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Abstract

Novolac molybdenum modified phenolic resins (Mo-PF) were successfully
prepared. In the process of preparation, molybdate reacted with phenolic resins (PF) to
form a low cross-linked Mo-PF with new Mo-O bonds, and it was confirmed by the
FTIR spectrum. The Mo-PF can be further cured with hexamethylenetetramine at 190°C.
The structure and characterization of PF and Mo-PF were performed by using FTIR,
DSC, DMA, TGA, SEM, mechanical strength tester. The thermal resistance, flexural
strength, and hardness of Mo-PF are respectively higher than those of PF. This is due to
the presence of Mo-O cross-linking bonds in Mo-PF. The thermal decomposition
temperature at 10% weight loss and flexural strength of Mo-PF are 503°C and 76.5MPa
respectively, which are much higher than the corresponding values of 439°C and
53.7MPa for PF. Furthermore, in order to identify the applied properties of Mo-PF resin,
it was compared with PF in the performance as a binder for diamond grinding tools
through the basic grinding experiments of Al,O3 ceramics. Mo-PF is a better binding
resin than PF so the grinding tool made from the former resin has better grinding quality
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than that made from the latter resin.

Keywords : Molybdenum-phenolic resin, Ammonium molybdate, Diamond grinding

tools
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1. Introduction

Phenolic resin is the first synthetic polymeric material, and is generally synthesized
from phenol and formaldehyde in the presence of a catalyst. Phenolic resin can be
classified into two categories as resole and novolac resins according to the
phenol/formaldehyde ratio used during the synthesis process [1-2]. Nowadays, phenolic
resin is irreplaceable materials in many industries because of the high flame retardation,
char yield after pyrolysis, chemical resistance, electrical insulation, thermal resistance,
mechanical strength, adhesive property and dimensional stability [2-3].

However, the thermo oxidative resistance and inherent brittleness of the phenolic
resin still can be improved. Therefore, the modification of phenolic resin by using
organic or inorganic materials has been studied by many laboratories and researchers
[1,4-5]. The modifications can improve the thermal resistance, mechanical strength,
electric insulation property and absorbance of neutral radiation of the phenolic resins
[4,6]. In order to enhance the physical properties of phenolic resin at most, we have
modified the phenolic resins by using molybdate to form a metal modified Mo-PF with
new Mo-O bonds. Furthermore, the effects of molybdate on the thermal and mechanical
properties of phenolic resin have been investigated. The Mo-PF resin is also used as

binders for diamond grinding tools in this study.
2. Experimental section

Phenol and formaldehyde (37%-formalin) were purchased from Nippon Shiyaku
Chemical Co., Japan. Ammonium molybdate was purchased from Osaka Chemical Co.,
Japan. Oxalic acid were purchased from Shimakyu Chemical Co., Japan.
Hexamethylenetetramine was supplied by Chang-chun Resins Co., Taiwan. Synthetic
diamond grains (YK-J, 140-170) were purchased from Fine Abrasives Taiwan Co.,
LTD.The diamond grains (10g) and a solution of APTES(3-Aminopropyl
triethoxysilane) (0.2g) in ethyl alcohol (60ml) were placed in a flask reactor. The
reaction proceeded with stirring and reflux heating at 90°C for 4 hours. Then,
APTES-modified diamond grains were obtained through evaporating ethyl alcohol at
90°C and drying at 150°C. The reaction scheme for the preparation of diamond grains is
shown in Scheme 1.
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Scheme 1. Reaction scheme for the preparation of APTES-modified diamond grains

