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tinuous vulcanization has established itself to date, it has also 
not been possible until now to perform an assessment of vari-
ous vulcanization methods and approaches. Consequently, 
many, sometimes wildly differing approaches to continuous 
heating and vulcanization of profiles are being used (figure 1). 
One possibility is to use microwaves for primary energy input 
(Concept A), combined with a short shock crosslinking, for 
example using hot gas. The hot air channel merely has the func-
tion of maintaining an elevated temperature on the profile sur-
face and is not used for further heating in Concept A. Concept 
B, by contrast, applies an intensive energy input by infrared 
radiation in the pre-shock before following the approach of 
heating the profile with very high hot air temperatures com-
bined with microwaves (figure 1). Both of these concepts can 
achieve the desired results, but an assessment of their efficiency 
and process stability has not been possible to date due to a miss-
ing (temperature) measurement apparatus.
 Joint research and development, therefore, has the aim of 
systematically assessing various process sequences and combi-
nations of hot air and infrared and microwave radiation for 
heating and vulcanizing profiles using a newly developed vul-
canization test and measuring system, as well as a laboratory 
vulcanization line.

Crosslinking behavior of the EPDM blend used
For the experimental investigations, representative data for a 
sulfur crosslinking EPDM blend with carbon black filler will 
be presented. In addition to calorific material data, which are 
used for heating simulations, crosslinking isotherms were mea-
sured and used for calibrating a crosslinking model (refs. 18 
and 19). The crosslinking model can in future be used for cal-
culating a degree of crosslinking from a measured or simulated 
(local) temperature profile for a rubber profile (figure 2). 
 
Experiment planning and implementation
To conduct the experimental investigations, a novel vulcaniza-
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In the field of continuous vulcanization, combinations of infra-
red emitters (IR), hot air systems (HL) and microwave systems 
(UHF) are mainly used for heating sulfur crosslinked profiles 
(refs.1 and 2). Used individually, all energy transfer methods 
(radiation [IR], convection [HL] and dissipation [UHF]) result 
in inhomogeneous heating: Infrared radiation and convective 
hot air heating initially heat the profile surface and convey the 
energy inside the cross-section with a delay. According to lit-
erature, although microwave radiation heats the entire profile 
cross-section of the polar or electrically or ionic conductive 
materials, the resulting process is subject to high levels of fluc-
tuation (refs.1-7). These fluctuations are often caused by a 
complex interaction between the distribution of the electromag-
netic field in the UHF system and the temperature-dependent 
absorption capability of rubber materials. Overall, the implica-
tion is, therefore, that a reasonably homogeneous heating, and 
therefore vulcanization, can be achieved only through a combi-
nation, sequence and balancing of various vulcanization meth-
ods that are tailored to the specific material.
 Although the heating behavior of rubber profiles for various 
vulcanization methods can be described in principle (refs. 5, 
and 8-12), a means of controlling the vulcanization process, for 
example based on process-integrated modeling of temperatures 
or crosslinking behavior, is not known to date. In industry, 
therefore, vulcanization processes are configured and opti-
mized based on general recommendations, as well as knowl-
edge and experience (ref. 13). A key problem that has not been 
solved to date, and which has largely prevented a closed-loop 
control of the continuous vulcanization process, is that it is not 
possible to measure local temperature within the cross-section 
of a profile or to determine the level of crosslinking. Although 
various, and in some cases patented, methods of measuring the 
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Figure 1 - schematic representation of various 
vulcanization concepts (ref. 17)
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level of crosslinking inline have been devel-
oped (refs. 14-16), none of these has achieved 
widespread use. This may be due to the fact that 
the instrumentation is prone to malfunction (in 
particular due to temperature), and that the 
measuring accuracy varies greatly between 
materials. Furthermore, an offline measure-
ment of the level of crosslinking is not possible 
by any simple means to date, which is why 
many processing companies continue to work 
with compressive deformation set measure-
ments for a final assessment of the crosslinking 
process.
 Because no inline measurement during con-



