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The objective of this study was to investigate the interaction factors during the technological process of rubber-insu-
lated conductor’s production with continual extrusion process. Rubber used for the insulation was ethylene-propylene 
copolymer. The reticulation inducers were different peroxides. The technological process consisted of conductor’s 
coating with elastomer, through the continual vulcanization tube under steam pressure. The changes of vulcaniza-
tion process variables: pressure and speed (vulcanization time) infl uence the elastomer’s mechanical properties, its 
tensile strength. The multiple and partial correlation study was used to estimate the effects of steam pressure and 
vulcanization time, during the continual vulcanization, on the rubber’s insulation tensile strength. The experiment was 
carried out during the extrusion of the conductor for the specifi c product type (H05RN-F 2.5 mm2). It was concluded, 
by the results obtained, that for keeping the vulcanization quality at high level, required is to keep pressure constant 
and to change the vulcanization time during the extrusion process. Numerical results obtained showed that the choice 
of speed (vulcanization time) increases the elastomer’s tensile strength, when the pressure is kept at constant level.
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INTRODUCTION

For cable insulation widely is used ethylene-propyl-
ene copolymer (EPM), former abbreviation EPR (eth-
ylene-propylene rubber) or EI4 according to DIN VDE 
0282 part 1, due to its dielectric strength, low aging rate 
and resistance to partial discharges [02, 01, 14]. The EPR 
can be mixed with peroxides during the pre-processing 
phase at low temperatures enabling a well-defi ned fi nal 
product’s quality which is the main characteristic for the 
fi nal insulator mechanical properties.
The cable cross-linking technological process can be 
horizontal or vertical continual vulcanization [13, 15]. 
The polymer cross-linking is obtained by dry curing un-
der high pressure in a tube fi lled with steam. Process be-
gins in an extruder where the copper conductor is coated 
with the extruded EPR. Then the cable enters the heated 
part fi lled with steam. The cable obtained is then, cooled 
with cold water and left at ambient temperature. The 
most important phase during the technological process 
is taking part in the vulcanization tube where rubber gets 
its fi nal mechanical properties. The changes that occur 
in the vulcanization tube induce changes in insulator’s 
mechanical properties, heat resistance and aging char-
acteristics [07]. The parameters that infl uence EPR fi nal 
mechanical properties are: exposition time, steam tem-
perature and cooling water fl ow rate. The vulcanization 
time is controlled by the production line speed. Technol-
ogists and engineers can change cable velocity in order 
to optimize the technological process.
A mathematical model was used in order to determine 
the insulator’s tensile strength value in dependence of 

steam pressure (temperature) and vulcanization time 
during the continual vulcanization. The goal of all investi-
gations was to defi ne the occurrences and their charac-
teristics during the technological process using a math-
ematical model [18, 11, 04, 05, 10]. In this investigation 
applied was the correlation theory: the multiple and par-
tial correlation, in the analysis of the technological pro-
cess. Investigated was the dependence of factors during 
the continual extrusion of products with rubber insulation 
[12]. Determined was the vulcanization regime during 
the extrusion process in order to obtain the desired prod-
uct characteristics [03]. Under laboratory and production 
conditions prepared was rubber and its mixtures. The 
testing was done under the laboratory conditions. The 
analysis of the results obtained was done in order to de-
termine the conditions and its accordance with the spec-
ifi ed relevant regulations for the rubber mixtures [17]. 
After the comparison of the results obtained, the rubber 
production was achieved. 
The aim of the work was to investigate the vulcanization 
parameters on the quality of rubber insulation and its ten-
sile strength. The experiment was set under the working 
conditions based on the prepared plan.

THEORETICAL PART

The theoretical basis was mathematical statistics, the 
part: the Theory of correlation, specifi ed as the multiple 
and partial correlation (1). The occurrence and charac-
teristics of the elements investigated were infl uenced 
with several factors. There was one dependent and two 
independent variables.  First was considered the linear 
relationship between them. Dependent variable was 
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signed as x1, the independent ones as x2 and x3, and 
their relations as x1i, x2i, x3i (i = 1, 2,3). The simplest x1 
regression equation in dependence of x2 and x3 is in a 
form of:

    
   
In a three-dimensional coordinate system it can be pre-
sented as the regression plane. When linear relationship 
is to be determined necessary is to keep x3 constant, 
then the equation (1) is a straight line with a direction co-
effi cient b12.3, and when it is assumed that x2 is constant, 
then the equation (1) is a straight line with the direction 
coeffi cient b13.2. The b12.3 and b13.2 are partial regression 
coeffi cients characterizing these partial changes. From 
the theory of least squares the sum of squared devia-
tions has the form:

   
  

when it reaches the minimum the system of normal 
equations is obtained and in general is:

  

       

In order to obtain the necessary mathematical formulas 
for calculating the relative factors of the process it is nec-
essary to introduce the signs which are:

• Linear correlation coeffi cient between x1 and x2, x1 
and x3, x2 and x3 and are marked as r12, r13, r23

