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Abstract

During the manufacturing of car body joints, many thermal processes are usually used to obtain the end product. Among these processes,
infrared technology is widely employed, notably at the extruder outlet in order to quickly vulcanize superficially the elastomer. The extruded
profile is next totally vulcanized during the process continuation. This superficial treatment is a major process step because it fixes the extruded
product section and prevents thus shape deformations. A perfect knowledge of the infrared impact is necessary to provide a good quality of the end
product. This paper deals with the study of superficial vulcanization of an EPDM-based rubber by infrared radiation. Thermo-physical properties
and reaction kinetics were estimated by experimental measurements. A numerical model was developed to predict temperature and vulcanization
profiles in the material thickness. In parallel, vulcanization tests were carried out on instrumented samples. The simulated temperature profiles
were compared and validated with experimental ones and a new experimental methodology was implemented to determine and to validate the
vulcanization profile in the sample thickness.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Rubber materials are materials that are widely used in many
industrial applications. For example, in the automotive industry,
rubber gum is the main component of tires, low-pressure hoses
or car body joints. Indeed, elastomers have several interesting
qualities like an elastic behavior, a watertightness and damping
qualities. To manufacture these products, uncured material is
heated to a sufficient temperature in order to start the vulcaniza-
tion reaction. Different heat transfer modes can be used to treat
the material: convective (hot air tunnels, salt baths), conductive
(hot molds) and radiative inputs (microwaves, infrared). Never-
theless, whatever the process, the final state of cure depends on
cure time and temperature history. Moreover, depending on the
degree of cure, mechanical properties and mechanical behav-
ior of end products vary [1]. Therefore, to control mechanical
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behavior, a perfect knowledge of the vulcanization process is
needed.

The main particularity of our work is to study rubber vul-
canization under short-wave infrared radiation. Indeed, infrared
technology can provide several advantages like a great quan-
tity of energy transferred to the product without any medium,
a reduction of cure time or an easy control of lamps power.
For all these reasons, the infrared process enables to reduce
cost production, to improve product quality and it is particu-
larly adapted to superficial treatments [2,3]. Thus, in specific
processes like the continuous production of automotive rubber
seals, this technology is notably used at extruder outlet in order
to vulcanize superficially the extruded profile. This operation
allows to maintain a constant section product and to prevent ge-
ometric deformation during process continuation.

However, because of the low penetration depth of the in-
frared radiation and the low thermal conductivity of rubber,
great temperature gradients can be generated inside the ma-
terial. These temperature gradients create some vulcanization
heterogeneities in the thickness wise called vulcanization pro-
file.
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Nomenclature

Symbols

cp specific heat capacity . . . . . . . . . . . . . . . J kg−1 K−1

h heat transfer coefficient . . . . . . . . . . . . . W m−2 K−1

Eir infrared radiation . . . . . . . . . . . . . . . . . . . . . . . W m−2

Ea activation energy . . . . . . . . . . . . . . . . . . . . . . J mol−1

�H reaction enthalpy. . . . . . . . . . . . . . . . . . . . . . . . J kg−1

K0 pre-exponential factor . . . . . . . . . . . . . . . . . . . . . . s−1

R gas constant . . . . . . . . . . . . . . . . . . . . . . J mol−1 K−1

Sα vulcanization heat source . . . . . . . . . . . . . . . W m−3

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
X state of vulcanization

Greek letters

α infrared absorptivity

ε emissivity
k thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

σ Stefan–Boltzmann constant . . . . . . . . . W m−2 K−4

Subscripts

a ambient
e sample bottom
end end of test
exp experimental measurements
res residual
∝ total
u unvulcanized
v vulcanized
w wall
The objective of this work is to develop and validate a nu-
merical model enabling the prediction of vulcanization profiles
evolutions during the process of superficial vulcanization. A lit-
erature survey showed that several studies about the prediction
of vulcanization evolution were performed. A great amount of
these studies took an interest to rubber vulcanization in the in-
stance of molding process [4–8] but only few works concerned
the vulcanization of extruded profile by radiant technologies
[2,9,10].

