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deVeLoPMent of direCted reGuLAtion 
of rheoLoGiCAL ProPerties of fire 
retArdAnt CoMPosite MAteriALs 
of ethYLene VinYL ACetAte   
CoPoLYMer

Об’єктом дослідження є реологічні процеси в’язкого плину полімерних композиційних матеріалів, які не 
підтримують горіння. Одним з найбільш проблемних питань, що виникають під час переробки полімерних 
композиційних матеріалів, є підвищена в’язкість, яка потребує збільшення напруг зсуву для досягнення 
заданої швидкості.

З метою вирішення цієї проблеми розроблено метод спрямованого регулювання реологічних характе­
ристик полімерних композицій за допомогою введення до їх складу модифікатора. Вивчено вплив модифі­
катора на процеси в’язкого плину композиційних матеріалів кополімеру етилену з вінілацетатом, які не 
підтримують горіння та наповнювачів­антипиренів. В дослідженнях використовували кополімер етилену 
з вінілацетатом. Вміст вінілацетату складає 18 % та 28 %; ППР 2,5 г/10 хв. та ППР 5 г/10 хв. Моди­
фікатор – аміносилан. Наповнювачі­антипирени:

– тригідрати оксиду алюмінію з середнім діаметром часточок 1,5 мкм та 3,0 мкм;
– дигідрати оксиду магнію з середнім діаметром часточок 3,0 мкм та 3,7 мкм; 
– гідромагнезит з середнім діаметром часточок 1,4 мкм.
Використовуючи метод капілярної віскозиметрії, визначено наступні характеристики: показник плин­

ності розплаву, напруження зсуву, швидкість зсуву, ефективну в’язкість та енергію активації в’язкого 
плину. Показник плинності розплаву зменшується у разі використання наповнювачів­антипиренів з мен­
шим середнім діаметром часточок. Показник плинності розплаву полімерної композиції з використанням 
наповнювачів­антипиренів різної хімічної природи та дисперсності підвищується під час введення моди­
фікатора. Для тригідратів оксиду алюмінію в 2–8 рази, для дигідратів оксиду магнію в 2,2–3 рази, для 
гідромагнезитів в 2,0–2,2 рази. Напруження зсуву та ефективна в’язкість навпаки зменшується під час 
введення модифікатора в полімерну композицію. 

Отримані результати дозволяють підвищувати продуктивність під час переробки розроблених ма­
теріалів за рахунок зниження таких показників, як в’язкість, напруження зсуву, підвищення показників 
плинності розплаву та швидкості зсуву. Це в свою чергу позитивно вплине на зниження енергозатрат та 
терміну виготовлення кабельної продукції.

Результати будуть корисними під час розробки рецептур полімерних композицій для кабельної продукції 
та спрямованого регулювання технологічних показників під час їх переробки.

Ключові слова: композиційні матеріали, кополімер етилену з вінілацетатом, наповнювачі­антипірени, 
реологічні властивості.

Chulieieva o.

1.  introduction

One of the most large-tonnage consumers of electri-
cal insulating polymer materials is the cable industry. In 
recent years, technical requirements for cable products 
have increased and, as a consequence, the need to develop 
new progressive materials, including fire retardant polymer 
composite materials. The promise of fire retardant compo-
site polyolefin materials is a consequence of their growing 
use and more stringent fire safety requirements for wires 
and cables for the power industry, nuclear power, railway 
transport, construction, etc. That is, the insulation and 
sheath materials must comply with European standards:

– EN 50363-7: 2005 Insulating, sheathing and covering  
materials for low voltage energy cables. Part 7: Halogen-
free, thermoplastic insulating compounds;

