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The chemorheology and curing kinetics of a new high performance resin transfer molding benzoxazine resin was investigated. A
chemorheological model based on a modified Arrhenius equation that describes the resin viscosity as a function of temperature and
time was proposed. The model, which agreed well with the experimental data, can provide theoretical support for the mold-filling
stage in the resin transfer molding process. The average activation energies of the polymerization reaction were obtained by means of
gelation times at different temperatures based on the Arrhenius equation and from dynamic differential scanning calorimetry (DSC)
results based on the Kissinger and Ozawa methods; the values were 96.0,84.0 and 87.8 KJ/mol, respectively. A plot of activation
energy vs. conversion in the curing process was obtained using the Flynn-Wall-Ozawa model. The reaction orders were estimated
from isothermal DSC based on a modified Kamal kinetics model which can describe both the autocatalytic and diffusion-controlled

curing mechanism.
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1 Introduction

Resin transfer molding (RTM), as a liquid composite mold-
ing (LCM) process with low cost for producing high per-
formance composites, has received ever increasing attention
(1-7). The greatest benefit of RTM is the ability to man-
ufacture large composites with complicated shapes while
maintaining the advantage of high-efficiency (8). The RTM
process consists of two steps. The first step is the resin in-
jection and fiber impregnation in a heated mold and the
following step is the cure of the fiber-resin mixture at an
elevated temperature (9). The viscosity and conversion of
the resin in the entire process cycle will change with the
temperature and time which makes the design and con-
trol of the RTM process difficult. To optimize the injec-
tion process and shorten the curing time, it is necessary to
investigate the chemorheology and curing kinetics of the
matrix.

There are many reports about the chemorheology and
curing kinetics of the RTM resins (10-15). These studies
mainly focus on epoxies, and unsaturated polyester resins

*Address correspondence to: Yi Gu, State Key Laboratory of
Polymeric Materials Engineering, College of Polymer Science and
Engineering, Sichuan University, Chengdu, 610065, People’s Re-
public of China. E-mail: guyi@scu.edu.cn

and their different curing systems. Because of the special
processing characteristics, the matrix for RTM is required
to have some features such as low viscosity, suitable pot
life, good reactivity and low shrinkage. The main RTM
resins are epoxies, unsaturated polyesters, bismaleimides
and vinyl esters (16). However, it is difficult to meet the
requirements of both easy processing and good properties
simultaneously for these resins. So, it is necessary to develop
new RTM resins which possess good processing properties
and high performance.

Polybenzoxazines (PBZs) are a class of high performance
thermoset resins. Benzoxazine precursors possess a number
of outstanding properties such as no by-products and near-
zero shrinkage during polymerization and good molecular
design flexibility (17-20). PBZs have outstanding thermal
stability, good mechanical properties, excellent dielectric
properties and high char yield (21, 22). All these properties
make benzoxazine resins an attractive candidate for RTM
(23).

Our research group has prepared a new RTM benzox-
azine precursor (BA21). It is based on a modified bifunc-
tional benzoxazine (B-BOZ), with in aldehyde-functional
benzoxaizne (Ald-B). Their chemical structures are shown
in Scheme 1. BA21 has low melt viscosity (360 mPa-s at
95°C), low curing reactive temperature (with the exotherm
maximum at 213°C), and the corresponding polymer has a
high T, (250°C) and high char yield (68.4% at 800°C) (24).
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Sch. 1. Chemical reactions to prepare B-BOZ and Ald-B.

The object of the work described in this paper was to
characterize and model the chemorheology of BA21 in the
injection stage of RTM and the curing kinetics in the curing
process with the aim of optimizing the processing schedule.

