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ABSTRACT: Thermal analysis, rheometry, and kinetic modeling are used to generate a comprehensive processability diagram for ther-
mosetting and elastomeric resins. A chemorheological “time-temperature-transformation-viscosity” diagram is proposed to fully char-
acterize curing reactions toward process’ on-line control, optimization, and material design. Differential scanning calorimetry and
thermogravimetric techniques are used to measure total reaction heat, degree of vulcanization, and cure kinetics. The viscosity, as a
function of temperature and cure degree, is obtained from parallel plate rheometry. The auto-catalytic Kamal-Sourour model, includ-
ing a diffusion-control mechanism, is used to model cure kinetics, while the Castro-Macosko model serves to model the rheological
behavior. Non-linear least-squares regression and numerical integration are used to find models’ parameters and to construct the che-
morheological diagram. The usefulness of the proposed methodology is illustrated in the context of an industrial-like Ethylene Pro-
pylene Diene Termononer rubber compound that includes a chemical blowing agent. Even though the rubber formulation contains
crosslinking agents, primary and secondary accelerators, promoters, activators, and processing aids, the chemorheological diagram is
obtained consistently, validating the proposed methodology to any thermosetting or elastomeric resin. © 2016 Wiley Periodicals, Inc.
J. Appl. Polym. Sci. 2016, 133, 43966.
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INTRODUCTION of curing agents; however, the aim behind curing is the same: to

. . rovide extra chemical bonding between molecules. The chemical
Rubbers, elastomers, and thermosets are polymeric materials that b 8

in the un-cured, or un-vulcanized, state are constituted by inde-
pendent high-molecular weight molecules. The entanglements
between molecules drive the viscoelastic behavior, which, at high
temperatures (or long deformation times), result in a non-linear
viscous fluid that allows flow and processing.'™ These materials
solidify by a chemical curing process, called vulcanization, in the

crosslinks generated between molecules hinder their relative
motion and the ability to undergo plastic deformation.” There-
fore, to process these materials, deformation and flow, to obtain
the desired shape, must be done before curing or vulcanization.
Consequently, the final properties and the physical aspect of the
product depend on processing (mixing, molding, etc.) and cure

rubber community. During cure, additional chemical bonds are
created between the independent molecules, thereby creating a
three dimensional cross linked network. In most of carbon organ-
ics, the extra bonds are formed by breaking double bonds (unsatu-
rations) and forming new covalent and/or ionic bonds between
molecules. Sulfur is often used to provide the linkage between
molecules due to its chemical valence and atomic size.* Thermo-
setting resins and silicone-based organics require different types

© 2016 Wiley Periodicals, Inc.
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quality.

Industrial elastomeric or thermosetting compounds contain, in
addition to the curing agent, additives that enhance processability,
aid control or provide extra features to the final product. Among
them are flame-retardants, plasticizers, reinforcing fibers, and
foaming agents. As a result, optimization and control require a
detailed knowledge of mixing protocols, processing, curing and
materials’ properties. All of them, unfortunately, possess complex
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and non-linear relationships that are hard to envision. For
instance, during rubber processing, multiple variables from the
type of process, rubber, additives, mixing, and vulcanization must
be considered. A good starting point toward control and optimi-
zation is to have the time-temperature-transformation (TTT)
diagram of the compound."® Such a diagram provides a two-
dimensional map that guides the proper selection of processing
conditions, that is, the “processability window.” During the last
decade, we had developed a robust experimental and numerical
methodology that calculates the TTT diagram of any polymeric
resin.””'? A natural evolution of such a diagram is to include the
rheological information of the compound as a function of time
and conversion. We call this the chemorheological Time-
Temperature-Transformation-Viscosity (TTT-r) diagram. In this
article, we present the methodology, experimental and numerical,
that completes our previous scheme to generate the TTT-m
diagram.

