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Abstract

Phenolic resins are the most commonly used binders in brake pads for automotive disc brake systems owing to their affordabil-
ity and thermal properties. However, they also show some limitations related to their crosslinking mechanism. Benzoxazine
resins present themselves as possible alternatives for this application by providing enhanced thermal properties as well as
other industrially attractive characteristics such as lower moisture absorption and unlimited shelf life. This study investigates
the thermal properties of two different benzoxazine resins, with the aim of assessing their capabilities as binder for brake pad
and of understanding how to process them in order to actually employ them as such. DSC, TGA, hardness and tribological
analyses were carried out on neat resin samples and on friction materials containing them as binder. The presence of several
concurring reactions was detected during the crosslinking reaction of benzoxazine resins. The benzoxazine resins showed
lower mass loss respect to a phenolic resin in the temperature range of interest for commercial brake pads application. Fric-
tion material containing benzoxazine resin binder showed promising tribological results.
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Abbreviations DTG Differential thermogravimetric analysis

BA-a Benzoxazine resin monomer based on bis- u Coefficient of friction, dimensionless
phenol A and aniline COF Coefficient of friction, dimensionless

BF-a Benzoxazine resin monomer based on bis- Ka Specific wear coefficient, 107" m2N-!
phenol F and aniline T, Glass transition temperature, °C

R6 Benzoxazine resin based on BA-a Theax Temperature of exothermic peak, °C

R7 Benzoxazine resin based on BF-a E, Activation energy, kJ mol™!

Ph Commercial phenolic resin a Conversion rate of the reaction,

R6_fm Friction material adopting R6 as binder dimensionless

R7_fm Friction material adopting R7 as binder 0} Heating rate, °C min~!

Ph_fm Friction material adopting Ph as binder my ogsas0ec  Mass loss at 250 °C, %

DSC Differential scanning calorimetry my ogses0°c  Mass loss at 650 °C, %

STA Simultaneous thermal analysis Tyir Temperature of maximum mass loss rate, °C

TGA Thermogravimetric analysis p Density, g cm™>
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dozens [1], but can be broadly divided into four categories:
reinforcing materials, friction modifiers, fillers and binders.

The binder constitutes the matrix of the friction mate-
rial composite and is therefore responsible for its structural
integrity. In the case of conventional automotive applica-
tions, i.e. light-duty vehicles (but also trucks), the most used
binders are phenolic resins [2] due to their advantageous
cost and satisfactory thermal properties. The latter are of
paramount importance in brake system applications because
the increase in brake pad temperature during operation may
lead to the degradation of the binder and consequently to
higher wear [3, 4], and, over a certain threshold tempera-
ture, to a sharp increase in the emission of sub-micrometric
particulate matter (PM,) [4-7]. However, phenolic resins
show some limitations given by the shrinkage during cur-
ing accompanied by gaseous species evolution, which can
influence the structural integrity of the composite product,
and by their limited shelf life [8, 9], which is mostly related
to moisture susceptibility. Industrially, friction materials for
brake pads are cured in ovens either in batch or following
a continuous process [10]. Currently, convective ovens are
the most widespread equipment, but IR ovens, providing
more efficient heating through irradiation, are becoming
more popular [10].

A relatively new class of resins, called polybenzoxazines
or benzoxazine resins, offers attractive properties for binder
applications. These resins have been first synthesized in
1944 by Holly and Cope [11] but have gained industrial
interest only in the last couple of decades, owing to their
good mechanical and thermal properties [12—-15], which
make them solid candidates as brake pad binders. Further-
more, these resins show some other interesting properties,
such as dimensional stability and low byproduct formation
upon curing, low moisture absorption and unlimited shelf
life [16—18]. The crosslinking mechanism of benzoxazine
resins, which consists in an addition polymerization known
as ring-opening polymerization [19-21], allows for the
unlimited shelf life and for the minimal volumetric change
and evolution of byproducts during curing, as opposed to
the condensation polymerization process of phenolic resins.
The ring-opening polymerization of benzoxazine resins is
a thermally activated process. Therefore, the conventional
curing process for these resins only consists of a heat treat-
ment. However, innovative processes such as high-pressure
curing were shown to be able to affect the properties of
certain types of resins [22]. Additionally, acid and/or basic
catalysts can be adopted to improve the processing window
and the final properties of benzoxazine resins [23]. Benzo-
xazine resins also show some particularly developed inter-
and especially intra-molecular hydrogen bonding, which
bestow unexpectedly good mechanical properties and mois-
ture resistance to the crosslinked material [14, 17, 20, 24].
Furthermore, the chemical structure of benzoxazine resins
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is highly customizable [25-27], allowing for the possibility
to tune some of their properties according to the desired
application.

Although benzoxazine resins show attractive character-
istics, both in terms of industrial management and thermal
properties, there are several possible chemical bonds that
can form upon crosslinking [24, 28] and that are responsible
for the actual properties of the final product. The “phenolic
Mannich bridge” structure is believed to be the main bond
formed during curing, but it is not the most stable between
the possible obtainable structures [24, 28]. The type of
bonding chemical structure, which determines the proper-
ties of the final product, is influenced by the structure of the
uncured resin monomer [24, 26] and also by the adopted
curing thermal process [29]. Furthermore, it has been shown
that a binder resin might behave differently when processed
together with the other ingredients in a composite mate-
rial, also in the specific case of a friction material mixture
[30-33].

Gurunath et al. [34] studied the possible application of
benzoxazine resins in friction materials. Although their
results were promising, they did not take into account the
wear of the brake linings, which is arguably one of the
parameters most influenced by the binder, and did not pro-
vide any insight respect to how the resins are affected by the
curing process. Furthermore, the types of utilized benzoxa-
zine resin monomers were not specified.

In this study, the curing mechanism and the thermal sta-
bility of some benzoxazine resins were analysed as both
neat resins and in a friction material mixture, in order to
assess the feasibility of their application as a binder for brake
pads. Friction materials prepared with benzoxazine resins
binder were subjected to tribological testing to evaluate
their braking capabilities and wear behavior. As previously
mentioned, benzoxazine resins possess attractive proper-
ties from an industrial standpoint. Their thermal properties
could improve wear and emissions of the brake pads, and
their shelf life would ease its transportation and storage
management and costs. With this work, we aim to provide
an improved characterization of benzoxazine resins in fric-
tion materials, as well as of the friction materials containing
them, which could provide solid bases for a future industrial
application.

Materials and methods

Materials

Two different benzoxazine resins, hereby referred to as “R6”
and “R7”, were supplied by Huntsman International LLC.

These resins are, respectively, based on BA-a and BF-a
monomers, shown in Fig. 1, which are formally derived
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Fig. 1 Benzoxazine resin monomers of (a) BA-a and (b) BF-a

from bisphenol A and bisphenol F, and are the simplest
and cheapest form of multifunctional benzoxazine mono-
mers. Brembo S.p.A. supplied a commercial phenolic resin
binder in powder form, referred to as “Ph”, and a reference
commercial friction material mixture that did not include
any binder. The reference friction material therefore com-
prised all the reinforcing components, friction modifiers
(such as abrasives and lubricants) and fillers in the fractions
employed in the original commercial composition. Grey cast
iron discs having a diameter of 60 mm and a hardness of 258
HV10, directly cut from car disc brakes, were supplied by
Brembo S.p.A.

Sample preparation

Phenolic resin was supplied directly in powder form, while
R6 and R7 were supplied in a glassy block form. Pieces
extracted from the solid blocks were therefore pulverized
with a Fritsch Analysette 3 vibration mill using a WC sphere
for easier handling and dosing.

