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ABSTRACT: Novel phenolic type of thermoset resins
were synthesized, and their mechanical and toughness
properties were evaluated. Phenol Formaldehyde (PF) phe-
nolic resins were modified to broaden their applications
for modern composite structures. A first modification con-
sisted of copolymerization of Phenol with Cardanol during
the synthesis of resole phenolic (CPF) resins. The modified
phenolic resins (CPF) were prepared at various molar
ratios of total Phenol to Formaldehyde (F : P ratio) and
with different weight ratios of Phenol to Cardanol. CPF
resins with a maximum content of 40 wt % of Cardanol
were synthesized and used. The CPF resins were applied
as a plasticizer and toughening agent to the base PF resins.
Both resins (CPF/PF) were mixed in different proportions,
and their thermal and mechanical properties were then

established. A full miscibility of the two resins was
observed with the formation of a single-phase system. An
increase in the content of Cardanol resulted in a propor-
tional increase of the flexural strength and fracture tough-
ness together with a decrease of the flexural modulus of
the cured CPF/PF resins. Further increased plasticizing
and toughening effect was also observed by the blending
of the CPF resins with propylene glycol. The higher tough-
ness and flexibility effect of the CPF resins was obtained
with a F : P molar ratio equal to 1.25 and with a Cardanol
content of 40% (w/w). © 2011 Wiley Periodicals, Inc. ] Appl
Polym Sci 123: 2131-2139, 2012
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INTRODUCTION

Phenolic resins are known as the oldest thermoset-
ting polymers, and they have been used in many
industrial applications in sectors such as automotive,
computing, aerospace, and building.! In aerospace
applications, the most important use of phenolic res-
ins is in the manufacturing of high-performance
composites.” Reviews of the phenolic resins are
available in the literature."™ Phenolic resins are ther-
mosetting resins produced by the condensation of
Phenol with aldehyde wherein water is produced as
a by-product.

As mentioned, phenolic resins are thermosetting in
nature and have properties of high-temperature re-
sistance, infusibility, and flame retardance. Their
structures are widely variable, and the following con-
ditions are known to affect the properties of the phe-
nolic resin, they are (i) the mole ratio of Phenol to
Formaldehyde, (ii) reaction time, (iii) temperature,
(iv) water content, and (v) residual Phenol and Form-
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aldehyde content. Substituted Phenols and higher
aldehydes have been used to produce phenolic resins
with specific properties such as reactivity and flexi-
bility. The variety of phenolic resins available is quite
large as the ratio of Phenol to aldehyde, the reaction
temperature, and the catalyst selected can be varied.*
The reaction of Formaldehyde with Phenol can lead
to either a resole (P : F > 1.0) or a novolak type (P :
F < 1.0) of phenolic resin. It depends on the type of
catalyst used and the P : F ratio. The catalyst can be
an acid, base, or neutral material. In this work, we
are interested only in phenolic resins prepared under
basic conditions (resole type), which require a P : F
ratio >1.0 (this means an excess of Formaldehyde in
relation to the molar amount of Phenol).

The synthesized liquid resole resin is cured by
heating it to elevated temperature (150°C) or to
lower temperature (80°C) with the aid of an acid cat-
alyst. The cure proceeds through polycondensation
reaction of the different substituted Phenols, giving
place to the formation of a cured phenolic resin.”®
The chemical structure of the reactive components
(Phenol, Cardanol, and Formaldehyde) and of the
cured cardanol phenol formaldehyde (CPF)
resin, are presented in Figure 1. A proposed
chemical mechanism of synthesis and structure of
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Figure 1 Chemical structures and proposed chemical mechanism of the synthesis and curing of the CPF resins.

the crosslinked CPF resin are also presented in Fig-
ure 1. There are two possible modes for the conden-
sation reactions in Phenol Formaldehyde (PF) res-
ins,” they are the methylene bridges (—CH,—) form
at a low pH and high temperature (150°C) when
two hydroxymethyl-phenol molecules react with
each other and the formation of the ether bridges
(—CH,—0O—CH,—) results from the interaction of
two hydroxymethyl-phenol molecules at low tem-
peratures and near neutral pH. Both these types of
chemical linkage are included in Figure 1.