The chemorheological component is generated from differential
scanning calorimeter (DSC) analysis and parallel plate rheome-
try, followed by numerical modeling for the cure kinetics and
the viscosity. The kinetic and the rheological modeling are done
using phenomenological descriptions for convenience; however,
the proposed methodology is generalizable to any model of prefer-
ence. It is important to highlight that the chemorheological dia-
gram is intended to provide the processability window to guide
optimization and control. A complete platform, for a comprehen-
sive design, will require modeling and simulation, including
fluid mechanics, transport, and rheology.'”> However, within the
experimental characterization limits (temperatures and rates), the
chemorheological diagram gives the required information for
the transport equations, including the constitutive behavior and
the reaction kinetics.>'>"*

We present the TTT-m methodology in the context of an industrial
Ethylene Propylene Diene Termononer (EPDM) rubber com-
pound that includes a chemical foaming agent. This particular
selection provides an extra challenge to the proposed methodol-
ogy because, in addition to the rubber compound, there is a paral-
lel blowing reaction that the TTT-n must capture. A successful
production of polymeric foams requires proper curing-blowing
control, which depends on the delicate balance between the reac-
tions. An additional motivation relies in the fact that the complex
interaction between polymeric molecules and additives during
processing is not fully understood; therefore, companies that
develop these materials use trial and error methodologies to
achieve adequate formulations for each specific application. It
involves expensive and time-consuming experimental setups that
may hinder competitiveness.'>'® The proposed methodology is
then intended to condense all these reactions and interactions in
the chemorheological diagram.

EXPERIMENTAL

EPDM Compound

Crystalline and amorphous EPDM rubber provided by DSM®
are used with catalyst, accelerators, and process aids. Table I lists
the ingredients that constitute the used EPDM compound. The
p,p-oxybis benzene sulfonyl hydrazide (OBSH) blowing agent is
used and provided by Chemtura®.
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Table I. Industrial-Like EPDM Compound Formulation in phr (Pounds
per Hundred of Rubber)

Quantity
Ingredient (phr) Function
Crystalline EPDM 75.0 Base elastomer
Amorphous EPDM 25.0 Base elastomer
Carbon black 90.0 Promoter
Zinc stearate 2.0 Processing agent

(Releasing agent)

Brown factice 15.0 Promoter
Kaolin 60.0 Activator
Zinc oxide 6.6 Processing agent (Softener)
Naphthenic oil 97.9 Processing agent

(Adhesion agent)
Hydrocarbon resin 4.0 Processing agent
(Releasing agent)

Polyethylene glycol 2.6 Primary accelerator

MTB? 0.7 Primary accelerator
MBTS® 2.0 Secondary accelerator
ZDBC*¢ 1.5 Secondary accelerator
TMTD® 0.6 Secondary accelerator
DPTT® 1.2 Secondary accelerator
Ethyl tellurac 0.4 Primary accelerator
Sulfur 2.0 Vulcanizing agent
OBSH 3.0 Blowing agent

Calcium oxide 10.5 Activator

@MBT, 2-Mercaptobenzothiazole.

5MBTS, Mercaptobenzothiazole disulfide.
¢ZDBC, Zinc dibutyl dithiocarbamate.

dTMTD, Tetramethy! thiuram disulfide.

°DPTT, Dipentamethylene thiuram tetrasulfide.

We found that the quality of the TTT-m diagram depends on
the consistency of the compound. Thermosetting polymers and
silicone rubbers ensure the homogeneous mixing using static
mixers and mixing heads in extrusion and injection molding
processes.'”'® Conversely, the mixing on rubber compounds is
done by batches and it must be controlled step-by-step to
ensure reproducibility. In this work, the mixing is done at room
temperature using a mill mixer. First, the EPDM rubber is
placed in the mill until the viscosity decreases to facilitate the
incorporation of solid compounds. Fillers and process aids are
included and cuts are made in the rubber to ensure distributive
mixing. The mixture is stabilized at room temperature for five
days and then mixed again adding the vulcanization and foam-
ing agents. A final stabilization stage is done for 20 h before
processing and/or characterization analysis. The torque rheome-
try data are shown in Figure 1, where a typical mixing protocol,
from a local rubber company, is compared with our mixing
method.

