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ABSTRACT: To improve the brittleness of high ortho
novolac resins, at first, high ortho novolac resins (N) were
synthesized and condensation reactions between N and
flexible diacids such as adipic acid (DA4) and azelaic acid
(DA7) were carried out with different amounts of diacids,
in the presence of zinc acetate as catalyst, in toluene as sol-
vent. To characterize the diacid-modified resins (MN), FT-
IR analysis, TGA and DSC techniques were used. The mor-
phologies of MN were also investigated. Moldings were
prepared from the mixture of MN, fillers, and curing agent

hexamethylenetetramine. Mechanical properties of these
moldings were also determined. The results showed that
high ortho novolac resin was toughened by the incorpora-
tion of flexible diacids in the polymer backbone and these
modified resins can be used as a matrix resin of composite
materials. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106:
46-52, 2007
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INTRODUCTION

The phenolic resins may be considered to be the first
polymeric products produced commercially from sim-
ple compounds of low molecular weight. Although
they are now approaching their centenary, phenolic
resins continue to be used for a wide variety of
applications such as thermal insulation materials,
molding powders, laminating resins, adhesives,
binders, surface coatings, impregnants, composite
materials, because of its excellent ablative property
structural integrity, thermal stability, and solvent re-
sistance.'” The phenolics are resinous materials pro-
duced by condensation of a phenol or mixture of
phenols with formaldehyde. The initial phenol-form-
aldehyde reaction products may be of two types,
resols and novolacs.

Resols are formed by reacting phenol with an
excess of formaldehyde under alkaline conditions®
and often referred to as one-step resins since they
can be cured by heat alone and require no crosslink-
ing agent.® Therefore it is very difficult to obtain the
blend of these resins with other thermoplastic poly-
mers." Novolacs are prepared under acidic condi-
tions with an excess of phenol with formaldehyde.
Unlike resols, novolacs require the addition of a
crosslinking agent and heat to achieve cure. Hexam-
ethylenetetramine (HMTA), a common crosslinking
agent, is added at levels between 8 and 15%.8 When

Correspondence to: T. B. fyim (tulinb@istanbul.edu.tr).

Journal of Applied Polymer Science, Vol. 106, 46-52 (2007)
©2007 Wiley Periodicals, Inc.

ST GIWILEY .

... InterScience’

DISCOVER SOMETHING GREAT

the hydroxides of alkali and alkaline earth metals
are used as catalysts in the preparation of novolac
resins, an increasing value of the ortho/para sub-
stitution ratio of the hydroxymethylphenols is
observed. The catalysts are capable of selective hy-
droxymethylation of phenol at the ortho-position de-
pendent on the pH value of the reaction mixture
and so high ortho novolac resin was synthesized.”'°
This type of novolac resin is known to be more reac-
tive than the other phenolic resins and been pre-
ferred for the most blends."’™ This resin also has
exhibited to be much more rapid curing by means of
HMTA than those made by conventional acid-cata-
lyzed condensation.®

On the other hand, in general, thermoset resins
such as phenolic and epoxy resins are inherently
brittle due to their high cross-link densi’cy,1 and con-
sequently, their application has significantly been
limited by inherent brittleness.* This problem can be
moderated using derivatives of phenol (such as
dihydroxydiphenyl ether) in main reaction with
formaldehyde'* or incorporating the elastomeric
and/or thermoplastic polymers into phenolics.'
Materials used as toughening agents of phenolic
resin include elastomers such as natural rubber and
nitrile butadiene rubber'®'’; reactive liquid polymers
such as liquid nitrile butadiene'® and carboxyl-termi-
nated butadiene'®; plastics***?! such as polysulfone,
polyamid, polyethylene oxide (7-8%), phenoxy resin
(12-15%), unsaturated polyester; oils such as
cashew nut shell liquid,23 tung oil*; and fibers such
as glass fibers and aramid fibers.* Resol resin has
many reactive hydroxyl groups. This advantage was
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adopted to modify the resol resin by chemical reaction
with polyurethane and nitrile rubber.'®** Like the
high molecular weight polymers, a small molecule
can also be used to improve the brittleness of resol
type phenolic resin.! Novolac resin is almost unable to
crosslink without curing agent which is allowed to
modify the novolac resin by melt blending with flexi-
ble thermoplastic polymers. In most of the cases,
novolac resins were modified blending with thermo-
plastic homopolymers or copolymers.' >~

