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a b s t r a c t

The Time–Temperature–Transformation (TTT) isothermal diagram is plotted for a
polysilazane system, composed of the KiON! Ceraset! Polysilazane 20 resin, with addi-
tion of 1 wt% of dicumyl peroxide acting as cross-linking catalyst. This diagram is useful
to control the resin transfer moulding (RTM) process involved to obtain a composite
material from a ceramic fibrous preform. The system under study is a precursor for
the ceramic matrix, obtained after pyrolysis of the polymerized resin. The knowledge
of the composite properties at the polymerized state is necessary to fully control this
process. The cure kinetics of this system is investigated under both isothermal and
dynamic curing conditions by Differential Scanning Calorimetry (DSC). The kinetics of
the reaction is satisfactorily described by a Kamal and Sourour (K–S) phenomenological
model. The K–S parameters are identified from isothermal data, taking into account an
initial degree of cure, assuming a fully cured system at the end of the isothermal idle
time. The model is in good agreement with both dynamic and isothermal experimental
data. The glass transition temperature (Tg) is determined by DSC analyses as a function
of the degree of polymerization and confirmed by Dynamic Mechanical Analysis (DMA),
and the results are modelled by Di Benedetto’s formula. The change of visco-elastic
properties is investigated using oscillatory rheology under isothermal conditions. The
cure kinetics model allows a gelation criterion to be identified by plotting the shear loss
modulus G00 vs. the degree of cure.

1. Introduction

In the last decades, the need of increasing operating temperatures and combustion efficiency of turbofan engines has led
to study new ceramic materials for high-pressure turbine blades or combustor components, to improve thermo-mechanical
and thermo-chemical properties. Ceramic Matrix Composites (CMC’s) constitute a family of ceramic materials which com-
bines high specific strength, high temperature resistance as well as damage tolerant behaviour. Several techniques are used
to process CMC’s, such as gas phase processing routes, ceramic processing routes and liquid phase processing routes. Among
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the latters, Polymer Impregnation and Pyrolysis (PIP) is a standard method to obtain carbon–carbon ceramic materials, but it
is also applicable to SiC-based ceramics, with a dense and high purity b-SiC. This technique is composed of two steps: the
injection of a polymer precursor in a fibrous preform and the ceramization of the composite through the pyrolysis of the
precursors. Both phases are very important to optimize the process and obtain a final product with the highest density,
together with avoiding process induced cracks.

Polyorganosilazanes are a family of precursors, used to prepare silicon carbo-nitrides (SixCyNz) and related materials. They
were introduced for the first time in 1885 [1], but were proposed only in the 1950s and 1960s as possible precursors for
ceramic materials [2,3]. The growing interest in this class of materials arises from their application as silylating agents in
synthetic chemistry and as single-source precursor for the preparation of ceramic materials [4]. The ceramic yield strongly
depends on the molecular weight of the precursor. For this reason several authors at the turn of the 1980s and 1990s [5–10]
worked on the modification of the silazane oligomers into non-volatile precursors, in order to increase the molecular weight
of the polymer and to enhance the degree of cross-linking.

An interesting advantage of polysilazanes (and of all polymer precursors) is the possibility of using several forming
methods, including polymer processing techniques, often more efficient than ceramic powders or pastes processing
techniques. It is then possible to machine the polymer before ceramization, reducing the risk of a brittle fracture of
the component. All plastic forming technologies are applicable to these precursors, like RTM, extrusion, injection
moulding, etc.

Although several authors worked on the mechanical and physical characterization of polysilazane-derived ceramics
[11–14], a significant lack of studies on the injection process of the precursor is observed. Viscosity evolution is directly
driven by the polymerization of the system, influencing the choice of pressure, temperature and controlling the pot-life
of the precursor. For this reason the characterization of polysilazane cross-linking is extremely important to improve
material processing. This class of precursors is generally cured to solid at 100–250 "C [15,16] by simple heating, although
cross-linking is also possible via UV curing method [17,18]. Lower curing temperatures are possible after addition of a
radical initiator, which could be organic peroxide. Several authors used in particular dicumyl peroxide (DCPO) [16,19–
22], with concentration ranging from 0.01 to 5 wt% of the polymer [23–25].