– EN 50363-5: 2005 Insulating, sheathing and covering  
materials for low voltage energy cables. Part 5: Halogen-
free, cross-linked insulating compounds;
– EN 50363-6: 2005 Insulating, sheathing and covering  
materials for low voltage energy cables. Part 6: Halogen-
free, cross-linked sheathing compounds.
Processing of fire retardant polymer composite materials 

causes very great difficulties, which is due to the high 
content of fire retardant fillers. The rheological properties 
of the melt of polymer compositions affect not only the 
processing conditions, but also the performance characte-
ristics [1]. For example, lowering the viscosity and increa-
sing the shear rate during processing leads to an increase 
in molecular orientation and improvement of mechanical 
properties [2]. Therefore, it is directed to regulating the 
rheological properties by injecting modifying ingredients, 
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their dependence on the chemical composition and the 
number of fillers, as well as the dispersion, is an actual 
problem.

2.   the object of research   
and its technological audit

The object of research is the rheological processes of 
viscous flow of fire retardant polymeric composite mate-
rials. In order to ensure the incombustibility of polymeric 
compositions have a high degree of filling up to 60 % by 
weight. One of the most problematic places is the process 
of processing such compositions. The injection of fillers 
into the polymer matrix significantly reduces the melt 
flow index of the polymer, increases the effective viscosity 
and shear stress. To improve these parameters, a modifier, 
aminosilane, is added to the polymer composition. A poly-
mer matrix is used – a ethylene vinyl acetate copolymer. 
Inorganic fillers-fire retardants – aluminum trihydroxide, 
magnesium hydroxide and hydromagnesite.

3.  the aim and objectives of research

The aim of the research is studying the specific fea-
tures of directed control of the rheological properties of 
composite materials of ethylene-vinyl acetate copolymers, 
which are fire retardant depending on the composition of 
the fire retardant fillers, their fractional composition and 
the amount of the modifier.

To achieve this aim, it is necessary to perform the 
following tasks:

1. To investigate the dependence of melt flow index of 
polymer compositions on their composition and properties 
of ingredients.

2. To establish the regularities of the change in the 
shear rate from the shear stress, the effective viscosity 
from the shear rate of polymer compositions with different 
fire retardants and the effect of the modifier on them.

3. To establish regularities in the change in the activa-
tion energy of the viscous flow of polymer compositions 
from the amount of fire retardants fillers and a modifier.

4.   research of existing solutions   
of the problem

Examination of the existing solutions of the problem 
shows that one of the means of reducing the combustibil-
ity of polymeric materials of polyolefins is the injection 
of fire retardants fillers in the polymer composition [3]. 
For this purpose, inorganic fire retardants fillers are used. 
In real fire conditions PVC plastic compounds, which are 
elements of cables having a LOI value of up to 40 units, 
is the source of the release of corrosive HCl gases and 
significant smoke. Therefore, in order to solve the prob-
lems associated with the release of HCl and smoke, cable 
materials have been created that do not release corrosive 
gases and have a much lower level of smoke emission [4].  
These materials not only increase fire resistance by ab-
sorbing more heat, but also neutralize acid gases, which 
leads to a reduction in smoke generation. As the polymer 
base of these materials, polyolefins are usually used, and 
magnesium hydroxide, aluminum trihydroxide, hydromagne-
sites are used as fire retardants. This direction is devoted 
to a significant number of studies. The mechanical and  