Benzoxazine resin disc samples were produced by curing
approximately 10 g of R6 and R7 inside aluminium-wrapped
cups using a muffle furnace controlled by a Fuji Electric
PXR4 temperature controller. The curing procedure sug-
gested by the supplier consisted in:

e 5°C min~! heating to 130 °C, followed by a 1.3 °C min™"
heating to 150 °C and a final 0.4 °C min~! heating to the
maximum temperature of 200 °C, maintained for 1 h.

The discs were then extracted by peeling off the surround-
ing aluminium foil. An example of the effect of the curing
process performed on a benzoxazine resin is presented in
Fig. 2.

Three different friction materials were produced by mix-
ing 7% by mass of R6, R7 and phenolic resin to the com-
mercial friction material mixture. The three batches were
blended by a WAB T2F turbula mixer for 15 min to ensure
a homogeneous distribution of the ingredients. Cylindrical
friction material samples, with a diameter of 10 mm, were

Fig.2 Effect of the curing process on R7 benzoxazine resin. Solid
pieces and powder of unreacted R7 monomer (a) become a solid
homogeneous disc after thermal treatment (b)

then produced for each of the three friction material mix-
tures by hot moulding and curing. Hot moulding of the sam-
ples was performed at 150 °C for 10 min applying 100 MPa
of pressure using a Buehler Pneumet I mounting press. Two
different curing processes, schematized in Fig. 3, were used
depending on the type of binder. In case of phenolic resin,
the multistep curing procedure consisted in:

e 5°C min~! heating to 70 °C, followed by a 1 °C min~!
heating to 80 °C maintained for 45 min, followed by a
2 °C min~"! heating to 100 °C maintained for 45 min, and
afinal 1.3 °C min~! heating to 180 °C for 1 h. This curing
thermal treatment is schematized in Fig. 3a.

In the benzoxazine resin case, the multistep curing mim-
icked the one used for neat resins:

e 5°C min~! heating to 130 °C, followed by a 1.3 °C min~!
heating to 150 °C and a final 0.4 °C min~' heating to
200 °C maintained for 1 h. This curing thermal treatment
is schematized in Fig. 3b.

All curing processes were performed in an aerated muf-
fle furnace. Free cooling inside the furnace followed the
thermal treatments. The friction material pins were named
R6_fm, R7_fm, and Ph_fm, respectively, referring to the
R6, R7 and phenolic-containing samples. A block diagram
schematizing the steps of the friction materials preparation
process is shown in Fig. 4.

Experimental techniques

Thermal analysis

Differential scanning calorimetry (DSC) was performed by
means of a Mettler DSC-30 power compensation calorim-

eter to investigate the crosslinking reaction of the resins.
Samples of R6 and R7 were tested at four different heating
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Fig.3 Time—temperature curves of the curing thermal treatments performed on Ph (a) and on R6 and R7 benzoxazine resins (b)
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Fig.4 Schematic representation of the procedure adopted for the pro-
duction of the friction material samples R6_fm, R7_fm and Ph_fm

rates (10, 3, 1 and 0.3 °C min'l) up to 270 °C under nitrogen
atmosphere provided through a 100 ml min~! N, flux. Fol-
lowing ASTM E1356, a further DSC scan at 10 °C min~!
was performed after each DSC analysis in order to measure
the glass transition temperature (T,) of the reacted resins.

A Kissinger—Akahira—Sunose analysis was performed on
the data to determine the activation energy of the crosslink-
ing process of the benzoxazine resins for different conver-
sion percentages, and thus different curing degrees, of the
reactions.

Phenolic resin was tested under the same conditions,
but only a single DSC test with a 10 °C min~! heating rate
was ran. R6 and R7 underwent further DSC-TGA testing
at 10 °C min~! up to 300 °C under air atmosphere using a
Netzsch STA 409 Luxx thermal analyser.

In order to investigate the production process of benzo-
xazine resin-bound friction materials, the results of these
first tests were used to determine some preliminary partial
heat treatments, representative of the curing steps adopted
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for the benzoxazine resins. The effects of these curing
steps were then evaluated by performing a DSC analysis,
with the same aforementioned parameters, on both R6 and
R7. Three preliminary curing steps were determined: a
first one at 145 °C for 3 h, a second one at 170 °C for 2 h,
and a third one at 190 °C for 2 h. These curing cycles will
be, respectively, referred to as “145/3 h”, “145+ 170" and
“145 4+ 190”. While the first step was performed on the
initial resin powders, both the second and third steps were
carried out on fragments obtained after the first curing
step at 145 °C. All these heat treatments were conducted
in a muffle furnace with a heating rate of 5 °C min~'. The
results of these tests are reported in the “Appendix A2”
section of the paper.

Thermogravimetric analyses (TGA) were performed
using a Netzsch STA 409 Luxx thermal analyser in order
to investigate the degradation temperatures of the resins.
Samples of approximately 25 mg of phenolic and benzoxa-
zine resin underwent testing with a heating rate of 10°°C
min~! up to 1050 °C. These analyses were performed
under air and under nitrogen flux. Air simulates the brake
pads working conditions, while N, is used to test the resin
under an inert atmosphere.

Samples of friction materials (R6_fm, R7_fm and
Ph_fm) underwent thermogravimetric analysis under the
same conditions, but only an air flux was employed for
these tests.

Hardness analysis

Shore D hardness testing was performed with a Hildebrand
Shore D hardness tester. R6 and R7 benzoxazine resin discs,
R6_fm, R7_fm and Ph_fm friction material samples under-
went Shore D testing following ASTM D2240. The hardness
of the friction materials was also tested on the surface that
underwent tribological testing.
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Tribological analysis

Tribological analysis was performed using a Ducom
DHM-600 Pin-on-Disc tribometer. Cylindrical pin samples
with a 10 mm diameter of R6_fm, R7_fm and Ph_fm were
tested for 90 min at a constant sliding speed of 1.51 m s™!
(at the centre of the pin) under a load of 79 N, which
results in roughly 1 MPa of nominal contact pressure. The
sliding counterface consisted in grey pearlitic cast iron
discs, which is the most commonly used material for car
brake discs. Before testing, all pins underwent a run-in
stage under the same testing parameters, which lasted at
least 30 min or until the surface of the samples achieved
complete contact (macroscopically conformal contact)
with the counterface disc.

During the test, the temperature and the coefficient of
friction were recorded. The friction coefficient p (or “COF”)
is the coefficient through which the force applied perpen-
dicularly to the moving mating surfaces Fy is converted into
a tangential force F, known as “frictional force”, following

Eq. (1):
Fo=p-Fy )

The specific wear coefficient of the pin “Ka” was also
calculated according to Eq. (2):

V.

w

Ka =
a= 7 )

where V, is the wear volume, Fy is the normal applied force,
and s is the sliding distance.

Results and discussion
Differential scanning calorimetry
Neat resins DSC results

Preliminary 10 °C min~! DSC analyses were performed on
R6, R7 and Ph samples to compare how the reaction tem-
perature range of the investigated resins is positioned respect
to the processing window commonly utilized in the prepara-
tion of friction materials by hot moulding and curing steps
[35-37]. The resulting area-normalized DSC curves are
reported in Fig. 5 together with the processing temperature
window. While the exothermic peak of Ph resin is located
below the hot moulding temperature, those of R6 and R7
appear above the highest temperature commonly reached
during processing. Therefore, further analyses were nec-
essary in order to tailor the processing parameters for the
benzoxazine resins.