The main aim of this work is to improve the brit-
tleness of high ortho novolac resin (N), which is re-
active than other novolac resins. At first, high ortho
novolac resin is prepared according to the known
procedure.”’! Then, N is modified with a low molec-
ular weight flexible diacid such as adipic and azelaic
acids by the reaction between the carboxyl end
groups of diacid and methylol groups of the N. N
and diacid-modified resins (MN) were characterized
using FT-IR spectroscopy. Thermal properties of
these resins were investigated by thermogravimetric
analysis (TGA) and differential scanning calorimetry
(DSC) techniques. Moldings were prepared from the
mixture of MN, fillers, and curing agent HMTA, and
mechanical properties of these moldings were inves-
tigated. The morphology (i.e. homogeneity and
phase separation) of these modified resins was also
investigated.

EXPERIMENTAL
Materials

Phenol (P), formaldehyde (FA) (37% aqueous solu-
tion stabilized with 10% methanol), flexible diacids
(adipic acid (DA4), azelaic acid (DA7)), and the rest
of the materials were all purchased from Merck AG
(Darmstadt, Germany). All materials were of syn-
thetic or analytical grade and used as received. The
numbers 4 and 7 in the parentheses indicate the
number of methylene unit for each diacid.

Preparation of high ortho novolac resin

Polycondensation reaction of FA and P was carried
out according to known procedure’'** using 0.187
mole ratio of FA/P and at pH = 7. The reaction sys-
tem was a 500-mL four-necked conventional glass
reaction kettle equipped with a mechanical stirrer,
heating mantle, reflux condenser, temperature con-
trol system, and N inlet. P, FA, and NaOH as cata-
lyst (0.044 mol/L in the total reaction mixture) were
added into reaction kettle at room temperature,
stirred mechanically, and the temperature was
increased to 65°C and kept constant. The reaction
was followed by the determination of the free FA
amount according to the hydroxylamine hydrochlor-

ide method.”® After 4 h the amount of the free FA
was constant and found to be 0.62%. At the end of
the reaction, N was purified (excess phenol and
water were removed) under vacuum in a rotary
evaporator system, then cooled and pulverized
mechanically into fine particles, and further dried to
constant weight in a vacuum oven at 30°C for 24 h.
N was characterized by FT-IR spectroscopy, viscosity
molecular weight was determined® and found to be
M, = 1350.

Preparation of the diacid-modified high
ortho novolac resins

Diacid-modified high ortho novolac resins (MN)
were synthesized by the condensation reaction of N
with adipic acid (DA4) or azelaic acid (DA7). Con-
densation reactions were carried out in a 250-mL
four-necked conventional glass reaction kettle
equipped with a mechanical stirrer, heating mantle,
reflux condenser, and temperature control system.
For each 1 g of N, the mol amount of DA4 and DA7
was varied as 0.00035, 0.0007, 0.0014, 0.0028, and
0.0007, respectively. Zinc acetate was used as cata-
lyst (1 wt % of the total reaction mixture) and tolu-
ene was used as solvent (10 wt % of the total reac-
tion mixture). Calculated amounts of N, DA4, or
DAY7, zinc acetate, and toluene were added to the
reaction kettle at room temperature and stirred for
15 min, and then the temperature was increased to
110°C and held there until the acid value (AV)* was
constant (~ 4 h). At the end of the reactions, the
products were purified under vacuum at 40°C and
storage for using in the preparation of moldings.
MN were characterized by FT-IR spectroscopy. The
feed compositions of the resins and AV changes dur-
ing the condensation reactions are shown in Tables I
and IL