fire-resistant properties of composite EVA and alumina 
trihydrate with different particle diameters were studied, 
and the change in these properties is determined depending 
on the filler dispersity [5]. The efficiency of the use of 
calcium hydroxide is shown to increase the fire resistance 
of medium density polyethylene [6]. TGA/DSC methods 
are used to study polymer compositions using magnesium 
hydroxide as a fire retardant, and the heat capacity of 
these materials is determined [7]. The synergistic effect 
of aluminum trihydroxide and magnesium hydroxide as 
fire retardants of EVA is studied. The effectiveness of 
the use of these fillers has been proved using the me-
thods of structural and calorimetric analysis, as well as 
the determination of the oxygen index [8]. The effect 
of aluminum trihydrate and borate melamine on the fire 
resistance and smoke emission of EVA compositions is 
studied. Methods of calorimetry, UL-94 and smoke tests 
show the effectiveness of using alumina trihydroxide and 
borate melamine in order to reduce the combustibility 
of polymer compositions [9]. Mechanical properties and 
fire resistance are studied by the oxygen index of EVA 
and magnesium dioxide compositions for the analysis of 
the efficiency of Mg(OH)2 [10]. The effect of a mix-
ture of aluminum trihydroxide and melamine on the fire 
retardant properties and EVA smoke evolution (vinyl 
acetate content 60 % by weight, EVA) [11] is evalua-
ted. The effect of nanoclay (organoclays and fire retar-
dants (aluminum trihydroxide and magnesium hydroxide) 
on the fire resistance of a polymer mixture of ethylene 
vinyl acetate (EVA) and low density polyethylene (LDPE)  
is shown [12].

It is established that to ensure the properties of non-
combustible composite insulation materials and cable sheaths 
and better safety of electrical equipment and devices,  
there should be a very high degree of filling of the poly-
mer matrix with metal hydrates. This can lead to loss 
of flexibility and low mechanical properties. At the same 
time, problems arise during processing [13]. Therefore, 
the study of the effect of modifiers of non-combustible 
polymer compositions on rheological properties is an im-
portant problem. But many issues related to the creation 
and processing of these materials are still not sufficiently 
studied.

5.  Methods of research

Ethylene vinyl acetate copolymers (EVA), which cha-
racteristics are given in Table 1, are studied, as well as fire 
retardant fillers, which are used aluminum trihydroxide, 
magnesium hydroxide, magnesite mixture and hydromag-
nesite. The characteristics of fire retardant fillers are given 
in Table 2. Modifier – aminosilane (N-(3-trimethoxysilane) 
propylbutylamine).

The characteristics are given in Table 3.

table 1

Characteristics of copolymers of ethylene with  
vinyl acetate (EVA)

Indicator EVA 1 EVA 2

Density, kg/m3 939 951

Melt flow index, 2.16 kg, g/10 min 2.5 5

Vinyl acetate content, % 18 28
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table 2
Characteristics of fire retardant fillers

Indicator

Al(OH)3 Mg(OH)2
Mg5(CO3)4(OH)2·4H2O; 

Mg3Ca(CO3)4

Sample
No. 1

Sample
No. 2

Sample
No. 3

Sample
No. 4

Sample
No. 5

Mass fraction, %:
– Mg(OH)2
– Al(OH)3
– SiO2

– Fe2O3

– Na2O
– CaO

–
>99.2
<0.05
<0.035
<0.6

–

–
>99.5
<0.1
<0.03
<0.4

–

>93
–

<0.05
<0.3
<0.05

–

>93.2
–

2.2±0.2
0.12±0.02

–
2.2±0.2

98.96
–

0.67
0.04
<0.05

–

Median particle 
diameter, μm:
– average (D50)
– max (D98)
– min (D10)

1.5
3.6
0.5

3
18
1

3
20
1

3.7
12.5
1.1

1.4
8.35
1.02

table 3
Characteristics of aminosilane

Indicator Value

Density, kg/m3, 20 °С 947

Dynamic viscosity, mPa·s, 20 °С 2.5

Boiling point, °С 260

Experimental samples of EVA polymer compositions 
with different percentages of fillers-fire retardants and  
a modifier in each composition are made by rolling method 
at a temperature of (443 ± 5) K for (7–10) min. The rol-
lers have a friction of 1.5.

The ingredients of the polymer compositions are weighed 
on a scale to an accuracy of 0.001 g and consistently loaded 
onto the rollers. Work roller temperature is (443 ± 5) K. 
Cold roller temperature is (438 ± 5) K. Samples 
roll 3 minutes on the gap 0.4–0.5 mm. Then 
the gap is adjusted to 2 mm. In the process of 
rolling periodically cut at least 2 times a minute. 
The last minute rolling is without cuts.