The distinctive feature of this work is that the present model
integrates nonlinearity problems (great variation of thermo-
physical properties) caused by dilatation phenomenon (non-
compact blend). This geometric expansion is also considered
in our model.

In this paper, an EPDM blend was studied. First, based on
dynamic calorimetry measurements, a kinetic model was es-
timated and thermo-physical properties were measured. These
properties were used to develop a thermal model represent-
ing the heat transfer, the dilatation and the vulcanization into a
thin plate. Thereafter, to validate the studies, predicted tempera-
ture evolutions were compared with temperature measurements
performed on an instrumented experimental pilot. Then, an ex-
perimental method enabling the validation of the vulcanization
profile predicted by the model is presented.

2. Material

2.1. Blend studied

In this work, an ethylene-propylene-diene monomer (EPDM)
rubber is studied. This blend prepared by an automotive man-
ufacturer is a serial blend used to produce car body joints. It
contains about 30 wt% EPDM gum, 40 wt% reinforcing agent
(carbon black, chalk . . .) and about 30 wt% of other compo-
nents (oil, sulphur, activators, accelerators, antioxidant . . .). The
samples studied are prepared in a laboratory mixer.
2.2. Vulcanization kinetics

Kinetic characterization
A literature survey shows that several techniques are gener-

ally used to study vulcanization kinetics and to develop rep-
resentative kinetic models. Among these methods, two main
approaches are frequently applied to determine kinetic parame-
ters: the mechanical approach and the calorimetric approaches
in isothermal or non-isothermal modes [11–13]. In this paper,
the kinetic study was performed by using these two approaches:
torque measurements by rheometer and heat flow measure-
ments by DSC in anisothermal mode.

A Mosanto Moving Die Rheometer was used to carry out
torque measurements. These measurements were performed
many times on some thin sheets of rubber (2 mm thickness) at
different temperatures (160, 170, 180 and 190 ◦C) in constant
test condition (±0.5◦ arc strain amplitude). Based on torque
recordings, states of vulcanization evolutions can be deduced
by the following formulation [14]:

X(t) = Ct − Cm

CM − Cm

(1)

where Ct ,Cm,CM are respectively the torque value recorded at
a time t , the minimum torque value and the maximum torque.

Fig. 1 shows the conversions evolutions estimated from these
torques recordings. We can note that vulcanization reaction
starts from the beginning of the test. A small induction period
appears but it is less than 15 s. Consequently, in this paper, this
induction period is neglected in the kinetic model. It can be seen
that the cure rate rises with the temperature increase.

Several authors showed that cure rate and optimum cure time
vary with the measurement approach [12–15]. In this study,
calorimetric measurements were chosen to estimate kinetic pa-
rameters. Indeed, the vulcanization conditions in calorimetric
approach are similar to our conditions (no mechanical shear
force). Thus, several anisothermal DSC measurements were
carried out at different heating rates and using the measure-
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Fig. 1. States of vulcanization evolutions deduced from torque recordings at
four temperatures.

Fig. 2. Anisothermal DSC measurements at four heating rates.

ments of heat flow variations during the imposed temperature
ramp, the state of vulcanization evolutions are calculated by:

X(t) =
∫ t

0
dh
dt

dt∫ ∞
0

dh
dt

dt
= 1

�H∞

t∫
0

dh

dt
dt = �Ht

�H∞
(2)

where dh/dt is the heat flow measured by DSC, �Ht is the par-
tial energy liberated until the moment t and �H∞ is the total
enthalpy of vulcanization reaction.