Although a significant number of publications on
PF resins has been done specifically in the fields of
kinetics and reaction modeling,”"! flammability and
thermal analysis'*'® and mechanical perform-
ance'”'® investigations of the modifications of these
resoles resins with natural renewable components
from synthesis to final performance have been lim-
ited. In this study, blends of a phenolic resin (PF)
with modified phenolic resins by the partial substi-
tution of Phenol with Cardanol in the synthesis with
Formaldehyde (CPF resins) were prepared and
investigated. Also the effect of propylene glycol (PG)
on the mechanical properties of the CPF/PF resin
blends was investigated. The purpose of blending
the two types of resol resins and adding PG was to
prepare a more flexible resin; one even exhibiting
higher toughness than the standard PF resins. Ulti-
mately, this work can be used to develop a more
fundamental understanding of the structure—prop-
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erty relationships and the different toughening
mechanisms of the phenolic resins for applications
in civil engineering structures.

Cashew nut shell liquid (CNSL) is a natural prod-
uct and specifically a by-product of the cashew nut
processing industry, which is mostly located in
countries of Asia, Africa, and South America. CNSL
is a naturally occurring phenolic material that has
the advantages of low cost and renewable supply
and with a need to conserve petrochemicals,
increased application of CNSL gains added impor-
tance. It contains a variety of phenolic compounds
with side chains of varying degrees of unsaturation
at the meta-position The main constituents of com-
mercial grade CNSL (obtained after the roasting of
the raw cashew nut shells) are Cardanol, Cardol, 2-
methyl cardol, and small amounts of Anacardic acid.
By the distillation of CNSL, these chemical species
mostly convert to Cardanol. In this study, the CPF
resins were synthesized using Cardanol obtained
from Satya Cashew Chemicals (Chennai, India)
(http:/ /www.sccpl.com/). The chemical structure of
Cardanol is shown in Figure 1.

Because of the Phenolic nature and unsaturation
in the side chain, Cardanol offers reaction sites on
the aromatic ring and also on the side chain, which
makes it a suitable raw material for variety of reac-
tions."”* One of the best known applications of
CNSL and Cardanol resins is in the manufacturing
of asbestos-free break-pads for the automobile
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industry,?® due to their high thermal stability and
oxidation resistance at elevated temperature. Carda-
nol reacts with active methylenes like Formaldehyde
or hexamethylene tetramine via the hydroxyl group
and can undergo addition polymerization through
unsaturation present in the side chain. Therefore,
different type of resins can be synthesized from Car-
danol and also from chemically modified CNSL.*”~2
The use of compatible additives able to form a single
phase when mixed with resole phenolic resins, such
as PG, was also investigated in this work. PG is
compatible with phenolic resins due to the presence
in PG of the hydroxy groups (OH), similarly to the
PF resin chemical structure. The effect of different
amounts of added PG on the mechanical properties
of the CPF/PF blended resins was evaluated after
the postcuring of the resins. The purpose of these
modifications was to prepare a more flexible and
tougher phenolic resin, suitable for application in
laminates and composites in civil engineering
structures.