throughput of 1 m/minute. A comprehensive parameter varia-
tion will be the subject of future investigations.
 In addition to the new measuring device, experimental in-
vestigations are also being carried out on a laboratory extrusion 
line at the IKV, which consists of an infrared pre-shock and a 
hot air UHF combination plant. The data presented in this ar-
ticle are based exclusively on hot air vulcanization at various 
conveyor belt speeds and hot air temperatures (table 1). For the 
presented results, profiles with a rectangular cross-section (3 × 
15 mm²) were vulcanized. To ensure consistent starting condi-
tions for vulcanization, the profiles were initially stored after 
extrusion and fed into the vulcanization plant at room tempera-
ture.
 At the same time, the energy consumed by the respective 
vulcanization plant was measured with energy meters at each 
process point. In addition, the material throughput for every 
conveyor belt speed was measured. From the energy consumed 
for vulcanization and the material throughput, the specific vul-
canization energy was calculated:
	 																																				e	=	P/ṁ																																			(1)
where:
 e: Specific vulcanization energy
 P: Energy consumed by the plant for vulcanization
	 ṁ:	Material	throughput
 By evaluating the specific vulcanization energy, the results 
of the parameter variation can be transferred to other through-
puts, materials and, to some extent, also profile geometries, 
facilitating a generalization of the results. It will also be possi-
ble in the future to assess the energy efficiency of various pro-
cess points, vulcanization processes or vulcanization methods 
by including in the equation the minimum energy required for 
heating and vulcanizing the material.
 To be able to assess the state of crosslinking of the vulca-
nized profile not only globally, but also locally, in the cross-
section, the durometer A hardness was measured at two points 
in the profile cross-section (in the center and near the surface) 
at room temperature. A decisive argument for using the duro-
meter A hardness to determine the crosslinking state in the 
context of the presented investigations is the ease of preparing 
samples and the extremely short measurement duration, which 
also makes the method suitable for use in production, and its 
low susceptibility (with multiple measurements) to ambient 
conditions. The downside is a relatively high scatter compared 
with chemical or physical methods (e.g., DSC), which does, 
however, require significantly longer measurement durations 
and can be applied to only very small sections of a profile.
 As a reference for a fully cured product, a pressed plate 
(press duration 10 minutes, temperature 160°C) was used. The 
reference of a fully unvulcanized product was measured on an 

tion test and measuring system has been developed, produced 
and employed for process optimization. This method allows a 
simultaneous or consecutive heating of a section of rubber 
profile using hot air, infrared radiation and microwave radia-
tion, while at the same time continually measuring temperature 
in the profile cross-section (figure 3). The piercing thermo-
couples used are inserted into the profile to various depths to be 
able to measure the temperature at various points within the 
profile cross-section. Furthermore, continuous measurement 
and recording of the energy consumed by the system allows an 
energy assessment of the vulcanization process. In the investi-
gation using the vulcanization test and measuring system, 
rectangular profiles with a cross-section of 20 × 30 mm² were 
vulcanized using hot air and infrared radiation in each case. The 
hot air temperature was 320°C, and the infrared emitter had a 
rating of 2 kW. The chosen vulcanization times were 180 sec-
onds for hot air vulcanization and 48 seconds for infrared vul-
canization. These times correspond to the dwell time of a pro-
file in the laboratory vulcanization systems at the IKV at a 
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Figure 2 - measured crosslinking isotherms 
of the EPDM blend
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Figure 3 - illustration of the vulcanization 
test and measuring system for process 

optimization
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Table 1 - set and varying parameters in 
continuous vulcanization

Setting parameter
Set air temperature
Conveyor belt speed

Unit
(°C)

(m/min.)

Value range
280-380 (9 stages)

0.3      1      1.5      2     3



unvulcanized profile cross-section at room temperature (ref. 
18). The degree of crosslinking was calculated using the fol-
lowing formula (ref. 18):
                     c = (ShA - ShAmin)/(ShAmax - ShAmin)                 (2)
where:
 c: (Local) degree of crosslinking
 ShA: Durometer A hardness at measuring point
 ShAmin: Minimum durometer A hardness (unvulcanized
             profile)
 ShAmax: Maximum durometer A hardness (pressed plate)

Heating mechanisms in the profile cross-section
Figure 4 shows the heating trends over time of rectangular 
EPDM profiles heated using hot air (left) and infrared radiation 
(right). The temperature was measured in the center (core) of 
the sample cross-section, near the surface inside the profile 
(surface) and at a point between core and surface (intermediate 
point). The temperature profile near the surface on heating with 
hot air shows a starting value of 100°C, which is explained by 
the fact that the measurements were started only after the pro-
file was fully inserted in the vulcanization test and measuring 
system, at which time it had already been exposed to the hot 
plant environment. The delayed temperature rise inside the 
profile is due to the material’s low thermal conductivity.
 A special characteristic of hot air vulcanization is high-
lighted by the kink in the temperature profile, which can be 
reproduced in all hot air measurements, irrespective of the 
material. The kink in the temperature profile can be explained 
by the fact that the rate of heating on the profile surface using 
convective heating is initially very high because of the high 

temperature difference between the hot air and the compara-
tively cold profile surface. The profile surface nearly reaches 
the temperature of the air after only a few seconds (“applied 
temperature”), after which the surface no longer heats up fur-
ther. On further heating of the profile, the surface only absorbs 
the amount of energy that is transported into the inner part of 
the profile through thermal conduction. Because the measure-
ment curve is recorded near, but not directly on, the surface, the 
further temperature rise, resulting only from thermal conduc-
tion, is less steep.
 Where only infrared emitters were used for heating (figure 
4, right), this kink does not occur. Because the temperature dif-
ference between emitter temperature and profile surface tem-
perature enters the transferred heat flow in the fourth power in 
each case (Stefan-Boltzmann law), and the emitter temperature 
is significantly higher than the hot air temperature, a thermal 
equilibrium is not reached on the profile surface during the 
observed process times: The kink does not occur in the measur-
ing range and the temperature rise on the profile surface re-
mains steeper.
 Applied to continuous vulcanization processes, this means 
that heating using infrared radiation at constant radiation inten-
sity must not take place over a longer period because the sur-
face, which continues to heat up, can quickly reach its decom-
position temperature. A process-oriented approach could be, for 
example, a successive reduction of the emitter output along the 
production route, so that immediately after shock heating of the 
surface, an equilibrium of the surface temperature between ap-
plied radiation energy and energy dissipated to the environment 
through convection is reached. Heating or vulcanization using 
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Figure 4 - heating of rectangular rubber profiles in cross-section using hot air (left) and 
infrared radiation (right) 
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hot air at hot air temperatures below the decomposition tem-
perature, on the other hand, is possible over a longer period.