The samples are conditioned at a temperature 
of (293 ± 2) K for at least 24 hours.

Investigation of the rheological properties 
of polymeric materials is carried out by capil-
lary viscometry on the IIRT-AM instrument 
(Thermoplastic Melt Index Meter) (Ukraine). 
The results are processed and graphics are plot-
ted using Microsoft Office Excel 2007 software.

The adequacy of the regression equation is 
checked by checking the statistical significance 
of the coefficient of determination R2 by the 
F-criterion determined by the formula [14]:

F
R

R

n m

mp =
−

⋅
− −2

21

1
,

where n – the number of observations; m – the 
number of factors in the regression equation.

6.  research results

The rheological properties of the EVA are esti-
mated, which is filled primarily with the melt flow 
index (MFI), according to EN 60811-511:2012.  
Electric and optical fiber cables – Test methods 

for non-metallic materials – Part 511: Mechanical tests –  
Measurement of the melt flow index of polyethylene com-
pounds (IEC 60811-511: 2012). And also the viscosity (η)  
and the activation energy (Eac). As is known, the melt 
viscosity, as well as the flow temperature (Tf) of poly-
mers, depends significantly on the filler concentration, 
composition and particle size [15, 16].

The composition of the fire retardant fillers in polymer 
compositions is from 40 wt. % up to 60 wt. %. It is deter-
mined how the MFI depends on the amount of fillers-fire 
retardants at a temperature of 423 K. The successive lengths 
of the polymer compositions that have been displaced from 
the cylinder by the capillary viscometer are weighed on 
a Mettler Toledo scales (Switzerland) to within 0.0001 g 
and their mean mass is determined. The difference between 
the maximum and minimum values does not exceed 5 % 
of the average mass. The results are shown in Fig. 1, 2.

The rheological behavior of polymer compositions is de-
termined not only by temperature and CEV, but also by the 
shear stress, the shear rates at which melt flow takes place.

The rheological properties of polymer compositions 
are studied at a temperature of 403–423 K and a load 
of 21.6 N, 38 N, 50 N, 100 N, 125 N, 216 N.

Using the obtained data, shear stress, shear rate and 
effective viscosity are calculated [17].

The shear stress is determined by the formula:

τ
π

= −( ) ⋅ ⋅ ⋅
P P

r

L Rin 2 2 ,

where τ – the shear stress, Pa; P – the pressure necessary to 
ensure rate through the capillary, dyne; Рin – input losses, 
dyne; R – the cylinder radius, cm; r – the capillary radius, cm;  
L – the capillary length, cm.

y = -0.8786x2+8.6214x-1.48
R² = 0.9695

y = -1.4607x2+14.763x-2.46
R² = 0.9791

y = -1.1307x2+11.403x-1.94
R² = 0.9796

y = -0.8457x2+8.6583x-1.18
R² = 0.9725

y = -0.9793x2+9.9127x-1.68
R² = 0.9804

5

25

45

0 0.2 0.4 0.6 0.8

M
FI

,
g/

10
m

in

Modifier content,  С  (%)

Т = 423 K

No. 3No. 5

No. 1
No. 4

No. 1

No. 2

No. 3

No. 5

No. 4

No. 2

fig. 1. Dependence of the melt flow index (MFI) of polymer compositions of EVA 1  
on the amount of the modifier (fire retardants sample No. 1–5)

fig. 2. Dependence of the melt flow index (MFI) of polymer compositions of EVA 2  
on the amount of the modifier (fire retardants sample No. 1–5)
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The displacement rate was determined by the formula:

γ
π

=
⋅
⋅

4
3

Q

r
,

where γ – the shear rate, s–1; Q – material consumption, 
cm3/s (Q = π ·R·2·h, where h is the stationary velocity of the 
piston immersion, cm/s; R – cylinder radius, cm); r – capil-
lary radius, cm.

