-MWCNT

% T

o0 ] p-MWCNT

40

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm'1)

Figure 2. FT-IR analysis of pristine MWCNT, washed MWCNT
and MWCNTCOOH.

Results and discussions

Characterisation of MWCNT; effect of modification

FT-IR characterisation. Figure 2 shows the FT-IR spectra
of pristine MWCNT (p-MWCNT), washed MWCNT
(W-MWCNT), and carboxylated MWCNT (MWCNT-
COOH).The broad peak around 3500cm ™' is due to
the presence of hydroxyl group along the the side walls
of multiwalled carbon nanotubes. This peak is not pre-
sent in p-CNT indicates the successful funtionalisation
of MWCNT. But for w-MWCNT a less intense peak at
3500cm ! is present because MWCNT have a tenden-
cy for air oxidation. The hydroxyl groups can be from
atmospheric moisture. But for carboxylated MWCNT
the intensity of hydroxyl group is much higher. Similar
results were obtained for other researchers.**** The
small peak at 1720cm ™' was assigned for carbonyl
stretching vibrations. The CNT-COOH showed peak
at 1640 and 1175cm ™" which is characteristic peak of
C=0 and C-O respectively. The peak at 1400cm ™'
was attributed to the bending vibration of hydroxyl
groups attached on the side walls of MWCNT.*
These results showed the successful funtionalisation
of MWCNT. The small peak at 600cm™"' is due to
the presence of —C-O-C- groups. The results obtained
were in accordance with previous reports.*>*” The
importance of funtionalisation of CNT helps on
anchoring with polymer or other moieties.

CHN analysis of p-MWCNT and MWCNTCOOH. CHN
analysis gives elemental composition of light elements
such as carbon, nitrogen and hydrogen. There is rela-
tive decrease in the carbon content in the oxidised
MWCNT (Table 1). The hydrogen content slightly
increases and nitrogen content slightly decreases.
These results summarises the formation of defects on
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the surface of MWCNT which in turn helps the attach-
ment of carboxyl groups on the surface. This results are
in accordance with FT-IR spectrum. Trace amount of
nitrogen was detected in pristine MWCNT due to
nitrogen gas absorbed during the preparation of
MWCNT (MWCNT procured was prepared using
chemical vapour deposition in the presence of nitrogen
gas).***? Small level of sulphur may be due to presence
of acidic mixture even after several washing.

XRD andlysis. All the two specimen shows two major
diffraction peak at 20=25.68 and 42.53 which implies
(002) and (100) planes respectively. The two theta at
53.53" is the diffraction of (004) reflection planes.*
These reflection planes are due the adjacent graphitic
layers. Additional peaks at 44.9 and 56.5 can be attrib-
uted to (101) and 102 reflection planes. From the XRD
studies it is clear that there is small change in the inten-
sity of pure MWCNT and modified MWCNT. The
difference in intensity is due to the generation of
some defects on the sidewalls of MWCNT. The inten-
sity variations can be attributed to the lattice distor-
tions as a result of surface treatments. Carboxylation
reduces the bundling of MWCNT and thereby chang-
ing the diffraction patterns. As a result the crystalline
size decreases and the peaks got weakened and broad-
end in accordance with previous reports.”’ All these
results attributed to the attachment of functional
groups on the side walls of MWCNT. Figure 3 shows
the XRD spectrum of p- MWCNT, MWCNT-COOH.

Raman spectrum. Further evidence for carboxylation of
MWCNT was obtained from Raman spectra analysis
(Figure 4). The importance of Raman spectroscopy
relies on the efficiency to characterize the crystal struc-
ture of carbonaceous material. The D band represents
the defective sites in sp> hybridised carbon systems
while G band gives idea about vibrational modes of
graphitic carbon, G’ is the second order raman scatter-
ing process which indicates the crystallinity of the car-
bonaceous material. The change in intensity of D band
reveals the increasing defects on the side walls or the
ID/IG ratio for p-MWCNT is also~1.01. The ratio of
relative intensity of the peak gives an idea about the
defects generated during modifications. ID/IG ratio for
MWCNT-COOH is ~0.86 which can be attributed to
the generation of defective sites. The decrease in ID/IG
ratio may be due to the removal of some amorphous
carbon.>? These ratios show the degree of funtionalisa-
tion. Too much variation in ID/IG shows the disrup-
tion of graphitic structure. Fashedemi et al.*® modified
MWCNT with carboxyl groups and got similar results.
These results clearly show that funtionalisation does
not disrupt the aromatic system prominently.