The ceramic precursor used in this study is the KiON! Ceraset! Polysilazane 20 (PSZ20), produced by Clariant!. The
shelf-life for this polymer, stored in a dark, cool (4 "C) and dry place is 6 months [15]. The polymer is a pale yellow liquid.
The density is 1–1.1 g/cm3, with a viscosity of 180–750 mPa ! s (20 "C). It can be converted into an amorphous Si/C/N mate-
rial by pyrolysis at around 1000 "C. At higher temperatures (>1400 "C) the material crystallizes to form a nanocomposite of
SiC/Si3N4/C, which can be stable up to 1800 "C [15]. The molecular structure of this polymer is characterized by an alter-
nated SiAN backbone with methyl CH3 ("80%) and vinyl CH@CH2 ("20%) side groups (Fig. 1). Given this network the
PSZ20 is also referred to as polymethylvinylsilazane.

Polysilazane cross-linking involves several chemical reactions, which are generally started by heating, because of a better
control of the material curing and ceramic microstructure after pyrolysis. Reaction efficiency depends upon the reactive
groups concentration: vinyl groups (ACH@CH2), SiAH, NAH are the principal groups that participate to the cross-linking
of PSZ20. The possible reactions involved in the reticulation of this system are:

1. Vinyl group polyaddition:

2. Methyl/Vinyl radical reaction:

3. Hydrosilylation:

4. Dehydrogenation (SiAH):



5. Dehydrogenation (SiAH with NAH):

6. Transamination:

ðAÞ

ðBÞ

Lavedrine et al. [26] identified the reaction sequence at 120 "C for this system as follows: hydrosilylation > dehydrogena-
tion (SiAH/NAH) " transamination > vinyl group polyaddition " dehydrogenation (SiAH).

Methyl/vinyl radical reactions take place between 200 and 300 "C [27] and will not be considered in this work. The
polyaddition of vinyl groups can be activated at lower temperature by the addition of a free radical generator as the DCPO.
According to the literature [12,28], this reaction takes place at temperatures between 90 and 130 "C for a polymethylvinyl-
silazane resin with addition of 0.1 wt% of DCPO. After addition of 1 wt% of DCPO, vinyl polyaddition is promoted to the detri-
ment of dehydrogenation.

Several authors have studied ceramic materials obtained using this family of polymers, characterizing their microstruc-
tures and mechanical and physical properties [11–13,29]. However, before the pyrolysis, a preform of SiC-based ceramic
fibers is impregnated by the polymer precursor, using RTM (Resin Transfer Moulding). During this phase, cure kinetics of
precursor is fundamental, because of the need to completely fill the preform to obtain the highest material density and best
mechanical properties. Time–Temperature–Transformation (TTT) isothermal diagram is a widely used tool to compute RTM
parameters as temperature and pressure of injection. This paper will focus on the cure kinetics of PSZ20 precursor, to finally
plot the TTT diagram of the system.

2. Experimental

The polysilazane precursor (PSZ20 – Clariant!) and the dicumyl peroxide (C18H22O2, 270.37 g/mol - Sigma Aldrich!) are
stored in a dry, dark and cool (4 "C) place before use. Samples are prepared by mixing PSZ20 with 1 wt% of dicumyl peroxide
using a magnetic stirrer up to the complete dissolution of the peroxide. This operation takes 1 h at 293 K (20 "C). At the end
of this process, the compound presents a great amount of bubbles, generated by the mixing. Bubbles could affect DSC or rhe-
ology test results: for this reason the compound is kept at 277 K (4 "C) during 12 h at least before the test. At the end of this
procedure, the material is ready to be studied using different techniques. The study of the cure kinetics of the system is per-
formed using a Differential Scanning Calorimetry. A DSC-Q200 of TA Instruments is used to measure the total heat of poly-
merization (DHtot) for different heating rates, the glass transition temperature (Tg) after several interrupted isothermal cures,
and the residual heat of reaction (DHres).

The initial heating rate (from 293 K to Tcuring) of isothermal cure is chosen to reduce temperature overshoot of the sample.
The initial mass of the samples, placed in a non-hermetic crucible, ranges between 10 and 20 mg and the tests are performed
under continuous N2 flow (50 ml/min). Isothermal curing is carried out at four different temperatures ranging from 363 K
(90 "C) to 393 K (120 "C) and with a curing time ranging from 5 min to 48 h. After isothermal curing, the samples are
quenched from Tcuring to 183 K (%90 "C) at a rate of 200 K/min. After 20 min at 183 K, necessary to stabilize the modulation
conditions, a modulated DSC scan is performed at 2 K/min, with period of 40 s and amplitude of 0.8 K, from 183 K (%90 "C) to
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Fig. 1. Chemical structure of the PSZ20 (Ceraset!) polymer provided by the Clariant! company.



