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ABSTRACT: The crosslinking under pressure of a mix-
ture of novolak with melamine resin has been investigated
by means of several techniques, including differential
scanning calorimetry, thermal gravimetric analysis, X-ray
diffraction, and infrared spectroscopy. The crosslinking of
the mixture essentially follows two steps. The former
occurs at 150°C and leads to resin networks composed of
di- and trisubstituted phenols without significant reaction
with melamine polymers. The latter, at 200°C, mainly
involves the direct crosslinking of melamine polymers

with disubstituted phenols. High pressure, applied to the
reaction cell, slows down the crosslinking extent, by inhib-
iting the formation of trisubstituted phenols. This is prob-
ably due to the formation of gaseous by-products of
crosslinking. Moreover, a certain structuring effect due to
high pressure was observed by means of X-ray diffraction.
© 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 114: 40594065, 2009
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INTRODUCTION

Despite the discovering of many classes of materials
that act as thermosets, phenolic resins are still
widely used in a long list of applications thanks to
their low price and commodity of use. There are
industrial and commercial interests even a century
after Baekeland’s invention.! Indeed, phenolic resins
have a global impact on economy, from the con-
struction sector to the aerospace industry, passing
through paper, computers, and many others.”> The
properties of phenolic resins are well exploited and
still investigated.>* In fact, phenolic resins are the
most common thermosets because of their balance of
mechanical properties, such as high hardness,’
Young’s modulus,® high thermal stability,” creep
resistance,® and good wetting capability.’

The crosslinking process is one of the most crucial
aspects of this class of thermosets. Phenolic resin
crosslinking is usually carried out through hexame-
thylenetetramine (HEXA), which forms methylene
bridges among the resin polymers. The amount of
bridges determines the rigidness and stability of the
network, the more the bridges are formed the harder
and more stable the crosslinked resin will be. The
number of formed bridges will be affected by the
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application of pressure during the crosslinking, since
gaseous by-products are formed. However, high
pressures should manifest a certain structuring effect.

In this report, the crosslinking under pressure of a
blend of novolak with melamine resin is investi-
gated. Rackley et al.' and Santoro et al."! found that
crosslinking of organic polymers at high pressures
raises the number of bonds sufficiently to have an
appreciable and permanent effect on density, modu-
lus, and other physical properties. Nevertheless, sys-
tems based on novolak cured with HEXA and mela-
mine resin were not deeply investigated till the
moment at high pressure. KoroSec et al.'” investi-
gated the curing under pressure of phenolic resin
mixed with mold compounds, and found that curing
occurs in two successive steps, around 160 and
250°C, respectively. With increasing HEXA content
the peak due to the first curing reaction becomes
less pronounced at high pressure, whereas the en-
thalpy of the second increases, indicating a different
reaction route.

However, structural XRD studies are mainly
focused on the pyrolyzed precursors of either hard or
graphitic carbon nitrides," obtained from melamine,
and treated under pressure. Melamine resin can be
considered as an additional crosslinking agent, and
the aforementioned mixture have the potential to
achieve a high degree of crosslinking. Crosslinking
under pressure was carried out through a special
assembled reactor, which works with small amounts
of sample (about 300 mg). The crosslinked resins
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Figure 1 Sketch of the section of the reactor indicating
the main components.

were studied through different experimental techni-
ques, including thermal gravimetric analysis (TGA),
differential scanning calorimetry (DSC), X-ray diffrac-
tion (XRD), and Fourier transform infrared spectros-
copy (FTIR). The main objective of this research
report was to understand the effect of both tempera-
ture and pressure, on the structure, and the crosslink-
ing mechanism, within the boundaries of the experi-
mental design methodology.

Indeed, the levels of the chosen factors (pressure
and temperature) are in the range of those utilized
in manufacturing of many phenolic resin based
products, such as automotive brake parts. In these
field, there is a certain interest into explore the pos-
sible new properties introduced by blends of differ-
ent resins able to crosslink together.

