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Abstract

Objectives. To identify general principles for the design of dispersed-filled polymer composite
materials (DFPCMs) with different generalized and reduced parameters, as well as types of disperse
structure with high fire resistance; to develop an algorithm for the creation of non-combustible polymer
composites with flame-retardant fillers.

Methods. Scanning electron microscopy and laser diffraction were used to assess the shape, size,
and particle size distribution of flame retardants. According to the presented classification of DFPCMs
by structural principle, standard bar samples were obtained to determine the oxygen index (OI) and
the fire resistance category.

Results. For the MFS-2 (medium filled system) and HFS (high filled system) structure types,
the maximum resistance to burning (category V-0) is achieved with a generalized parameter
of ® < 0.40 volume fractions; the OI value increases in 2 times (up to ~40%) in relation to the
polymer matrix.
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Conclusions. In order to obtain a flame retardant DFPCMs (OI = 40%, category V-0) based on ethylene
vinyl acetate with OI = 20% and magnesium hydroxide (brucite), the amount of water vapor released
during the decomposition of the flame-retardant filler should be at least ~250 mL/g with a coke
residue ~32%. A developed algorithm for calculating compositions and generalized parameters for the
creation of DFPCMs having a predetermined type of disperse structure and high resistance to burning
is presented.

Keywords: composite materials, disperse structure, oxygen index, resistance to burning, cable
composition, EVA, mineral flame retardants
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AHHOMAQyust

IMenu. Ycmaxosums pyHOAMEHMANbHbLE 3AKOHOMEPHOCMU Ot NPOEKMUPOBAHUSL COCMA808
OUCNepPCHO-HANOAHEHHBIX NOAUMEPHBIX KOMNOSULUUOHHbIX mamepuanog ([{HIIKM) ¢ pasHbimu
0006 EHHBIMU U NPUBEOCHHBIMU NAPAMEMPAMU U MUNAMU OUCNEPCHOTL CMPYKMYypbl C 8bLCOKOU
cmotlikocmplo K 20pEHUI0, A MaKoke paspabomame an20puUmm Co30aHUSL HE20PHOUUX NOJUMEPHBLX
KOMNO3UMO8 ¢ HANONAHUMENAMU-AHMUNUPEHAMU.

Memoost. OueHKYy popmbl, pasmepa u pacnpedeseHus. Yacmuy no pasmepam Oas HANOJHU-
mesneli-aHMUNUPeHo8 8cex MApoK onpeodessni HA CKAHUPYUEM SeKMPOHHOM MUKPOCKONne
u memooom sazepHoti ougpparxyuu. CoenacHo npedcmagaieHHol kaaccugpurxayuu JHITKM no
CMPYKMYpPHOMY NPUHYUNY OblLIU NOSAYUEeHbL cmaHoapmHble 06pasubl 6pycKog 01t onpedesieHust
KucniopooHoz20 uHoerxca (KH) u kamezopuu cmotikocmu K 20peHuto.

Pe3ynemamelt. YcmaHogneHo, umo oas cmpykmypot JHIIKM muna CHC-2 (cpedHe-HanonHeHHAs
cucmema) u BHC (8blcokoHanonHeHHas: cucmema) npu obobuieHHom napamempe O < 0.40 06. 0.
docmuzaemcest MAKCUMAIbHASL cmolikocmb K 2opeHutro (kamezopus [1B-0), a 3naueHue KH eo3pac-
maem 8 2 pasa (0o ~40%) omHoCcuMeNbHO NOAUMEPHOU MAMPUYBL.

Boureoodst. I[lokaszaHo, umo O0as noayueHust cmolkux Kk zopeHuro [HIIKM (KH = 40%,
xamezopus IIB-0) Ha ocHoge casuneHa ¢ KH = 20% u eudporcuda mazHus (6pycum),

110

Toukue xuMmudeckue TexHoaoruu = Fine Chemical Technologies. 2023;18(2):109-122


https://doi.org/10.32362/2410-6593-2023-18-2-109-122
mailto:kr-otaku@mail.ru

Kristina A. Brekhova, Igor D. Simonov-Emel’yanov, Alexander A. Pykhtin

KOAUUeCmeo 8bl0eNsoULUXCS Napo8 800bL 00NIHO cocmasasime He meHee ~250 ma/2 npu
PA3N0IKeHUU HANOJHUMEeNS-OHMUNuUpeHa, a Kokcoewvlii ocmamok ~32%. IIpedcmasner
aseopumm pacuema cocmaegos, obobuieHHblx napamempos u cozoarus [JHITKM ¢ 3a0aHHbIM
munom OucCnepcHoll cmpyKkmypbsl U 8blLCOKOL CMOUKOCMbIO K 20pEHUIO.