Preparation of the moldings

Moldings were prepared as follows: since it was
very hard to prepare homogenous mixture with the
soft and sticky resins, MN were dissolved in acetone,
and to obtain homogenous mixtures, wood flour was
impregnated with this solution. Solvent was
removed under vacuum at 3040°C. Dried sample

TABLE I
The Symbols of MN and the Feeding Composition in
the Condensation Reaction

Symbols N/DA4 or DA7 (g/mol)
NDA4-3.5 1/0.00035
NDA4-7 1/0.0007
NDA4-14 1/0.0014
NDA4-28 1/0.0028
NDA7-7 1/0.0007
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TABLE II

The Changes of AV After the Modification Reactions

Initial AV Final AV

Symbol of resin (mg KOH/¢g) (mg KOH/¢g)

NDAA4-3.5 38 18
NDA4-7 71 31
NDA4-14 130 28
NDA4-28 223 189
NDA7-7 70 30

was grinded to powder and mixed with HMTA, ste-
aric acid, and calcium oxide according to an indus-
trial formulation.®® The mixtures were molded by
Buehler Metaserv for 20 min at 150-160°C under
3000 psi pressure to obtain test pieces in standard
dimensions (1 in. length X 0.5 in. diameter).*” One
molding was also prepared using N as resins for the
comparison the results. Compositions of the mold-
ings were presented in Table III. After storage at am-
bient temperature conditions for 24 h, mechanical
properties of these moldings were determined and
presented in Table III.

Instruments

FT-IR spectra of the all resins were recorded on a
Digilab Excalibur FTS 3000 MX Model (Randolph,
MA) in the range of 4004000 cm . To prepare the
samples pellets, the samples were diluted with IR
grade Merck KBr (sample/KBr = 1/200, w/w).

The mechanical properties (compression strength,
elastic modulus, and strain to failure) of the mold-
ings were determined using a universal test machine
according to the ASTM D 695. Thermal properties of
the N and MN were determined using TGA and
DSC techniques.

TGA analysis were carried out with Shimadzu
TGA 50A (Japan) thermal analyzer with a heating
rate of 5°C/min in air. DSC measurements were car-
ried out with Setaram 131 Model apparatus (France)
with a heating rate of 10°C/min in air in a tempera-
ture range of 5-250°C. The sample mass was 20 mg.
The morphologies of the resins (homogeneity, phase
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separation, etc.) were compared from micrographs
obtained by Olympus CK2 Invert Microscope (Japan)
(3.3 X 10).

RESULTS AND DISCUSSION

In this work, diacid-modified novolac resins (MN)
were prepared and some of their mechanical proper-
ties were investigated. Firstly, a special type novolac
resin having high ortho substitution was prepared
by the condensation polymerization of 0.187 mole
FA with 1 mol P at pH = 7. After purification, the
resin was characterized by FT-IR analysis.

To obtain MN, diacids such as adipic acid (DA4)
and azelaic acid (DA7) that have flexible methylene
units (4 and 7, respectively) were used to modify N
by condensation reaction. The condensation reaction
between methylol groups of novolac resin and car-
boxyl groups of diacid forms ester linkage' as shown
in Scheme 1.

MN were characterized by using FT-IR spectros-
copy and their thermal properties were investigated
using TGA and DSC techniques. Moldings were pre-
pared from these MN and their mechanical proper-
ties were determined. Morphologies of MN were
also investigated.