EXPERIMENTAL SECTION
Materials

The resins used to study the high pressure crosslink-
ing were novolak resin F4514 produced by Sumi-
tomo Bakelite, Europe, and the melamine resin
Hiperesin MF100 C Melamine by Agrolinz Mela-
mine. The resins’ mixture was prepared mixing
manually the fine powders in a laboratory mortar
for about 5 min. The weight percent of melamine
resin of the studied binary mixture is 15%.

Equipments
Crosslinking reactor

The resin crosslinking took place inside a small reac-
tor, which was the most crucial element of the experi-
mental setup. The reaction chamber, which hosts the
sample, has diameter of 9.3 mm, and is placed upon
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the force cell. The force cell is placed between the
reaction vessel and the PerkinElmer Hydraulic Press.
The resin mixture samples were of 300 mg. Figure 1
schematically shows the reactor section (parallel to
the direction of load application). During the reaction
process, temperature, and load were measured. Tem-
perature was monitored and recorded by means of
an ALMEMO sensor 2590-9 V5 series with a portable
NiCr-Ni thermocouple and accuracy margin of
+1.5°C. This thermocouple was located close to the
sample position (see Fig. 1). The load applied to the
reaction cell was measured with a BTT 2000/2 force
cell with upper limit of 20,000 N, made by Metior
S.r.l, and modified to resist up to 200°C.

Chemical and physical characterization techniques
of the crosslinked resin mixtures

The characterization of the treated samples was per-
formed by means of several techniques. IR spectros-
copy analysis was carried out by means of a FTIR
PerkinElmer Spectrum One instrument. Thin tablets
of 60 mg, made of the reacted resin specimen and
KBr (1 : 25 weight proportion), ground and mixed
manually in a laboratory mortar, were prepared
under pressure by means of a PerkinElmer Hydrau-
lic Press, at 10 tons. IR spectra were carried out to
investigate the changes of absorption due to the
crosslinking, in the range of 4000-400 cm .

The structural evolution of the treated resins was
studied by means of XRD with a Philips X'pert spec-
trometer operating with CuKa radiation. The degra-
dation of the crosslinked materials was investigated
by means of the TGA SDTA851 Mettler Toledo with
a heating rate of 10°C/min, from 35 to 970°C.

DSC measurements were performed with a heat-
ing rate of 10°C/min by the DSC821 Mettler Toledo
instrument to measure the crosslinking heat flow,
located in the range of 25-250°C.

RESULTS AND DISCUSSION
Crosslinking tests

Two levels of both pressure and temperature were
considered generating four experiments, named A,
B, C, and D, which were carried out by means of the
small reactor. The conditions of each experiment are
reported in Table I. The temperature curves of the

TABLE I
Experiments’ Conditions
Experiment A B C D
Maximum T 150°C 150°C 200°C 200°C
Pressure 140 MPa 20 MPa 140 MPa 20 MPa
Duration 42 min 42 min 45 min 45 min
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Figure 2 Temperature curves of the reaction chamber for
the four experiments.

reaction chamber for the four experiments are
shown in Figure 2. The two temperature levels were:
150 and 200°C, which correspond to the main cross-
linking phases found for mixtures of phenolic and
melamine resins. The pressure levels were: 20 and
140 MPa, and were chosen spaced enough to pro-
voke different crosslinking, thermal behaviors, and
structures. The treatments up to 200°C lasted about
3 min more than those at 150°C, because of the
response delay of the heater, especially marked at
this temperature level. This brief additional time
could have only incremented the reaction extent in
the same way for the two experiments, which thus
are still comparable. In addition, the temperature of
200°C was chosen to achieve full extent of reaction.
Similar experiments were repeated leading to results
comparable to those hereinafter reported.

Differential scanning calorimetry

The DSC curves are shown in Figure 3(a). The DSC
curve of the mixture without any previous thermal
(called Ref.) exhibits the glass transition at 70°C,
while the crosslinking exothermic band is split into
two parts: the former peak is sharp around 150°C,
only a weak shoulder is present on the left side,
whereas the latter is broad, partially overlaps the
former and exhibits its maximum around 200°C.