Differential Scanning Calorimetry

A Netzsch DSC 200 PC instrument, with data acquisition and
control, was used to measure the glass transition temperature,
Ty, the curing reaction peak and the cure kinetics. Dynamic
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Figure 1. Comparison of torque for various mixing protocols used in the EPDM rubber. (A) Results for a typical industrial mixing protocol; (B) Results

for our mixing method. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and dynamic/isothermal ramps are used. The instrument is
operated with a nitrogen flow rate of 20 mL/min through the
cell, where an empty pan is used as a reference. For the
dynamic experiments, samples between 9 and 12 mg were
placed inside aluminum pans and heated to 300°C using four
different heating rates: 1, 2.5, 5, and 10°C/min. To obtain
the T, (glass transition temperature at zero conversion), the
sample was cooled to —100°C at a rate of 2.5°C/min and
heated to 25°C at the same rate. T, is identified as an inflec-
tion in the baseline using the midpoint method.

To capture the diffusion-controlled mechanism, dynamic/isother-
mal ramps are performed.®® In this scan, the samples are heated
to a specific curing temperature using a low rate of 5°C/min. This
temperature is held for 3 h. After curing, each specimen is heated
again to 300 °C to ensure a complete transformation and the pro-
cess is repeated to obtain the baseline of the experiment. The iso-
thermal curing was performed at three different temperatures:
130, 140, and 150°C. The DSC data were analyzed using the
Netzsch DSC analysis software (Proteus). The baseline obtained in
the second run of the dynamic/isothermal experiment and it is
subtracted from the first run to find the real reaction peak. Details
of the dynamic/isothermal DSC experiments can be found in pre-
vious works developed in our group.*’ The OBSH decomposition
kinetics is measured using a mass between 4.5 and 6.5 mg. Four
different heating rates are used for the dynamic scans: 1, 2.5, 5,
and 10 °C/min.

Thermogravimetric Analysis

The change in mass during the OBSH decomposition reaction
was measured using a thermogravimetric analysis (TGA) Q50
thermogravimetric analyzer from TA Instruments. The samples
are evenly and loosely distributed in an open sample pan with
an initial sample amount of 8-10 mg. The temperature change
was controlled from room temperature (20°C) to 300°C at
10°C/min. A high purity nitrogen stream was continuously
passed into the furnace at a flow rate of 50 mL/min. The data
analysis was made using the Proteus Analyzer and TA Universal
Software.
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Rheometric Analysis

The viscosity measurements were done on an Advance Rheometric
Expansion System from TA Instruments. Cylindrical samples of
25-mm diameter and 5-mm height were placed between the parallel
plates. The experiment was made in a dynamic strain sweep at a
frequency of 10 Hz and at three different temperatures: 130, 140,
and 150 °C. The duration of the experiments was 15 min. The data
were analyzed using the TA Analysis Software (Orchestrator). Even
though 1 Hz is also suggested for a dynamic time strain sweep, no
reliable results were obtained.

Kinetical and Rheological Models

The DSC and rheometric experiments provide the degree of cure
¢, curing kinetics, dc/dt, and the viscosity, m, as a function of time
and temperature. The kinetics is modeled following the Kamal—
Sourour (KS) model while the Castro-Macosko (CM) model is
used for the viscosity. These models are not the central aim of the
proposed methodology or the chemorheological diagram; they
were chosen due to their applicability and their simplicity.””*'~*>
It is important to highlight, however, that because these models
are phenomenological, their fitting parameters lack physical
interpretation. The validity of the results is given by the range of
temperatures, pressures, and rates done to characterize the com-
pound. Better models, suitable for particular resins or chemistries,
can be included in the methodology to follow particular kinetics
or personal preferences.