573 K (300 "C). These conditions are chosen in order to obtain the glass transition temperature of the system (Fig. 2), defined
as the midpoint of the step transition on the reversible signal of heat flow. Modulation was necessary due to the low ampli-
tude of these step transitions. The residual heat of reaction (Fig. 3) is calculated as the time integral of the residual peak of
the overall heat flow.

Isothermal cure kinetics is necessary to identify two important transformations of the material: the vitrification point and
the gelation point. Vitrification takes place when the glass transition temperature attains the test temperature, with the
material that passes from a rubbery state to a vitreous state. Gelation occurs when the network built by cross-linking
becomes continuous and occupies all the volume. At this point a lot of chains are still free of bonding, and the material is
considered in a gel state [30]. Gelation will be characterized using a rheometer HAAKE MARS of ThermoScientific, under
oscillatory rheology conditions and using a plane/plane configuration. These tests were performed under isothermal condi-
tions at four different temperatures (363 K, 373 K, 383 K, 393 K) with a frequency of 1 Hz.

3. Results and discussion

3.1. Heat of polymerization

The total heat of polymerization (DHtot) was measured during several anisothermal scans, performed at 0.5 K/min,
2 K/min, 5 K/min and 10 K/min from 293 K to 473 K. The results of these tests are shown in Fig. 4.

Fig. 2. DSC scans between 183 K (%90 "C) and 293 K (20 "C) after different isothermal cure at 383 K (110 "C): glass transition temperature of the system
(Reversible Heat Flow). The symbol + shows the Tg location at each cure time.

Fig. 3. DSC scans between 293 K (20 "C) and 523 K (250 "C) after different isothermal cures at 383 K (110 "C): residual heat of reaction of the system (DHres).



DHtot represents the specific heat generated during the exothermal reaction of polymerization per one gram of solution. It
is calculated as the integral of the specific heat flow ( _H) with respect to the time of reaction (Eq. (1)), and the mean value
obtained for this system is 228.5 (±6.1) J/g.

DHtot ¼
Z tf

0

_Hdt ð1Þ

3.2. Glass transition temperature

The glass transition temperature (Tg) and the residual heat of reaction (DHres) after several idle times at several temper-
atures are determined from interrupted isothermal tests, in order to identify a Di Benedetto’s formula. The degree of cure
corresponding to each Tg value is then computed with the following formula:

a ¼ 1% DHres

DHtot
ð2Þ

The Tg value can be related to the degree of cure using the Di Benedetto’s equation [31]:

Tg ¼ Tgo þ ðTg1 % TgoÞ !
ak

1% ð1% kÞa

k ¼ Fx

Fm

ð3Þ

where Tg0 and Tg1 are respectively the glass transition temperatures for uncrosslinked (a = 0) and fully crosslinked polymer
(a = 1), Fm and Fx are the segmental mobility of the corresponding physical states.

According to Pascault and Williams [32], and following the Couchman entropy based approach to mixtures, the k param-
eter in Di Benedetto’s equation can also be defined as the ratio between the change in the isobaric heat capacities through
the glass transition for a fully cured system (DCp1) and for an uncured system (DCp0):

k ¼ DCp1

DCp0
ð4Þ

The experimental observation stating that the product DCp ! Tg is approximately constant [33] was checked to apply to
PSZ20. In the present study the mean value of DCp ! Tg is 55.9 (±7.6) J/g. The slope of a linear regression of a DCp ! Tg versus
alpha plot is 3.8 J/g (6.8% of the mean value), which confirms the hypothesis of constancy of the product DCp ! Tg. According
to these considerations, Di Benedetto’s equation reduces to a mixing law for the change in isobaric heat capacity through the
glass transition:

DCp ¼ DCp0 þ aðDCp1 % DCp0Þ ð5Þ

This equation can be used to evaluateDCp0 andDCp1 from the experimental plot ofDCp as a function of the degree of cure
even if both values are not very accurately measured directly, and then calculate the parameter k from Eq. (4) (Fig. 5). This
method leads to a value of k of 0.74 (DCp0 = 0.297 J ! g%1K%1 andDCp1 = 0.220 J ! g%1K%1) and a determination coefficient R2 of
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Fig. 4. Total heat of polymerization obtained at different heating rates.