Knroueesvle cnoea: KOMNO3UUUOHHbLE MAMEPUAbL, OUCNEPCHAs. CMpYyKmypa, KUCL0POOHbLI
uHOeKc, cmolikocms K 20peHuUt0, KabesbHAsl KOMNO3UYUSL, CI8UNLEH, MUHEPAbHbLE AHMUNUPEHbBL

Jna ywumupoganua: bpexosa K.A., Cumonos-EmenssnoB 1. J1., IIsixtun A.A. IIpoexTupoBaHue CTPyKTypbl U COCTaBOB
CTOIKHUX K FOPEHUIO MOJIUMEPHBIX KOMIIO3HLUOHHBIX MaT€pPHAJIOB C HAIOJHUTEISIMU-aHTUIMPEHAMH Ha OCHOBE I'MIPOKCUAA
Maruus. Tonkue xumuueckue mexnonoz2uu. 2023;18(2):109—122. https://doi.org/10.32362/2410-6593-2023-18-2-109-122

INTRODUCTION

One of the urgent tasks in practical materials
science consists in the creation of non-combustible
polymeric and polymer composite materials (PCM)
offering increased resistance to burning and low
toxicity of gaseous substances emitted during
burning.

The widespread use of dispersed-filled PCM
(DFPCM) in industry is partly due to the large
number of studies on flame-retardant substances of
different chemical composition forming the basis for
determining specific conditions for obtaining fire-
resistant materials with reduced fire hazard [1-5].

Halogen-containing substances, which decompose
when heated to release a halogen atom that inhibits
the burning process, are actively used as flame
retardants. However, their use is limited by the
toxicity of combustion products and wastes involved
in the production of halogen-containing polymer
compositions, which both comprise significant
environment pollutants [6—11].

In terms of halogen-free flame-retardant fillers,
mineral powder fillers based on aluminum (Al),
magnesium (Mg), and calcium (Ca) hydroxides,
which form water vapors during decomposition, have
proven most effective. In this case, the endothermic
reaction of the filler decomposition with the release
of water contributes to cooling, the isolation of
the burning zone from available oxygen, and

a reduction of gas exchange at the material surface,
as well as reducing smoke formation [12]. In order
to obtain  burning resistant DFPCMs, the
amount of mineral flame-retardant filler in them
should be not less than ~45-60 wt % (22-30 vol %
at density ~2.5 g/cm®) according to the published
data [11-13].

The maximum content ¢ of a dispersed
flame-retardant filler, which can practically be
introduced into a PCM on a matrix of any nature,
depends on the maximum packaging (kp, 0,.)s
size (d), shape (k), fractional composition, and
particle distribution in the volume of the polymer
matrix (PM).

The following are generalized values of the
maximum content (¢_ , vol fract.) of solid dispersed
fillers with various particle sizes in DFPCMs, which
are in good agreement with experimental data [14]:

— nanoparticles  (1-100 nm) — o
~0.05-0.20 vol fract.

— ultradisperse particles (0.1-1.0 um) — ¢
~(0.20-0.255 vol fract.

U

U

max

— submicroparticles (1.0-3.0 um) — o __ =
~(.255-0.35 vol fract.

— microparticles  (3-10  um) — ¢ =
~(0.35-0.45 vol fract.

— macroparticles (1040 pum) — o = =

~ (0.45-0.62 vol fract.
— large particles (larger than 50 um) — ¢
~ (0.62—0.64 vol fract.

u

max
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Analysis of the above data showed that only
large and macroparticles of flame-retardant fillers
with a size of more than ~10 pum or their mixtures
with nanoparticles and microparticles can be used
to create burning-resistant DFPCMs [14]. When
nano-, ultradisperse-, and submicro-particles are
used, highly efficient dispersants must be used,
which help to increase ¢ to allow the introduction
of flame retardant in the required quantity
(up to ~50-60 wt %).