5
Table I. CHN Analysis of p-MWCNT and MWCNTCOOH.
Sample no.  Sample name N% C% S% H%
| CNT(P) 1.07 95.52 ND ND
2 CNTCOOH 0.92 61.49 0.74 0.18
ND: not detected.
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Figure 3. XRD spectrum of p- MWCNT, MWCNT-COOH.
7000
/ D band
6000 P G band
S’ 5000 |
5; MWCNT-COOH
2 4000 |
8 3000
£
2000 3e
i e
1000 T " -MWCNT
0 JL~ ) - R.mxmm B )
0 500 1000 1500 2000 2500 3000 3500 4000

Raman shift (cm'1)

Figure 4. Raman Spectra- p-MWCNT, MWCNT-COOH.

X-ray photoelectron spectroscopy. XPS is a powerful tech-
nique used to find the functional groups attached on
the surface of a material. The binding energy of CNT
when irradiated with X-rays determines its surface
composition. Pristine MWCNT showed a Cls peak at
284.4eV (Figure 5) which attributes to the graphitic
structure.>® In the case of carboxylated MWCNT
another peak at 289eV (Figure 6) is appeared which
shows the attachment of COOH groups on the side-
walls of MWCNT.>> The 7n- n* transition peak was
observed at 289eV which corresponds to attachment
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Figure 5. High-resolution XPS peak of carbon Cls for
p-MWCNT.

of oxygen moieties. The major peak (284.4eV) found in
pristine MWCNT and MWCNT COOH were similar.

Atomic force microscopy (AFM). The surface topography of
p-MWCNT and MWCNT COOH was shown in
Figures 7 and 8 The AFM image of pristine
MWCNT is well separated but carboxylated
MWCNT is not uniformly spread out well. The aver-
age thickness of pristine MWCNT and carboxylated
MWCNT observed was 1.27nm and 8.53 nm respec-
tively. The average surface roughness of pristine
MWCNT and carboxylated MWCNT was 2.81 nm
and 15.21 nm.

Mechanical properties of PFFMWCNT and
PF-MWCNTCOOH

The factors affecting the mechanical properties of the
nanocomposites are filler dispersion, geometry of the
filler, interfacial bonding and aspect ratio.
Agglomeration of the filler results in the reduction of
aspect ratio of the filler thereby decreasing the mechan-
ical properties of the prepared nanocomposites. The
effective load transfer is possible only if there exists
strong interfacial interaction between the polymer
matrix and nanofiller. The addition of carbon nano-
tubes will definitely improve the mechanical properties
of the nanocomposite.®

Stress-strain behaviour. The tensile strength, modulus,
elongation, stress-strain showed a maxima for
0.12wt% and 0.08wt% for PF-MWCNT and PF-
MWCNTCOOH nanocomposite respectively. This
can be attributed to the increased interaction between
MWCNT/MWCNTCOOH  with phenolic matrix

| CNT-COOH

Normalized Intensity
© o o o o o
e & o ~ [J ©

o
w

296 294 292 290 288 286 284 282 280
Binding Energy (eV)

Figure 6. High-resolution XPS peak of carbon Cls MWCNT-
COOH sample.