The sample of experiment A shows a significant
decrement of the main peak at 150°C, whereas the
band at 200°C is clearly shown free of overlapping,
indicating that this band is subsequent, and corre-
sponds to a well distinct curing phenomenon. Sam-
ple B shows the peak around 150°C further
decreased, whereas sample C also shows a consider-
able reduction of the band around 200°C. However,
sample D exhibits only very low residual bands,
indicating that the crosslinking reaction was nearly
fully completed in the reactor. It is noteworthy to

point out that the samples of the experiments A and
C, carried out at the higher pressure level (140
MPa), showed residual crosslinking bands (lower
extent of reaction) larger than those of the corre-
spondent experiments at lower pressure (20 MPa), B
and D, respectively.

The extent of crosslinking after the reactor treat-
ment was calculated for the four experiments
through the following equation:

— HX
HRef ’

¢=1 1)

where & is the extent of crosslinking, Hge is the total
crosslinking heat per mass unit of the Ref. sample,
Hy is the residual heat of the X experiment per mass
unit, where X can be A, B, C, or D.

The total heat of crosslinking (Hges or Hx) equals
the area below the DSC crosslinking peaks. The
baselines to estimate the area were extrapolated con-
necting the beginning point of the reaction to the
endpoint as shown in Figure 3(a). The so-calculated
extents of crosslinking are 58.6, 69.3, 83.5, and 94.2%
for experiments A, B, C, and D, respectively. The
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Figure 3 (a) DSC curves of the treated samples A, B, C,

and D. Positive heat flow corresponds to exothermic trans-

formations. The baselines are indicated by dotted lines. (b)
Graphic of crosslinking extent as function of T,.
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Figure 4 TGA (under N,) curves of the four treated sam-
ples: A, B, C, and D.

DSC results of the four experiments allowed us to
distinguish clearly two different crosslinking phases:
the first exothermic peak, located at 150°C, and the
following exothermic broad band at 200°C reveals.'?
However, high pressure seems to slow down cross-
linking extent. Indeed, sample D, treated at the high-
est temperature level (200°C), and at the lowest pres-
sure level (20 MPa), has the highest reaction extent
(94.2%). Figure 3(b) shows the relation between the
crosslinking extent and the temperature of the glass
transition T,, as found through the DSC curves, and
it is possible to observe that advances in crosslinking
correspond to shifts of T, to higher temperatures, as
expected, and reported by Gardziella et al.>

Thermal gravimetric analysis

The TGA curves of the four samples, carried out in
nitrogen atmosphere, are shown in Figure 4. The
behavior of the samples B and D, treated at low
pressure (20 MPa), is very similar. The sample of
experiment C, obtained at high pressure (140 MPa),
but also at high temperature (200°C), has weight loss
slightly larger than B and D, starting from 300°C.
However, the behavior of sample A is very different
from the others, since huge weight loss began from
550°C. Moreover, sample A (see Fig. 4), treated at
150°C and 140 MPa, exhibits the greatest weight
loss, reaching up to 90% weight loss at 900°C, in ac-
cordance with the lowest calculated reaction extent
of 58.6 %, whereas the other samples only lost about
the 55%. Nonetheless, other factors, which will be
discussed in the “IR spectroscopy” section, charac-
terized the different behavior of sample A. It is note-
worthy to point out that, under nitrogen, pyrolysis
leads toward the formation of carbonized materials,
where prevails the content of carbon and nitrogen
with a variable content of hydrogen (about 17% at.),
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as deeply investigated by Zhao et al.'® It is notewor-
thy to point out that FTIR of TGA gaseous by-prod-
ucts (data not reported in the article) shows that
samples similar to A exhibit a higher ratio of
HCNO/CO, than the others, indicating that mela-
mine nitrogen is less retained due to the lack of
crosslinking with phenolic resin.