150 °C hot molding 180 °C max curing T
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Ml—pn
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Fig.5 10 °C min~! area-normalized DSC curves of R6, R7 and Ph
resins. The dashed area indicates the commonly used processing tem-
perature interval

Figure 6 shows the DSC curves of R6 and R7 obtained at
10,3, 1 and 0.3 °C min~! heating rates in N, atmosphere. All
curves show a clear exothermic peak, which represents the
crosslinking reaction evolution. The R7 peaks are smaller
in height and appear at lower temperatures respect to the R6
peaks for every heating rate.

The curves shown in Fig. 6 are rearranged in Fig. 7,
showing an area-normalized peak comparison between the
different heating rates for both R6 and R7 benzoxazine res-
ins. These graphs clearly illustrate how lowering the heat-
ing rate of the DSC analyses results in the shifting of the
observed reactions, both of their onset and their peak, to
lower temperatures, which is a well-known phenomenon
[28, 38].

The peak temperature, the crosslinking energy, and the
post-DSC glass transition temperature (T,) of the benzo-
xazine resins, obtained from the DSC analyses, are listed
in Table 1. The crosslinking energy was calculated as the
area of the power-time DSC curve. The T, values were
obtained by applying the tangent method, following ASTM
E1356, to a second DSC scan performed at 10 °C min~!
immediately after each test. Therefore, the glass transi-
tion temperature values listed in Table 1 are properties
of the resins cured with different heating rates, and are
not related to the inflection points visible at the begin-
ning (below 50 °C) of the curves shown in Figs. 6 and 7,
which would instead refer to the T, of the unreacted resin
monomers. The peak temperatures are higher for the R6
resin, and both resins see similar drop in the T, val-
ues by lowering the heating rate, in agreement with the
observations made concerning data reported in Fig. 6. The
crosslinking energy values of R6 and R7 do not show a
clear influence of the heating rate. Moreover, these values
vary in a short range in the case of R6, while in the R7

@ Springer
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Fig.7 Area-normalized DSC curves obtained in N, atmosphere at different heating rates (10, 3, 1 and 0.3 °C min.™") for (a) R6 and (b) R7

case they show higher fluctuations but without any clear
trend respect to the heating rate. Concerning the T, values,
those of R6 resin do not follow a monotone trend respect
to the heating rate, and the highest values were registered
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at 1 and 3 °C min~!, indicating the possible presence of a
T, maximum peak. In the R7 case, the glass transition tem-
perature shows instead increasing values when decreasing
the heating rate.
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Table 1 Exothermic peak

o DSC T peak Crosslinking energy T, (measured at
temperature, crosslinking heating rate /°C g 10 °C min™") /°C
energy and glass transition
temperature of R6 and R7 resins R6 R7 R6 R7 R6 R7
obtained through DSC analysis
in N, atmosphere at different 10 °C min™! 246.2 235.3 335.0 330.6 138.1 154.8
heating rates 3 °C min~! 217.6 207.6 338.0 311.1 158.4 156.8

1 °C min~! 192.4 185.2 341.3 335.1 147.9 157.2
0.3 °C min~! 170.3 164.4 335.6 314.7 143.2 194.5

While the DSC curve peaks obtained at 10 and
3 °C min~! have a symmetrical shape, those obtained at 1
and 0.3 °C min~! exhibit the presence of a shoulder on the
right side of the 7,,, which appear more pronounced in
the curves obtained at the lowest heating rate. These shoul-
ders are separate peaks that result partially covered by the
main peak, and can be explained by the presence of several
reactions that contribute to the crosslinking process. The
crosslinking of benzoxazine resins involves in fact poten-
tially more than one reaction [24, 28], which depend on the
different possible structural configurations of the starting
monomers.

To further investigate the nature of the observed peak
shoulders, a deconvolution of the 0.3 °C min~! curves was
performed using OriginLab 2021 software. The results of
this analysis are shown in Fig. 8. Both R6 (Fig. 8a) and
R7 (Fig. 8b) deconvolutions indicate the presence of three
different concurring reactions with comparable peak tem-
peratures, which suggest that similar crosslinking reactions
are involved in the curing of the two benzoxazine resins.
However, R6 and R7 are distinguished by different mag-
nitudes of these reactions, i.e. by different specific energy
contributions. In fact, while the first two peaks show simi-
lar reaction energies for both resins, the third peak is much
more pronounced in R6. Such difference in the third peak
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contribution to the overall crosslinking reaction could
explain the higher T, values observed for R6 respect to
R7 at higher heating rates.

On the base of the calorimetric analyses carried out on
the benzoxazine resins, compared to the conventional phe-
nolic resin, it can be observed that the new resins show a
crosslinking process composed of multiple steps, extend-
ing up to above 200 °C, to have a complete curing. These
observations are in agreement with literature data on similar
resins [19, 28-30, 39-44]. Therefore, an industrial process
for the production of brake pads including benzoxazine resin
binder would be required to reach these temperatures dur-
ing the curing stage. Examining the DSC curing curves,
their deconvolution indicates the overlapping of three dif-
ferent peaks for both the new resins, R6 and R7, with R6
peaks falling at slightly higher temperatures (see Fig. 6).
This can be attributed to the prominent contribution of the
crosslinking reaction related to the third deconvoluted peak
(see Fig. 8), which shows a much higher energy contribu-
tion respect to the equivalent one of the R7 resin. This result
could be explained by the presence of methyl groups in R6
respect to the hydrogen atoms in R7 (see Fig. 1), since a
higher steric hindrance of the chemical groups present in
the resin monomer is known to hinder their polymerization
rate [21].
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Fig.8 Peak deconvolution of (a) R6 and (b) R7 at 0.3 °C min~! DSC curves, obtained in N, atmosphere. The peak temperature and the energy

of reaction are indicated for each deconvoluted peak
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Kissinger analysis

The activation energy (E,) of the crosslinking reaction for
both R6 and R7 was estimated using the Kissinger method.
The original form of this method uses the T, recorded
at different heating rates to evaluate the activation energy
of the reaction associated to those peaks. However, this
approach is prone to underestimating the kinetic complex-
ity of reactions, especially when they involve a multistep
process [28, 29], thus leading to meaningful errors in the
evaluated E,. By following an isoconversional approach,
which involves the use of the temperatures correspond-
ing to a fixed conversion rate of the reaction recorded at
different heating rates, the error in the activation energy
calculation can be minimized [45, 46]. Therefore, a Kiss-
inger—Akahira—Sunose method [47] was hereby employed,
following Eq. (3):

T2 E E
nl 2= ) = a(o) 1 a(o) 1
n " T T, +In TN o +1In(B,) 3)

where a is the conversion rate of the transformation, T,
is the temperature at which the a value of conversion is
reached, E,, is the activation energy required to reach a, @
is the heating rate, R is the universal gas constant, k is the
pre-exponential factor, and f, is a constant (see “Appendix
A1 section, Eq. (4)).