The effective viscosity is determined by the formula:

η
τ
γef =


,

where ηeff – the effective viscosity, Pa·s.
Graphs of the logarithmic dependence of shear stress on 

shear rate and effective viscosity on shear rate are plotted.
The results are shown in Fig. 3–6.
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fig. 3. Dependence of the shear rate based on the shear stress of the polymer based on EVA 1 and fire retardants (Sample No. 1–5)  
without a modifier and a modifier in the amount of 0.6 % (Sample No. 1a–5a)
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fig. 4. Dependence of the shear rate on the shear stress of polymer compositions based on EVA 2 and fire retardants (Sample No. 1–5)  

without a modifier and with a modifier in an amount of 0.6 % (Sample No. 1a–5a)
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In order to estimate the energy that is necessary for 
the transition of the system to the so-called transition 
state, that is, when disruption and bonding are balanced, 
it is necessary to calculate the activation energy.

The activation energy of viscous flow is determined 
by the formula [18]:

E
R T T MFI MFI

T Tac =
⋅ ⋅ ⋅ ( )

−
1 2 1 2

2 1

ln /
,

where T – the measurement temperature, K; MFI1 and  
MFI2 – melt flow indices according to Т1 and Т2, g/10 min; 
R – the universal gas constant, R = 8.314 J/mol.

fig. 5. Dependence of the effective viscosity on the shear rate of polymer compositions based on EVA 1 and fire retardants (Sample No. 1–5)  
without a modifier and with a modifier of 0.6 % (Sample No. 1a–5a)
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fig. 6. Dependence of the effective viscosity on the shear rate of polymer compositions based on EVA 2 and fire retardants (Sample No. 1–5)  
without a modifier and with a modifier in an amount of 0.6 % (Sample No. 1a–5a)
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The results are shown in Fig. 7, 8.
Research results (Fig. 7, 8) determine the energy bar-

riers that are overcome in the elementary act of flow, 
depending on the type of fillers-fire retardants and the 
amount of modifier.

As can be seen from the graphs (Fig. 1, 2), the MFI 
when using EVA 2 are higher than in the case of using 
EVA 1 with a lower content of vinyl acetate. A notice-
able decrease in MFI occurs when EVA 1 is used, which 
is filled with any fire retardant.

An analysis of the obtained results also shows a sig-
nificant reduction in MFI using alumina trihydrate with 
a smaller particle diameter. The same dependence is observed 
in the case of the use of magnesium hydroxide. Hydromag-
nesite occupies the middle position between sample No. 1 
and No. 2 of aluminum trihydroxide.

MFI is significantly increased when using a modifier 
for all polymer compositions.

From Fig. 3 it is possible to see that the flow curves 
shift upward for the polymer compositions of EVA 1. When 
using fire retardant fillers with a smaller average particle 
diameter of aluminum and magnesium hydroxide, greater 
stresses are required to achieve a given shear rate. The 
shear stress is significantly reduced when a modifier is 
injected into the polymer compositions.

Let’s consider the results of rheological studies of poly-
mer compositions of EVA 2 (Fig. 4) at the same values 

of the shear rate. The greatest shear stress has composi-
tion 1, which includes EVA 2 and aluminum trihydroxide 
(sample No. 1) with a smaller dispersion and an average 
particle diameter of 1.5 μm. Less than the shear stress 
has a polymer composition 4, which includes EVA 2 and 
magnesium hydroxide (sample No. 4). Flow curves using 
a modifier in an amount of 0.6 wt. % shift in the region 
of lower shear stresses (curves 1a, 2a, 3a, 4a, 5a).

On the graphs of the effective viscosity on the shear 
rate (Fig. 5, 6), an increase in the effective viscosity with 

decreasing average particle diameter of the fire 
retardant fillers particles is observed. For poly-
mer compositions using aluminum trihydroxide 
and hydromagnesite (compositions 1, 2, 5), the 
effective viscosity is significantly higher than the 
polymer compositions 3, 4 in which magnesium 
hydroxide is used. The effective viscosity is re-
duced for all polymer compositions when the 
modifier is injected (curves 1a, 2a, 3a, 4a, 5a).