(b)

Figure 7. AFM of p-CNT: (a) 2D image (b) 3 D image.

compared to filler-filler interaction. Very good disper-
sion of nanofillers helps to improve efficient load trans-
fer. The stress-strain behaviour of the prepared
nanocomposite is shown in Figure 9(a). The ultimate
stress expresses the maximum load a sample can afford
before it breaks. MWCNT and MWCNTCOOH
improved the plasticizing effect of the nanocomposite.
The formation of interconnecting network of nanofil-
lers inside the PF matrix retards the easy breakage of
the composite upon an external stress. The neat PF
showed a brittle nature. The incorporation of both
MWCNT and MWCNTCOOH has decreased the
inherent brittleness. The addition of nanofillers
brought more hard and tough nature to the nanocom-
posite. At first the nanocomposite showed a linear
behaviour and thereafter observed non linearity till
the complete failure of the nanocomposite. For PF-
MWCNT, 0.12 wt% expressed maximum load transfer.
Higher loading of the MWCNT (0.15wt%) increased
stress centres due the agglomeration of the MWCNT.
The aggregation of MWCNT restricted the effective
load transfer between the matrix and the nanofiller.
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Figure 8. AFM of CNT-COOH: (a) 2D image (b) 3 D image.
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Figure 9. (a) Stress-Strain of PF-MWCNT and (b) PF-
MWCNTCOOH nanocomposites.

Like any other properties, mechanical properties also
have a percolation, beyond that critical point further
addition of nanofillers will not improve the proper-
ties.”” At lower loading a homogenius dispersion of
MWCNT is expected which resulted in enhancement
of mechanical properties. For PF-MWCNTCOOH,

0.08 wt% exhibited maximum load transfer. 0.12 wt%
and 0.05wt% MWCNT COOH loading improved the
toughness of the nanocomposite but the stress value is
reduced. In the case of PFE-MWCNTCOOH, 0.15wt%
filler loading decreased the value of stress and the pre-
pared nanocomposite showed more ductility (Figure 9
(b)). This can be attributed to the agglomeration of the
nanofillers which blocks the effective load transfer
between the filler and polymer matrix. The decrease
in strain at higher filler loadings are due restricted
mobility of polymer chains by large number of nano-
tubes. This will leads to brittleness of the nanocompo-
site. The addition of both MWCNT and
MWCNTCOOH did not change the failure pattern of
the nanocomposite further it enhanced the stiffness of
the specimen.

Tensile behaviour. The tensile strength of PF-MWCNT
composites increased by 6.32% when the filler
loading is 0.05wt%. For 0.08 wt% the increase is
68.4% and for 0.12wt% is 115.2% and for 0.15wt %
is 26.6% (Figure 10). The tensile strength of PF-
MWCNTCOOH composites increased by 169% when
the filler loading is 0.05wt%. For 0.08wt% the
increase is 185% and for 0.12wt% is 90%. However,
for PF-MWCNTCOOH composites with 0.15wt %,
the tensile strength decreased upto 32%. For 0.15wt
%, agglomeration resulted in property reduction due
to the poor dispersion and interface interaction. At
higher wt% the effective aspect ratio is reduced due
to the entaglement of MWCNT. This results were in
accordance with Wu et al.>® They have compared the
properties of phenol formaldehyde by reinforcing gra-
phene nanosheets and carbon nanotubes in various
filler loadings. Addition of carbon nanotubes improved
the tensile strength and young’s modulus. Their tensile
strength was improved only up to 54.7% by the addi-
tion of 0.6 wt% of carbon nanotubes. Bridging between
the nanofiller and the polymer plays a crucial role in
improving the mechanical properties of the nanocom-
posite. It is expected that the funtionalisation of
MWCNT decreases the diameter and can bridge the
crack interface thereby enhancing the mechanical
properties.>’

Young’s modulus. Due to the high aspect ratio and high
surface CNT serves as a perfect candidate for improv-
ing the mechanical properties of a polymer. The fun-
tionalised CNT improve the mechanical properties
since it brings good dispersion and efficient stress trans-
fer. Analysing the results we found that at higher wt%,
(0.15wt%) the mechanical properties decreases. We
suggest that this phenomenon is due to the aggregation
of Multiwalled Carbon nanotubes. The non homoge-
nius dispersion of MWCNT would leads to bad
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Figure 10. Tensile properties of (a) PF-FMWCNT and (b) PF-
MWCNTCOOH nanocomposites.