2 Experimental

2.1 Materials

The benzoxazine monomer B-BOZ was synthesized
from phenol, formaldehyde (37% in water) and 4.4'-
diaminodiphenyl methane in toluene (19). Ald-B was syn-
thesized from p-hydroxybenzaldehyde, formaldehyde (37%
in water) and aniline in toluene (25). All chemicals were
purchased from the Chengdu Kelong Chemical Reagents
Corp (China) and used as received. Both reactions followed
the route outlined in Scheme 1. A blend of B-BOZ and
Ald-B with the molar ratios 2/1 was mixed in toluene for
10 min. The solution was allowed to evaporate at 85°C un-
der vacuum to remove the solvent. The obtained mixture
was designated BA21.

2.2 Measurements

The viscosities of the benzoxazine precursor resins were
measured using a Brookfield RVDVII+ Viscometer. Be-
cause the resin needs to be degassed to remove any air and
residual solvent before injection in the RTM process, the
precursor was degassed at 90°C for 30 min. The viscosity
vs. temperature was determined from 80 to 165°C at a rate
of 1°C min~!, and the values were recorded every five de-
grees. The viscosities vs. time were determined at 95, 100,

105, 110 and 115°C, and the values were recorded every 10
min.

Gelation times at different temperatures in the range of
160-200°C was measured with a spatula on a steel plate.
The steel plate and spatula were heated to a constant tem-
perature. Approximately a 1 g sample was put on the steel
plate and spread to a disk with the spatula. Then, the sample
was kneaded by pressing it uniformly about every second
until the sample was no longer stuck to the spatula. The
time was measured and taken as the gelation time of the
resin.

DSC experiments were performed using an NETZSCH
Instruments DSC 2004 F1. Dynamic DSC was conducted
from 60-320°C at rates of 5, 10, 15 and 20°C min~'. In the
isothermal DSC experiment, the sample was placed in the
cell at a temperature of 120°C; the temperature was then
raised quickly to a preset temperature (180, 190 and 200°C)
for each isothermal experiment. At the experimental tem-
perature, the instrument needs 5-6 min to achieve stability.
The data acquisition was then initiated. After 120 min, the
sample was cooled quickly to 100°C. A second scan was
then conducted from 100 to 350°C, at a rate of 20°C min !,
to determine the residual heat of reaction (A H,i4).

3 Results and Discussions

3.1 Viscosity Properties of BA21

For the RTM technique, the initial viscosity of the resin in
the injection stage needs to be between 200 and 500 mPa-s
(26). Moreover, to assure a complete impregnation of a
large product with complicated shape, the viscosity of the
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Fig. 1. Viscosity-temperature plot for BA21.

resin should remain below 1000 mPa-s for at least 300 min;
if the viscosity is too high a high injection pressure would be
required, which can result in fiber displacements. Figures 1
and 2 are the viscosity-temperature and viscosity-time plots
for BA21, respectively. Due to the effect of thermal delay,
the initial viscosity in the dynamic test was a little higher
than that in the isothermal test at the corresponding tem-
perature. As shown in Figures 1 and 2, to meet the require-
ments of both low injection viscosity and long pot life, the
injection temperature range should be 95-115°C.

3.2 Chemorheological Analysis

The viscosities of thermoset resins are affected by both
temperature and the curing reaction. The viscosity initially
decreases because of increased thermal effect. As the tem-
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Fig. 2. Viscosity-time plots for BA21 at 95, 100, 105, 110 and
115°C.
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Fig. 3. Model parameters calculation of initial viscosity of BA21.

perature (or time) increases, the curing reaction begins, the
cross-linked network forms, and the viscosity will increase
again (27). Both effects can be represented by the following
equation (28):

n(t) = no exp(®1) (D

Where n(7) is the viscosity as a function of time z, ng is
the initial isothermal melt viscosity, and & is the reaction
rate constant. Both ng and ® conform to the Arrhenius
equation:

no = ki exp(ky/ T) (2)
b = k3 exp(k4T) (3)