EXPERIMENTAL
Resin synthesis

The CPF resins were prepared with different mix-
tures of Cardanol and Phenol reacting with Formal-
dehyde in the presence of an alkaline catalyst. Phe-
nol was replaced with Cardanol up to 40% by
weight in the synthesis. The reactions were carried
out in a glass reactor equipped with a stirrer, a con-
denser, and an internal heating unit. The required
amounts of Phenol (88 wt % in water from Hunts-
man, Australia), Cardanol and para-formaldehyde
were mixed by keeping the molar ratio of total Phe-
nol (Phenol + Cardanol) to Formaldehyde at 1 : 1.25
for the first set of resins (CPF resin I), then 1 : 1.50
for the second set (CPF resin II), and 1 : 2.0 for the
last set (CPF resin III). An aqueous solution of
NaOH-46% (4%, w/w, on the basis of total Phenol)
was employed as the catalyst. The temperature was
maintained at 60°C for 1 h, then rise to 80°C for 1 h,
and finally reduced to 60°C for 1 h. The chosen
acidic catalyst for curing of the CPF and CPF/PF
resin blends was a mix of xylene-sulfonic and phos-
phoric acids with water (PhencatlO catalyst from
Momentive Specialty Chemicals, Columbus, OH),
which cures the phenolic resins relatively slowly
and therefore enable better control and properties to
be achieved. An amount of 3-4 wt % of the catalyst
was normally used, and the gel-times of the CPF/PF
resins are shown in Figure 2. Clearly, the presence
of the CPF resins increased the gel-time of the
blended resins. After curing the test specimens at
room temperature for 8 h, the samples were post-
cured at 80°C inside of an oven for 4 h. Dynamic
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Figure 2 Plot of the Gel-times (min) vs CPF/PF blended
resins (CPF resins with 40 wt% of Cardanol content).

mechanical analysis (DMA), mechanical tests (flex-
ural), and fracture toughness tests were carried out.

Infrared spectroscopy analysis

The infrared (IR) spectra of the synthesized CPF
resin II-4 of the neat Cardanol and of the phenolic
resin are shown in Figure 3. The peak associated
with the OH— group attached to the phenyl ring in
the resins is observed in the region 3290-3370 cm .
The peak found at 1200 cm ' in the IR spectrum of
the CPF resin 1I-4 is associated with the presence of
ether linkages. The peaks at 2926 cm ™~ and 2854
cm ™' in the IR signal of the Cardanol resin are asso-
ciated with the methylene groups present in the ali-
phatic side chain of the molecule. Similar methylene
chemical groups in the CPF resin II-4 are identified
in the IR spectrum of the resin by the peaks at 2922
cm ! and 2851 ecm ™!, which are also associated with
to etherification reactions during the synthesis of the
CPF resins. The peaks for mono-substitution at 752
ecm ' and 690 cm ' in the phenyl ring are signifi-
cantly decreased in the synthesized CPF resin II-4.
This confirms that the synthesis of the CPF resin has
taken place through the ortho- and/or para- positions
of the phenyl ring. Significantly, the vibrations at
911 Cmfl, 880 cm ™, and 694 cm ! in the IR signal of
the Cardanol resin are due to the side chain double
bonds. These IR peaks have reduced in size in the
spectrum of the CPF resin II-4, indicating that some
degree of polycondensation has also taken place
through the double bonds present in the aliphatic
side chain of the Cardanol. This explains the
increase in viscosity of the synthesized CPF resins
that was observed with increasing Cardanol content
in the resins.

Analysis and results

After postcuring (4 h at 80°C), the samples were cut
and tested for flexural modulus (MPa), elongation at

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Infrared spectra of the neat Cardanol (bottom), neat phenolic (top) and of the synthesized CPF resin-II-4

(middle).

break (%), and stress at break (MPa), taking the av-
erage values of three specimens for each sample.
This mechanical test was carried out using a MTS
machine (10 kN). Fracture toughness tests were per-
formed using the same test machine (MTS 10kN).
The critical stress intensity factor, Kj., was calculated
using the following equation®:

Kie = (PQ/BW'?) f(a/W), 1)

where PQ is the load corresponding to a defined in-
crement of crack length, B is the specimen thickness,
W the width, and the function fla/W) is a geometry
dependent factor that relates the compliance of the
specimen to the ratio of crack length and width.