The most effective viscosity is observed in 
polymer compositions with the lowest disper-
sion of fillers.

From Fig. 7, 8, the lowest values of the acti-
vation energy have polymer compositions using 
magnesium hydroxide, large ones using aluminum 
trihydroxide and hydromagnesite. At the same 
time, activation energies of polymer compositions 
decrease with increasing amount of modifier.

Thus, the rheological properties of non-com-
bustible polymer depend on the melt flow rate of 
the polymer matrix, the chemical composition of 
the hydrate of metal oxides hydrate, the hydro-
magnesites and the modifier.

7.  swot analysis of research results

Strengths. The obtained results allow to in-
crease the productivity during processing of the 
developed materials due to the decrease of such 
parameters as viscosity, shear stress, increase in 
the melt flow parameters and shear rate. This, 
in turn, will positively affect the reduction of 
energy costs and the production time of cable 
products.

Weaknesses. Ingredients of polymer composi-
tions are not produced in Ukraine, it is necessary 
to conduct import purchases.

Opportunities. The results will be useful in the de-
velopment of formulations of polymer compositions for 
cable products and the directed regulation of technological 
parameters during their processing.

Threats. It is necessary to master the technological 
process of manufacture, training personnel to conduct the 
technological process.

8.  Conclusions

1. It has been found that the melt flow index is a co-
polymer of ethylene with vinyl acetate, the composition and 
dispersity of aluminum trihydroxide, magnesium hydro xide, 
hydromagnesite affect the melt flow index of the polymer 
compositions. An ethylene vinyl acetate copolymer having 
a greater melt flow index provides a greater melt flow 
index of the filled polymer composition for all fire retardant 
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fillers. Aluminum trihydoxide and magnesium hydroxide 
with a smaller average particle size reduce the melt flow 
index of the polymer compositions. A significant increase 
in MFI is due to the injection of a modifier. The melt 
flow index of the polymer composition using fire retardant 
fillers of different chemical nature and dispersity increases  
with the injection of the modifier. For aluminum trihyd-
roxide 2–8 times, for magnesium hydroxide 2.2–3 times, 
for hydromagnesites 2.0–2.2 times.

2. It is shown that the use of fire-retardant fillers of 
different composition and dispersity affects the change in 
shear stress and effective viscosity to achieve a given shear 
rate. The shear stress and the effective viscosity increase for 
polymer compositions containing fire retardant fillers (1, 4)  
with a smaller average particle size. These values are sig-
nificantly reduced when the modifier is injected. The shear 
stress decreases from 6.04 Pa to 5.5 Pa at small shear 
rates, and from 6.35 Pa to 6.12 Pa at high shear rates. 
The effective viscosity decreases from 5.94 Pa·s to 5.5 Pa·s 
with slightly higher shear rates and from 5.62 Pa·s to 
5.12 Pa·s at higher shear rates.

3. It has been established that the concentration of 
the filler practically does not change the value of the 
activation energy of the polymer compositions, while the 
nature and dispersity of the fire retardants fillers has a sig-
nificant swim in the change in the activation energy. The 
activation energy increases for polymer compositions with 
aluminum oxide trihydrate, magnesium hydroxide with 
a smaller average particle diameter. Depending on the 
composition of the fire retardant fillers, the activation 
energy increases in the order of the samples: 3, 4, 2, 5, 1.  
Simultaneously, the activation energy decreases when the 
modifier is injected from 56 kJ/mol to 29 kJ/mol, depen-
ding on the polymer composition.

Thus, studies have shown the possibility of directional 
control of the polymer compositions by such means as 
the use of different polymer matrices, the qualitative and 
fractional composition of fire retardant fillers, and the 
injection of a modifier into the polymer composition.
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