Where k;(i = 1-4) are the chemorheological parame-
ters, and T is the absolute temperature. When these two
Arrhenius equations were directly used to model the
chemorheological behavior of this BA21 system, we found
the calculated data had some error compared with the ex-
perimental results. So, the Arrhenius equation was modi-
fied, which can further increase the sensitivity of viscosity
to time (29). The modified model used has the form:

n(2)/ 1o = exp(®1) + exp(—=Pr) — 1 4)

To obtain the values of k; and k, in Equation 2 and the
relationship of ng and 7', Equation 2 is taken in the double-
logarithmic form, and can be written as:

Inny=Ink; +ky/T (5)

We plotted In ng vs. 1/ T for the temperatures of 95, 100,
105, 110 and 115°C (Figure 3). By linear regression, the
expression of ng at different temperatures was obtained:

1o = 5.767 x 1077 exp (7456.330/ T) (6)

To obtain the value of ® in Equation 4, we identify
n(t)/no as the normalized viscosity and plot n(¢)/ng vs.
t as shown in Figure 4. By multiple nonlinear regressions,
the values of @ at different isothermal temperatures were
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Fig. 4. Normalized viscosity-time plots for BA21.

obtained; they are listed in Table 1. Then, by plotting In ®
versus 1/ 7T and linear regression, the parameter ® can be
described by Equation 7.

® = exp(15.400 — 7905.598/ 1) ™

Thus, the viscosity of BA21 system can be obtained from
Equations 4, (6) and (7) by the following expression:

7456.330)
— | X
T

7905.598
{exp |:exp (15.400 — T) ti|
7905.598
+exp |:— exp <15.400 — T) l:| — 1}

@®)

To see if the chemorheological model is valid, we com-
pared the calculated data based on Equation 8 with the ex-
perimental data (Figure 5). Good agreement in a broad time
range was obtained, which means the rheological model
based on the modified Arrhenius equation can be used to
model and predict the chemorheological behavior of BA21
for the RTM processing window. A Viscosity-temperature-
time diagram (Figure 6) in the range of 95-115°C can be
obtained based on Equation 8. From Figure 6, one can

n (T, 1) =5.767 x 10~ exp (

Table 1. Parameters of the viscosity model at different
temperatures

Temperature (°C) 0]
95 0.00235
100 0.00307
105 0.00392
110 0.00524
115 0.00718

677

Viscosity(mPa s)

0 50 100 150 200 250 300
Time (min)

Fig. 5. Comparison of the viscosity model and experimental val-
ues at different temperatures.

predict the viscosity of BA21 reached in a certain time and
temperature, and choose the suitable injection temperature
according to the size and shape of the resulting composite.

3.3 Activation Energy

Activation energy (E,) is denoted as the minimum energy
necessary for a specific chemical reaction to occur. The
lower the activation energy, the more easily the curing re-
action can occur. E, can be evaluated from the relationship
between temperature and time by the measurement of gela-
tion time or the analysis by dynamic DSC.

The gelation activation energy can be determined and
calculated based on the gelation times, tgs, at different

Viscosity(mPa s)

Fig. 6. Temperature-time-viscosity plots for BA21 based on dual-
Arrhenius equation.
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Table 2. Gelation times of BA21 at different temperatures

Temperature (°C) tgel (S)
160 2670
170 1470
180 855
190 460
200 285

isothermal temperatures with an Arrhenius equation illus-
trated as follow (30):

lgel = A exp(Ea/RT) (9)

Where A is the pre-exponential factor for the reaction, Ris
the universal gas constant, and 7 is the absolute tempera-
ture. The gelation times of BA21 at different temperatures
are listed in Table 2. The apparent activation energy can
be obtained from a linear regression of In fg vs. 1/ T’ the
value was 96 KJ mol~!.

Kissinger and Ozawa methods are generally used for the
dynamic kinetic analysis when the reaction mechanism is
unknown and without assuming any model of kinetic pa-
rameters (31, 32). The Kissinger and Ozawa methods can
be expressed by Equations 10 and 11, respectively:

In(B/T;) =In(AR/E,) — E,/RT, (10)
Ing =In(4E,/R) — B —1.052(E,/RT) (11)

Where B = dT/dt is a constant heating rate, and 7, is the
temperature of the exothermic peak.