Dynamic mechanical thermal analysis

DMA has been a well established method in thermal
analysis for many years. The DMA measurement
consists of the observation of the time-dependent de-
formation behavior x(tf) of a sample under periodic
and sinusoidal deformation force with very small
amplitudes F(t). This method make it possible to cal-
culate the Young’s modulus E’ (storage modulus)
and E" (loss modulus) as well as the mechanical loss
factor tan 6 (damping) of the sample in dependence
on temperature and deformation frequency. Glass
transition temperature values (Tg) of the resins can

Journal of Applied Polymer Science DOI 10.1002/app

be obtained from the top of the tan 6 peak, as previ-
ously reported.*** In this study, the dynamic me-
chanical properties of the CPF/PF resin blends have
been investigated to analyze the relationship
between the tan & and the glass transition tempera-
ture (Ty) in one side and the P : F molar ratio and
the Cardanol content in the CPF resins on the other
side. The plots in Figure 4 reveal that the substitu-
tion of Phenol with Cardanol in the resins shifts the
glass transition temperature (T,) of the cured resins
to lower temperatures. Additionally, the DMA anal-
ysis revealed that a decrease in the Formaldehyde :
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Figure 4 Glass Transition temperatures (Tg) of the CPF/
PF resin blends (CPF resins with 40 % w/w of Cardanol
content).



NOVEL PHENOLIC RESINS WITH IMPROVED PROPERTIES

160

—e&—Resin |-4

g 140 —&a—Resin -4
3' 120 | —a&—Resin lll-4
E

“ 100 A

o

T 80+

=

a 60

[

o 40 4

=

= 20 A

(%]

2 O T T T T T T T T
(&)

0 10 20 30 40 50 60 70 80 90 100
Content of CPF Resin (%)

2135

140.0
120.0

100.0

®
e
=

60.0 —&—Resin-1 (P: F = 1:1.25)
—-Resin-11 (P: F = 1:1.5)
—&—Resin-111_(P:F = 1:2.0)

40.0

Crosslink Density (10 3 moles/cm“)
g
3

— "

e
=

10 20 30 40
Cardanol amount (%)

Figure 5 Crosslink density of the CPF/PF blends (with 40 % of Cardanol content). For comparison, presented are the
plots of the crosslink density of the three sets of CPF resins vs. Cardanol content (w%).

Phenol (F : P) molar ratio resulted in a decreases in
the T, value of the cured CPF and blended resins, as
shown in Figure 4. Significantly, this observation is
more pronounced for the CPF resin I-4 (F: P = 1.25
: 1.0 and with 40% of Cardanol content), with the T,
equal to 137°C. The decrease in the F : P molar ratio
of the CPF resins also resulted in longer gel-times of
the blended resins (see Fig. 2).

Crosslink density

The crosslink density can be defined as the fraction
of monomer units that are crosslinked.® The cross-
link density can be calculated from the rubber elas-
ticity theory””:

v = E/3RT, @)

where v represents the crosslink density (number of
moles of chains per cm®), R is the gas constant (8.314
J/K mol), T is the temperature in Kelvin, and E is
the elastic modulus taken from the storage modulus
of the DMA analysis at 50°C above the T, value of
each sample.

It has been reported that the standard PF resole
resins, synthesized with NaOH as a catalyst, is
highly crosslinked with a very brittle matrix.*® The
postcuring of this resin induces the formation of the
dimethyl phenol and trimethyl phenol bonds. When
the material cools back to room temperature, resid-
ual thermal stresses accumulate in the cured matrix.
When a crack is initiated and propagated through
the highly crosslinked matrix, the resin cannot
deform or distribute the stress due to the high con-
centration of thermal stresses. The inability of the
resin to accommodate the stresses at the crack tip
makes the material brittle and is ultimately responsi-
ble for the low fracture energy and toughness of the
PF phenolic resin. To reduce this brittleness a pheno-
lic resin with lower crosslink density has to be