0.368 (Fig. 5). The strong dispersion in the DCp experimental data leads to consider a second method of identification, in
order to confirm the Pascault–Williams (P–W) method. For this reason, a linearization of Eq. (3) has been operated, to obtain
the best fitting results, through a multiple linear regression analysis:

Tg ¼ Aþ B ! X ð6Þ

with A = Tgo, B = (Tg1 % Tgo) and X ¼ ak
1%ð1%kÞa. It is possible to plot this straight line for different values of k: the value giving the

best determination coefficient R2 will represent the best fitting of the Di Benedetto’s formula for this system. The k giving the
best fit is 0.65 (R2 = 0.988), although the residual remains roughly constant for k ranging between 0.6 and 0.75. However a
value of 0.65 significantly reduces the determination coefficient for the DCp curve (from 0.368 to 0.300, Fig. 5). For this rea-
son the k obtained with the P–W method is finally considered as the most relevant value.

The following parameters are obtained using a k of 0.74: Tg0 = 181.2 K, Tg1 = 259.9 K, with the corresponding Di Benedet-
to’s plot presented in Fig. 5. This result represents the optimum according to the linearization analysis and to the physical
meaning of the parameter k described by Pascault and Williams [32].

To confirm the value of Tg1, a DMA (Dynamical Mechanical Analysis) 8000 of Perkin Elmer, under continuous N2 flow has
been used on composite samples cured at 393 K (120 "C) during 2, 12 or 18 h. The degree of cure is expected to be 1 in these
conditions. The size of the samples used for DMA is 4 ( 4 ( 50 mm3. Fibers have been included in the polymer in order to
unmould the samples from the silicone mould used to cast the liquid polymer before curing. The use of composite material
was necessary, since it was not possible to easily obtain samples made only with the catalyzed polymer. Fibers in composite
do not affect the mechanical manifestation of the glass transition, which depends only on the matrix. For this system Tg is
found to match the onset point of the storage modulus decrease. An average onset temperature of 263 K is obtained, which
corroborates the Tg1 value obtained using DSC analyses (259.9 K).

3.3. Cure kinetics modelling

Isothermal DSC curves are used to identify the parameters of a phenomenological Kamal–Sourour model, Eq. (7). This
approach is chosen to be representative of the isothermal conditions of injection of the polymer precursor, during RTM
processing.

da
dt

¼ ðk1 þ k2amÞ 1% að Þn ð7Þ

This model assumes two rate constants [34], k1 and k2, Eq. (8), which follow an Arrhenius dependence to temperature.

kiðTÞ ¼ koi exp
%Eai

RT

! "
i ¼ 1;2 ð8Þ

m and n are the reaction orders. Several authors used this law to model epoxy resins polymerization [35–37] or silicone rub-
ber vulcanization [38], because of the autocatalytic and catalytic nature of the reactions driving the crosslinking of these sys-
tems and conferring a general purpose to this phenomenological model. Some authors [36,37] coupled a diffusion term to
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the Kamal–Sourour model, in order to take into account the reaction rate decrease at vitrification, when Tg attains the testing
temperature. However, maximal glass transition temperature, Tg1, of the system under study is 259.9 K (%13.1 "C), which is
far lower than the isothermal curing temperatures used in this paper and more generally while composite processing. For
this reason, the diffusion-controlled mechanism will not be considered to model the material behaviour.

Before isothermal curing, the material undergoes a heating ramp, which is chosen in order to reduce temperature over-
shoot at the beginning of the isothermal dwell. This step is generally neglected in the processing of DSC isothermal data, but
it results in an initial degree of cure of the system a(t0), which is not negligible in our experiments. This approximation
would imply an error on the parameters of the model, reducing its accuracy. In this paper an initial degree of cure is con-
sidered, in order to take into account the reaction advancement during the initial heating rate of the sample. This is made
using the hypothesis that the reaction advancement is complete at the end of the isothermal curing, which leads to Eq. (9).

aðt0Þ ¼ a0 ¼ 1%
R tf
t0
_Hdt

Htot
ð9Þ

_H is the specific heat flow generated during isothermal curing, t0 is the time necessary to reach the isothermal conditions, tf is
the final time of the test.