interaction with the PF matrix and restricting the dis-
sipation of energy during the fracture process. During
the fracture process, homogenius dispersion of the
MWCNT in PF matrix could lead to an increase in
energy dissipation. In the case of Young’s modulus,
the same trend was observed (Figure 11). For
0.05wt%, 0.08 wt%, and 0.12wt% the young’s modu-
lus increased by 9.6%, 25.34%, 13.1% respectively
compared to neat. For 0.15wt% the Young’s modulus
decreased up to 9.6% due to development of stress
points at as a result of agglomeration of MWCNT.
The increase in the mechanical properties can be attrib-
uted to the effective load transfer between the filler and
the host matrix.

In the case of PF-MWCNTCOOH, for 0.05wt%,
0.08 wt%, 0.12wt% and 0.15wt% the Young’s modu-
lus increased by 56.5%, 89.5%, 16.52% and 13.04%
respectively compared to neat. The improvement in
mechanical properties is due the good interfacial inter-
action between the MWCNT and PF matrix. The car-
boxyl groups of MWCNT interact well with —OH,
ether, methylene groups present in the PF matrix and
makes an effective network. This brings better stress
transfer between filler and the matrix. The extent of
load transfer is the key factor which determines the
mechanical properties of the synthesized nanocompo-
site. It is well-known that the lack of energy dissipation
during crack propagation will eventually lead to brit-
tleness of the prepared nanocomposite. Here MWCNT
COOH dissipates energy better than MWCNT because
the carboxyl groups interact well with functional
groups of PF matrix.

Elongation at break. The elongation at break of the pre-
pared nanocomposite is shown in Figure 12. The

—&— PF-MWCNT
—o— PF-MWCNT COOH

2000

1500

Young's modulus (MPa)

1000

wit%

Figure 1 1. Young’s modulus of (a) PF-MWCNT and (b) PF-
MWCNTCOOH nanocomposites.

maximum elongation is observed for 0.12wt% and
0.08 wt% for PF-MWCNT and PF-MWCNTCOOH
nanocomposite respectively. The incorporation of
MWCNT and MWCNT-COOH enhanced the mobility
of PF resin thereby increasing the flexibility of the pre-
pared nanocomposite. The better interfacial compati-
bility of MWCNT and MWCNT-COOH with the PF
matrix is the reason for this increment. Similar results
were observed for other authors.®® ¢

Thermal analysis

Thermogravimetry analysis (TGA) and derivative
thermo-gravimetric analysis (DTG) of
MWCNTCOOH

The thermal properties of the prepared PF-MWCNT
nanocomposite were studied by TGA and DTG
(Figure 13(a) and (b)). It is clear from the result that
the thermal stability of PF-MWCNT nanocomposite
increased with increasing content of MWCNT. There
are two stages of degradation viz first stage from 0—
350°C and second stage from 350-700°C. During the
first stage absorbed water is released. In the second
stage is attributed to the degradation of existing
oxygen containing groups, and methylene-benzene
bonds. Here MWCNT loading increased the thermal
stability than neat. MWCNT shows higher thermal sta-
bility and temperature resistant. The peak points
observed in DTG curves also increases with increasing
filler loadings and is summarised in Table 2.