synthesized. The crosslink density curves of the CPF
resins and of the CPF/PF resin blends are presented
in Figure 5. As expected, the crosslink density values
of the CPF resins showed a decrease with increasing
Cardanol content. In particular, the crosslink values
of the CPF resins I are much lower (from a value of
8 x 1072 mol/cm?® for 10% Cardanol content to a
value of 2 x 1072 mol/cm? for a resin with 40% of
Cardanol content) than those of the other resins and
stay relatively constant with increasing Cardanol
content. This indicates that the ultimate properties of
CPF resins are quite sensitive to the F : P molar ra-
tio, with the crosslink density decreasing with the
value of this molar ratio. Moreover, the crosslink
density values of the synthesized CPF resins are sig-
nificantly lower than the value for the PF resin (140
x 107° mol/cm ). Clearly, the presence of Cardanol
decreases the crosslink density making the resole
phenolic resins less brittle. This confirms that the
characteristic brittleness of phenolic resins is due to
the high crosslink density (about 100 times higher
than that of epoxy resins). The partial substitution of
Phenol with Cardanol in the synthesis of the resins
significantly reduces the crosslink density, produc-
ing a phenolic resin with lower brittleness and
increased toughness.

Mechanical properties

Table I presents the results of the flexural tests of
the blended CPF/PF resins with different weight
ratios of the two blended resins (0-100%). The
results are from the synthesized CPF resin I (P : F
ratio 1 : 1.25) with Cardanol content from 10% to
40% by weight. The CPF-I resin showed the larger
change in its ultimate mechanical properties in com-
parison with the other two synthesized CPF resin
formulations (II and II) in this work. This is due to
its lower P : F molar ratio. The values presented in

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Results of the Flexural Tests of the Synthesized CPF-I Resin with Different Cardanol Content (From 10% to 40%) and
Blended with Different Amount of Phenol Formaldehyde (PF) Resin (CPF/PF Blends)

Maximum flexural strain (%)

CPF/PF blended resins (wt %)

Synthesized cardanol-phenol CPF/PF CPF/PF CPF/PF CPE/PF CPE/PF CPE/PF
formaldehyde resin (CPF) 0/100 CPF/PF 10/90 20/80 30/70 40/60 50/500 100/0
CPF-I with 10% Cardanol 1.15 1.28 1.38 1.52 1.67 1.80 1.92
CPE-I with 20% Cardanol 1.15 1.40 1.88 2.10 2.34 2.52 2.86
CPF-I with 30% Cardanol 1.15 1.84 2.46 2.95 3.32 3.78 4.20
CPF-I with 40% Cardanol 1.15 2.24 3.00 3.62 3.90 4.30 4.75
Maximum flexural strength (MPa)
CPF-I with 10% Cardanol 32.2 33.4 35.8 37.0 38.2 39.3 41.4
CPF-I with 20% Cardanol 322 34.6 36.7 39.5 40.2 42.0 43.6
CPE-I with 30% Cardanol 32.2 35.8 38.8 42.2 444 46.5 48.8
CPF-I with 40% Cardanol 32.2 37.4 42.2 45.7 48.0 51.8 54.5
Flexural modulus (MPa)
CPF-I with 10% Cardanol 2530 2460 2320 2240 2180 2120 1960
CPF-I with 20% Cardanol 2530 2430 2370 2220 2040 1960 1910
CPF-I with 30% Cardanol 2530 2410 2320 2160 1860 1770 1680
CPF-I with 40% Cardanol 2530 2360 2120 1930 1750 1680 1540

Previous to the tests the blended resins were cured for 24 h at room temperature followed by a postcuring of 4 h at

80°C.

Table I clearly indicate that the flexural modulus
(MPa) for the blended CPF/PF resins decreased
with the CPF-I resin content, whereas the max. stress
(MPa) and the strain values (%) increased with the
amount of CPF-I resin. The results confirm that the
decrease in brittleness and the changes in the me-
chanical properties of the CPF/PF blends are
enhanced with the amount of Cardanol present in
the CPF-I resins. Therefore, the less brittle and more
flexible of the cured CPF/PF resin blends was
observed for the blends with the resin CPF-I-4 (with
40% of Cardanol content). Further confirmation of
the high flexibility of the CPF resin I-4 is given by
the fact that this CPF resin formulation showed the
lower crosslink density value, as previously men-
tioned (see Fig. 5).
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The critical stress intensity factor Ki. (Mpa m'/?) is