Figure 7 shows the DSC exothermic peaks for different
dynamic heating rates at 5, 10, 15 and 20°C min~!. As
the heating rate increased, the exothermic peak shifted to
a higher temperature. By plotting In (8/T i) and In B8 vs.
1/ T (Figure 8), respectively, we obtained the average ac-
tivation energies; the values were 84.0 and 87.8 KJ mol~!

o 4+
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T 3l |77 5 "C/min
o .
S | |—°—10 C/min
) .
£ 5] |—2—15 °C/min
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Fig. 7. DSC thermograms of BA21 at different heating rates.
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Fig. 8. Kissinger method and Ozawa method plots for averaged
activation energy of BA21.

which are not significantly different. However, the values
of E, obtained from dynamic DSC are different from the
measurement of gelation time (96 KJ mol~!), which can
be explained in that both methods were conducted under
different temperature conditions (33). Each gelation time
was measured at a constant temperature, while dynamic
DSC was performed by a heating technique. The polymer-
ization reactions of benzoxazine resins are non-elementary
reactions, and the kinetics mechanism may change with
temperature variation.

For use of the above methods to calculate the apparent
activation energy, it is assumed that E, is constant during
the entire curing stage and independent of reaction tem-
perature. Actually, E, is variable. Benzoxazine can be cured
via a thermal ring opening reaction to form an analogous
phenolic structure. As the extent of curing reaction, «, in-
creases, E, will change during the curing process. A more
complete assessment of the apparent activation energy of
BAZ21 during the curing process can be obtained by isocon-
versional methods. These methods assume that both the
activation energy and pre-exponential factor are functions
of the extent of curing. The Flynn-Wall-Ozawa method is
one of the isoconversional methods and can be expressed
as (32):

Ing =In(4E,/R) — Ing(x) — 5.331 — 1.052(E,/ RT)
(12)

“ da (13)

o fla)

Where g(«) is the integral conversion function, and A is the
pre-exponential factor for the reaction.

A straight line should be obtained by plottingln 8vs. 1/ T
at a particular conversion « and E, can be determined from
the slope. Figure 9 shows the Flynn-Wall-Ozawa plots of
BA21 for ¢ = 0.2-0.9, respectively. A good linear relation-
ship was observed. Values of E, obtained by this method
at different conversions are shown in Figure 10. The values

gla) =
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of E, increase with the increase of the conversions, which
is mostly because the formation of the crosslink network
makes the curing reactions more difficult.

3.4 Kinetics Analysis

The mechanisms of the curing reactions of thermoset resins
commonly include two kinetic reactions, an nth-order and
an autocatalytic reaction (12). It has been reported that free
phenol groups generated from the ring opening reactions
can accelerate further ring opening, which make the curing
reactions of benzoxazine resins in the initial stage exhibit
the autocatalytic reaction mechanism (34).

150

140 -
130+
120+

110+

Ea (KJmol™)

100- L

90+

01 02 03 04 05 06 07 0.8 09 1.0
Conversion (a)

Fig. 10. Values of the apparent activation energy obtained from
Flynn-Wall-Ozawa plots at different conversions of BA21.
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Fig. 11. Reaction rate vs. isothermal curing time at different curing
temperatures.