For a DSC run, about 20 mg of blend studied was placed in a
non-hermetic aluminium pan and the scan was executed in he-
lium atmosphere in a temperature range of 20 to 250 ◦C (DSC
2010 T.A. Instruments). Earlier, a thermogravimetric analysis
was performed and showed that any mass losses should be
considered in this temperature range. To confirm this result,
the pans were weighed before and after the DSC run. Fig. 2
shows anisothermal DSC results performed at different heat-
ing rates 10, 15, 20 and 25 K min−1. The exothermal reac-
tion starts at about 120–130 ◦C and finishes at about 240 ◦C.
Whatever the heating rate, we notice two exothermal reactions.
The peak of the first one occurs for temperatures included be-
tween 170 and 180 ◦C according to the heating rate and the
peak of the last one is visible between 200 and 220 ◦C. Finally,
based on the DSC peak integration, average total enthalpy re-
action is calculated (based on 11 DSC runs) and is estimated at
17.2 ± 0.9 J g−1.

Using these DSC results experimental kinetic reactions can
be estimated as follows:

dX

dt
= 1

�H∞
dh

dt
(3)

Kinetic model
According to the literature survey [16], the vulcanization

reaction can be modeled as a temperature and conversion de-
pendent functions:

∂X

∂t
= F(T ,X) (4)

In many chemical reactions, the influence of the temperature
and the state of vulcanization are separated [16], then the kinetic
law is formulated as the product of two independent functions:

∂X

∂t
= K(T )G(X) (5)

To valid this hypothesis of separation of variables, it is nec-
essary that, whatever the heating rate, the maxima of reaction
rates are recorded at the same state of cure (for the first peak,
Xp ≈ 0.25 and for the second one, Xp ≈ 0.7).

The temperature dependent function is expressed by an Ar-
rhenius law:

K(T ) = k0e
−Ea/RT (6)

For the function G(X), many equation forms are frequently
employed: first order model [17], nth order model [18], au-
tocatalytic model [19] or polynomial equation [20]. For this
elastomer, two successive peaks are noticed (Fig. 2). Therefore,
to model the vulcanization reaction, the global reaction is bro-
ken up in two autocatalytic reactions [21]. The formulation is
as follows:
∂Xi

∂t
= k0i

e−Eai
/RT Xmi (1 − X)ni , i = 1,2 (7)

Then, the total state of vulcanization is:

X = X1 + X2 (8)

Activation energies are calculated using the Ozawa approach.
Other parameters (pre-exponential factors and order reactions)
are estimated by a least-square minimization method based on
the Levenberg–Marquardt algorithm. At first, the parameters
of the second reaction are identified using the late stage of
global reaction rate. Indeed, for a state of vulcanization supe-
rior at 0.6, the contribution of reaction (1) is supposed to be
null and, thus, the total conversion evolution is only induced by
reaction (2). As soon as the kinetic parameters of reaction (2)
are estimated, the contribution of reaction (2) is subtracted from
the total reaction. The unknown parameters of reaction (1) are
next identified. One example of identification results is shown
in Fig. 3 for a temperature ramp imposed at 15 K/min from
20 to 270 ◦C. The global reaction rates and the contributions
of reaction (1) and (2) are plotted versus time in Fig. 3(a). We
can notice that reaction (2) is the preponderant reaction. The
conversion evolution is represented in Fig. 3(b). We notice that
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(a)

(b)

Fig. 3. Reaction rate and reaction contributions (kinetic reaction at 15 K/min).

Fig. 4. States of vulcanization evolutions for different heating rates. Compari-
son between simulated results (solid lines) and DSC measurements (symbols).

the maximum conversion reached for reaction (1) is about 0.35
whereas it equals to 0.65 for reaction (2), which confirms the
prevalence of the second reaction. Globally, the comparison of
the total reactions measured with the global reactions simulated
reveals a good agreement between the kinetic model and the ex-
perimental kinetic. Fig. 4 shows the evolutions of vulcanization
conversions versus time obtained by DSC tests for several im-
posed temperature ramps. These evolutions are compared to the
ones predicted by the kinetic model. Based on the observation
of these results, we can assumed that the previously parameters
set identified seems to be coherent in this heating rate range.
Table 1
Kinetic parameters obtained after identification

K0 (s−1) Ea (kJ mol−1) m n

Reaction 1 2.7 × 1013 128 0 6.25
Reaction 2 4.4 × 1011 123 0 1.3

Fig. 5. Density evolutions during vulcanization DMA test.