The parameters of the Kamal–Sourour model were identified on the isothermal curves, using a Nelder-Mead simplex
direct search [39,40], through the MatLab! subroutine fminsearch. The objective function of this unconstrained multivariable
optimization is the normalized difference between the numerical solution and the experimental data. The optimized set of
parameters is reported in Table 1.

As shown in Fig. 6, both rate constants, k1 and k2, follow almost perfectly an Arrhenius trend, with correlation coefficients
R2 higher than 0.999.

From the fitting line equation, it is possible to obtain the activation energies (the slope of the line is %Ea/R, with
R = 8.3144 J mol%1 K%1) and the pre-exponential factor (intercept of the line) of the rate constants. At contrary, the reaction
orders n and m, doesn’t exhibit any significant temperature trend, and the mean values are taken to obtain a global mod-
elling of the system. The parameters of the global Kamal–Sourour model are summarized in Table 2.

For validation purpose, the identified Kamal–Sourour model is compared to experimental data in both isothermal and
dynamic conditions, using either the specific heat flow _H or the degree of cure a. The results are plotted in Figs. 7–9, where
the discontinuous lines represent the experimental data and the continuous lines represent Kamal–Sourour model results.

The identified model is in very good agreement with both isothermal (gap < 4%) and dynamic (gap < 6%) experiments,
irrespective of the test conditions. In isothermal conditions it is possible to notice the influence of the initial degree of cure
a0, used to correct the error introduced by the initial heating ramp of the sample, which makes starting the curves at a value
higher than zero (Fig. 7). The dynamic tests (Figs. 8 and 9) are also in good agreement with modelling, although the model
attains the total conversion faster than experimental data for all the heating rates (0.5, 2, 5 and 10 K/min). The mismatch
between experience and model increases starting from a degree of cure of 0.9. This discrepancy possibly results from several
factors. Among them, the hypothesis of a complete conversion at the end of the isothermal experiments is probably not fully
valid. More probably, the reaction mechanism, including a first step of dicumyl peroxide degradation, followed by the polysi-
lazane resin polymerization, is too complex to be perfectly described by a Kamal–Sourour model. A better description of the
whole kinetics would necessitate studying separately the two mechanisms by carrying out a coupled approach, involving an
identification of the polymerization parameters once the degradation has been described with another phenomenological
model. A larger amount of work would be necessary to build a mechanistic approach, since the degradation of dicumyl
peroxide, alone, involves about 50 reactions [41].

Although the trend of the model does not properly match the experiment at the end of cure (for a > 0.9), this does not
prevent to use the model for a large range of degree of cure, to simulate the gelation of the system, and for the highest con-
version rate, where the reaction mechanism is the fastest. It is therefore considered that the global Kamal–Sourour model
identified describes satisfactorily the polymerization kinetics of the system, and in particular in the range where gelation
occurs, which is one of the most important feature of a TTT diagram for process control purpose.

3.4. Gelation point analysis

During the isothermal curing of the system, the viscosity increases continuously with time, because of the crosslinking of
the system. The gelation point is a key process parameter, because it gives some useful information for material processing,

Table 1
Kamal–Sourour parameters for isothermal modelling.

tcuring (h) Tcuring ("C) k1 (s%1) k2 (s%1) m n a0

48 90 1.92 ! 10%5 7.78 ! 10%5 2.56 1.28 0.14
30 100 5.54 ! 10%5 2.96 ! 10%4 2.76 1.34 0.16
24 110 1.60 ! 10%4 9.35 ! 10%4 2.98 1.45 0.19
4 120 4.62 ! 10%4 2.80 ! 10%3 2.56 1.45 0.24



especially for liquid composites moulding. This parameter is commonly identified from oscillatory rheology tests by using a
criterion based on the viscoelastic properties of the fluid, which change with the crosslinking advancement. According to the
literature, several criteria are used to define the gelation point of a material: a given viscosity value [42], the criterion of the
maximum derivative of the viscosity [35], the G00 inflexion criterion [30], the crossover between the G0 and G00 curves or
between the tan d vs. time curves at different frequencies [43]. To investigate these criteria some time sweep oscillatory tests
were performed with a frequency of 1 Hz and a strain amplitude of 1%. During these tests, the following equations hold:

lnk1 = -15111/T + 30.74 
R² = 0.9994 

lnk2 = -16988/T + 37.37 
R² = 0.9995 
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Fig. 6. Arrhenius plots of the two rate constants of the system, according to a Kamal–Sourour model.