Isothermal DSC experiments of BA21 were performed at
180, 190 and 200°C for 120 min. As previously mentioned,
the data at the beginning of the isothermal experiment were
ignored due to temperature instabilities. The value of the
reaction rate (da/dt) at a preset heating temperature and
the conversion « reached in time ¢ can be obtained from
the following expressions (31, 34):

da/dt = (dH/dt)iso/AI_Itot (14)

o« = AH/(AHso + A Hresia) (15)

Where (dH/dt);s is calculated from the isothernal DSC
curve, AH, is the total heat (276 J g~') averaged from
dynamic DSC at different heating rates, A H, is the heat re-
leased until the time 7, and can be obtained by integration
of the calorimetric signal until time . AHjy, is the values

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.0‘ ':' T v T T T T T T T T T
O 20 40 60 8 100 120

Isothermal Curing Time (min)

Conversion (a)

Fig. 12. Conversion vs. isothermal curing time at different curing
temperatures.
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of the isothermal heat at each experimental temperature.
Figure 11 shows the relationship of do/dt and t. As ex-
pected, the maximum of dw/dt did not occur at time zero,
indicating the nature of the reaction is autocatalytic. Ad-
ditionally, at a higher curing temperature, the reaction rate
was higher and the curing time became shorter. Figure 12
illustrates conversion « versus isothermal curing time ¢ at
different temperatures. The conversion had a rapid increase
at the beginning of the reaction, meaning the crosslink re-
actions mostly occur during the initial curing stage.

The relationship of da/dt with « at different curing tem-
peratures is shown in Figure 13. For each curing temper-
ature, the reaction rate exhibited a broad peak and had a
maximum of conversion between 0.2 and 0.4, which con-
firms that the curing process of BA21 follows an autocat-
alytic reaction (28, 31). According to other authors, the cur-
ing reactions of benzoxaizne change from the autocatalytic
mechanism in the initial stage to the diffusion-controlled
mechanism after vitrification (36). As the curing reactions
proceed, the crosslink density of the resin system increases
and the molecular mobility is limited, which makes the re-
action rate decrease and the increase of the conversion slow.
In other words, the conversion can not reach 100% and has
a maximum (&max) Which is defined as the ratio (A Hyo-
A Hyesia)/ A Hyor. The armayxs of BA21 at 180, 190 and 200°C
were 0.68, 0.79 and 0.89, respectively.

In this work, we used the modified Kamal kinetics model
(11) which is suitable for both autocatalytic and diffusion-
controlled mechanism to study the curing kinetics of BA21:

da/dt = (fi + f2&")(max — @) (16)

Where f; and f; are the model parameters. The reaction
orders m and n were estimated without any constraints on
them by fitting the experimental data shown in Figure 13
to Equation 16 using a nonlinear regression method. The
obtained values of m, n and m + n are shown in Table
3. The overall reaction orders, m + n, were 2.5-3.2. The

Ran et al.
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Fig. 14. Comparison of cure kinetics model isothermal conversion
predictions with experimental measurement.

predicted conversion-time plots were obtained using calcu-
lated parameters, and compared to the experimental results
as shown in Figure 14. Good agreement was observed over
the entire curing time for the different temperatures, indi-
cating the chosen kinetics model was valid for the BA21
system.

4 Conclusions

The chemorheological behavior of a RTM benzoxazine
BA21 with a low viscosity was investigated based on a
modified Arrhenius equation, and the viscosity model was
given. The injection temperature range of BA21 should be
95-115°C. Based on this viscosity model, one can choose
suitable processing temperatures to meet the requirements
of the RTM injection process. The activation energies were
determined by different measuring methods and calculated
models. The results suggest the activation energy increases
with the increase of the conversion. The kinetics behavior
of BA21 was described by a modified Kamal model ac-
counting for autocatalytic and diffusion-controlled mech-
anism, and the overall reaction orders calculated were 2.5—
3.2. The maximum conversion of BA21 at 200°C was 0.89
and a complete conversion cannot be reached. The theo-
retical predictions agree well with the experimental results.

Table 3. Values of m, n and m+n at different curing
temperatures

Curing Temperature (°C) m n m+n
180 0.90771 1.85732  2.76503
190 0.63438  1.88215  2.51653
200 1.01997  2.16334  3.18331
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The investigations of chemorheology and curing kinetics
can provide necessary theoretical parameters for the RTM
technique.
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