For completeness, we include the generalities of the auto-catalytic
KS model**?*; it is defined as follows:

%:(k1+k2Cm)(17[)n, (1)

where m and n are the orders of reaction, ¢ is the degree of cure,
and k; are rate constants, described by Arrhenius expressions.
Similar to many thermosetting and elastomeric resins, the EPDM
vulcanization kinetics is controlled by diffusion at constant
temperatures. Therefore, the rate constants, k;, are modified to
include this mechanism, that is*>:
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where k; . are the Arrhenius dependent rate constants

ki .=a; exp(— If%)’ (3)

and k, is the diffusion rate constant

b
ki=ay exp(*lf—;)exp (*]—C) (4)

In eqgs. (3) and (4), a;, a4, and b are adjustable parameters, E;
and E,; are reaction and diffusion activation energies, and f is
the equilibrium fractional free volume given by

£=0.0048(T—T,) +0.025, (5)

where T, is the instantaneous glass transition temperature dur-
ing cure. For k; > k; ., which is the case prior to vitrification,
the overall rate constant is governed by the Arrhenius rate con-
stant, and for k; > k;., which is the case after vitrification, the
overall rate constant is governed by the diffusion rate constant.

Finally, the glass transition temperature, as a function of the
conversion, is modeled through DiBenedetto’s equation®®

Te1—Tg0)he
Tg=Tgo+ ( lgv_l(l_g;:))c ) (6)
where T, is the glass transition temperature of the non-
vulcanizated rubber, T, is the glass transition temperature of
the fully reacted network, and A is a structure dependent
parameter, defined by A= AC,1/AC;, where AC, is the differ-
ence in heat capacity between the glassy and rubber state for
each state of vulcanization.

The rheological behavior is affected by pressure, time, shear
rate, filler properties, and temperature. An increase in tempera-
ture causes a decrease in viscosity at a given molecular weight.
However, as the reaction proceeds, the molecular weight
increases, driving an increase in the viscosity.”’ The CM
model'>'>?® is used to capture this behavior, that is,

E c aqtea-c
=A — g 7
e () [ %

where A is a frequency factor, E is the activation energy, R is
the universal gas constant, ¢; and ¢, are constants, and ¢, is the
gel point.

Numerical Methodology

The parameters for the KS and the CM models are fitted to the
experimental data via a non-linear least-squares method.?>?’
Hernéndez-Ortiz and Osswald'* developed a numerical method-
ology for polymeric resins that lack diffusion-controlled kinetic
mechanisms.'®"??° To incorporate diffusion mechanisms, the
dynamic/isothermal DSC ramp was introduced.”” It provides
the proper experimental setup to capture the different reaction
regimens. Previous fitting experiences had determined that the
numerical parameters are a function of temperature.” "
Therefore, a polynomial expansion for each parameter is pro-
posed where the polynomial coefficients are the new targets of
the numerical minimization. Hernandez-Ortiz and Osswald'>>°
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and Lopez et al.'® realized that this fitting process is improved

when physically relevant activation energy was obtained directly
from the measurements. Therefore, the first activation energy,
E;, in the KS model is obtained by following the Kissinger
method,?’”* being the only physical parameter in the current
application.”™ The remaining parameters are the final target for
the numerical minimization, expressed by a temperature
dependent polynomial as follows:

xi=agtapT +azT*+0(T°) (8)

where x= (m,n,a,,a,E,,a4,b,A,c,,c;, E) and the compo-
nents, a;, of a matrix A are the numerical minimization target.
According to this polynomial expression, the higher terms in
the expansion are neglected; accordingly, the fitting must be
performed in such a way that the coefficients accompanying the
second-order term are small. If this condition is not satisfied
for a specific set of data, the expansion cannot assure that the
higher order terms are small; consequently, higher order terms
must be included in the expansion (i.e., third, fourth). Numeri-
cal details of the fitting methodology and the integration
scheme can be found in our previous studies.”®

RESULTS

OBSH and EPDM Kinetics

The kinetics of the blowing agent OBSH and the EPDM
compound was done carefully in our previous works.»**** For
completeness, we are including the summary of the results and
model parameters.