indicative of the toughness of the cured resins. The
fracture toughness of the samples prepared with
the CPF resin I (P : F = 1.25) is higher than that of the
neat PF phenolic resin (0.9 Mpa m™'/?) for all levels
of Cardanol content (up to 40%), as shown in
Figure 6(a). Significantly, at 40% content of Cardanol,
the fracture toughness factor (Kj.) value is similar for
the resins I and II. This indicates that at 40% content
of Cardanol the difference of the P : F molar ratio
between resin 1 (1.25) and resin II (1.50) does not
affect significantly the fracture toughness of the syn-
thesized CPF resins. However, the fracture toughness
factors of the samples with resin III (P : F ratio equal
to 1.0 : 2.0) were lower than the value for the neat PF
phenolic resin, which is due to the higher brittleness
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Figure 6 Fracture toughness factor Klc (MPa ) of the Cardanol modified resins (I, II and III) vs. Cardanol content (%) (a)

and vs the CPF amount blended with PF resin (b).
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TABLE II
Best Results of the Different Tests Carried Out on the CPF Resins and on the Blended CPF/PF Resins

PF CPF resin 1
P:F=125)

Test resin

CPF resin 11
P:F=15)

CPF resin III
P:F=20)

Crosslink density (x107° mol/cm®) 140
Flexural stress (MPa) 31
Flexural modulus (MPa)
Flexural max. strain (%) 1.23
Fracture toughness Kj. (MPa/ m?) 0.89

3 : 40% Cardanol
61 MPa Resin I-3 (100%)
2508 1495 MPa Resin I-4 (100%) 1520 MPa Resin II-4 (100%) 1725 MPa Resin III-4 (100%)
4.10% Resin I-4 (100%)
1.66 Resin 1-4 (100%)

45 : 40% Cardanol
64 MPa Resin 1I-4 (100%)

58 : 40% Cardanol
53 MPa Resin III-2 (50%)

4.80% Resin 1I-4 (100%)
1.58 Resin 1I-4 (100%)

2.35% Resin TII-2 (50%)
1.18 Resin I1I-3 (50%)

of the samples from resin IIl in comparison with the
other two types of CPF resins. This is further con-
firmed by the higher crosslink density and T, values
of the samples from resin III in comparison with the
respective values of samples from resins I and II (see
Figs. 4 and 5). A similar trend can be observed for the
fracture toughness factor of the samples prepared
from blends of CPF and PF resins [see Fig. 6(b)],
where the samples prepared using the CPF resin III
showed lower values than the blends prepared with
the CPF resins I and II. In a similar fashion as with
the previous tests in this study, the fracture tough-
ness values confirmed the high sensitivity of the
results with the P : F molar ratio used during the syn-
thesis of the CPF resins. The higher values of the frac-
ture toughness of the resins investigated in this work,
were obtained for the resin with the lower P : F ratio
(resin I) and the values increased with the increasing
Cardanol content in the resin. The enhanced fracture
toughness of the resins with the increasing amount of
Cardanol is attributed to a greater level of flexibility
and ability for spatial rearrangement introduced into
the thermoset network by the aliphatic side chain of
the Cardanol molecule. Finally, the best results
obtained in this study of the mechanical tests and the
crosslink density values of the CPF and of the
blended CPF/PF resins, in comparison with the neat
PF resin, are presented in Table II. Most of the best
results corresponded to the synthesized CPF resins
with 40% content of Cardanol and without PF resin
(100% of CPF resin).

Effect of PG

The addition of 20% (w/w) of PG has an effect on
the mechanical flexural properties of the resins. A
comparative plots of the modulus (MPa), the max.
stress (MPa) and the max. strain (%) of the CPF
resin-I versus Cardanol content in the CPF resins,
are shown in Figure 7. The obtained results evi-
denced a significant decrease in the flexural modu-
lus and flexural max. stress of the CPF resins mixed
with PG, in comparison with the equivalent CPF
samples without PG. However, the max. strain (%)
comparatively increased for the CPF resins with PG.
This mechanical behavior between the CPF samples
with and without PG was observed at all the differ-
ent levels of Cardanol content investigated in this
work (up to 40% w/w), as shown in Figure 7.