PF resin was synthesized in a 0.5L four-neck and round-bottom flask reactor
equipped with a thermometer, a reflux condenser, and a stirrer. Certain amounts of
phenol (199), formalin (13ml) and oxalic acid (0.25g) were stirred and gradually heated
to 110°C during 1 hour, and then kept heating for 4 hours at reflux in the flask reactor.
At the end of the reaction, PF resin was washed with boiling water to remove the
impurities and unreacted phenol. Subsequently, water was removed under vacuum at
120°C and the solid parts were further dried in a steel plate at 170°C for 2 hours. Finally,
the PF resins were obtained. The synthesis route for PF resins is shown in Scheme 2.
The synthesis procedure of Mo-PF resin is similar to that of PF. In the flask reactor,
certain amounts of phenol, formalin and oxalic acid (0.38g) were stirred and gradually
heated to 110°C during 1 hour. Then, Ammonium molybdate (1.8g) was added into the
reactor and the mixture was stirred at 110°C for 1 hour. Thereafter, the mixture was
heated at 150°C for 5 hours at reflux. The Mo-PF resin was obtained. The synthesis
route for Mo-PF resins is shown in Scheme 3.
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Scheme 3. Synthesis route for the Mo-PF resin
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The PF or Mo-PF was mixed with hexamethylene tetramine (10 % based on PF
moiety) and grinded to powdery state. The powdery mixture (1.7g) was charged into a
tetragon metal mold (length 40 mm, width 10 mm, thickness 3 mm). Then, the mold
was placed in a manual press machine, gradually heated to 190°C during 1 hour, and
held at that temperature for 1 hour. After cooling the mold to room temperature, a stiff
bulk of cured specimen was removed from the metal mold. The preparation of diamond
grinding tools is similar to the above-mentioned process. The PF or Mo-PF (2.7g) was
mixed with hexamethylenetetramine (0.27g) and grinded to powdery state. Then, the
diamond grains (2.3g) were mixed with the mixture to form a homogeneous molding
mixture. The molding mixture (0.66g) was charged into a tetragon metal mold (length
10mm, width 10mm, thickness 3mm). Then, a piece of diamond grinding tool was
removed from the metal mold through the above mentioned thermo-forming procedure
in metal mold.

3. Results and discussion
3.1. Chemical analysis

The FTIR spectra of PF and Mo-PF are shown in Figure.1. The peaks at 3328-3367
and 3014 cm™ are respectively due to the O-H and C-H stretching vibrations of the
phenolic ring. The peaks at 2919, 2845, 1479 and 1439 cm™ are attributed to C-H,
stretching vibrations [7]. The C=C stretching vibration of phenolic ring appears at 1611
and 1595 cm™. The phenyl-OH stretching vibration is at 1509 and 1230 cm™, and the
in-plane bending vibration of phenolic O-H is at 1360-1363 cm™ [7-8]. The peaks at
819 and 756 cm™ correspond to the characteristic absorption-peak of respective para
and ortho CH substitutions on the phenolic ring [8]. Therefore, the formation of PF can
be confirmed by the FTIR spectra.

There are some differences between the spectra of Mo-PF and PF. In the spectrum
of Mo-PF, the OH stretching and in-plane bending vibrations of phenolic ring are at
3367 and 1363 cm™ respectively. On the other hand, in the spectrum of PF, the
above-mentioned two peaks are at 3328 and 1360 cm™ respectively. Moreover, since
C=C groups in the phenolic rings were not consumed or produced during the synthesis

of Mo-PF from PF, the stretching of these groups at 1611 cm™ is adopted as an internal
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reference peak to compare the relative intensities between the peaks of Mo-PF and PF
spectra. In the spectrum of Mo-PF, the peak height ratios of the peaks at 3367 and 1363
cm™ to the peak at 1611 cm™ are designated as Asss7/Ase1r and Aqzes/Assis respectively
and are 1.588 and 0.776 correspondingly. On the other hand, in the spectrum of PF, the
peak height ratios of Asszs/Aie11 and Aizeo/Aser1 are 1.747 and 0.867 respectively. So,
relative to the internal reference peak of C=C stretching, both peaks of the OH
stretching and in-plane bending vibrations of phenolic ring of the Mo-PF spectrum are
smaller than those of the PF spectrum. In addition, the phenyl-OH stretching vibration
peaks of Mo-PF at 1509 and 1228 cm™ relative to the internal reference peak of C=C
stretching (Aisoo/Ae11= 1.494 and Aaixs/A1611=1.447) are smaller than those
(A1s00/A1611= 1.867 and Ai230/A1611= 1.689) of PF. These spectrum differences indicate
the consuming of -OH groups during the synthesis of Mo-PF from PF. Moreover, the
two peaks at 1363 and 938 cm™ associated with the asymmetric vibration of Mo-O
bonds [9-11] and the bending vibrations of Mo-O bonds of Mo-PF respectively, are not
observed in the spectrum of PF. Therefore, differences between the two spectra of
Mo-PF and PF confirm the formation of Mo-O bonds in Mo-PF due to the reaction
between PF and molybdate. The formation of Mo-O bonds in Mo-PF resins results in

the consumption of -OH groups in PF.
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Figure 1. FTIR spectra of PF (a) and Mo-PF (b)