• Arithmetic means are  
• The standard deviation of the variables x1, x2 and x3 

are s1, s2, s3

• A new variable is introduced in a form of the equa-
tion: 
then the standard deviation of the variables is:

        
 

and identical follows for s2
2 and s3

2:

 

and can be written in a form (6):
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Identical follows and for r13 and r23.
For xr1i (i = 1, 2, ... n), the value x1 is calculated with the 
equation (1) and then the x1 standard estimation error 
with x2 and x3 is calculated from the residual dispersion 
equation and is:

      
    

The coeffi cients of multiple correlations are:
     

   

The coeffi cient of multiple determination is:
        

    
The partial-correlation coeffi cient between the x1 and x2, 
taking into account that x3 is a constant, is:

     
            

In the identical way calculated is r13.2 and r23.1.
Calculating the values from the above-mentioned equa-
tions obtained is a scholar approach in achieving the rel-
evant values for the process validation and analysis.
Technological processes were done in two separate 
modes. One process was done in laboratory, the other 
under working conditions in the factory Novkabel, Novi 
Sad. Rubber mixture was made in laboratory, according 
to the recipe, on the laboratory mixer Brabender® GmbH 
& Co KG. Mixing of the material in the mixing chamber 
was done by two horizontal rotors with protrusions. Rub-
ber made was pressed in standard foils on hydraulic 
press “Belišće” with special accessories in order to de-
termine the regime vulcanization-temperature (oC), time 
(s) and mechanical properties according to ISO 1421 
[06]. From rubber foils cut were standard tubes with spe-
cial tools in order to determine the breaking force and 
tensile strength.  Breaking was done on testing machine 
Thueringer Industriewerk type WPM 2092, according to 
ISO 1421 [06]. After experiments done, obtained were 
results which permitted the characterization of the rubber 
mixture. The results obtained permitted the settlement of 
the experiment under working conditions on the produc-
tion equipment: mixer for preparing the rubber mixture 
Werner & Pfl eiderer GmbH, with the strainer for rubber 
rolling, choppers for cutting into strips and at the end the 
palletizing was done.
The conductor was produced on an extruder for extrud-
ing rubber, the horizontal line for vulcanization 120 
with tube for vulcanization with the length of 100 m and 
where the die length to die diameter was 15. Next to the 
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extruder, on the platform placed was pallet with rubber 
strips and the extruder was fed manually. The extruder 
working regime was programmed and it was possible to 
change the parameters automatically. Rubber mixture 
processing was done in the extruder and was extruded 
through compatible die with which the copper conduc-
tor isolation was done. Vulcanization of the isolation was 
done in the tube with steam. The continual vulcanization 
tube’s length was 100 m. In the cooling area, just before 
the exit from the tube, the product was cooled. The vul-
canization regime was determined with steam pressure 
regarding temperature and retention time in the vulca-
nization tube area respecting the line velocity. The fi nal 
product was coiled to the corresponding drum. The sam-
ples for the control were taken before storage.

EXPERIMENTAL PART

The experimental part was carried out according to the 
experimental plan and at several levels, according to the 
engineering experiment principle, as follows:

• the selection of the recipe for mixing rubber com-
pounds with which the conductor insulation will be 
carried out

• the product selection which will be made under 
working conditions and on which the planned inves-
tigation will be performed

• providing the randomness and generality during the 
engineering experiment

• taking samples for testing the rubber insulation qual-
ity.

Under working conditions extruded was insulated con-
ductor for the product H05RN-F with diameter of 2.5 mm2 
(Figure 1). Isolation of insulated conductor was done with 
ethylene-propylene rubber, which was prior to applica-
tion the subject of physical and chemical investigations. 
Working conditions induced the choice of randomization 
system, while the achievement of general principles was 
obtained with the choice of strip rubber mixture for feed-
ing the extruder.

Figure 1: The sample for measurement

The experiment itself was located on extrusion line. The 
goal was to investigate tensile strength in dependence 
of vulcanization time which was changed on three lev-
els and pressure which was changed on four levels. The 
experiments were done in triplicate for every level com-
bination. Further, the pressure was chosen in a random 
way in the vulcanization pipes, and then the time was 
changed from one to three. After every time (velocity) 
change, the sample for quality investigations was tak-
en. The tensile strength results obtained are depicted in 
Table 1.

Divided 
slices R

Time
t(s)

 Pressure (MPa)
1.7658 1.8639 1.9620 2.0601

Slices
p1 p2 p3 p4

I
46 5.89 6.29 6.90 6.44
43 6.76 5.94 6.17 7.16
40 6.05 7.18 6.67 7.02

II
46 6.87 5.91 6.51 6.49
43 5.55 6.21 6.25 6.17
40 6.21 6.19 6.00 6.96

III
46 6.21 5.91 6.92 7.26
43 6.56 6.24 6.95 6.30
40 6.62 6.38 6.38 7.23

Table 1: Vulcanization time and pressure measured

RESULTS

Samples analyzed were conductor’s isolation with the 
length of 50 mm. The tensile strength was calculated 
according to the equation:  , MPa, where F is 
the breaking force and A is the cross-sectional area [09]. 
The inner and outer insulation diameter was measured 
with a microscope. The breaking force measurements 
were done on the testing machine Thüringer Industriew-
erk type WPM 2092. The investigations were done in 
accordance with ISO 1421 [06]. Results were system-
atized according to the chosen experimental model [11]. 
However, it was necessary to introduce standard assign-
ments for the investigated factors in the equations (1) 
and (3). The results of tensile strength measurements, σ, 
MPa, are presented in Table 2. Based on Table 1 formed 
was Table 2 with necessary sums for the system of nor-
mal equations (Table 2).
Thus, from the equation (1) and (3) is obtained:

     
  
while the system of normal equations is:

 
      

11)

12)
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pi – the pressure in the tubes for vulcanization, MPa, 
[08];
ti – vulcanization time in the tubes for vulcanization, s;
then, it was possible to present the results:

• linear regression equation σi by pi and vi is in a form 
of (11), and the system of normal equations is in the 
form of (12). The solution for the system of equations 
was:

a = 1.5008761
b = 2.5923697
c = 0.00070946

The searched linear regression equation was:
 

  

• from the equation (13) calculated were the values for 
σri and are depicted in Table 2. Necessary sums for 
the system of normal equations were made on the 
basis of the experimental results and are depicted 
in Table 2.

• standard deviation was calculated from the equation 
(4): si=0.6878

• Linear correlation coeffi cient between σi and pi was 
calculated by equation (6):

r12=0.4128
r13=0.78
r23=0

• standard estimation error was calculated from the 
equation (7): S1.23=0.3227384

• the linear multiple correlation coeffi cient of σi by 
pi and ti were calculated from the equation (8): 
R1.23=0.8824

• multiple determination coeffi cients were calculated 
from the equation (9):  

 
• The linear partial correlation coeffi cients were calcu-

lated from the equation (10):
r12.3=0.497
r13.2=0.9402
r23.1= - 0.99

DISCUSSION

Elastomer extrusion continual technological process 
is specifi c and complex. Technological process, under 
working conditions, can be obtained after laboratory in-
vestigations and examinations. Variable elements during 
the technological process are chosen to produce the ex-
truded product with satisfactory quality. Working condi-
tions were chosen in a narrow range and are described 
in the experimental part (Table 1).
Mathematical interpretation of the results started 
from the hypothesis that there is a linear dependence 

13)

between the technological process characteristics. Using 
the described theory of linear dependence obtained was 
the equation (13). From the linear regression equation 
(13) observed can be that the pressure factor infl uences 
more mechanical characteristics of the extruded elasto-
mer than the vulcanization time, for the chosen working 
conditions. The coeffi cient of the multiple determination, 
which is the square value of the multiple correlation coef-
fi cient, indicated that 78% ( =0.7788) of the whole 
variation in σi is explained with the regression equation. 
From the value of the linear partial correlation coeffi cient 
by equation (10) follows that it is more desirable to keep 
pressure constant and choose the vulcanization time. 
When the vulcanization pressure (pi) is kept at the con-
stant level and vulcanization time is chosen, then in 94% 
of the cases, obtained can be desired product’s isolation 
tensile strength. In the case when vulcanization time is 
kept constant and pressure is changed, in 50% of the 
cases, obtained can be the desired elastomer tensile 
strength. From the linear partial correlation coeffi cient 
pressure factors and time (pi and ti) obtained can be the 
value r23.1= - 0.99 which indicated the strong factors’ in-
teractions which are with the opposite effect.
Results presented in the Table 3, are calculated values 
for all possible variants values infl uencing the technolog-
ical process and their infl uence on mechanical charac-
teristics of the extrudate rubber isolation. It is possible 
to conclude that when the pressure is kept constant and 
the vulcanization time is changed the tensile strength de-
creases for infi nitesimal, but constant value, Δσi=2.2 Pa 
and graphical interpretation of the function gave three 
linear curves which overlay. In the second variant, for all 
the values when the vulcanization time is kept constant 
and with the vulcanization pressure increasing observed 
was the increase in tension for remarkable and constant 
value of Δσi= 254 Pa. The results obtained are logical 
and expected, indicating that the process factors order 
range was well chosen.

Figure 2: Graphical interpretation of pressure and 
vulcanization time dependence
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Table 3: Results for pressure and velocity

σpi σti
p1 p2 p3 p4 t1 t2 t3

6.1111 6.3654 6.6197 6.8740 6.1111 6.1089 6.1068
6.1089 6.3632 6.6176 6.8719 6.3654 6.3632 6.3611
6.1068 6.3611 6.6154 6.8697 6.6197 6.6176 6.6094

6.8740 6.8719 6.8697
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CONCLUSION

It can be drawn that the aim of the work was fully re-
alized. From the results presented it can be concluded 
that it is desirable and necessary to interpret and ana-
lyze mathematically the production processes. It was 
achieved to keep the production process within the de-
sired limits and to have an insight in the technological 
process conditions.
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