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Abstract 
Today rubber is due to its unique property profile one of the most important materials for the production of 
bearings, dampers or also tires and tubes. In the production of rubber goods a chemical cross-linking reaction 
(vulcanisation) generates the final material properties. This process takes place during the shape giving of the 
rubber compound in the mould and can proceed for several minutes. The cross-linking process is influenced by 
the mixture of the basic polymer, the cross-linking agent, the influence of catalysts and inhibitors and especially 
the processing conditions. The quality of every ingredient, the reproducibility of the mixing ratio, the 
homogeneity of the mixture and the accurateness in temperature control can have a direct influence on the cross 
linking reaction. To control the quality of a rubber compound and verify the processing conditions in industry 
moving die rheometers, named curemeter, are involved in the production process. Starting from our experience 
in cure monitoring of thermosetting materials by measuring ultrasound velocity in the mould we extended the 
measuring principle to rubber vulcanisation monitoring. After first investigations using a compression mould we 
dealt here with on-line monitoring of vulcanisation in an injection moulding process which is one of the most 
used techniques in rubber industry. 
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1.  Introduction 
Rubber is based on cross-linked macromolecules. It is characterised by a glass-rubber 
transition below room temperature. The typical rubber behaviour caused by high elasticity is 
based on the network of the cross-linked molecules. Cross-links are either physical or 
chemical bonds between neighbouring molecules. In elastomers these bonds consist often of 
sulphur molecules. The cross-linking reaction, named vulcanisation, is a thermally activated 
process which means that it depends on temperature and time. It typically takes place at 
elevated temperatures and the curing process takes some minutes.  
Vulcanisation is a critical and quality determining process. In industrial production it is 
common that every new rubber batch must be analyzed in regard to the course of the cross-
linking process. The release of the batch is based on adherence of time limits for the start of 
vulcanization (named scorch time), course of the vulcanization process and final value of 
shear modulus. Typical instruments to record this process are based on a measurement of the 
resistance against an oscillating shear deformation. Therefore a special type of analyser, in 
principal a rheometer, named cure-meter (in German Vulkameter) is on the market [1, 2]. 
They consist of two heated plates forming a die with a special profile for optimal mechanical 
coupling. The lower half of the die is torque measuring unit, the upper oscillates by a small 
angle. The electrical power necessary to reach the preset deformation angle is registered and 
converted into a torque. Also the phase shift between excitation and deformation can be 
evaluated and used to calculate the loss shear torque.  
As for all measurements performed on a different geometry under not exactly the same 
conditions the detected material behaviour may differ from the behaviour of the material 
processed under production conditions. The differences in geometry can be taken into 
consideration either by a rule of thump or more sophisticated by a calculation of the heat 
transfer throughout the mould. But in the end these calculation are only approximations to the 
direct measurement within the production tool. 
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Unfortunately a rheometer can not be integrated directly into a production mould. Therefore it 
would be interesting to use another measuring principle for vulcanisation monitoring. Here 
propagation of ultrasound comes into the focus. It is known for a long time, that the change of 
sound velocity in the course of the cross linking process can be registered by use of small 
sensors within a mould. This method has found wide application for cure monitoring of epoxy 
resins [3 – 11] and thermosetting moulding compounds based on phenol, melamine and urea 
resins [12 – 17].  
For rubber vulcanization only few publications exist where in compression moulding 
ultrasound was used for process monitoring [18, 19, 20]. 
In this article we describe first results of tests with the ultrasound vulcanisation monitoring of 
rubber in the injection moulding process. Besides compression moulding injection moulding 
is a widely used method for rubber manufacturing. The aim of the investigations was to 
extend the use of ultrasound vulcanisation monitoring to this important field. Out of 
theoretical considerations it was expected that the increase of the sound velocity by 
vulcanisation should be more distinct in injection moulding process then in compression 
moulding. It was observed in compression moulding that the sound velocity decreases at first 
caused by softening of the compound in the pre-heated mould. This decrease is followed by 
an increase in sound velocity caused by the cross-linking reaction. Often both processes 
overlap and the growth in sound velocity could be diminished. In compression moulding the 
compound is already heated to a temperature close to the vulcanisation temperature when it 
enters the mould. This minimizes the sound velocity reduction due to heating. So there was 
the hope that the vulcanisation process could be detected more clearly in injection moulding. 
The method was applied to three rubber types, namely Nitrile Butadiene Rubber (NBR), 
Polyacrylate Rubber (ACM) and Ethylene Acrylic Rubber (AEM). The results of the ACM 
and AEM materials were unsatisfying so that only the results of the NBR compound will be 
presented here. 
 
2.  Experimental conditions 
 
2.1 Ultrasound measuring equipment 
We used a commercially available cure monitoring system US-Plus from ISK [21] with two 
ultrasound sensors type K4V which is based on a temperature stable piezo ceramic. The 
sensors work with a mid frequency in the 4 MHz-range. They were inserted face to face in 
transmission arrangement in the upper and lower half of a mould for dumbbell test specimens. 
The sample thickness (d) in the mould is constant and given from the construction. This 
allows to calculate the sound velocity (vs) from the measured pulse travelling time (tt) 
according to: 
 

t
s t

d
v =  

 
The US-Plus system generates a high voltage pulse to excite the piezo ceramic transducer in 
the emitter sensor. A longitudinal wave is emitted, passes through the start-up length of the 
sensor, the test material, the start-up length of the second sensor and is then converted from 
the piezo ceramic transducer in the receiver into an electrical signal. This signal is amplified, 
digitized and stored on the hard disc. The amplification is adjusted automatically by a 
software routine. The transit time is calculated from signal analysis based on direct 
comparison between a reference signal, coming from a measurement with direct sensor to 
sensor contact, and the signal passed through the test material. The frequency of measurement 
repetition can be varied – here we used 1 measurement per second. The measured sound 
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velocity is given as a function of curing time on the monitor. The raw data are additionally 
stored in Excel format for future evaluations and quality assurance purposes.  
 