Table 2
Kamal–Sourour parameters obtained with isothermal
identification.

) ko1 = 2.24 ! 1013 s%1

) Eo1 = 125.64 kJ/mol
) m = 2.71

) ko2 = 1.70 ! 1016 s%1

) Eo2 = 141.25 kJ/mol
) n = 1.38
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Fig. 7. Validation of Kamal–Sourour model using isothermal curing: degree of cure vs. log(time).



!eðtÞ ¼ e0eiðxtÞ

!sðtÞ ¼ s0eiðxtþdÞ
ð10Þ

A sinusoidal strain e(t), with an amplitude e0 and a pulsation x is applied to the polymer. The tests are performed in a
plane/plane configuration. The system will react to this solicitation with a sinusoidal stress s(t), with an amplitude s0 and
pulsation x, shifted of an angle d with regard to the strain. d is the loss angle. The complex shear modulus (G) and the
complex viscosity (!g) can be computed according to Eq. (11), where G0 is the elastic shear modulus (or storage modulus),
and G00 is the viscous shear modulus (or loss modulus).

GðxÞ ¼
!sðtÞ
!eðtÞ ¼ G0ðxÞ þ iG00ðxÞ

!gðxÞ ¼ GðxÞ
ix

ð11Þ
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Fig. 8. Dynamic validation of the global Kamal–Sourour model: degree of cure vs. temperature.
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Fig. 9. Dynamic validation of the global Kamal–Sourour model: heat flow vs. temperature.



The cross-point of G0 and G00, which is the most commonly used gel point criterion [44,45], was found to occur very early
(for polymerization degree lower than 1%) and did not allow a convincing criterion common to all experiment to be iden-
tified. This can be observed in Fig. 10, where the plot of G0 and G00 vs. time for an isothermal test at 100 "C is presented. Similar
results are obtained for the other isothermal curves. Even if the test parameters were not chosen to properly identify this
criterion, occurring for too low viscosity, Fig. 10 shows that G0 becomes higher than G00 at the very early instant of polymer-
ization and was not further investigated.

The most relevant criterion to describe the polysilazane gelation was found to be the Harran and Laudouard criterion [30],
which matches the gelation point to the inflection of the loss modulus (G00) curve vs. time.

Oscillatory rheology curves were obtained under four isothermal conditions: 363 K (90 "C), 373 K (100 "C), 383 K (110 "C)
and 393 K (120 "C). The initial heating rate, necessary to reach the isothermal temperature, is programmed by a PID con-
troller to minimize temperature overshoot at the beginning of the isothermal curing.

According to the Kamal–Sourour global model it is possible to calculate the degree of cure (a), integrating the differential
equation of the reaction rate da

dt

# $
with a Runge–Kutta (4,5) explicit method, the Dormand-Price pair, using the ODE45

MatLab! subroutine [46]. This integration is made at each time step, using the experimental time–temperature curves com-
ing from the results of rheological tests. The four curves presenting the loss modulus vs. degree of cure are presented in
Fig. 11. The gelation point has been obtained as the crossover of the two straight fitting lines before and after the inflexion,
according to the following equations:

Fig. 10. Example of G0/G00 vs. time plot for the isothermal test performed at 100 "C. The rheological tests were designed to monitor the high viscosity range
and the results must not be considered before 12 min in this figure.

Fig. 11. Loss moduli vs. degree of cure for different isothermal conditions, according to Kamal–Sourour global model and to oscillatory rheology tests.
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where R2
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2
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i are respectively the correlation coefficients of the two fitting lines and the overall correlation coef-
ficients for each curing temperature, agel,i is the crossover between the two fitting lines and agel is the gelation point, com-
puted as a geometric average of the values identified for the four curing temperatures. The gelation point obtained for this
system is 0.058. The results for the four curing temperatures are summarized in Table 3.