3.2. Thermal properties

The PF and Mo-PF can respectively undergo cross-linking reaction with hexamine.
The cross-linking temperatures of PF/hexamine and Mo-PF/hexamine mixtures were
separately evaluated by DSC measurement and are shown in Figure 2 and Table 1 as
145 and 148°C respectively. The temperature ranges of cross-linking reaction for
PF/hexamine and Mo-PF/hexamine mixtures are 123-171 and 126-175 °C respectively.
These results indicate that the cross-linking temperature of PF is increased by treating
with molybdate. When PF was reacted with ammonium molybdate, the resulting Mo-O
bonds caused an increase of cross-linking density in Mo-PF, which restricted the
thermal motion of Mo-PF polymer chains. The hindered Mo-PF polymer chains were
more difficult to react with hexamethylenetetramine and resulted in a higher
cross-linking temperature.

DMA is used to evaluate the thermo-mechanical properties of PF and Mo-PF
which were all pre-cured with 10wt% hexamine at 200°C. The results are shown in
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Figure. 3a-b and Table 1. Each tan & curve of the two films has one peak centered at
about 162 and 237 °C respectively. These peaks are the glass transition temperatures of
these films, because their storage moduli drop by 1-2 orders during the transition. For
cured PF resin, the glass transition begins at about 120°C and ends at around 200°C. The
polymer chains of cured PF start to undergo thermal motion and induce glass transition
at a wide range of temperature. This indicates a complicated structure or morphology of
the cured PF. For cured Mo-PF resin, the temperature span of glass transition is similar
to that of cured PF. However, the glass transition of cured Mo-PF is less obvious and
centers at higher temperature than that of cured PF as shown in their tan & curves. This
is due to the higher cross-linking density of cured Mo-PF. There are two kinds of
cross-linking networks in the cured Mo-PF. One is the cross-linking caused by
hexamethylenetetramine as in cured PF. The other is the presence of Mo-O bonds in the
Mo-PF as shown in the FTIR spectra. Therefore, the glass transition temperature of PF
resin can be more raised by treating with molybdate.

Thermal resistance of cured PF and Mo-PF are shown in Figure 4 and Table 1. The
decomposition temperatures at 10% weight losses are designated as Td-10 respectively.
The Td-10s of PF and Mo-PF are 439 and 503°C respectively. The Td-10 of Mo-PF is
higher than that of PF. Moreover, the residual masses at 800 °C of PF and Mo-PF are
59.0 and 72.2% respectively. The increase trend of residual masses for these two
specimens is also similar to that of Td-10s. Thus, thermal resistance of PF can be
improved by treating with molybdate. The thermal resistance of a compound is related
to its composition, structure and cross-linking density. Treating PF with ammonium
molybdate can form Mo-O bonds and cause an increase of cross-linking density which

promotes the thermal resistance simultaneously.
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Figure 2. DSC curves of PF (a) and Mo-PF (b)
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Figure 3a. Storage moduli of PF(a) and Mo-PF(b) at various temperatures
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Table 1. The thermal properties of PF and Mo-PF

Specimens PF Mo-PF
Cross-linking temperature peak (°C) 145 148
Cross-linking temperature range (°C) 123-171 126-175
Glass transition temperatures (°C) 162 237
Td-5 (°C) 381 411
Td-10 (°C) 439 503
Residual mass at 800 °C (%) 59.0 72.2

3.3. SEM observation of the fracture surface

Scanning electron micrographs of the bending fractural surfaces of the cured PF
and Mo-PF are shown in Figure 5a-b. The PF shows a smooth and ripples-full
morphology that somewhat implies the brittle property of PF. The Mo-PF shows a
dendritic morphology which is rougher than that of PF. This implies that Mo-PF is
tougher than PF.