2.2 Injection moulding machine 
An injection moulding machine from Krauss Maffei was used – Fig. 1. 
The following machine parameters were pre-set or varied: 
rate of injection:    80 mm/sec 
screw speed:    50 U/min 
retarding element:  20 bar 
holding pressure:   200 bar 
holding pressure time:  8 s 
mould temperature:  180 °C to 190 °C 
barrel zone temperature profile : 41 to 75 °C 
vulcanising time:   300 s 
 
 

 
Figure 1. Injection moulding machine  
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The rubber strips for feeding can be seen in Fig. 2. 

 
Figure 2. Strips for feeding  
 
2.3 Mould  
The mould was constructed for production of dumbbell test specimens. As an additional 
feature the mould can be divided by a slide bar to combine different compounds or a 
combination of thermoset and rubber material. The upper red part including the ultrasound 
sensor could e.g. be used for rubber and the lower blue part could be used for thermoset 
injection. For this investigation the slide bar was not used. 
As shown in Figure 3 it is also possible to establish different temperatures in the upper and 
lower half of the mould. 
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Figure 3. Mould for dumbbell test specimen production with measured surface temperatures  
 
 
2.4 Material 
The material came from an industrially used NBR compound. This special rubber compound 
was manufactured for production of seals by injection moulding. The exact composition is 
unspecified.  
 
 

3  Results and Discussion 
In this publication we present the first successful application of ultrasound vulcanisation 
monitoring in the injection moulding process.  
To get meaningful ultrasound curves the injection machine parameters had to be optimised. 
The main problem was caused by a loss of the ultrasound signal when the holding pressure 
could not be reached or was not kept for the whole time. Here evidently the viscosity of the 
compound plays an important role. So we concentrated finally our efforts only on one of the 
three compounds because the measurements were more difficult for the other. But the results 
obtained for the NBR material were so promising that we wanted to show them. The 
experiments will be continued also with variation of the manufacturing parameters. The cause 
of the measuring problems has to be investigated more in detail in the future. 
Representative sound velocity curves with good reproducibility are shown in Fig. 4. Evidently 
the compound is still heated up when it reaches the sensor. The heating by friction in the 
nozzle and the flow through the injection channel and a part of the mould are not enough to 
reach the mould temperature. After about 30 s the vulcanisation process dominates and 
increases the sound velocity considerably. The vulcanisation process comes to an end after 
about 220 s which is shown by a constant sound velocity value.  
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Figure 4. Change of sound velocity of rubber compound, mould temperature 190 °C  
 
To demonstrate that the results of the measurements show a certain scatter from a run of 10 
uninterrupted shots the two most extreme curves were selected and are given in Fig. 5. Both 
curves seem to be shifted parallel. The shift-distance is about 125 m/s. We think that this 
difference could be caused by changes in sample thickness induced by a slight opening of the 
mould at high pressure. Also differences in the mould temperature could be an explanation 
because the higher the temperature the lower is the sound velocity. But a significant 
temperature difference should also lead to a different duration of the curing reaction. For 
future experiments thermocouples and pressure sensors have to be incorporated into the 
mould to get more clearness. 
 

1100

1150

1200

1250

1300

1350

1400

1450

1500

1550

1600

0 50 100 150 200 250 300 350 400

Time/ s

S
ou

nd
 v

el
oc

ity
/ m

/s

 
Figure 5. Change of sound velocity of rubber compound, selected curves are the minimum 
and the maximum curves from 10 shots,  

 
In rare circumstances a course of sound velocity as shown in Fig. 6 was found. Here the 
minimum value of the blue curve was initially lower as the red curve but the increase was 
steeper and therefore the end value higher. The curves cross each other. At the moment we 
have no explanation for this behaviour but taking the message directly this would mean that in 
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that sample the concentration of cross-linking agent seemed to have been higher or the 
amount of reinforcing filler was different.  
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Figure 6. Change of sound velocity of rubber compound, selected curves: red typical, blue 
with lower value in the minimum and higher end sound velocity  
 
New insight can be gained by examination of the 1st derivative of the sound velocity curves. 
In Fig. 7 the derivatives of 10 shots are shown. The minimum of the sound velocity curves 
that is equal to the root of the 1st derivative lies in the range from 30 to 40 s. The steepest part 
correlates to the maximum of the 1st derivative around 100 s. The reaction comes to an end at 
about 220 s. In spite of some differences between the individual sound velocity curves the 
derivative curves are very similar. Time for the start of vulcanisation, the maximum reaction 
speed and the end of vulcanisation can be monitored and deviations in the process or changes 
from batch to batch can be detected at once and actions for quality assurance initiated.  
 

 
Figure 7. 1st derivative of the sound velocity curves for 10 measurements without curve selection 
 

4  Summary 
The measurement of the change of sound velocity with sensors incorporated into a mould has 
found a lot of applications in cure monitoring of thermosetting materials. For the rubber 
vulcanisation, which is also a cross-linking process, it was already tested in compression 
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moulding processes. But the observable change in sound velocity was rather small. The 
shown results of the first tests of this method in rubber injection moulding gave optimistic 
results. Beside some difficulties – not all tested compounds gave good results and the 
discrepancies between the curves were not well understood - the results looked promising. 
Especially the 1st derivative of the sound velocity showed good reproducibility for 
information that is of high interest: time of begin of vulcanisation, time of highest reaction 
rate and time of end of vulcanisation. This encourages us to continue the investigations to 
qualify the ultrasound method for vulcanisation monitoring in industrial processes. 
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