In the present investigation five different T values were
considered, i.e. those corresponding to a values of 0.1, 0.3,
0.5, 0.7 and 0.9 for all the used heating rates, i.e. 10, 30, 50,
70 and 90% of the transformation energy. For each conver-
sion percentage, the activation energy is then calculated by
multiplying the universal gas constant R by the slope of the
1/T ~In(T%¢) plot. Table 2 shows the calculated T, and E,,
while Fig. 9 provides a comparison between the Kissinger
plots obtained at different a for both R6 (Fig. 9a) and R7

Table 2 Temperature at which

) T,/°C E,/kJ mol™!
the conversion rate a (0.1, 0.3,
0.5, 0.7 and 0.9) is reached 0.3 °C min~! 1 °C min~! 3 °C min~! 10 °C min™"
at different heating rates
and activation energy of the R6a=0_1 164.6 185.2 209.3 236.9 81.5+1.9
reactions involved toreach a for -~ R7,_, 152.5 173.2 194.6 221.6 81.2+1.1
R6 and R7 R6,_0 3 172.7 192.6 215.9 2433 86.5+23
R7,-03 164.3 184.1 204.7 231.6 87.9+2.0
R6,_s 183.9 201.4 221.3 246.3 102.3+3.5
R7,-05 175.5 194.9 212.1 236.7 101.8+2.6
R6,-07 192.9 208.1 225.1 249.2 117.4+6.6
R7 4207 186.7 203.5 218.8 241.7 118.3+4.6
R6,-09 208.3 223.7 237.8 256.6 146.3+2.9
R7 200 201.9 221.0 232.9 252.8 137.3+7.9
In bold the activation energy is reported
(a) (b)
171 17-
16 161
15 151
—~ 14+ = 144
- -
?I_ﬁ 134 (g 13-
E 124 R6 £ 124
—a=0.9
11 —— =07 114
——a=03
104 —— =02 10
o=0.1

0.00195 0.00210 0.00225 0.00240 0.00255 0.00270

1.7-1 /KT

0.00195 0.00210 0.00225 0.00240 0.00255 0.00270
171 /K-

Fig.9 Kissinger plots of (a) R6 and (b) R7 at different progression percentages of the reaction. The slope of the fitted straight lines is indicative

of the activation energy
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(Fig. 9b). In all the investigated cases, the plotted values
lead to good linear interpolation (R%*>0.993). The activa-
tion energy of the transformation substantially increases (by
70-80%) with a, further indicating that more than one step is
involved in the crosslinking process of both R6 and R7 [48].

Curing process activation energy, measured through the
Kissinger method, showed similar values between R6 and
R7 for reaching the same degree of curing, suggesting that
the involved curing mechanisms are mainly the same for
the two resins. The steep increase in the activation energy
required to reach higher curing degrees is in accordance
with the results obtained from the deconvolution of the DSC
peaks (see Fig. 8), further suggesting that the crosslinking
process indeed involves more than a single step.

Further kinetic analysis was carried out by Arrhenius
method, which produced results in line with the aforemen-
tioned ones. This analysis is reported in the “Appendix A3”
section of the paper.

Thermogravimetric analysis
Inert atmosphere (N,)

The full data regarding the degradation steps registered
during TGA analysis in N, atmosphere are reported in
the “Appendix A4” section of the paper. Table 3 lists the
mass loss value registered at 250 °C and 650 °C (respec-
tively “my ggg250 «c” and “my ogg 650 °c”) and the tempera-
ture corresponding to the maximum mass loss rate “Ty; g”
for all the samples that underwent thermogravimetric test-
ing (i.e. resins in N, and air and friction materials in air).
The temperature of 250 °C was chosen as point of interest
because it is representative of the operative conditions of
disc brake systems, which under conventional braking con-
ditions can reach about 200 °C [49, 50]. Figure 10 shows
the TGA and DTG (Differential Thermogravimetric Analy-
sis) curves obtained for R6, R7 and phenolic resin in nitro-
gen atmosphere. Both benzoxazine resins exhibit a lower
mass loss in the initial part of the curve respect to Ph, but
above ~300 °C their residual mass lowers below that of Ph.
Indeed, my ogg 550 oc values of R6 and R7 are comparable,

——R6 L3
100 R7
—— Phenolic P
DTG R6
801 DTGR7 | |4
- DTG phenolic -
£
o 60
3 1]
© .8
= 40 £
3O
[a]
20 -
L—5
04
i T T T T -6
0 200 400 600 800 1000

T/°C

Fig. 10 TGA and DTG curves of R6, R7 and Ph resins obtained in
inert (N,) atmosphere

while being lower than half of that of Ph. The difference in
Ty r value between all the three resins suggests that, under
nitrogen atmosphere, the reactions most affecting the mass
loss of these materials are different. None of the three tested
resins reach zero residual mass, in fact the lowest registered
residual mass value (about 26%) at the end of the test was
the one of R6.

Ran et al. [24] obtained comparable results to R6 with
a similar benzoxazine resin based on BA-a. The higher
mass residue of R7 respect to R6 might be due to different
crosslinking structures formed during the curing of the res-
ins, which will be later discussed. A difference in some cur-
ing mechanisms of the two resins was already suggested by
the different contributions of the deconvoluted peaks shown
in Fig. 8, and they might be ascribed to the steric hindrance
of the dimethyl group present in the BA-a monomer (see
Fig. 1).

Air atmosphere

The full data regarding the degradation steps registered
during TGA analysis in air atmosphere are reported in the

Table 3 Mass loss percentages

at 250 °C and 650 °C and TGA my 65,250 °c/ % my oss,650 °c/ % Tyr/°C
temperature of max loss rate for R6 R7 Ph R6 R7 Ph R6 R7 Ph
R6, R7 and Ph in inert (N,) and
air atmosphere Resins 2.04 2.17 5.31 70.45 52.82 37.08 318 418 555
(N, atmosphere)
Resins 2.89 2.34 4.53 94.91 87.42 98.18 617 627 600
(Air atmosphere)
Friction mat 0.81 0.57 0.75 12.74 13.71 16.99 744 753 531

(Air atmosphere)

The same parameters are also shown for the friction materials R6_fm, R7_fm and Ph_fm in air atmosphere
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“Appendix A4” section of the paper. Figure 11 shows the
TGA and DTG curves obtained under air atmosphere for
the three tested resins. Analogously to the results observed
under nitrogen atmosphere, R6 and R7 exhibit lower
mass loss respect to Ph at lower temperatures. Indeed, the
my 5050 °c Values result at least 35% lower for the benzoxa-
zine resins. Above approximately 300 °C, the phenolic resin
maintains a higher residual mass, until about 600 °C. At the
end of the test, all resins show a complete degradation, with
mass losses above 98.5%, and only Ph reaching a value of
100%. In the reactive air atmosphere, Ty g results similar
for all three resins, suggesting that they have been subjected
to the same degradation process.

A comparison between air-atmosphere TGA and DSC
analyses of R6 and R7 is shown in Fig. 12. Both benzoxazine
resins show an exothermic DSC peak in correspondence to
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Fig. 11 TGA and DTG curves of R6, R7 and Ph resins obtained in air
atmosphere
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the first DTG negative peak before 250 °C, thus indicating
that the crosslinking process is responsible for the first mass
loss stage.

As reported in other literature investigations, benzoxazine
resins show a better temperature resistance than epoxy and
phenolic resins [12, 13, 15, 19, 24]. In the present research,
TGA analyses (see Fig. 11 and Table 3) demonstrated that
the benzoxazine resins show an improved thermal behavior
respect to the one of phenolic resin, at least concerning the
range of application as binder for brake pads, i.e. 200-250 °C
in case of severe braking actions. Lower my g 550 oc Values
were in fact registered both in inert N, atmosphere and in a
more operation-representative air atmosphere (see Figs. 10,
11 and Table 3).

While R6 and R7 resins have extremely similar monomer
molecules, the thermal analyses showed some differences in
their properties. The four main crosslinking structures that
have been proposed for the curing of polybenzoxazines res-
ins [24, 51-53] are shown in Fig. 13, in clockwise decreas-
ing order of stability. Since R7 displayed slightly better
thermal degradation properties, in both N, and air atmos-
phere, respect to those of R6, it is supposed that R7 was
able to either produce a higher fraction of arylamine Man-
nich bridge (Fig. 13c) structures or a lower fraction Mannich
base phenoxy-type bridge (Fig. 13e) structures respect to R6.
Since the overall crosslinking energy of R7 always resulted
lower than that of R6 (see Table 1), it is unlikely that the
higher thermal stability of R7 could be explained by a higher
crosslinking degree. Thus, the capability to form more stable
linkages appears to be a more reasonable explanation.