The average kinetic parameter values originally from this
identification step are listed in Table 1. We can note that the
identified coefficients m1 and m2 equal zero, so the two reac-
tions reduce to nth order reactions.

2.3. Thermo-physical properties

Density measurements were performed on an uncured blend
and on a blend totally vulcanized at room temperature using
a pycnometer. To estimate density evolutions with temperature
and conversion evolution the sample deformation is expected
to be isotropic and without mass losses. Then, thermal expan-
sion coefficient �L/L0 of the material was measured by Dy-
namic Mechanical Analyzer (Model 2980 of TA Instruments)
in compression mode. A static force of 0.01 N is applied on
a cylindrical sample, measuring initially 12.8 mm in diameter
and 8 mm in height, and a slow temperature ramp is imposed
(1 K/min) included between 20 and 250 ◦C. Fig. 5 shows the
density evolution obtained. The density of uncured matter is
approximately 1200 kg m−3 (value obtained by pycnometry
method) and decreases until 740 kg m−3 for the matter totally
cured (at 220 ◦C). Some analysis showed that density mainly
varies with the state of vulcanization X and little varies with the
temperature. Before the vulcanization starts (T < 90 ◦C), we
note that the density is quasi-constant. At 30 ◦C, density equals
1190 kg m−3 and at 90 ◦C, density equals 1160 kg m−3. A simi-
lar phenomenon is noticed when the blend is totally vulcanized.
At 30 ◦C, density equals 730 kg m−3 (pycnometric method) and
is equal to 735 kg m−3 (DMA method) at 250 ◦C. Whereas, we
note that density greatly varies during the vulcanization step.
To model this density variation, a polynomial equation based
only on the state of vulcanization has been chosen (Fig. 5). The
effect of temperature is not considered.

The specific heat evolutions of uncured and totally vulcan-
ized samples were estimated by differential scanning calorime-
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Table 2
Thermal properties of blend

Unvulcanized Vulcanized

Thermal conductivity
(W m−1 K−1)

0.315 (hot guarded method) 0.242 (Inverse method)

Specific heat
(J kg−1 K−1)

3.11(T − 273.15) + 1409
(DSC method)

2.68(T − 273.15) + 1417
(DSC method)

Density
(kg m−3)

1190 (pycnometry method) 740 (DMA method)
730 (pycnometry method)
755 (Inverse method)

Emissivity 0.85
Absorptivity 0.6

try (DSC 2010 T.A. Instruments). For each test, a small amount
of matter (about 20 mg) is placed in non-hermetic aluminium
pan. The DSC runs are performed in a temperature range of
20 to 250 ◦C at a heating rate of 20 K/min (limit at 100 ◦C
for uncured rubber) under a helium atmosphere. A first run is
conducted with an empty pan to obtain the baseline and the cal-
ibration was done with a standard sapphire sample. Based on
these measurements, the temperature-dependent specific heat
is next calculated for the uncured and vulcanized sample (Ta-
ble 2). In order to considered specific heat variations with state
of vulcanization, a mixing law [16] is established:

cp(T ,X) = Xcpv(T ) + (1 − X)cpu(T ) (9)

The thermal conductivity of uncured sample was measured
at three different temperatures (30–50–70 ◦C) by the guarded
hot plate method. In the instance of the vulcanized matter,
the thermal conductivity was estimated by a transient method
based on the work of K.J. Dowding et al. [22] in the range
30 to 160 ◦C. This method, which needs an experimental setup
coupled with an inverse method measures simultaneous tem-
perature dependent thermal conductivity and volumetric heat
capacity. These measurements showed that thermal conductivi-
ties little vary with temperature but depend of states of vulcan-
ization.