Figure 2 shows the decomposition rate and the cure degree of
the OBSH as a function of temperature for different DSC heat-
ing scans. These results are for a mixed OBSH that includes the
rubber system and reaction modifiers (following an industrial
formulation). The total heat of decomposition is Qr = 776.67
J/g. The reaction decomposition of the OBSH occurs between
120 and 180°C. The function of the reaction modifiers during
the decomposition of OBSH is to diminish the explosive-like
reaction of pure OBSH, to broaden the temperature range and
to decrease the exothermic peak of the reaction.’””* We use the
auto-catalytic KM model to model the decomposition reaction
of the OBSH. Figure 2 shows the results for the model and all
kinetic parameters are listed in Table II.

From dynamic DSC experiments a total heat of vulcanization for
the EPDM system Qp = 6.6 *0.677 J/g was measured.® The
EPDM vulcanization and OBSH decomposition reactions are exo-
thermic reactions and it is reasonable to think that several reaction
events will be present during processing. However, we observed a
single reaction that indicates a synergy between the vulcanization
system and the foaming agent.® Recall that, to obtain a good
foamed product, a delicate balance between vulcanization and
foaming is necessary. For instance, if the curing degree is high, the
bubbles generated by the blowing agent cannot grow, but if the
vulcanization degree is low, there will not be enough resistance
and the gas will diffuse through the rubber.

The value of Tgo=—55.3°C was also measured directly from the
dynamic DSC experiment. The glass transition temperature as a
function of the cure degree is obtained from the dynamic/isothermal

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43966
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Figure 2. Dynamic DSC fittings for the OBSH decomposition with curing and rubber systems: (A) rate and (B) decomposition degree.”” [WorldCat].
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Kamal-Sourour Model Constants Obtained in Dynamic Experiments for OBSH with Curing and Rubber Systems™

Parameter Value Units
ar -1.38 x 10*°+6.61 x 10T - 7.81 x 10°T? Sk

= 1.20 x 10° kJ/mol
as —22x10'+1.10 x 1071T-1.36 x 107372 st
Eo 6.30 x 10° kJ/mol
M 220 x 10°-1.04 x 10°T+ 1.24 x 107372 —

N —6.90 x 10" +3.11 x 10717 -3.47 x 107*T? —

ramps. The cure degree is calculated as the ratio between the released
heat during the dynamic/isothermal ramp and the total heat of reac-
tion, that is, the temperature during the isothermal stage is the glass
transition value for that specific released heat. For 130, 140, and
150 °C, the cure were 0.56, 0.84, and 0.93, respectively. The values
for A and T in DiBenedetto’s equation are obtained following a
non-linear regression fit,”1 In particular, for the EPDM system,
the fitted values for A and Ty ; are 7.37 and 152.1 °C, respectively.

-4
60X 10 . .
(A) ! O 130°C
“p Dynamlc: Isothermal O 140°C
£ | O 150°C
! — Model
4.0} i P
= 1 |
= AT
S0l Dynamic y
el
)
o
0 50 100 150 200 7250
Time (min)

Figure 3 shows the vulcanization (cure) rate and the degree of
vulcanization (cure) for the EPDM compound, including
diffusion-controlled mechanisms. The figure includes the exper-
imental ramps and the numerical model. The absolute error in
the fitting was 1.10 X 10~ ° Table III lists the values for the
polynomial coefficients for each kinetic parameter. The
dynamic/isothermal experiments indicate that, at later stages,
the reaction is controlled by diffusion. Figure 3(B) also shows

1.0 -(B) —————————————
0.9 f Dynamic
0.8} ]
0.7} Dynamic -1
I
06 '
v O 180°C
3 05t O 190°C
04r O 200°C
03k —Modell
02f :
0.1F Isothermal :
0.0 . . . s
0 50 100 150 200 250
Time (min)