The observed decrease in the flexural modulus
and max. stress, together with the increase in the
max. strain of the resins with PG, is due to the plas-
tizing and toughening effect of the added PG inside
of the cured phenolic network. These results from
the mechanical test point to a relatively less brittle
resin as a result of the presence of PG, and this is
further confirmed by a consistent decrease in the
glass transition temperature (T) and the crosslink
density values of the CPF resins with PG in compar-
ison with the equivalent values for the resins with-
out PG, as shown in Figure 8. The addition of PG
reduced the crosslink density of the resole phenolic
resins with Cardanol, which also resulted in an
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Figure 7 Results of the flexural tests of the CPF resins (Resin — I) with and without Propylene Glycol (20 % w/w) vs
Cardanol content in the CPF resins. In preparation for the tests the samples were cured for 24 h at RT followed by a post-

curing of 4 h at 80°C.
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Figure 8 Glass Transition Temperature (solid lines) and
Crosslink Density (dash lines) of the CPF-II resins with
(M) and without Propylene Glycol (20 % w/w) (A) vs Car-
danol content in the resins. In preparation for the tests the
samples were cured for 24 h at RT followed by a post-cur-
ing of 4 h at 80°C.

equivalent decrease in the value of the glass transi-
tion temperature (T,) of the resins. These results of
the mechanical and thermal properties of the modi-
fied CPF resins with the addition of PG indicated
that the PG acts as a toughening and plasticizing
agent to the CPF resins, and its use allows for the
controlled modification of the mechanical and ther-
mal properties of the resole phenolic resins.

CONCLUSIONS

The physical and mechanical properties of cured
samples obtained from the blends of CPF and PF
phenolic resins are strongly affected by the amount
of Cardanol present and also by the experimental
conditions during the synthesis of the CPF resin, in
particular by the total Phenol (Cardanol + Phenol)/
Formaldehyde molar ratio.

The results obtained by the DMA analyses of the
postcured resin CPF/PF blends revealed the decrease
of the crosslink density and T, values with increasing
Cardanol content and also with the decreasing total
Phenol/Formaldehyde molar ratio. This effect was
due to the flexibility enhancement that the introduc-
tion of Cardanol generates inside of the phenolic mo-
lecular network. However, the samples prepared
with the synthesized CPF resin III presented a higher
variability in their results, which clearly is associated
with the high P : F molar ratio used in the synthesis
of this CPF resin (1.0 : 2.0). Further research work is
required to fully investigate this particular aspect of
the effect of high concentration of Formaldehyde dur-
ing the synthesis process in the ultimate properties of
the Cardanol based resole phenolic resins (CPF).
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The flexural strength and fracture toughness tests
further confirmed the plasticizing effect of the par-
tial replacement of Phenol with Cardanol in the syn-
thesized CPF resins. This effect was also evident in
the blends of the synthesized resins with the PF phe-
nolic resin, which showed an improvement in the
flexural strain, the stress and the fracture toughness
values with increasing Cardanol content. This indi-
cates a decrease in the characteristic brittleness of
the neat PF phenolic resin, which is also associated
with a proportional decrease in the flexural modulus
of the cured CPF resins with increasing Cardanol
content. The best results in this study were obtained
with the formulation of total Phenol/Formaldehyde
molar ratio equal to 1.25 and with 40 wt %-Cardanol
substitution of Phenol. Therefore, Cardanol can
serve as an effective substitute of Phenol in the syn-
thesis of phenolic resin and is able to improve the
toughness of the cured resins and also is an econom-
ically and environmentally friendly alternative in the
synthesis of the resole phenolic resins. The addition
of PG to the CPF resins had a proportional effect on
the mechanical and thermal properties of the cured
resins, which allows its use as a plasticizing and
toughening agent to the phenolic resins.
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