The thermo-optical properties, average infrared absorption
coefficient and emissivity were evaluated by Fourier Transform
Infrared Spectroscopy (FTIR) using an Attenuated Total Re-
flectance (ATR) module. The elastomer sample was considered
as a semi gray body (diffuse reflection and emission). Next,
based on the reflectance measurements and the body emittance,
the optical properties were estimated in first approximation
[23,24].

3. Study of infrared curing

3.1. Phenomena description

During the superficial treatment by infrared radiation, differ-
ent thermal phenomena are present and have to be considered in
this study. When the sample is exposed to a great infrared radia-
tion (several kW m−2), its surface temperature quickly rises and
exchanges heat by convection and long-wave radiation (Fig. 6).
Because of the low penetration depth of infrared radiation into
matter and the low thermal conductivity of rubber, great tem-
perature gradients are generated inside material. These thermal
Fig. 6. Thermal phenomena.

Fig. 7. Experimental setup.

gradients induce vulcanization profile in the thickness and con-
sequently generate a sample dilatation (geometric deformation)
which is taken into account in the numerical model. In this
work, a plane plate configuration with thermally insulated side
faces is considered in order to suppose an one-dimensional heat
transfer.

3.2. Experimental setup

The experimental setup which was developed in our labora-
tory (Fig. 7) is mainly composed of a radiant heat source. This
radiant heat source is equipped with three short-wave infrared
lamps (2 kW each). Each lamp is fitted out with a parabolic
reflector to assure a homogeneous radiation area. A power con-
troller unit regulates the dissipated energy. The last one cited
operates in syncopated wave train is itself piloted by an input
voltage (0–10 V). The elastomer sample (Fig. 8) previously in-
strumented in temperature sensors and insulated is positioned
under the emitter in a mobile support which enables the control
of the heat source-sample distance.

The sample dimensions are 60 mm to-side and about 8 mm
thick. An optical pyrometer measures surface temperature and
each sample is instrumented with K-type thermocouples (weld-
ing diameter: 300 µm). These ones embedded into matter are
placed parallel to the isotherms (Fig. 8). A copper plate of
0.5 mm is intercalated between the bottom of the sample and the
thermal insulation in order to homogenize bottom temperature.
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Fig. 8. Instrumentation sample representation.

A thermocouple embedded in this plate measure the tempera-
ture. Another temperature sensor, protected against the incident
radiation by a radiation shield, records the air temperature.

All this sensors are connected to a data acquisition system
(10 acquisitions per second). Before each test, the incident heat
flux is measured with a flux meter previously developed in our
laboratory [25].

For the experimental tests, the samples were first positioned
in the support and the infrared lamps were switched on. Dur-
ing about three hundred seconds, period to reach a constant
incident radiation (emitter transient state), a radiant shield was
placed between the emitter and the sample. Next, the plate was
removed. At the end of heating period, the shield was replaced
again in order to prevent radiative exchanges between the emit-
ter and the sample.

3.3. Thermal model

From this thermal phenomena analysis, a one-dimensional
knowledge model is developed to represent the heat transfers
during the vulcanization process. Into matter, the governing
equation is the following:

ρcp(T ,X)
∂T

∂t
= ∂

∂z

(
k(X)

∂T

∂z

)
+ SX(T ,X) (10)

In this governing equation, the source term SX represents the
energy dissipated during the vulcanization reaction:

SX(T ,X) = ρ(T ,X)�H∞
∂X

∂t
(11)

The upper face of the sample (z = 0) is exposed to the
short infrared radiation, convective and long infrared radiation
(Fig. 6). At the sample bottom (z = e), a Dirichlet condition is
imposed and equals to the temperature measured at the sample
bottom.