X-ray diffraction

The XRD spectra of the four samples are shown in
Figure 5. The spectra were graphically filtered to
eliminate only the peaks of aluminum coming from
the cell (spikes are present in their positions at 33°,
38°, 45°, and 64°) and those attributable to residual
free melamine (spikes at 17°, 24°, 27°, and 29°). The
graphical filter was prepared through the Origin
program by building a function, which reproduced
the impurities’ peaks, and was subsequently sub-
tracted to the original spectra. Sample A shows a
broad band with maximum at about 18°, and
shoulders between 21° and 28°. The amorphous
peak around 18° is characteristic of phenolic resins,
and is shifted by pyrolysis and thermal treatments
to higher angles, toward the 002 reflection of turbos-
tratic carbon structure, which is around 25°.1%71¢
Another weaker and broad band is around 42°,
which may correspond to a second order of the
main amorphous peak, whereas the broad band
around 62° may correspond to the third-order reflec-
tion of the main amorphous peak. The XRD spec-
trum of sample B is very similar to that of A,
whereas sample C exhibits a shoulder at 20°, apart
the maximum at 18.2°, and another shoulder at 28°,
in a position similar to that of the reflection of pyro-
lyzed melamine, which is between 26° and 29°."°
The spectrum of sample D has the peak maximum
shifted to 20°. It should be noticed that the peak
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Figure 5 XRD spectra of the treated samples: A, B, C,
and D.
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with maximum around 18-20° is always asymmetric
for each sample, with a broader right side. The XRD
results show that the samples treated at the highest
pressure reached higher degree of structuring,
although remain amorphous. Indeed, samples A and
C, treated at 140 MPa, exhibit bands or shoulders,
shifted toward the reflections of turbostratic carbon
(002 reflection is around 25°) similar to those of
amorphous carbon.

IR spectroscopy

The whole infrared spectra of the samples after reac-
tor treatment are shown in Figure 6(a), whereas in
Figure 6(b), only the region between 1800 cm ' and
400 cm™! is shown to highlight the several signifi-
cant absorptions of this region. There are several
common characteristics of all the spectra. Actually,
the spectra show the typical absorptions of phenolic
resins. At 3245 cm !, there is the maximum of OH
stretching absorption, followed at lower frequencies
by the broad absorption due to hydrogen bonds.
However, it should be mentioned that, within the
OH band, there are other shoulders at higher fre-
quencies (about 3400 cm ') corresponding either to
N—H stretching or to other OH types, that is, phe-
nols with different substitution or surroundings
from that of the main peak (3245 cm™'). The CH
stretching of the aromatic ring is positioned at 3000
cm !, whereas CH, stretching vibrations, which cor-
respond to the bands between 2930 cm ™' and 2800
cm !, overlapped the broad OH band. At 1470
cm ™, there is a band attributable to CH, methylene
bridge scissor vibrations. At 1330-1326 cm ™', there
is absorption due to OH bending. CO stretching
bands of phenols are positioned between 1240 cm ™'
and 1060 cm!. Between 1000 cm ! and 1009 ecm %,
there is the CO stretching absorption of methylol
groups (hydrolyzed HEXA or methylols of mela-
mine resin).

The CH out-of-plane deformations of 4-phenol
and 2,4-phenol'” absorb at 820-810 cm ™', whereas 2-
phenol and 2,6-phenol at 750 cm L' and 2,4,6-phe-
nol at 890-910 cm ™.

Around 1600 cm ™, there is a doublet due to the
aromatic ring C—C stretching vibrations,"” another
peak of the aromatic ring is positioned at 1510 cm™".
It is noteworthy to point out that another aromatic
ring broad band at about 1550 cm ™' is present for
samples B, C, and D, probably connected to cross-
linking between melamine and phenolic polymers.