Figure 3. Dynamic/isothermal DSC fitting for the EPDM compound: (A) vulcanization (cure) rate; (B) vulcanization (cure) degree, a comparison with

the dynamic behavior of the vulcanization is presented. In these experiments, the diffusion-controlled reaction mechanism are captured and modeled.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table III. Kamal-Sourour Model Constants Modified with Diffusion Parameters Obtained with the Dynamic/Isothermal Experiments for the EPDM

Compound

Parameter Value Units
aq 2.66 x 1021 -1.26 x 10*°T+ 1.50 x 10%°T2 S

Eq 1.73 x 10° kJ/mol
ds 3.02 x 10719-1.43 x 107 2T+ 1.70 x 10~ 1°72 SR
Eo -6.45 x 10* kJ/mol
M -3.28 x 102 +1.72 x 10°T-2.26 x 107372 =

N 3.58 x 102-1.68 x 10°T+1.98 x 107372 —

by 7.37 =

B -1.61 x10%°+7.36 x 1071T-2.24 x 10747 —

aq 263 x1071-127 x 1073T+1.52 x 107972 =

Eq -1.40 x 10* kJ/mol

the dynamic behavior of cure at 5°C/min and the difference with
the dynamic/isothermal experiments is remarkable. At the begin-
ning of the reaction, there is a rate increase corresponding to the
dynamical part of the experiment (both cures overlap). After that,
the rate slowly decreases during the isothermal part of the experi-
ment; meanwhile, the rate of the dynamic cure remains constant
until it reaches the total curing. Note that the rate decreases contin-
uously, while the cure degree is far from total conversion. During
additional dynamic ramps, a final reaction peak, representing the
remaining curing reaction, appears, confirming that the reaction
was quenched due to vitrification and diffusion effects. Depending
on the temperature of the experiment, the intensity of the last peak
decreases due to the lower concentration of unreacted components.
It is during the isothermal part that the diffusion-controlled mecha-
nism is capture by the model.

Rheological Model

Figure 4 summarizes the viscosity measurements and the CM
model at 130, 140, and 150°C. To fit the CM parameters, the
DSC, TGA, and rheometry data are combined into the kinetic
and rheological models to obtain the variation of viscosity with
the degree of cure. Similar to the kinetics modeling, the param-
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10° 10’ 10
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eters in the CM model are found by a non-linear least square
method developed by Hernandez-Ortiz and Osswald.'” The total
fitting error was 6.57 X 10~ °. Table IV lists the values for the
fitted polynomial coefficients of the CM model. Notice that, as
the reaction progresses, there is an increase in the viscosity and
once the cure reaches the gel point, ¢,= 0.647, the viscosity
becomes infinitely large. At the early stages of the reaction, the
viscosity decreases due to the increasing temperature. As chemi-
cal bonds are generated, the three-dimensional network starts to
be formed and the viscosity increases exponentially. It is impor-
tant to highlight that the rheological experiments provide data
of viscosity as a function of time. These results are shown in
Figure 4(A). The KS model (i.e., DSC and TGA information) is
then used to obtain the viscosity as a function of cure [as
shown in Figure 4(B)]. It is, therefore, a great achivement of
these phenomenological models to be able to collapse viscosity
as a function of the conversion in a single curve at different iso-
thermal conditions. Even more interesting is the fact that these
models, the KS and CM, are able to predict a gel point of
cg = 0.647, a value that has been predicted by different theories
and experiments.”>™’ We believe that this result serves as a
mean to validate our methodology.

10
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Figure 4. EPDM rubber viscosity as a function of (A) time during vulcanization, using a parallel plate rheometer, and (B) cure degree following the CM

model. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table IV. Castro—Macosko Model Constants Obtained Using the Rheological Experiments

Parameter Value Units
o 9.45 x 10° Pas
E 1.05 x 10* kJ/mol
Cgel 0.647 —

c1 245 x 1071 +1.97 x 10°°T+1.40 x 1078T? —

co 7.4 x 1071 +335x 10°°T+4.84 x 107872 —

Chemorheological TTT-n Diagram

The results of the vulcanization kinetics and the rheological
analysis are summarized in the chemorheological TTT-n dia-
gram (Figure 5). To generate the diagram, the phenomenologi-
cal models are numerically integrated during 50,000 h at
constant temperature. The “processing” time that is required to
reach a specific value of viscosity is recorded.