So, the boundary conditions are defined as follow:

At z = 0 and t < tr

−k

(
∂T

∂z

)
0
= h(T − Ta) + εσF0−w(T 4 − T 4

w)

(1 − ε)F0−w + ε
+ αEir (12)

At z = 0 and t > tr

−k

(
∂T

)
= h(T − Ta) + εσF0−w

(
T 4 − T 4

w

)

∂z 0
At z = e

T (z = e, t) = Texp(z = e, t) (13)

In Eqs. (12), tr is the time during which the sample is ex-
posed to the short-wave infrared radiation. For the radiant ex-
changes between the emitter and the sample surface, the inci-
dent heat flux Eir is measured by a fluxmeter [25].

For the long wave radiation a view factor F0−w is intro-
duced. F0−w is equal to 0.82 during the short-wave infrared
radiation [26]. It is taken equal to 1 during the cooling period
(the radiant shield placed between the emitter and the sample is
supposed at the environment temperature).

The convective heat transfer is calculated with a free con-
vection correlation for horizontal plate with the heated surface
facing upward [24–27]:

h = Nuk

L
with

NuL =
∣∣∣∣∣

0.54R0.25
a 104 < Ra < 107

0.15R0.33
a 107 < Ra < 1011

(14)

where Nu is the Nusselt number, L is the characteristic dimen-
sion and is equal to the area divided per the perimeter and Ra is
the Rayleigh number.

To solve this problem, an implicit-finite difference scheme
is chosen. In order to model the sample deformation during
vulcanization process, a deforming mesh is considered. At ini-
tial time, a simple linear discretization with a constant space
step is applied. Based on the mass conservation hypothesis, the
mass associated at each volume is assumed constant. Thus, the
density variations are represented by volume variations. During
whole time course of the treatment, the geometric deformation
is only assumed in the thickness direction and a new spatial dis-
cretization is recalculated at each iteration:

�zt
i = �z0

i
ρ0

i

ρt
i

(15)

4. Results and discussion

In order to validate the numerical model, experimental tests
were performed with two different configurations. In a first
time, we carried out a heating test with a vulcanized blend.
This test aims at the validation of thermal model without the
kinetic part and thus enables us to confirm the correct account-
ing of thermo-physical properties and experimental boundaries
(convection, radiation). In a second hand, vulcanization tests
were performed. The simulated temperature responses were
compared to measurements and the vulcanization profile in the
sample thickness was estimated.

4.1. Experimental and simulated thermal responses of a
vulcanized plate

For this test, a constant incident radiation at 12.4 kW m−2 is
maintained during about 300 s (Fig. 9). Initially, the sample is
at room temperature, i.e., about 20 ◦C, as soon as the infrared is
applied, the temperature of sample surface rises to reach about
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Fig. 9. Heating test (vulcanized sample) with an infrared radiation imposed
at 12.4 kW m−2. Comparison between the simulated results (solid lines) and
experimental measurements (symbols). Sensor 1 initially at 1.75 mm under sur-
face, sensor 2 at 2 mm.

150 ◦C. The temperature collected at the sample bottom only
increases until 90 ◦C. Inside the sample, two sensors record the
temperature evolutions at a depth of 1.75 mm and at 2 mm.
When the infrared radiation is switched off, we note a great de-
crease in temperature at the surface level caused by the radiative
and convective losses (−25 ◦C in 20 s).

Moreover, in the instance of this pre-vulcanized blend, the
dilatation is very small (<0.2 mm), consequently, the problem
of thermocouples displacement is negligible.

In comparing the simulated results with those experimen-
tally obtained, a good agreement is observed. During the rise
in temperature, the temperature differences between simulation
and experimental measurements are relatively low. Indeed, the
maximal difference, noticed 2 s after the application of the ra-
diation is less than 8 ◦C and the deviation does not exceed 2 ◦C
during the heating period. Throughout the cooling, the tem-
perature differences are less than 2 ◦C for the thermocouples
embedded in the sample and are less than 1 ◦C for the surface
temperature. Consequently, this experimental test enables to
validate the thermal model in the instance of the heating of vul-
canized blend. Moreover, the good agreement observed during
the cooling period reveals the correct estimation of boundaries
conditions.