—_—
1laku g 228 Zam 8881

Figure 5. SEM images of PF (a) and Mo-PF (b)

3.4. Mechanical strength

The mechanical properties of cured PF and Mo-PF were examined by measuring
their flexural strength, flexural modulus and hardness. The results are listed in Table 2.
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Flexural strength is the minimum required stress applied on the surface to break a
specimen. The flexural strength of PF and Mo-PF are 53.7 and 76.5 MPa respectively.
The flexural strength of Mo-PF is higher than that of PF. Thus, the flexural strength of
PF resin can be enhanced significantly by treating with molybdenum. This behavior can
be explained by the structural change. The reaction between PF and molybdate formed
many Mo-O linkages and subsequently enhanced the flexural strength of Mo-PF resin.
The flexural moduli of PF and Mo-PF are 4.4 and 4.9GPa respectively and are shown in
Table 2. The variation sequence and its reason for the flexural moduli resemble those
for the flexural strength. As for the hardness measurement, the results for PF and
Mo-PF are 74 and 87 respectively as shown in Table 2. The hardness of Mo-PF is
higher than that of PF. The variation sequence and its reason for the hardness also

resemble those for the flexural strength.

Table 2. The mechanical strength of PF and Mo-PF

Specimens PF Mo-PF
Flexural strength (MPa) 53.7 76.5
Flexural modulus (GPa) 4.4 4.9
Hardness (Shore D) 74 87

3.5. Performance as a binder for diamond grinding tools

In order to compare Mo-PF with PF in the performance as a binder, diamond
grinding tools were prepared by diamond grains with Mo-PF and PF separately. The
resin-bound diamond grinding tools which are shown in Figure 6a-b were used to grind
the Al,O3 fine ceramics. The surface morphology of the Tool-A (with PF binder) and
Tool-B (with Mo-PF binder) after grinding experiments is shown in Figure 6a-d. As
shown in Figure.7a-b, Tool-A exhibits significant damage and rupture after grinding
experiments. There are many exposed diamond grains and voids originated from the
drop of diamond grains on the grinding surface of Tool-A. There is much heat release

and mechanical friction in the interface between grinding tool and ceramics during
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grinding experiments. The PF resin matrix was consumed and damaged gradually by
this heat release and mechanical friction. Then diamond grains exposed and dropped off
easily due to the low binding strength of PF. The exposed PF was worn and leveled off
again. Tool-B also shows the damage and rupture morphology as presented in Figure
7c-d. The extent of damage and rupture for Tool-B is less than that for Tool-A. The
Mo-PF resin matrix in Tool-B has higher thermal resistance, mechanical property and
binding strength than PF resin matrix in Tool-A. So the diamond grains are more
strongly bound by the resin matrix and harder to drop off in Tool-B than those in Tool-A.
Moreover, the Mo-PF resin matrix in Tool-B is more abrasion resistant and harder to be
leveled off than the PF resin matrix in Tool-A. So Tool-B has a rougher morphology
than Tool-A after grinding experiments.

In addition, the photographs of Ceramics-A and Ceramics-B work-pieces that had
been grinded by Tool-A and Tool-B respectively, are shown in Figure 8a-b. The grinding
surface on Ceramics-B shows smoother than that on Ceramics-A. This indicates that
Tool-B has better grinding quality than Tool-A. The reason for the better grinding
quality of Tool-B is due to the higher thermal resistance, mechanical property and
binding strength of Mo-PF resin matrix therein as compared to the PF in Tool-A. In
Tool-B, the Mo-PF is harder to be worn away and the bound diamond grains are harder
to drop off also. So Mo-PF is a better binding resin than PF and Tool-B has better
grinding quality than Tool-A.

Figure 6. Tool-A(a) and Tool-B(b) of Resin bonded diamond grinding tools
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4. Conclusion

Novolac molybdenum modified phenolic resins (Mo-PF) were obtained by firstly
reacting phenolic resin (PF) with molybdate. The thermal resistance, flexural strength
and hardness of Mo-PF are enhanced significantly. The glass transition temperature,
thermal decomposition temperature at 10% weight loss and flexural strength of Mo-PF
are 237 °C, 503 °C and 76.5 MPa respectively, which are 75 °C, 64 °C and 22.8MPa
higher than the corresponding values of PF. Mo-PF have such a superior performance
because molybdate reacted with phenolic hydroxyl groups of PF resin to form
cross-linked Mo-O bonds. In addition, Mo-PF is a better binding resin than PF as
evaluated by the grinding experiments which were performed with their corresponding
diamond grinding tools. Therefore, Mo-PF can also be used as a binder of grinding or

cutting tools with high thermal and mechanical properties.
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