The thermal degradation properties of the prepared
PF-MWCNT COOH was analysed by TGA and DTG.
It is observed that the incorporation of carboxylated
MWCNT into the resin improved the thermal stability
(Figure 14(a) and (b)) of the prepared nanocomposite.
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Table 2. TGA/DTG profile of PF-FMWCNT nanocomposite.
3.5
= At 350 Char Yield DTG peak
% 3.0 Sample oC(wt%) At 700 oC (wt%) point
< 25 Neat 79.9 535 66.85
£ .05 91.33 64.53 545.96
= 204 .08 91.18 64.90 561.44
S .; 12 96.45 72.95 562.96
'% ~ 15 97.01 85.74 562.02
2 104
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Wi% 00 —— .08 CNTCOOH
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Figure 12. Elongation at break of (a) PF-MWCNT and (b) PF- o 807
MWCNTCOOH nanocomposites. ;.:.
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g - Figure 14. (a) TGA of PF-MWCNT-COOH nanocomposite
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>
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| - But compared to pristine MWCNT nanocomposite,
15 the degradation rate was higher. This is due to rapid
20 [ ' : , ; : i degradation of phenolic resin by the addition of car-
¢ 10 M0 e Me e s T W boxylated MWCNT. The faster degradation rate is due
—— to the presence of functional groups on the surface of

Figure 13. (a) TGA of PF-MWCNT nanocomposite (b) DTG of
PF-MWCNT nanocomposite.

MWCNT.® The decomposition temperature between
150°C=-350°C is mainly due to the carboxyl groups
present.**  The better interaction of phenol



10

Journal of Composite Materials 0(0)

formaldehyde and MWCNTCOOH resulted in faster
degradation as compared to MWCNT reinforced PF
nanocomposite due to the presence of these carboxyl
groups. The defective sites generated by the attachment
of carboxyl and hydroxyl groups is the reason for less
thermal stability compared to pristine MWCNT.®
MWCNTCOOH have a tendency to increase heat of
diffusion, it increases the thermal conductivity, thermal
diffusivity of the nanocomposite thereby decreasing the
thermal stability.®® *® The addition MWCNT COOH
enhanced the thermal stability upto 0.12wt% and
decreased for 0.15wt%. The char yield of 0.05wt%
and 0.08 wt% increased compared to the neat resin.
As we observed in TGA of MWCNT-COOH, the ther-
mal stability decreased as compared to pure MWCNT
due to the presence of defective sites on the sidewalls of
the nanotubes. This is the reason for decrease in ther-
mal stability at higher filler loadings (0.12wt% and
0.15wt%). At lower concentration of MWOCNT-
COOH it shows much better thermal stability than
the neat. Figure 14 represents TGA and DTG of PF-
MWCNT COOH nanocomposite respectively. Table 3
summarises TGA/DTG profiles of PF-
MWCNTCOOH.

Surface morphological analysis of PF-
MWCNT and PF-MWCNT COOH
nanocomposite

Scanning electron microscopy (SEM)

The surface morphology of the fracture surface after
tensile tests of pure PF, and PF nanocomposites were
revealed by SEM photographs (Figure 15). SEM
images show filler-matrix interaction and fracture
behaviour of the nanocomposite. Inorder to compare
the fracture behaviour of different filler loadings, these
are observed at same magnification. Here the neat resin
exhibited highly brittle nature, which attributes to the
higher crack initiation due to less fracture toughness
(Figure 15(a)). Neat PF showed smooth brittle surface
due to less resistance to crack propagation. The incor-
poration of pure MWCNT and MWCNT COOH has
totally changed the fracture surface. The addition of
pure MWCNT and MWCNT COOH increased the
fracture toughness by making deformation in the plas-
tic.®” The capability of absorbing energy is defined as
fracture toughness. During the fracture process small
cracks are developed. In the case of neat matrix there is
increase in crack propagation thereby decreasing the
fracture toughness. Higher energy is absorbed for frac-
ture process in the case of MWCNT/MWCNT COOH
reinforced matrix so the fracture mode differs. This will
lead increase in fracture toughness. Compared to pure

Table 3. TGA/DTG profile of PFFMWCNTCOOH
nanocomposite

Char Yield
At 350°C At 700 °C DTG peak

Sample (Wt%) (wt%) point
Neat 79.9 535 66.85
.05 85.1 64.3 53.61
.08 82.2 56.4 55.14
12 82.1 523 54.86
A5 78.5 45.5 53.6