Unfortunately, since data on the packaging
and maximum content of dispersed flame-retardant
fillers in DFPCM are virtually non-existent in the
scientific and technical literature, it is not possible
to determine the structural formation process in such
systems.

New models, classifications, and calculations
of DFPCM compositions, developed in recent years,
generalized and reduced parameters of disperse
structure relate dispersed structure types—diluted
systems (DS), low-filled systems (LFS), medium-
filled systems (MFS), medium-filled systems below
the yield point (MFS-1), medium-filled systems
above the yield point (MFS-2), and high-filled
systems (HFS)—with a set of rheological, physical
and mechanical, electrophysical, thermal, and optical
characteristics [14]. However, there appear to be
no data on burning resistance.

In [15], we considered the flammability
of DFPCM flooring with silica inert filler with
diameters of 500 um and 160 um in terms of the
relationship of surface heat flux density (¢) with
generalized parameters, as well as providing
a detailed disperse structure typology.

The aim of the present work is to establish
fundamental regularities for the design of DFPCM
compositions with different generalized and reduced

parameters, as well as various disperse structure
types offering high resistance to burning. This can
provide the basis for the development of an algorithm
for creating non-combustible polymer composites
with flame-retardant fillers.

EXPERIMENTAL

DFPCM  for cable insulation based on
copolymer ethylene vinyl acetate — EVA 11306-075,
with melt flow rate 8 g/10 min (Kazanorgsintez,
Russia) and mineral antipyrine fillers from brucite
EcoPiren® (EP) based on magnesium hydroxide
Mg(OH), (RGKHO, Russia) were used as a material
basis for the study.

The shape, size, and particle size distribution
for all grades of flame-retardant fillers were
determined using a Hosokawa-Alpine scanning electron
microscope (Germany) and a Malvern Mastersizer 2000
laser analyzer (Malvern Panalytical, UK).

Table 1 shows the main characteristics of the
dispersed flame-retardant fillers (brucite) of the
various EP grades.

Figure 1 shows the structure of the dispersed
powder of EP flame-retardant filler.

As can be seen from Fig. 1, magnesium
hydroxide particles have a scaly structure with a
shape coefficient k£, = 5 [14]. Due to their shape often
differing from lamellar, it is not possible to determine
the shape coefficient of flame-retardant particles
with the necessary accuracy from a study of micrographs
(Fig. 1). The investigated EP dispersed flame-
retardant fillers are characterized by a fairly wide particle
size distribution. When constructing the structure of
DFPCMs, the shape, size, particle size distribution,
and the maximum content of the flame-retardant filler

Table 1. Characteristics of flame retardants based on magnesium hydroxide (brucite) of various EcoPiren® (EP) grades

and particle sizes

Flame-retardant filler Particle size change interval, pm Average pczt,ﬁ;frl:i diameter Spedﬁ;:l:l.zﬂzce area
EP 2SA 0.6-5.0 2.5 3.50
EP3.5 1-10 5.0 2.63
EP5.5 1-9 10.0 2.06
EP 10R 2-47 24.0 1.60
EP 20R 2-89 45.0 1.23
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Fig. 1. Structure of the particles of the EP 3.5
flame-retardant filler.

in the PM takes into account the parameter ¢_
(vol fract.), which can be determined using special
experimental techniques [16]. The ¢_  values for all
investigated flame-retardant fillers (brucite) are given
in Table 2.

From the above data follows the incorrectness
of determining the parameter ¢__ by bulk density
for investigated flame retardants.

The maximum content of the flame-retardant
filler in DFPCM (¢~ 0.62 vol fract.) is achieved
for macroparticles of EP-10R and EP-20R grades
with a particle size of 25 and 45 um, respectively.
With a decrease in the particle size to 2.5 pm, @

max

The design of a disperse structure having
different types and various generalized parameters,
as well as DFPCM compositions based on EVA
and flame retardants of various EP grades, was
carried out according to the algorithm developed
earlier [14].