Continuous vulcanization 
To ensure that the findings obtained with the vulcanization test 
and measuring system can be applied to continuous processes, 
experimental investigations were performed on a hot air plant 
using various air temperatures and conveyor belt speeds. Figure 
5 shows that a high specific energy input is required for hot air 
vulcanization to vulcanize a profile to 80% (at least 10 kWh/kg). 
Because, as discussed above, a pressed plate was used as refer-
ence for measuring the degree of crosslinking, which, for pro-
cess-related reasons, has a higher hardness than can be achieved 
with extruded products, the actual degree of crosslinking can be 
assumed to be significantly above 80% at this process point.
 At a constant degree of crosslinking, process points with a 
higher throughput at a higher temperature generally make sense 
in terms of energy usage: The influence of the shorter dwell 
time clearly more than compensates the additional energy re-
quired for higher air temperatures (figure 5).
 Figure 5 also shows that the difference between the degrees 
of crosslinking near the surface and those inside the profile is 
comparatively small in the case of hot air vulcanization, pro-
vided that the degree of crosslinking is already high. Especially 
at a low specific energy, inhomogeneous crosslinking can occur 
in the cross-section; i.e., a high degree of crosslinking at the 
profile surface and a low degree of crosslinking inside the pro-
file. A significant reversion can generally be observed at low 
throughput and high vulcanization energy, although the high 

scatter requires further investigation. Overall, hot air vulcaniza-
tion is a comparatively robust process, in which, as already 
demonstrated through measurement, very high energy levels 
and air temperatures are generally required for crosslinking.
 
Conclusion and outlook
In terms of thermal energy, continuous vulcanization is a 
highly complex process. Conveyed rubber profiles must be 
heated up in as short a time as possible and as homogeneously 
as possible across their entire cross-section with as low an en-
ergy input as possible. To this end, hot air, microwave and in-
frared radiation methods, which are usually used in combina-
tion, have established themselves in industrial environments. 
The combination, material-specific vulcanization strategy and 
required energy for vulcanization has, to date, been chosen and 
set based on knowledge and experience. An in-depth energy 
analysis, let alone process-integrated measurement, was not 
possible to date, because no measuring device capable of mea-
suring the profile temperatures inside the profile during vulca-
nization was available.
 As part of the cooperation between Gerlach Maschinenbau 
and the IKV, a vulcanization test and measuring system for 
process optimization has been developed, which allows tem-
perature measurements during vulcanization of sections of rub-
ber profiles. For vulcanization, hot air, microwave and infrared 
radiation are available, which can be used either successively or 
simultaneously. At the same time, a continuous measurement of 
the profile temperature is possible, for the first time allowing the 
heating-up behavior of rubber profiles to be measured.
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Figure 5 - influence of the specific vulcanization energy and the conveyor belt speed on the 
degree of crosslinking of rubber profiles vulcanized with hot air
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 It was demonstrated that infrared vulcanization results in 
successive heating of the surface. An intensive use of infrared 
emitters over a longer period results in reversion and decompo-
sition of the rubber profile’s surface. Although the energy input 
also takes place via the surface when using hot air, it is possible 
here to expose a profile to the hot air over a longer period of 
time because a different energy transfer mechanism comes into 
play here: The profile surface reaches the temperature of the air 
after only a few seconds, after which it no longer heats up fur-
ther. Subsequently, only the amount of energy that is trans-
ported into the inner profile through thermal conduction is ap-
plied to the profile. This implies, however, that the additional 
energy input in hot air vulcanization is theoretically not re-
quired or does not contribute to the crosslinking of the profile.
 Experimental investigations confirm the findings from the 
measurements, and furthermore show that hot air vulcanization 
is a very robust, albeit extremely energy intensive process. 
 To be able to assess the energy efficiency of the various 
energy transfer mechanisms in the future, the energy required 
for a material for heating and vulcanization is currently being 
measured using dynamic scanning calorimetry (DSC). The ef-
ficiency of each process results from the ratio between the re-
quired energy for a material and the actually applied (specific) 
energy. To minimize the need for experiments, for example for 
engineering a process for new products, and to provide compre-
hensive explanatory approaches, heating simulations are cur-
rently being carried out for various materials and profile geo-
metries.
 This article was first published in the Dichtungstechnik 
Jahrbuch (in German language) in October 2017.
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