The reaction associated to the third deconvoluted peak,
shown in Fig. 8, might be therefore the one resulting in
one of the less stable linking structures, since it is more
prevalent in the case of R6. The reason for the formation of
different crosslinking structures between R6 and R7 might

(b)
F1.2
tog T
o
>
. L
% 06
g 2
=
los 2
=
T
(4]
Lloo T
75 +— -03
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Fig. 12 TGA, DTG (scale not reported) and DSC curves of (a) R6 and (b) R7 obtained in air atmosphere. The red dashed circle indicates the
exothermic peak of the DSC curve and the correspondent negative DTG curve peak
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Fig. 13 Possible crosslinking
structures that can be formed
during the curing process of

a benzoxazine resin. (a) is a
general benzoxazine monomer.
The crosslinking structures are,
in decreasing order of thermal
stability: methylene bridge (b),
arylamine Mannich bridge (c), 2
phenolic Mannich bridge (d) >

and Mannich base phenoxy-type N -

bridge (e) / \

be identified in the previously discussed effect of the steric
hindrance of the R6 dimethyl group, which can influence the
crosslinking process [21].

Friction materials in air atmosphere

Figure 14 reports the TGA and DTG curves of the R6_fm,
R7_fm and Ph_fm friction materials in air atmosphere. Fig-
ure 14b shows a magnification of the results obtained in the
0-400 °C range. At 250 °C, R7_fm undergoes a lower mass
loss than that of R6_fm and Ph_fm, which instead share a
similar value of my g5 250 oc- Above 300 °C the TGA curves
of all three resins behave similarly, up until 490 °C, where
the mass loss rate of the benzoxazine-containing friction
materials start to stabilize while that of Ph_fm continues

a
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Fig. 14 TGA and DTG curves of R6_fm, R7_fm and Ph_fm fric-
tion materials obtained in air atmosphere. The full range of analysis
is shown in (a), while (b) shows the curves up until 400 °C. The red
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to increase (see circled portion of DTG curves in Fig. 14a).
This leads to values of my ogg 650 oc that are more than 20%
lower for the R6_fm and R7_fm friction materials respect to
the Ph_fm one. These my ogg 650 oc results diverge from those
obtained from the analyses of the resins, where Ph showed a
lower mass loss respect to the benzoxazine resins, suggesting
that the curing process has better stabilizing effect on R6 and
R7. Tt is also worth noting that the my g5 550 oc Values of the
three friction materials exceed the 7% value, indicating that
other constituents of the friction materials over the resins
(e.g. rubber, aramid fibre, vermiculite and mica [54, 55])
are also degrading.

Whilst the neat resins TGA curves reached a plateau
shortly after 650 °C, those of the friction materials show
a further mass loss of around 10% followed by an increase

(b)

100.04

99.5

98.0-
——R6_fm
97.54 —R7_fm
—Ph_fm
DTG R6_fm
97.0+ DTG R7_fm - 0.4
DTG Ph_fm
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T T T T r T T
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dashed circle in (a) highlights the point where the Ph_fm DTG curve
noticeably departs from those of R6_fm and R7_fm (~490 °C)
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of the registered mass. The mass loss can be explained by
the degradation of other ingredients present in the friction
material mixture, e.g. vermiculite, graphite and coke [54,
56, 57], which also contribute to the maximum mass loss
rate in the case of R6_fm and R7_fm. The mass increase
observed above 800 °C is related to the oxidation of metallic
constituents present in the friction material like Fe fibres.

The thermal behavior of the friction materials produced
using R6 and R7 resins, i.e. the pad materials, resulted simi-
lar to that produced with phenolic resin, in the temperature
range up to 250 °C, as shown in Fig. 14b. Starting from this
temperature an incipient phenomenon of brake pad fading,
due to overheating, may occur [58, 59]. The similar TGA
curves up to 250 °C indicates the feasibility of substituting
the phenolic resin with the new ones, without any risk of
having a higher or earlier pad degradation process. In this
regard, it is worth noting that R6_fm and R7_fm showed
satisfactory thermal degradation resistance even though the
production process involved a hot moulding stage which
was not optimized for their higher temperature curing. In
order to promote the development of the crosslinking reac-
tion already during the hot moulding stage, a temperature
in excess of 150 °C is required. It is also important to note
that the hot moulding parameters required to optimize the
friction material production would change depending on the
particular type of benzoxazine resin employed, which would
have their crosslinking further influenced by the applied
pressure, as shown by Zeng et al. [22].

Shore D hardness

The results of the Shore D hardness tests, which were per-
formed applying a 4 kg load, are listed in Table 4. The values
obtained for the cured R6 and R7 resins are comparable, and
similar to a control epoxy resin that showed an average shore
D hardness of 86. In the case of friction materials, R6_fm
and R7_fm show similar results, with R7_fm being slightly
harder. However, Ph_fm shows a clearly higher hardness
value respect to those of the other two friction materials.
This discrepancy can be explained by the difference in the
densities of the friction materials. In fact, a higher density
leads to higher shore D values, as depicted in Fig. 15. The
comparable values of R6_fm and R7_fm are expected due

741 Ph_fm ,
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Shore d hardness

Fig. 15 Shore D hardness variation with density of friction materials
R6_fm, R7_fm and Ph_fm. The dashed line shows the linear fitting of
the plotted points

to the high similarity in composition between the compared
materials, which only slightly differ in their binder.

For all materials, the measurements taken on the pin fric-
tion surface (reported in Table 4) showed an increase in the
shore D hardness value of 3.5—4, which is attributable to
the formation of a so-called “friction layer” [60, 61] on the
mating surfaces during the Pin on Disc testing. In fact, the
friction layer is constituted by compacted wear fragments,
in particular by oxidized metallic particles [1, 5].

Hardness values of the friction materials produced with
the new resins are in the range of the reference one, even if
a slightly lower density has been measured in R6_fm and
R7_fm. The density difference itself does not arise from a
disparity between the densities of the resins, but it might be
a by-product of the adopted hot moulding production step.
While the curing step was adapted to the friction material
binder resin, i.e. it was the same used for the neat resins (see
Fig. 3), it is crucial to note that, in the production route of
the friction materials, a hot moulding operation was per-
formed before the curing stage.