The content of a dispersed flame-retardant
filler (¢,) with a known parameter ¢__ ensures
the formation of a given type of structure in the
DFPCM (classified according to the generalized
parameter ®), was calculated by Eq. (1) [14]:

¢0,=(1-0)x¢_,volfract. (1)

where ® is the PM fraction for the formation of
interlayers between filler particles in DFPCM.

Figure 2 shows the dependencies of ¢, = f(®)
for the design of DFPCM compositions with
a given type of disperse structure based on EVA and
flame-retardant fillers of various EP grades.

The presented data on DFPCM compositions
show that when using flame-retardant fillers with
a particle size of 2.5-10 pm (EP 2SA grade with
¢, .. = 0.25 vol fract.,, EP 3.5 with ¢ = 0.35 vol fract.,
and EP 5.5 with ¢ _ = 0.43 vol fract.), it is almost
impossible to introduce a sufficient amount of
dispersed filler (up to ~60 wt %) to obtain materials
resistant to burning [14].

In [17], it is shown that the amount of water

decreases to 0.25 vol fract. (EP 2SA). vapor released from the flame-retardant filler
Table 2. ¢ values for dispersed powders of flame-retardant fillers of various EP grades
9., VOl fract.
Flame-retardant | Particle diameter
No. filler d _,pm
9 .
a q n By the sealing By three .
By oil capacity graph concentrations By bulk density

1 EP 2SA 2.5 0.27 0.24 0.23 0.157

2 EP3.5 5.0 0.36 0.34 0.35 0.168

3 EP5.5 10.0 0.47 0.43 0.42 0.195

4 EP 10R 25.0 0.61 0.6 0.59 0.231

5 EP 20R 45.0 0.63 0.62 0.61 0.291
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HFS MFS-2 MFS-1 LFS DS
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Fig. 2. Dependence of the flame-retardant filler content
(¢,) in DFPCM on the generalized parameter ©
for various EP grades:
1-EP2SA (o, =0.25);2-EP3.5(p  =0.35);
3-EP5.5(9,, =0.43);4-EPI0R (9 _ = 0.60);
5—EP20R (¢, =0.62).

(brucite). Depending on the particle diameter, this
reaches its maximum value (V,;, ~ 430 mL/g)
with a particle diameter of more than 10 pm.

Considering the maximum packing (¢, _ ) and
the amount of water vapor emitted during
decomposition, the EP 10R flame-retardant filler
(d, =25 pm and ¢_ = 0.60 vol fract.) was used to
investigate the effect of structure type and parameters
and create the burning-resistant DFPCM.

To conduct experimental studies, the following
compositions of DFPCM with an EP 10R flame-
retardant filler (d,, = 25 pum, ¢ = 0.60 vol fract.)
and different types of structures were used: DS with
® = 0.95 vol fract., ¢, = 0.03 vol fract; LFS with
©® = 0.75 vol fract., ¢, = 0.15 vol fract.; MFS-1 with
® = 0.60 vol fract,, ¢, = 0.24 vol fract. and with
©® = 0.50 vol fract., ¢, = 0.30 vol fract.; MFS-2 with
® = 0.45 vol fract, ¢, = 0.33 vol fract. and with
©® = 0.30 vol fract., ¢, = 0.42 vol fract.; HFS with
©® = 0.20 vol fract., ¢, = 0.48 vol fract.

DFPCMs based on EVA and EP 10R fillers with
different disperse structure types were produced by
mixing the raw components on a LabTech LZ80/VS
twin-screw extruder (Labtech Engineering, Thailand)
with a screw diameter of 16 mm at 200°C and a
screw speed of 150 rpm.

In order to determine the oxygen index (OI)'
and the category of resistance to burning
(method B)? standard samples in bar form were
obtained from DFPCMs with different types of
disperse structure using injection molding.

Samples in the form of standard bars were
cast on the ARBURG injection molding machine
(Germany) at a pressure of 50 MPa, a melt
temperature of 200°C, a mold temperature of 30°C,
a holding time under pressure of 5 s, and a cooling
time of 24 s.

The testing of DFPCMs with different types
of disperse structure for resistance to burning
and determination of OI was carried out in the
Center of Scientific and Technical Department No. 3
of the G.S. Petrov Plastics Research and Testing
Institute (Russia).