The CH, methylene bridge band at 1470 cm ' of
sample A is much lower than that of the other sam-
ples, keeping as reference the peak at 1510 cm ™. For
samples B, C, and D, the bands between 1480 cm !
and 1440 cm ™' are more intense than the reference
peak at 1510 cm ™, indicating an advanced crosslink-
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Figure 6 (a) Whole IR spectra of the treated samples: A,
B, C, and D. (b) IR spectra in the region 2000-400 cm ! of
the treated samples: A, B, C, and D.

ing. In the case of sample D, the peak at 1470 cm ™"
is the most intense in the range of 1500 cm ' and
1440 cm™!. The relative intensity, r, of the band at
1470 cm™}, assigned to the CH, bridges [see
Fig. 7(a)] is calculated according to the following
equation:

_absorbance at 1470 cm ™!

" absorbance at 1510 cm~! "~

)

In this equation, the absorbance at 1510 cm ',

attributed to the aromatic ring, works as reference,
allowing us to compare the IR absorbances of differ-
ent samples. 7 is highest for D sample, and lowest
for A sample, in accordance with what observed for
crosslinking extent (94.2 % for D and 58.6% for A)
and TGA. Figure 7(a) points out that pressure
decreases the formation of CH, bridges (crosslink-
ing). In addition, Figure 7(b) shows the correlation
between the crosslinking extent and the ratio 7,
which approximately follows the behavior of the
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Figure 7 (a) Graphic of the ratio, named r, between the
absorbance of the peak at 1470 cm ™, and that of the refer-
ence peak at 1510 cm ™ 'as function of the temperature. (b)
Graphic of crosslinking extent as function of the ratio r.

graphic of crosslinking extent as function of T, shift,
shown in Figure 3(b).

On the other hand, samples B, C, and D manifest
also a band at 952 cm™'. The bands between 1100
cm 'and 1060 cm ™" are more intense than the bands
between 1240 cm ™' and 1100 cm . The intensity of
the peak at 1090 cm™' seems to be linked to the in-
tensity of the peak at 1470 cm ™' related to the meth-
ylene bridges, as well as seems to be associated to
the band around 890 cm ™' and 910 cm ™. The peak
at 1060 cm ™' seems to be associated to the presence
of the band at 952 cm™', for example in sample A,
both bands are not present. Therefore, the peak at
1090 cm ™! can be assigned to the CO stretching of
2,4,6-phenol, as well as the narrow band at 1060
cm !, whereas the bands between 1240 cm ™' and
1100 cm ™! to the CO stretching of the phenols with
lower grade of substitution (probably also with oxy-
gen involved into strong hydrogen bond).

On the basis of the previous arguments, since the
band around 890 cm ™' and 910 cm ™! is attributed to
CH out-of-plane deformation of 2,4,6-phenols of the
crosslinked phenolic resin, the band at 952 cm !, as
the associated band at 1060 cm ™!, should be attrib-
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uted to a different type of 2,4,6-phenol, linked to
melamine resin through CH, bridges. Also the afore-
mentioned band at 1555 cm ™!, more evident in sam-
ple D, is connected to the aromatic ring stretching of
melamine crosslinked to phenolic resin. Table II
resumes the assignments of the main observed
bands.

The interpretation of IR spectra clarifies the reac-
tion mechanism to an extent. IR spectrum of sample
A (150°C and 140 MPa) show that 2- and 2,4-phenols
prevail, involving phenolic resin polymers without
significant involvement of melamine polymers, in
accordance with DSC and TGA results. Further
crosslinking is inhibited by the pressure applied,
because gaseous water and ammonia are formed
during crosslinking of phenolic polymers by means
of HEXA decomposition. The graphics of T, of Fig-
ure 3(b), and that of the ratio r of Figure 7(b) are
also in accordance with the lower crosslinking
degree of sample A, and together with the lack of
the highest substituted phenols, can explain the
huge weight loss of the TGA curve. The IR spectrum
of sample B (150°C and 20 MPa) shows that also
that 2,4,6-phenols are present, as well as crosslinking
with melamine resin fragments (see new peak at 952
cm ). Since more bridges imply more stability,
these facts are in accordance with the higher thermal
stability found by TGA of B sample in comparison
with A (see Fig. 5). The 952 cm ' peak [Fig. 6(b)]
attributed to trisubstituted phenols linked to one

TABLE II
Assignment of Vibrational Modes of IR Spectra of the
Reacted Samples

Vibrational mode

OH stretching

Aromatic CH stretching
CH,, stretching

Aromatic C—C stretching

Wave number

3245 cm ™!