MWCNT reinforcement, MWCNT COOH shows
better fracture toughness. Schematic representation of
crack progation is shown in Figure 16. Carboxylation
of MWCNT improved interaction with PF matrix than
pristine MWCNT. Studies showes that cylindrical par-
ticles with less diameter can interact more with polymer
matrix.”®’® As the interfacial adhesion increases better
load transfer is observed which eventually leads to
improvement in fracture toughness. The strong interfa-
cial interaction of MWCNT COOH with PF matrix
improved mechanical properties and resistance towards
crack. Effective load transfer ensures the better func-
tioning of composite materials. Better fracture tough-
ness depends on the effective load transfer between
nanofiller and polymer matrix and also higher interfa-
cial adhesion between these two. Here MWCNT
COOH shows better fracture toughness since it inter-
acts with functional groups of PF matrix than
MWCNT.

Transmission electron microscope (TEM)

Figure 17 shows the TEM images of 0.12wt% PF-
MWCNT and 0.08 wt% PF-MWCNTCOOH. TEM
is powerful technique which provides a qualitative
information about the interaction between nanofillers
and the polymer matrix. Since MWCNT is composed
of carbon atoms it blocks the transmission of light
from the light source of optical microscope. In case
of phenolic resin reinforced with pristine MWCNT, it
forms some aggregates. This evident from dark spots
observed on the image. This is due to the agglomera-
tion of pure MWCNT. But when the carboxylated
MWCNT was reinforced it dispersed well inside the
PF matrix. The surface functional groups present in
MWCNT interact well with PF matrix. The presence
of carboxyl groups on the surface of MWCNT reduced
agglomeration inside the matrix which can be well
observed from the TEM image.
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Figure 15. Fracture surface of (a) neat (b) 0.12wt% PF-MWCNT (c) 0.08 wt% PF-MWCNTCOOH.

Theoretical modelling of Young’s modulus

Several theoretical models have been proposed in order
to understand the mechanism of reinforcement in
nanocomposites. Among them Halpin-Tsai model is
widely used for theoretical modelling of fibres as well
as sheet or platelet like nanofillers. The Halpin-Tsai
equation used for randomly oriented fibres reinforced
polymer matrix is given below.”"”

Erandom _E 1 +2(lf/df)nLVf _,_é 1 +2nTVf (1)
E, 8 1—n Vy 8| 1—nrVy
L _
n= 2)

7=+ 2(I/dp)

Er

E,
m (3)
E,

nr =

where Erapaom, Ep E, are the effective modulus of
nanocomposite, MWCNT and polymer matrix respec-
tively.
lj, dyare length and diameter of MWCNT respectively.
V,is the volume fraction of MWCNT.
The effective modulus of the MWCNT was calculat-
ed by assuming that the outer wall holds the entire load
form the polymer matrix by using the expression,

4t
Ey =7 Ecnr 4)

Where t is the thickness of outer wall of MWCNT
and d is the diameter of MWCNT, the effective mod-
ulus of for MWCNT was 1 TPa”® and the effective
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Figure 16. Schematic representation of possible crack propagation of (a) PF-MWCNT (b) PF-MWCNTCOOH.

(a)

Figure 17. TEM image of (a) PF-MWCNT (0.12wt%) (b) PF-MWCNTCOOH (0.08 wt%).

modulus of nanocomposite obtained was 1.59 GPa.
The Young’s modulus obtained from tensile tests of
PF-MWCNT and PF-MWCNT COOH are adopted
as effective modulus (E,,) for using in Halpin Tsai
modelling. Here we plotted tensile modulus versus

(MWCNT and

of nanofiller
MWCNT COOH) and found that lower filler loading
moderately fits with The experimentally obtained
values for tensile modulus found good agreement

volume fraction

with theoretical values for both reinforcements
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Figure 18. Comparison of theoretical and experimental values
PF-MWCNT.
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Figure 19. Comparison of theoretical and experimental values
PF-MWCNT COOH.