4.2. Experimental and simulated thermal responses of a non-
vulcanized plate

In the instance of uncured blends, the samples were previ-
ously heated at 75 ◦C inside an air furnace in order to be near
industrial conditions, i.e. at the extruder outlet. At the end of
the heating, the sample was quickly cooled (quenching in cold
water) to stop the vulcanization reaction.

A test realized with an uncured blend and under a heat flux
density imposed at 15.8 kW m−2 is first presented (Fig. 10).
For this vulcanization test, two temperatures were measured
inside elastomer sample. Initially, the first thermocouple was
positioned at about 0.3 mm under the exposed surface (posi-
tion of welding center) and the second one was embedded at
2.8 mm.
Fig. 10. Vulcanization test (uncured sample) with an infrared radiation imposed
at 15.8 kW m−2. Comparison between the simulated results (solid lines) and
experimental measurements (symbols). Sensor 1 initially at 0.3 mm under sur-
face, sensor 2 at 2.8 mm.

Fig. 11. Thickness evolution and sensors displacement during vulcanization test
with a radiation equals to 15.8 kW m−2.

For this test, the infrared radiation, which was applied during
about 150 s, generated a quick temperature rise at the sample
surface (from about 70 to 210 ◦C) and, consequently, generated
thermal gradients inside the sample (until 120 ◦C for a thick-
ness of 8.8 mm) caused of the low thermal conduction. During
the cooling period, we note a great drop in temperature was
recorded (about 60 ◦C in 20 s for the surface temperature).

The analysis of simulated and experimental data confirms
the good representation of thermal phenomena by the numer-
ical model for times less than 100 s. After this time, we note
the numerical model underestimates temperatures evolutions.
However, the maximum temperatures errors are less than 12.5%
at the end of curing period. Moreover, a sensitive analysis
showed that several parameters could be causes of errors. Thus,
an error of 10% for infrared absorptivity can generate temper-
ature errors more than 7%. Similar errors for other parameters
(heat capacity or thermal conductivity) lead to the same conse-
quences. During the cooling period, the simulated temperatures
evolutions are in agreement with the ones recorded in the ex-
perimental setup. Indeed, the maximal temperature difference is
less than 5 ◦C, which confirms the correct accounting of losses.

In the same time of the temperature response, the numerical
model predicts the sample dilatation too during the vulcaniza-
tion step (Fig. 11). In order to validate the expansion estimated
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Fig. 12. Vulcanization test (uncured sample) with an infrared radiation imposed
at 12.4 kW m−2. Comparison between the simulated results (solid lines) and
experimental measurements (symbols).

by the model, the sample thickness was measured before and af-
ter the vulcanization test. Moreover, the sensors’ positions were
verified a posteriori after the sample cutting.

Initially, the thickness sample was about 7.8 mm and was
8.8 mm at the end of vulcanization test. For this test, the nu-
merical model predicted a final thickness of 9 mm. Regarding
the sensors’ displacement, a good agreement between model
and experimentation is also noticed. Indeed, for the sensor
placed just under the surface, its location was measured at
0.35±0.15 mm (sphere diameter error) and the model predicted
a sensor location at 0.35 mm. Concerning the other sensor, this
one was measured at 3.70 ± 0.15 mm under the surface and the
predicted position was at 3.6 mm.

A second test was carried out under an infrared radiation
imposed at 12.4 kW m−2. For this test, infrared radiation was
applied during about 400 s (Fig. 12). The surface temperature
greatly increased until 200 ◦C whereas the bottom temperature
reached only about 100 ◦C. The observation of Fig. 12 shows
there is a good concordance between experimental and simu-
lated data is noted down. Indeed, the differences of temperature
do not exceed 7%. About the sample expansion, the final thick-
ness was measured at 9.5 mm and is in agree with the simulation
(9.4 mm).