As shown in Table 5, the benzoxazine-containing fric-
tion materials are subjected to stronger mass loss and larger
height expansion during the curing process respect to those
observed for Ph_fm, which lead to a higher density loss. In

Table 4 Shore D hardness and bulk density of R6 and R7 resins and of R6_fm, R7_fm and Ph_fm friction materials

R6 R7 R6_fm R6_fm con- R7 fm R7_fm con- Ph_fm Ph_fm
tact surface tact surface contact
surface
Shore D 87.9+2.5 84.5+4.7 58.5+2.7 62.8+2.9 62.0+2.0 65.5+3.8 73.0+2.0 76.7+1.5
(4 kg load)
Bulk density /g cm™3 1.21 1.26 1.92 2.12 - 221 -

The shore D hardness value is also shown for the surfaces of R6_fm, R7_fm and Ph_fm that underwent tribological testing
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Table 5 Density difference, height expansion and mass loss caused
by the curing process of R6_fm, R7_fm and Ph_fm friction materials

Friction mate-  Curing Ap  Curing Curing Neat resins
rial /g em™ height mass loss curing mass
growth 1% loss /%
1%
R6_fm -0.53 22 0.9 1.0
R7_fm - 049 19 0.7 0.5
Ph_fm -0.34 13 0.6 4.5

The mass loss during curing is also shown for the neat R6, R7 and Ph
resins subjected to the same curing process

spite of this, the curing mass loss of the neat resins exhibits
the opposite behavior, i.e. Ph loses more mass respect to
both R6 and R7. This discrepancy between neat resin and
friction material mass losses can be attributed to the hot
moulding process, which was performed at the machine
limit value of 150 °C. For R6 and R7, this temperature falls
below the T, of their crosslinking reaction, while it is
well above that of Ph (see Fig. 5). Therefore, the hot mould-
ing step allowed for a significant evolution of the binder
crosslinking, before undergoing the specific curing stage
process, only in the case of Ph_fm. This entails that, for
Ph_fm, a portion of the density loss associated to the resin
crosslinking reaction was compensated by the hot mould-
ing pressure application. Nevertheless, a lower density, or
higher porosity, in a friction material is not necessarily det-
rimental, as it can have some beneficial effects with respect
to braking noise [10, 62].

Pin-on-disc tribological testing

Single samples of R6_fm, R7_fm and Ph_fm were tested
on a pin-on-disc tribometer in order to assess the feasibility
of the application of benzoxazine resins as friction mate-
rial binders. While single test run values do not provide a
conclusive picture of the tribological performances of the
new materials, they are enough to evaluate if their overall
behavior complies with their intended application. Figure 16
shows the friction coefficient evolution of the three friction
materials during the pin-on-disc test.

The three pin-on-disc curves show a similar behavior.
Two specific parts of the COF curves can be distinguished
in each curve, namely a “run-in” period and a “steady-state”
regime. The run-in is the brief time window at the begin-
ning of each test during which the friction coefficient rapidly
increases. The steady-state regime is achieved once the fric-
tion coefficient curve stabilizes. R6_fm and R7_fm reach
this steady-state faster respect to Ph_fm and show an overall
more stable behavior of the friction coefficient. Once the
steady-state is reached, the friction coefficient results are
almost identical, as shown in Table 6.
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Fig. 16 Pin-on-disc friction coefficient curves of R6_fm, R7_fm and
Ph_fm friction materials

The calculated values of steady-state friction coefficient,
specific wear coefficient (“Ka”) of the pin and of the disc,
and the “pin specific wear” are listed in Table 6.

The benzoxazine-containing friction material pins show
similar Ka values, while that of Ph_fm is lower. However,
Ka is a measure of the volumetric wear, and it is therefore
influenced by the density difference between the tested
materials. Therefore, while Ka is still a valuable measure of
the wear of these friction materials, the mass loss is more
representative of the amount of material worn during the
test and is represented by the pin specific wear of the tested
samples, which was measured as the mass loss over the total
slid distance. In this case, R6_fm and Ph_fm show the same
mass wear, while R7_fm loses more mass per unit of trav-
elled distance.

The specific wear coefficients of the cast iron discs reflect
the ones obtained for the pin specific wear, i.e. R6_fm and
Ph_fm show similar results, while R7_fm displays higher
wear. Note that there would be no relative difference
between the volume and mass wear of the discs because the
disc material is always the same.

The tribological properties of the friction materials
produced with R6 and R7 resins are the most important

Table 6 Steady-state friction coefficient (u), specific wear coefficient
of the pin (Ka) and of the disc (Kapgc), and pin specific wear of
R6_fm, R7_fm and Ph_fm friction materials obtained through Pin-
on-Disc testing

R6_fm R7_fm Ph_fm
u (steady-state) 0.49 0.50 0.50
Ka/10™* m?> N~! 3.53 3.57 3.01
Kapso/1074 m? N~! 1.49 1.71 1.47
Pin specific wear/mg km™! 53 6.0 5.3

@ Springer



780

D. Carlevaris et al.

characteristics when considering the application of benzo-
xazines as binder for brake pads. Notably, the friction coef-
ficients, measured during pin-on-disc tests sliding against a
cast iron disc, showed the same values observed in the case
of the pin made with phenolic resin (0.49-0.50). COF is
indicative of the braking efficiency of the pad + disc system,
and it must in fact be in a precise range for the automotive
applications to ensure a stable and reliable braking action.
Therefore, the preservation of the p level is an optimal result
from a brake pad application standpoint.

Regarding the pin wear, in terms of mass loss, it also
resulted very similar for the three friction materials, whereas
in terms of volume loss, wear appeared slightly higher for
benzoxazine-containing friction materials, since these have
lower density than the phenolic based one. It is important to
stress that these preliminary tribological tests were carried
out in mild braking conditions, which led to disc tempera-
tures not exceeding 50 °C. As it was presented in the thermal
analysis sections of this work, the benzoxazine resins (and
friction materials containing them) should present some
advantages respect to the conventional phenolic resin when
subjected to harsher conditions, i.e. in the case of heavier
braking conditions (higher temperature).

In perspective, the optimization of the processing tem-
peratures/times, in particular those of the hot moulding
stage, would lead to the production of benzoxazine based
friction materials with superior properties, able to ensure
higher temperature resistance if tested in conditions of more
severe braking. This also entails that a lower environmental/
health impact would be expected by the lowering of pro-
duced emission related to both the pad wear (PM,,) and
resin degradation (PM,). Dynamometric tests simulating
real braking conditions will be also carried out to assess the
performance of the new friction materials.

Overall, the tribological test results indicate that benzo-
xazine resins can successfully be implemented as binder for
friction materials.

Conclusions

Two different benzoxazine resins were studied and compared
with a conventional phenolic resin in order to assess the
possibility to use them as binder in automotive brake pads.
Both neat resins and friction materials containing them were
tested, providing some interesting results:

e The curing reaction of the R6 and R7 benzoxazine resins
is a multistep process, as indicated by DSC and Kissinger
analyses

e Despite the longer time requirements, a slow heating
rate seems preferable to investigate benzoxazine resins,
in order to better assess the multistep reaction

@ Springer

e An activation energy above 140 kJ mol.™! is required to
reach complete crosslinking of R6 and R7

e R7 showed slightly better resistance to thermal degrada-
tion respect to R6. An easier capability to form more
stable crosslinking structures during curing was indicated
as main possible explanation

e The benzoxazine resins show better thermal resistance
respect to the phenolic resin, especially in the tempera-
ture range of interest (<250 °C)

e Friction materials with benzoxazine resin binder offer
satisfactory tribological properties, suggesting promis-
ing capabilities if produced following a better optimized
process

e The thermal properties shown by the benzoxazine resins
suggest that the friction materials containing them are
poised to provide better braking capabilities than those
of friction materials containing phenolic resin in the case
of more severe braking conditions, while also lowering
their particulate matter production

Appendix
A1: State function for Kissinger analysis

For constant heating rates, the state function  follows
Eq. (4) [63]:

T> R
ﬂ=;‘E—'k0 “

For a fixed conversion percentages of the reaction (a),
the value of p, remains constant when varying the heating
rate ¢ [63].

A2: Curing steps effects

The DSC curves for the 145 °C/3 h, 145+ 170 and 145+ 190
samples, obtained with a 10 °C min~! heating rate, are
shown in Fig. 17. Similarly to the results obtained for the
neat resins (see Fig. 6), the R6 curves show peak tempera-
tures higher than those of R7. The reaction energies obtained
from the area of these curves represent the residual portion
of the crosslinking reaction, which was not brought to com-
pletion by the performed heat treatments. In Fig. 18, the
effect of the heat treatments on the DSC curves of the tested
resins can be better appreciated. Indeed, Fig. 18 clearly
shows how the crosslinking peaks shift to higher tempera-
tures and give lower residual energies when moving from
the 145 °C/3 h treatment to the 145+ 170 and further to the
145 + 190 treatments.