3000 cm?

2930-2800 cm ™!

1600 cm ™! and
1510 cm ™t

1550 cm ™!

Aromatic C—C stretching of
phenols crosslinked to
melamine resin.

CH, methylene bridge scissor

CO stretching bands of phenols

1470-1430 cm™!
1240-1060 cm ™!

1090 cm ™" CO stretching of 2,4,6-phenol
(phenolic resin)
1060 cm™? CO stretching of 2,4,6-phenol

(crosslinking between phenolic
resin and melamine resin)

1000-1009 cm ™" CO stretching of methylol groups

952 cm ! CH out-of-plane deformations of
2,4,6-phenol (crosslinking between
phenolic resin and melamine resin)

890-910 cm ™! CH out-of-plane deformations of
2,4,6-phenol (phenolic resin)

820-810 cm ™! CH out-of-plane deformations of
4-phenol and 2,4-phenol

750 cm™! CH out-of-plane deformations of

2-phenol and 2,6-phenol
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Figure 8 This sketch depicts how probably the crosslink-
ing mechanism looks like. R stands for phenolic resin
polymer, and R’ for melamine resin polymer.

melamine resin fragment is more prominent for the
samples treated at 200°C (samples C and D). This
indicates that the DSC exothermic band at 200°C can
be attributed mainly to the direct crosslinking of
phenolic polymers to melamine polymers. Summing
up, the scheme of Figure 8 proposes the resin mix-
ture crosslinking mechanism. In the first phase, at
150°C, mainly phenolic resin crosslinking occurs up
to have trisubstituted phenols, then, at 200°C, cross-
linking is completed by reaction of melamine poly-
mers with disubstituted phenols. However, the
application of high pressure (140 MPa) inhibits the
extent of the crosslinking, and the creation of an
extended network, mainly by inhibiting the forma-
tion of trisubstituted phenols and the further reac-
tion with melamine polymers.

It is noteworthy to point out that the crosslinking
degree could be incremented by pressure application
when solid state reactions are involved,'“!! which,
in any case, would occur at higher pressures than
those investigated.

CONCLUSIONS

The crosslinking of the chosen mixture of phenolic
resin and 15% of melamine resin follows two steps:
the former at 150°C, where essentially occurs the
crosslinking of the phenolic resin, which leads to
resin networks composed of di- and trisubstituted
ortho (0-) and para (p-) phenols. The latter at 200°C
mainly involves the direct crosslinking of melamine

polymers to phenolic polymers to form also trisub-
stituted phenols, leading to more thermally stable
thermosets. The application of high pressure (140
MPa) to the reaction cell reduces the crosslinking
extent by inhibiting both the formation of trisubsti-
tuted phenols, and the crosslinking between pheno-
lic and melamine polymers, as well as notably
decreases the thermal stability of the thermosets.
This is probably due to the great amount of gaseous
by-products of crosslinking led by HEXA. For exam-
ple, sample A, treated at 150°C and 140 MPa, exhib-
its low extent of tri o, p-substituted phenols, as well
as, no direct reaction with melamine polymers. For
instance, only reaching 200°C is possible to have a
really crosslinked thermoset of phenolic and mela-
mine resins. However, the samples treated at higher
pressure (140 MPa) showed a higher degree of
structuring.

The authors are grateful to the DISMIC of Politecnico di Tor-
ino for the execution of X-ray diffractions.
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