4. TTT diagram

The results obtained for this system are summarized in Table 4. According to these results it is possible to plot the gela-
tion curve in a Time–Temperature–Transformation diagram, using the Kamal–Sourour global model. This diagram can be
plotted under strict isothermal conditions (instantaneous temperature change up to the curing temperature) or under
pseudo-isothermal conditions (finite heating rate up to the curing temperature). The isoconversional curves are plotted in
Fig. 11 for different degrees of cure, from 1% to 99%, showing the evolution of the conversion of the material. Pseudo-
isothermal curves show in the same figure the role played by the initial heating rate on the curve: when the heating rate

Table 3
Gel time, degree of cure at gel point and correlation coefficients for each isothermal curing temperature.

Tcuring ("C) agel tgel (min) R2

90 0.050 56.9 0.862
100 0.056 21.7 0.949
110 0.067 10.3 0.957
120 0.058 7.0 0.839

Table 4
Heat of polymerization, Di Benedetto’s equation, cure kinetics with Kamal–Sourour global model and gelation point of the polysilazane system PSZ20 with 1 wt
% of dicumyl peroxide.

Htot 228.5 J/g

Di Benedetto’s equation k ¼ 0:74 Tg0 = 181.2 K Tg1 = 259.9 K

Cure kinetics (Kamal–Sourour) k01 = 2.24 ! 1013 s%1 Ea1 = 125.64 kJ/mol
k02 = 1.70 ! 1016 s%1 Ea2 = 141.25 kJ/mol
m = 2.71 n = 1.38

Gelation point agel = 0.058
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Fig. 12. Isothermal and pseudo-isothermal (100 K/min, 50 K/min, 20 K/min, 10 K/min, 5 K/min) TTT diagrams for the polysilazane system PSZ20 with 1 wt%
of dicumyl peroxide. Grey points are the experimental results obtained during oscillatory rheology tests at 363 K, 373 K, 383 K and 393 K.



slows down (100 K/min), the gelation of the system begins to take place during the heating rate and not during isothermal
curing, for temperatures higher than 420 K (this temperature decreases with the heating rate).

In Fig. 12, the experimental data (grey circles), obtained with a heating rate between 19 and 22 K/min, and used to iden-
tify the gelation point, are close to the gelation curve simulated with a heating rate of 20 K/min, and confirm the relevance of
considering the temperature ramp in the gelation identification.

Instead of plotting the usual vitrification curve on this TTT diagram, which would be located in a temperature range
between 181 K (%92 "C) and 260 K (%13 "C) without any practical interest for composite processing, the glass transition
temperature was mentioned for each isoconversional curve. Moreover in the temperature range of the glass transition,
the gelation time is higher than 2 ! 1010 s, which is out of the validity range of the model.

5. Conclusions

The cure kinetics of the polysilazane system PSZ20 with dicumyl peroxide at 1 wt% was studied under both isothermal
and dynamic conditions. A set of DSC dynamic scans allow computing the heat of polymerization of the system, which value
is 229 J/g. Several DSC isothermal analyses were carried out at different curing temperatures (363–393 K) and durations
(5 min to 48 h) to identify the Di Benedetto’s equation for this system and a Kamal–Sourour phenomenological model. A
Tg0 of 181 K (%92 "C) and a Tg1 of 260 K (%13 "C) were obtained. The kinetic model was carried out considering an initial
degree of conversion, which allows accounting for the effect of the initial heating rate before isothermal cure. This model
uses two rate constants. A first activation energy of 126 kJ/mol is obtained. The second activation energy is 141 kJ/mol,
and it allows well reproducing the anisothermal peak, for different heating rates. The numerical simulations of the conver-
sion advancement of the system are in good agreement with both isothermal and dynamic experimental analyses, especially
for low degree of cure and for the highest conversion rate ranges. The discrepancy between model and experimental data
occurs for a degree of cure greater than 0.9: this disagreement is probably generated by the simplicity of the kinetic
equations, which cannot allow taking into account the degradation of the dicumyle peroxide and the polymerization of
the system at the same time. Other approaches should be tried to improve the modelling of the system, as a cure kinetic
composed of two (or more) equations or a fully mechanistic model. However, this error does not prevent to properly model
material gelation, which takes place at a low degree of cure, where the model is in good agreement with experimental data.
The gel point was obtained with the loss modulus inflexion criterion, according to Harran and Laudouard [30], for four
isothermal oscillatory rheology tests. The conversion degree at the gel point (agel = 0.058) is obtained by plotting the loss
modulus vs. the degree of cure, using the kinetic model previously obtained. According to the kinetic model, a set of isother-
mal and pseudo-isothermal gelation curves are plotted in a TTT diagram.
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