For  determining the burning resistance
of DFPCM, the burning and smoldering times of
a vertically mounted bar specimen were recorded;
based on the test results, the material was assigned
a burning resistance category whose parameters
are shown in Table 3.

DFPCMs  of the V-0  category  are
characterized by the greatest resistance to burning.
Samples that do not conform to the presented
categories of resistance to burning are assigned
a category—out of category (—), which corresponds
to the lowest resistance to burning. For the initial
PM EVA the flammability parameters were determined:
OI = 20.5% and flammability category—(-).

RESULTS AND DISCUSSION

The results on burning resistance and OI
parameters for all investigated samples of DFPCMs
based on EVA 11306-075 grade with EP 10R flame-
retardant filler are given in Table 4.

According to the results of the experiment,
DFPCM with a magnesium hydroxide content of
EP 10R not less than ~0.36 vol fract. (~0.59 wt fract.),
which corresponds to the disperse structure types
MFS-2 (0 <0.40 vol fract.) and HFS (® <0.20 vol fract.),
has the highest category of resistance to burning (V-0).

Polymer materials with the specified category
of resistance to burning are approved for the
manufacture of electrical products in the cable industry
[18]. According to works of A.V. Filina [18] and
A.A. Frik’®, DFPCM used as electrical insulation
materials should have an OI of at least ~32%.

I GOST 21793-76. Gosstandart of the USSR. Plastics. Method for determination of the oxygen index. Moscow: State committee

for standards of the council of ministers of the USSR; 1976.

2 GOST 28157-2018. Interstate standard. Plastics. Methods for determining the resistance to burning. Moscow:

Standartinform; 2018.

3 Frik A.A. Research and development of fire-resistant cables using halogen-free materials: Cand. Sci. Thesis. Moscow:

VNIIKP; 2016. 20 p. (in Russ.).
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Table 3. Criteria for the category of resistance to burning DFPCM

Category of resistance to burning

Test indicators

V-0 V-1 V-2
Burning time after application of flame, no more than, s 10 30 30
The total burning time of 5 samples after two-fold application of flame, s 50 250 250
Does not burn and smolder before clamping + + +
Ignition of hygroscopic cotton wool located 300 mm from the sample - - +
Burning and smoldering of the sample after the second removal of the flame,

30 60 60
no more than, s

Note: “+” — the indicator is achieved; “—" — the indicator is not achieved.

Table 4. Type of structure, generalized parameters, compositions of DFPCM based on EVA + EP 10R and their resistance to burning

EP 10R (¢, content .
DFPCM Category of r'es1stance
composition Type of structure | O, vol fract. to burning
P GOST 28157-2018
vol fract. | wt fract.
EVA 11306-075 - 1.0 )
DS 0.95 0.03 0.07 )
LFS 0.75 0.15 0.31 )
0.60 0.24 0.45 V-2
MFS-1
0.50 0.30 0.52 V-2
EVA 11306-075 + EP 10R
0.45 0.33 0.56 V-1
MFS-2 0.40 0.36 0.59 V-0
0.30 0.42 0.65 V-0
HFS 0.20 0.48 0.70 V-0
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Figure 3 shows the dependence of OI = flo)
and, for the first time, the OI dependence for
DFPCMs on the generalized parameter (®) of the
disperse structure, forming a basis for relating the
disperse structure types with the OI parameter and
the burning resistance. Here it should be noted
that the traditional OI dependence on ¢f does not
allow the classification of DFPCMs according to
the structural principle (DS, LFS, MFS-1, MFS-2,
and HFS).

The dependence Ol = f(®) for DFPCMs has
an S-shaped form and characteristic areas that
correspond to different types of disperse structure.

40
35
xX
— 30
o
25
20 >
0 0.1 0.2 0.3 0.4 0.5
¢ vol fract.
(@)
HFS MFS-2 MES-1 LFS DS
40 o u—oj
35
xX
30
o
25
20 >
0 0.2 0.4 0.6 0.8 1.0
0, vol fract.
(b)

Fig. 3. OI dependence for DFPCM based on EVA:
(a) on the EP 10R flame-retardant filler content,
(b) on the generalized parameter ©.