Table 7 lists the peak temperature, the crosslinking
energy and both the T, and the post-DSC T, (referred to as



Characterization of benzoxazine resins for brake pad friction materials manufacturing 781

(@) 12,

—— R6-145°C/3h
o 1
104 — R7 - 145 °C/3h 297.3Jg 2815J¢g"

228.0°C -~

|220.3°C

0.4

0.24

Heat flow/W g~'
o
2

|
o
(M)

h

|
o
~

1

50 100 150 200 250 300 T/°C

I I I

10 15 20 25 30 t/min

|
o
2}
o
ot

(b) ()

0.2+
IR ANl 14440g" 0.0 —— R6- 145 °C/3h + 190 °C/2h
——R7- + o o
0.14 prppy —— R7 - 145 °C/3h + 190 °C/2h
T 0.0 1089Jg" T o014
u% 246.6 °C Q
- 0.14 w
! T 195J4g"
o o
_ 0'2_
s— 0.2 s 149Jg"
% 2 260.3 °C
=-0.3 2
© = _ 03
s 8 0.3
T-0.4 T
—0.54 50 100 150 200 250 300 /°C —0.4- 50 100 150 200 250 300 1/°C
0 5 10 15 20 25 30 t/min 0 5 10 15 20 25 30 t/min

Fig. 17 10 °C min~! DSC curves of R6 and R7 samples that underwent the (a) 145 °C/3 h, (b) 145+ 170 and (c¢) 1454 190 treatments under N,

atmosphere

C)) (b)

0.84 [Re 281.5Jg" 1.04 TRr7 297.3Jg"
——— 145°C/3h | i2=8d=C —— 145 °C/3h T 2280°C
0.6 — 145°C/3n+170°Cr2h \ 0.8 145 °C/3h + 170 °C/2h
4 ] T 145°CBN+190°C/2n [ 2 —— 145 °C/3h + 190 °C/2h | \
o 04 | \\ 9 061 /
u / \ = o4 | \
T, 021 1e9dg” \ 5 1sasg |
E 246.6 °C / \ s 024 2080°C | \
s 0.0+ S \ . = /™ \
) \ 149949 S oo
=-0.21 \ | 2603°C ,g
T T~ 021
- 0.4 os ;
—0.6- 50 100 150 200 250 300 1/°C 50 100 150 200 250 300 1/°C
: ; " ; | } f -06 } : } } } |
0 5 10 15 20 25 30 t/min 0 5 10 15 20 25 30 t/min

Fig.18 10 °C min~! DSC curves of the 145 °C/3 h, 145+ 170 and 145 + 190 treatments of (a) R6 and (b) R7 under N, atmosphere

T, and Ty, respectively) of the analysed samples. Note that  is influenced by the thermal treatment related to the DSC
T, is the value that showcases the effects of the 145/3 h,  analysis heating. By comparing these results with the ones
145+ 170 and 145+ 190 thermal treatments, while TgII obtained for the neat resins (see Table 1), the 145 °C/3 h
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Table 7 Peak temperature,

. Curing steps (DSC performed at Ty Residual energy Tg; (first scan)  Tgy (second
energy of the e.x?therrnlc peak 10 °C min~") /°C g /°C scan)
and glass transition temperature /°C
of first and second 10 °C min~!
DSC scan performed on R6 R6 R7 R6 R7 R6 R7 R6 R7
and R7 samples that underwent
the 145 °C/3 h, 145+ 170 and 145°C/3 h 2293 228 2815 2973 69.5 57.1 135.7 1341
145 + 190 thermal treatments 145 °C/3h+170/2 h 246.6 238 1089 1444 1556 1245 1536 171.7
145 °C/3 h+190/2 h 2603  253.6 14.9 195 171.8 167 160.5 1784
Table 8 Heating rate and peak -1 -1
¢ Log() R6T,., RIT.. R6T.. RIT.. R6T,, R7T,..
temperatl}re data of the DSC /°C min-! oC peak e peak /K peak /K peak /K- peak /K- peak
analyses in N, atmosphere
performed on R6 and R7 10 1 246,2 235,3 51936 50846 0,001,925 0,001,967
3 0,477,121 217,6 207,6 490,76 480,76 0,002,038 0,00,208
1 0 192,4 185,2 465,56 458,36 0,002,148 0,002,182
0,3 -0,52,288 170,3 164,4 443,46 437,56 0,002,255 0,002,285

treatment shows marginal effects towards the development of
the crosslinking process. It still exhibits 84-90% of residual
crosslinking energy, comparable values of T, and much
lower values of T,;. The 145+ 170 treatment displays a pro-
gression in the crosslinking process instead: residual energy
is in the 32-44% range and T, increases, suggesting that
the crosslinking phenomena that develop at lower tempera-
tures have been carried out, at least partially, thus leaving the
higher temperature ones to be detected by the DSC analysis
as curve residues (see Fig. 8). T is higher than the one
recorded for the post-DSC neat R6 resin, while that of R7 is
still lower. The 145 + 190 treatment results indicate almost
complete crosslinking: residual energy is 4-6%, T, is fur-
ther increased, and Ty, values are higher than all those previ-
ously recorded, suggesting that a multistep curing process
allows for a better development of the crosslinking network
of these resins.

A3: Analysis of the multistep reaction

In the dynamic method derived from the Arrhenius method,
several heating rates are used and they are related to the tem-
perature at which definite percentage of crosslinking occurs,
according to Eq. (5):

E

log(p) = A !

T 2303 -R-T, )

where @ is the heating rate, A is the pre-exponential factor,
E, is the activation energy, R is the universal gas constant,
and T is the absolute temperature at which an a percentage
of crosslinking has been completed.

The peak temperatures of R6 and R7 registered during
DSC analysis in N, atmosphere at different heating rates,
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Fig. 19 Line interpolation of the heating rate and T, data obtained
from the DSC analysis of R6 (blue line) and R7 (red line)

and the heating rate values of each analysis are reported in
Table 8.

Figure 19 shows the Arrhenius interpolated straight
lines of R6 and R7 obtained from plotting Trjelak and log(p)
obtained by DSC analysis. From these lines, it was possible
to calculate the activation energy E, and the pre-exponential
factor A for the crosslinking reactions of R6 and R7, which
are, respectively, related to the slope and the intercept of
the lines. E,, A and the interpolated straight lines data are
reported in Table 9. The pre-exponential factor A repre-
sents the log(¢) at which a certain percentage of crosslink-
ing occurs at infinite temperature; the higher the value, the
faster the reaction. Note that the peak positions seem to cor-
respond to the value of about 30% of the crosslinking reac-
tion (see Table 2). The kinetics of the thermal crosslinking
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Table 9 Straight line data, pre-exponential factor (A) and activation
energy (E,) obtained from the interpolation of the heating rate and
Tpeax Of R6 and R7 DSC analyses

Table 10 Straight line data, pre-exponential factor (A) and activation
energy (E,) obtained from the interpolation of the heating rate and
Tpeax Of R6 and R7 DSC analyses

12

Resin R?

°C min~ slope A (intercept) E, slope A (intercept) E,

/kJ mol~! /kJ mol ™!