(Figures 18 and 19) In the case of PF matrix reinforced
with pristine MWCNT (Figure 18) experimental results
illustrates the addition of MWCNT increased the
Young’s modulus from 0wt% to 0.12wt% and then
decreases. The percentage error between experimental
and theoretical values of tensile modulus for 0.05 wt%,
0.08 wt%, 0.12wt% and 0.15wt% are 36%, 35%,
48%, and 60%, respectively.

For PF matrix reinforced with MWCNT COOH
(Figure 19) experimental results showed the addition
of MWCNT COOH increased the Young’s modulus
from 0wt% to 0.08 wt% and then decreases. The per-
centage error between experimental and theoretical
values of tensile modulus for 0.05wt%, 0.08 wt%,
0.12wt% and 0.15wt% are 36%, 37%, 68%, and
72% respectively. Larger deviation at higher filler

loading may be due to agglomeration by van der
Waals force of attraction among the nanotubes.”®
From the results it is assumed that MWCNT are
homogeniusly dispersed in PF matrix and it showed
better interfacial interaction.

Conclusions

Phenolic resins are excellent synthetic polymers used
from early times due to its excellent properties like
ease of moulding, good dimensional stability, chemical
and weather resistance, electrical insulation, and low
water uptake. The incorporation of nanofillers enhan-
ces the properties of PF resin. The present work deals
with  the incorporation of pure MWCNT/
MWCNTCOOH into the PF matrix. The characteriza-
tion of funtionalised MWCNT was done by XRD, FT-
IR, CHN analysis, XPS analysis, AFM and Raman
spectra. The results confirmed the surface modification
of MWCNT with carboxyl groups.

It is well established that the enhancement of prop-
erties of polymer nanocomposites depends on proper-
ties such as the dispersion state, filler geometry, and
filler—filler interaction. Good dispersion of MWCNT/
MWCNT COOH in the PF matrix can promote the
effective load transfer which brings about the improve-
ment in the mechanical properties. Lower filler loading
increased the mechanical properties ie, upto 0.12 wt%.
At higher loading (.15wt%) due to ineffective stress
transfer the mechanical properties decreased. In the
case of PF-MWCNTCOOH 0.08 wt% showed higher
mechanical properties. The agglomeration of MWCNT
COOH at higher concentration will lead to the forma-
tion of stress centres at certain points. Therefore we can
conclude very minimal amount of MWCNT/MWCNT
COOH can enormously increase the mechanical prop-
erties of the prepared nanocomposites. The Thermal
analysis of PF nanocomposite showed increased ther-
mal stability. Compared to neat PF composite
MWCNT addition improved the thermal stability.
The addition of 0.15wt% improved the char yield by
60%. The incorporation of carboxylated MWCNT
enhanced the thermal stability of the prepared PF
nanocomposite but was less compared to MWCNT
reinforcement. The morphological analysis (SEM,
TEM) of the prepared nanocomposite reveals that
incorporation of the filler increased fracture toughness
and better dispersion. The experimentally obtained
values for tensile modulus found good agreement
with theoretical values for both MWCNT and
MWCNT COOH reinforcements.
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Highlights

Two types of Phenol-formaldehyde nanocomposites
were prepared using pure MWCNT(p-MWCNT)
and carboxylated MWCNT(MWCNTCOOH).
MWCNT was modified with carboxyl groups and
was confirmed by XRD, FT-IR CHN analysis,
Atomic force microscopy, X-ray photoelectron spec-
troscopy and Raman spectra

Compared to p-MWCNT, MWCNTCOOH ren-
forcement improved the mechanical properties of
the PF nanocomposites. The maximum load transfer
for PF-MWCNT and PF-MWCNTCOOH nano-
composites were exhibited by 0.12 wt% and 0.08
wt% reinforcement respectively.

MWCNT COOH shows better fracture toughness
compared to pure MWCNT reinforcement.

TEM analysis showed better dispersion of MWCNT
after carboxylation than pristine MWCNT
Halpin-Tsai modelling showed good agreement with
experimental values of tensile modulus.
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