In area 1, the OI value increases by only ~10%,
amounting to ~22% when the EP 10R is introduced
into the EVA. These are the DS, LFS, and MFS-1
structure types (up to ® > 0.60 vol fract.).

In area 2, there is a sharp jump in the OI value
from 22 to 37% in the formation of DFPCM with
the MFS-1 structure type at ® = 0.60-0.45 vol fract.

In arca 3, the OI reaches its maximum value
of 40%, which is associated with the formation
of MFS-2 (® < 0.40-0.30 vol fract.)) and HFS
(® < 0.20 vol fract.) structures in DFPCMs, along
with a corresponding increase in the flame-
retardant filler (brucite) content.

Thus, for DFPCMSs based on EVA with OI =20.5%
and EP 10R flame retardant, it is possible to achieve
the OI value in ~2 times higher than the OI value
characteristic for an unfilled PM at the creation of
disperse structures of MFS-2 and HFS types. In this
case, the maximum value ® = 0.40 vol fract., EP 10R
flame-retardant filler content ~0.36 vol fract. (0.59 wt fract.),
an Ol of =40%, and a category of resistance to
burning—V-0.

At Ol = 32% (the recommendation given in
works of Filina [18] and Frik (Footnote 3)), the
cable insulation from DFPCM based on EVA + EP 10R
can have a structure like MFS-1 with ® = 0.50 vol fract.;
the filler content will decrease and amount to
¢,= 0.30 vol fract. (0.52 wt fract.).

For the first time, data on the influence of
disperse structure type on the OI and burning
resistance for DFPCM based on EVA and dispersed
flame-retardant filler are presented, allowing the
purposeful design of compositions offering a
predetermined resistance to burning.

The increase in the Ol value when EVA is added
to the PM with EP 10R flame-retardant filler is due
to the decomposition of magnesium hydroxide and
the release of water vapor. Water vapor and coke
residue formation are the main factors increasing the
OI and burning resistance of DFPCMs.

According to thermogravimetric analysis (TGA)
[17], we determined the amount of water vapor
emitted from 1 g of EP 10R flame-retardant filler
(brucite) to be ~425 mL/g; the corresponding coke
residue value was 32%.

Figure 4 shows the dependencies of the volume
of water vapor emitted during brucite decomposition
in DFPCM on the flame-retardant filler content
and the generalized parameter ®, which determines
the type of DFPCM disperse structure.

According to the general pattern, the volume
of water vapor increases with an increase in the
content of the flame-retardant filler and a decrease
in the generalized parameter; this however depends
on the DFPCM structure type. From the above, it
can be concluded that the higher the content of
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Fig. 4. Dependence of the volume of water vapor released
during the decomposition of brucite in DFPCM:
(a) on the content of the flame-retardant filler,
(b) on the generalized parameter ©.

water-releasing ~ flame  retardant  during  the
decomposition reaction, the higher water content in
the polymer composite material during burning.

Since the burning of DFPCM is due to the
exothermic depolymerization of EVA, it is of interest
to determine the volume of water vapor per 1 g of PM
needed to inhibit the burning process.

Figure 5 shows the dependencies of the volume
of water vapor emitted during brucite decomposition
per 1 g of PM (¥} o pu , mL/g) on the flame-retardant filler
content and generalized parameter ®, which determines
the DFPCM disperse structure type.

y
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Fig. 5. Dependence of the volume of water vapor released
during the decomposition of brucite per 1 g of polymer matrix:
(a) on the content of the flame-retardant filler,

(b) on the generalized parameter ®.

As can be seen from the obtained data, in order to
obtain DFPCM with high OI (~40%) and the category
V-0, the water vapor content per 1 g of PM should be at
least 600 mL/g.

On the basis of the dependencies, which were
obtained for the first time, it became possible to relate the
OI of DFPCM with the volume of water vapor emitted
during the decomposition of the EP 10R flame-retardant
filler and the type of disperse structure (Fig. 6).

For the structure types of DS, LFS, and MFS-1 up
to ® > 0.60 vol fract., the OI for EBA-based DFPCM
is practically not increased (from 20.5 to 22%). A sharp
increase in the OI (~2.0 times) occurs when more than
220 mL/g of water vapor is released in the area of
change in the generalized parameter ® from 0.60 to
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Fig. 6. Dependence of the oxygenation index for DFPCM
on the volume of water vapor released during the
decomposition of EcoPiren® brucite: (a) by 1 g of PCM,
(b) by 1 g of the polymer matrix.