From the “iso-viscosity” and the vitrification line, the “processability
window” for our EPDM compound is delimited. Figure 5(B) shows
a zoomed segment of the TTT-v diagram, where proper processing
conditions can be estimated. These are defined according to the lim-
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Figure 5. Chemorheological TTT-n diagram: (A) Complete diagram for the

EPDM rubber; (B) Operation window including iso-viscosity curves. [Color
figure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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its for temperature and time at which the EPDM compound may be
processed adequately. At the gelation line (green in Figure 5,
¢g = 0.647), the tridimensional molecular network reaches a crucial
point where a change in the physical state of the EPDM induces an
exponential increase of the viscosity (see Figure 4). For temperatures
between 142°C and T,;=152.1°C, the gel point is reached before
vitrification. After the vitrification line (blue in Figure 5), there is an
asymptotical reduction in the reaction rate given by the diffusion-
controlled crosslinking. The relative position between gelation and
vitrification will provide the correct regimens to process the foamed
resin. Notice that at 142 °C, gelation crosses vitrification. This transi-
tion temperature is one of the major results obtained by our method-
ology*>*”*® because it delimits the control kinetics and the type of
process. For instance, gelation is only achieved by a “slow” diffusion-
controlled mechanism when the compound is processed below
142°C and the resin behaves as a viscous fluid (finite viscosity).
Therefore, bubbles may increase their size freely, which may induce
bubble collapse. Conversely, for temperatures higher than 142°C,
gelation is always achieved by “fast” chemical kinetics and the viscos-
ity is always infinite before reaching vitrification. The interplay
between time-temperature and foaming will provide the optimal
conditions to reach a uniform cure and bubble distribution. Notice
that, for 142 °C, the time required to reach vitrification (gelation) is
around 50 min. It places a limit on the required time to reach accept-
able conditions and delineates the conditions for post-curing. As the
processing temperature is increased, the “gelation” time decreases
and the “vitrification” time increases [at 142 °C, there is a change in
the curvature of the vitrification line, see Figure 5(B)]. The ratio
between gelation and vitrification times, above 142 °C, provides a
tool for control and optimization. If post-cure is available, there is no
reason to process the foamed resin after gelation is reached, thereby
saving processing time. If post-cure is not desired, the correct tem-
perature and time may be extracted from the diagram depending on
the desired final cure degree.

CONCLUSIONS

The chemorheological TTT-v) diagram is built based on the
results of thermal analysis and rheological experiments. Phe-
nomenological modeling is used for both cure kinetics and rhe-
ology. This type of modeling is selected due to their successful
application in previous studies, but it does not limit the pro-
posed methodology to any other type of modeling. Cure and
viscosity are then condensed in the chemorheological diagram
that delineates proper conditions and transitions for optimal
processing. The proposed methodology can be used to deter-
mine the TTT-n diagram for reactive polymer, that is, thermo-
sets and rubbers.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43966
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An industrial-like EPDM rubber compound with a chemical
blowing agent is used to illustrate the methodology and chemo-
rheological diagram. For this particular selection, the reaction
control starts with a proper mixing methodology and the addi-
tional modeling of the blowing agent kinetics. Even though
there are additional additives, simultaneous reactions, and com-
plex chemistry, the methodology provided a consistent and
comprehensive diagram. Our methodology provides vital infor-
mation from the resin and compound; for instance, it provides
the cure degree at gelation and the transition temperature where
the gelation and vitrification balance.

The information from the chemorheological diagram, with the
corresponding kinetics and rheology, provides the required
information for a complete design and optimization protocols.
Computational fluid mechanics and transport may use this
information as constitutive equations and kinetics.
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