4.3. Validation of vulcanization profile

In order to determine experimentally the states of vulcaniza-
tion, a calorimetric approach was used. Based on the residual
enthalpy measurements and using the formulation below, the
average state of vulcanization was estimated [28].

Xend = 1 − �Hres

�H∞
(16)

To verify the validity of this method, a preliminary test was
performed on some small uncured samples (100 mg) vulcan-
ized in a hot oven maintained at 155 ◦C (convective condi-
tions). The samples were removed from oven at different times
(6 to 50 min), these ones were next quickly cooled in cold
water to stop the vulcanization reaction. Next, dynamic DSC
measurements were conducted. For each test, the DSC runs
Fig. 13. Vulcanization test in a hot oven. Evolution of samples temperature
(solid line) and comparison between the predicted conversion (discontinuous
line) and measured conversion (symbols).

Fig. 14. Final vulcanization profile for test at 12.4 kW m−2: comparison be-
tween simulated profile (solid line) and experimental profile (symbols).

were performed in a temperature range of 20 to 270 ◦C at a
heating rate of 15 K/min and the residual enthalpy was mea-
sured.

The results obtained were next compared with those simu-
lated with a model 0D in convective conditions (Fig. 13) and
confirmed the validity of the approach.

In order to determine experimentally the vulcanization pro-
file, this calorimetric approach was next used on the samples
previously vulcanized by infrared radiation respectively for a
heat flux density imposed at 12.4 kW m−2 and at 15.8 kW m−2.
Previously, thin sections parallel to the surface were then cut
off by a precision saw equipped with an abrasive cut-off wheel
(wheel thickness: 0.8 mm). In each section (thickness: 300–
500 µm), partially vulcanized matter was next removed and was
analyzed calorimetrically

The simulated profile and experimental profile are presented
in Figs. 14–15. For each figure, three simulated profiles are plot-
ted in order to show the influence of an error of ±5% for the
infrared absorptivity about predicted profiles.

Globally, there is a good agreement between simulated and
experimental profiles. Thus, in Fig. 14, for the section corre-
sponding to the position 0.3 mm, the model predicts a state of
vulcanization equal to 0.63 ± 0.10. Based on residual enthalpy
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Fig. 15. Final vulcanization profile for test at 15.8 kW m−2: comparison be-
tween simulated profile (solid line) and experimental profile (symbols).

results, the degree of vulcanization estimated is included be-
tween 0.6 and 0.63 for this section. The error bars represent the
errors related to the position of each section (section thickness)
and the errors caused by the measurements-uncertainty. How-
ever, several differences between simulated and experimental
results can be noticed. At 0.6 mm under the exposed surface, the
state of vulcanization is experimentally estimated at 0.76–0.79,
whereas the model predicts a value of 0.58 ± 0.10. These dif-
ferences are mainly caused by the blend heterogeneities (bad
scattering of components) that consequently generate vulcan-
ization disparities.

5. Conclusion

In this work, superficial elastomer vulcanization by short
wave infrared radiation was investigated. The major aim of this
study is to predict and validate the depth of vulcanization in the
material.

A 1D numerical model enabling the prediction of tem-
perature and conversion rate evolutions in the sample thick-
ness was developed. The modelling was validated by com-
parison of experimental and simulated test. These tests were
performed for two operating conditions (incident radiation: 12
and 15 kW m−2). To validate the predicted vulcanization pro-
file, a methodology based on the cutting up of fine slices in the
material thickness coupled with calorimetric analyses was de-
veloped. The experimental results allowed the validation of the
vulcanization profile in the material.

One of the possible work perspectives is the study of the su-
perficial vulcanization for industrial operating conditions (high
infrared input during short treatment times)
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