R6 peak  0,99,928 —4586+71  9,83+0,15 87.8+1.4 R6,,; 099876  —4668+95 10,16 +0,20 89.4+1.8

R7 peak  0,99,926 —-4776+75 10,41+0,16  91.4+1.4 R7,01 099962  —4641+52 10,39+0,11 88.9+1.0

R6,,; 099,834 —4933+116 10,56+024  945+22

R7,.0; 099,882 —4998+99  10,92+021  957+1.9
process depend on both the activation energy and on the pre- R6, s 099717 —5768+177 12,12+037  1104+3.4
exponential factor. The higher A value of R7 indicates that R7,,s 099,836 —5735+134 1226+028  109.8+2.6
its crosslinking reaction occurs faster respect to that of R6. R6, ., 0099208 —6563+338 13,60+0,69  1257+65
The interpolated straight lines obtained from the Arrhe- R7,_,, 09962 — 66004234 13854048  1264+45
nius analysis of the DSC curves at different a values (0.1, R6,_40 09990 —8083+148 1627+029 1548429
0.3,0.5,0.7 and 0.9) are shown in Fig. 20. The data relative R7,00 099,103 —7603+417 15464084  145.6+8.0

to the interpolated lines, as well as the activation energies
E, are reported in Table 10.

The activation energies obtained following the Arrhenius
approach result coherent with those calculated following the
Kissinger—Akahira—Sunose method. However, their value is
consistently higher by about 9 kJ mol~!.

Figure 21 shows the behavior of the activation energy
E, and pre-exponential factor A respect to the evolution of
the crosslinking reaction a of R6 and R7. E, and A show
analogous trends for both R6 and R7. Both Ea and A result
higher for R6 to reach 90% of the crosslinking reaction
respect to R7. These results match those obtained with the
Kissinger—Akahira—Sunose method (see Table 2), and they
are also in agreement with the peak deconvolution shown in
Fig. 8. The higher value of E, and A in case of R6 _ 4 is in
fact representative of the third deconvoluted peak, which is
larger than its R7 counterpart.

Furthermore, for both resisn, in Fig. 21 it is possible to
appreciate three different curve trends that can be attributed
to the three reaction peaks shown in Fig. 8. The first is below

1.004
0.75+
0.50+

0.25+

Log(¢/°C min~T)

0.00+

—0.25-

—0.50+

0.0021 0.0022 0.0023

T_1peak/K_1

0.0019 0.0020

Fig.20 Line interpolation of the heating rate and T, data obtained
from the DSC analysis of R6 (blue lines) and R7 (red lines)

a=0.3, the second between ¢ =0.3 and a=0.7, and the third
one above a=0.7. In the case of R7, the curve trend above
a=0.7 shows little difference respect to the previous part
of the curve, and this is explained by the low energy con-
tribution of the third reaction during its crosslinking (see
Fig. 8b).

A4: Thermogravimetric analysis data

The thermal degradation events of Ph, R6 and R7 that devel-
oped during TGA analysis in N, atmosphere (see Fig. 10)
were identified as the negative peaks on the relative DTG
curve. The temperatures of start (T,) and finish (Ty) of these
steps, as well as their mass loss (both of the single event
and the total mass loss reached) are reported in Tables 11,
12 and 13.

While certain degradation steps were easily distinguish-
able and their contribution to the mass loss clearly identifi-
able, other events were influenced by multiple concurring
reactions. Their DTG peaks, while discernible, behaved like
shoulders on a broader background peak. Therefore, their T,
T; and mass loss values are not unequivocally representa-
tive of their own contribution. In particular, Ph event 3, R6
events 2 and 3 and R7 events 2, 3, 4 and 5 show some over-
lap of diverse events in N, atmosphere. As an example, the
shoulder on the DTG peak of R6 event 3 suggests that it
comprises the contributions of R7 events 4 and 5. Further-
more, it should be noted that all the TGA curves reached
their maximum mass loss at the end of the test, i.e., at
1050 °C, suggesting that some more degradation, although
minimal, could have been still developing.

The thermal degradation events of Ph, R6 and R7 that
developed during TGA analysis in air atmosphere (see
Fig. 11) were identified as the negative peaks on the rela-
tive DTG curve. The temperatures of start (T,) and finish
(Tp of these steps, as well as their mass loss (both of the
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Fig.21 Dependency of activation energy E, (a) and pre-exponential factor A (b) on development of the crosslinking reaction (a) in case of R6

and R7

Table 11 Degradation step start (T,) and finish (T;) temperatures,
mass loss contribution of the single degradation step and total mass
loss reached after the step registered by TGA analysis of Ph resin in
N, atmosphere

Table 14 Degradation step start (T,) and finish (T;) temperatures,
mass loss contribution of the single degradation step and total mass
loss reached after the step registered by TGA analysis of Ph resin in
air atmosphere

Ph N, T, T Event mass loss Total mass loss Ph Air T, T Event mass loss Total mass loss
event#  /°C /°C 1% 1% event#  /°C /°C 1% 1%

1 28.6 120.3 1.5 1.5 1 40.7 124.2 1.0 1.0

2 125.7 1719 2.1 3.6 2 140.3 158.1 1.4 2.4

3 175.0 2762 23 5.9 3 161.6 2572 23 4.7

4 297.1 1050 392 45.3 4 273.8 6900 953 100.0

Table 12 Degradation step start (T,) and finish (Ty) temperatures,
mass loss contribution of the single degradation step and total mass
loss reached after the step registered by TGA analysis of R6 resin in
N, atmosphere

Table 15 Degradation step start (T,) and finish (Ty) temperatures,
mass loss contribution of the single degradation step and total mass
loss reached after the step registered by TGA analysis of R6 resin in
air atmosphere

R6 N, T, T; Event mass loss Total mass loss R6 Air T T Event mass loss Total mass loss
event#  /°C /°C 1% 1% event#  /°C /°C 1% 1%
166.5 2602 22 22 1 150.7 2529 3.1 3.1
2634 3402 13.5 15.7 2 2562 4459 290 32.1
344.3 1050 67.7 73.4 3 450.0 5214 13.5 45.6
4 5259 7112 534 99.0

Table 13 Degradation step start (T,) and finish (T;) temperatures,
mass loss contribution of the single degradation step and total mass
loss reached after the step registered by TGA analysis of R7 resin in
N, atmosphere

R7N, T, T; Event mass loss Total mass loss
event#  /°C /°C 1% 1%

1 160.6 2485 2.1 2.1

2 255.4 321.1 4.6 6.7

3 321.2 334.9 1.9 8.6

4 3355 449.3 21.8 30.4

5 4514 1050 26.8 57.2

@ Springer

single event and the total mass loss reached) are reported
in Tables 14-16.

Similarly to the considerations made for the N, atmos-
phere TGA, some of the degradation events in air atmos-
phere were overlapping with other concurring steps, and
thus their contributions were not unequivocally distin-
guishable. In the air atmosphere case, Ph event 4, R6
events 1, 2 and 3 and R7 events 1, 2, 3 and 4 show over-
lapping contributions between each other or with other
background events.

TGA carried out in air atmosphere reach the maximum
mass loss well before the end of the test, and the mass
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Table 16 Degradation step start (T,) and finish (T;) temperatures,
mass loss contribution of the single degradation step and total mass
loss reached after the step registered by TGA analysis of R7 resin in
air atmosphere

R7 Air T T Event mass loss Total mass loss
event # /°C /°C 1% 1%

1 148.7 2573 26 2.6

2 2603 4105 16.4 19.0

3 4113 4339 37 22.7

4 4354 5214 17.3 40.0

5 525.1 7289 489 98.9

residue is always minimal. Ph shows no mass residue, while
R6 and R7 present around 1% final char mass residue.
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