FT-IR spectra of the MN

The overall changes in the structure of the N
depending on the modification reaction by diacids
DA4 and DA7 were investigated by FI-IR analysis.
The FT-IR spectra of the N and MN were presented
in Figures 1 and 2. These spectra indicate the reduc-
tion of the intensity of the absorption band observed
at 1409-1315 cm ™' (max at 1371 cm™ )** due to the
hydroxyl groups of methylol groups in the high
ortho novolac resin structure and this absorption
band has also shifted to about 1374, 1366, 1363, and
1359 cm ™' depending on the type and amount of the
diacid. The changes in the above mentioned bands
can be attributed to the change in the methylol con-

TABLE III
Compositions and Mechanical Properties of the Moldings

Molding composition wt. (%)

Mechanical properties

Symbol of resin Compression Elastic Strain to
and molding Resin Wood flour HMTA Additives® strength (MPa) modulus (MPa) failure (%)
N 44 48.5 5.50 1.76 99 44 3
NDA4-3.5 44 48.5 5.50 1.76 84 14 6
NDA4-7 44 48.5 5.50 1.76 142 21 7
NDA4-14 44 48.5 5.50 1.76 91 10 10
NDA4-28 44 48.5 5.50 1.76 65 18 4
NDA?7-7 44 48.5 5.50 1.76 120 21 7

@ Stearic acid 0.88% and calcium oxide 0.88%.
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Scheme 1 The condensation reaction between novolac
resin and diacids.

tent of the novolac resin due to the modification
reactions.

On the other hand, absorption peak at 1691 cm™
due to the carbonyl stretching vibration of carboxyl
groups in the adipic acid*® has shifted to a higher
frequency about 1728, 1702, 1697, 1696, 1695 cmfl,
depending on the type and amount of the modifica-
tion compounds. Also, the appearance of new small
absorption bands or shoulders at about 1180 and
1280 cm ! (ester C—O stretching vibration) is attrib-
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Figure 1 The FT-IR spectra of DA4, N, and MN.
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Figure 2 The FT-IR spectra of N, DA7, and NDA7-7.

uted to the formation of ester linkage*' in the MN
structure. The intensities of these absorption bands
change depending on the amount of the diacids.

Thermal properties of MN

Thermal properties of N and some MN were investi-
gated by TGA and DSC techniques. All TGA and
DTG thermograms were shown in Figure 3 and the
results determined from TGA data were also pre-
sented in Table IV.

In several previous articles, the thermal oxida-
tive degradation of phenolic resins was reported and
it was mentioned that the phenolic resins mainly de-
grade in three recognizable steps: preliminary, mid-
dle, and a final oxidative degradation. All MN that
are produced in this study by the modification reac-
tion with diacids exhibit more or less the same ther-
mal oxidative degradation stability. In addition,
NDA4-7 has a higher thermal stability up to 220°C
than the others. The modification by the diacids did
not greatly change the thermal stability of N. As
expected, the thermal stability of the polymer
decreases due to the introduction of C—O—C bond
of ester linkages as a weak bond in the polymer
structure.

34,42
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Figure 3 The TGA curves of N and MN.

Figure 4 shows the DSC curves of the N and some
MN. As seen from the figure, T, of N was appeared at
74°C. Also at the DSC curve of the NDA4-14, at about
149°C an endothermic peak was appeared. This peak
was attributed to the melting of crystallized unreacted
adipic acid and confirms a phase separation.

Morphology of the MN

The morphologies of the resins (homogeneity, phase
separation, etc.) were compared from micrographs.

TABLE IV
Thermal Properties of the N and MN

Symbol T, 10% T, 30% T, 50% Final degradation

of resin (cC)? Q)P (CQ)* temp. (°C)
N 220 280 380 625
NDA4-3.5 180 260 320 525
NDA4-7 220 260 325 550
NDA7-7 150 260 330 550

* The temperature where 10% weight loss occurred.
" The temperature where 30% weight loss occurred.
¢ The temperature where 50% weight loss occurred.
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Micrographs [Fig. 5(a—e)] show that N has homoge-
neous appearance. In case of NDA4-3.5, NDA4-7,
and NDA7-7, the appearance of the samples are
almost homogeneous. However, NDA4-14 exhibits a
phase separation due to the high amount of DA4,

—

NDA4-14

Endo.

DA4

7 T T 1
0 a0 100 130 200 250
Temperature ("C)

Figure 4 The DSC curves of DA4, N, and MN.
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and the appearance became heterogeneous. This het-
erogeneity may probably be the crystalline phase of
the unreacted DA4. Mechanical properties (Table III)
and DSC curves of NDA4-14 (Fig. 4) also confirmed
this matter. Thus it is concluded that the optimum
DA4 content for the modification is 0.0007 mol.

Mechanical properties of the moldings

To investigate the effects of the diacid content and
chain length on the mechanical properties of the N,
mechanical properties of the moldings, i.e., compres-
sion strength, elastic modulus, and strain to failure %
were determined from stress—strain data. The compo-
sitions and the mechanical properties of the moldings
prepared from modified novolac resins are given in
Table III. Modification of N with flexible diacids
causes a softening and thus the moldings prepared
from MN have higher strain to failure values and
lower elastic modulus than the moldings prepared
from N. Increasing the mole amount of diacid from
0.00035 to 0.0007 mole/1 g N increases the compres-
sion strength, but after this amount (0.0007 mole),
increasing the mole amount of diacid causes a
decrease in the compression strength. The higher the
diacid amount bigger than 0.0007 mole, the lower the
compression strength value, according to this situa-
tion it can be said that the optimum diacid mole
amount is 0.0007 mole for the modification.

Similarly, in case of modification with DA4,
increasing the mole amount of diacid against 1 g N
from 0.00035 to 0.0014 mole increases the strain to
failure values (6.7 and 10%, respectively). But in
morphology test results section, it was shown that
increasing the mole amount of diacid to 0.0014 mole
causes a phase separation and heterogeneous mor-
phology [Fig. 5(d)], and thus it was concluded that
the optimum diacid mole amount is 0.0007.

(e)

Figure 5 The micrographs of N and MN. (a) N, (b) NDA4-3.5, (c) NDA4-7, (d) NDA4-14, (e) NDA7-7.

As seen from Table III, NDA4-7 and NDA7-7 have
somewhat similar properties. Also, in the group of
NDA4 moldings, NDA4-28 mold has the lowest
strain to failure value since increasing the mole
amount of diacid above 0.0014 mole causes a phase
separation and so it is reasonable to obtain decreased
strain to failure and compression values. Thus,
according to all results it was concluded that the me-
chanical properties of modified resins were signifi-
cantly dependent on the diacid content. The brittle-
ness of high ortho novolac resin could be improved
by the incorporation of flexible diacids with small
molecular weight in the polymer structure.

CONCLUSION

In this work, diacid-modified high ortho novolac res-
ins have been prepared by the condensation reac-
tions of high ortho novolac resin with flexible diac-
ids such as adipic or azelaic acid. These modified
resins were characterized by FT-IR spectroscopy and
thermal properties of these resins were determined
by DSC and TGA techniques. The morphologies of
these resins were also investigated. The moldings
were prepared using modified resins and their me-
chanical properties (such as compression strength,
elastic modulus, and strain to failure) were also
investigated.

Diacid-modified resins prepared in this work are
flexible than high ortho novolac resin. The highest
compression strength, elastic modulus, and homoge-
nous morphology were observed for the moldings
prepared from NDA4-7 in which 0.0007 mol DA4
was used.

The mechanical properties of modified high ortho
novolac were significantly dependent on diacid con-
tent. According to the morphology and mechanical
test results, the optimum diacid content for the mod-
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ification reactions was found to be 0.0007 mol. The
thermal resistance of high ortho novolac resins can-
not significantly be improved by the modification
diacids. However, the brittleness of high ortho novo-
lac resin could be improved by the incorporation of
flexible diacids with small molecular weight in poly-
mer structure. These modified high ortho novolac
resins can be used as a matrix resin of composite
materials.

The author kindly thanks Serkan Emik for his help in
FT-IR analysis, and also Professor Dr. Serhat Pabuccuoglu
for his help in micrographs, Dr. Giilin Selda Pozan for her
help in thermogravimetric analysis, and Aykut M. Eroglu
for his help in mechanical properties tests.
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