0.40 vol fract., which corresponds to the transition
of the MFS-1 structure to MFS-2 and HFS. The
maximum OI value of 40% for the EVA-based DFPCM
is reached at ® = 0.40 vol fract. and a water vapor
emissionof 250 mL/g and Vi opm = 600 mL/g. Further,
as the volume of emitted water vapor increases [more
than 250 (600) mL/g], the OI value for DFPCM with
MFS-2 and HFS structures remains almost constant.

Thus, the optimum amount of water vapor to
create a DFPCM with high OI value and resistance
to burning is  Vyoew <~ 250 mL/g and
Viormw = 600 mL/g, flame-retardant filler content
of 0.36 vol fract., structure types are MFS-2 and
HFS (® <0.40 vol fract.).

For the recommended OI value of =32% ([18]
and Footnote 3), the cable insulation of DFPCM
based on EVA + EP 10R can have an MFS-1
structure with @ = 0.47 vol fract. and a water vapor
amount of ¥y oy =230 mL/g and Vy opy =512 mL/g.

Table 5 summarizes the OI and burning
resistance as well as the characteristics of DFPCM
based on EVA and EP 10R magnesium hydroxide
(d, =25 umand ¢ __ = 0.60 vol fract.) with different
types of disperse structure.

The obtained results and new disperse structure
model representations form a basis for designing
the structure type, compositions of DFPCM with
maximum value of OI and high burning resistance
at known values of @__, coke residue, and amount of
water vapor (¥} o ) emitted from 1 g of dispersed flame-
retardant filler.

It was shown in [19] that extruded and cast
DFPCM are well processed into products if the
condition ® = 0.50-0.60 vol fract. and the disperse
structure of MFS-1 type (up to yield strength)
is fulfilled.

Thus, in order to create high-tech and burning-
resistant extrusion and injection-molded DFPCM,
it is necessary to create an MFS-1 structure with
~0.50-0.60 vol fract. and a flame-retardant filler
content of at least 0.36 vol fract.

The main problem of increasing the generalized
parameter ® to 0.50-0.60 vol fract. at a constant
value of @, (not less than 0.36 vol fract.) is related
to the creation of a new dispersed flame-retardant
filler with a given fractional composition, in which
the packing parameter ¢max should reach the value
of 0.70-0.75 vol fract. (increasing from 0.60 to
0.75 vol fract.). However, we do not consider these
issues in the present work.

The following is an algorithm for the design
of DFPCM formulations using a flame-retardant
filler based on EVA (Ol = 20.5%) and magnesium
hydroxide (EP) with a high OI value and resistance

to burning.
Based on the research carried out and the
fundamental dependencies established, a general

algorithm for the design of compositions and a
given type of DFPCM structure with flame-retardant
fillers with high OI and resistance to burning
can be proposed:

1. To select of PM with a determination of
OI, burning resistance according to GOST, and
TGA test.

2. To choose a flame-retardant filler, study it
by differential thermal analysis and TGA and
determine the main characteristics: the temperature
of the decomposition start (7, ), the temperature
of the loss of 10% of the mass (7)), the temperature
of the decomposition end (7 ), the temperature
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Table 5. Structure parameters and resistance to burning DFPCM based on EVAand EP 10R (d_ =5 um, ¢__ = 0.60 vol fract.)

Types of DFPCM dispersed structure based on EVA + EP 10R
Parameters

DF LFS MFS-1 MEFS-2 HFS
0, vol fract. 0.95 0.75 0.60 0.50 0.47 0.45 0.40 0.30 0.20
@, vol fract. 0.03 0.15 0.24 0.30 0.32 0.33 0.36 0.42 0.48
¢, wt fract. 0.07 0.31 0.45 0.52 0.55 0.56 0.59 0.65 0.70
Vi ocm » mL/g 313 132.9 190.8 2233 230.0 238.0 251.8 277.0 299.9
Vi opu » mL/g 33.7 192.6 346.9 465.2 512.2 540.9 614.1 791.4 999.7
OL % 21.5 21.5 21.5 25.5 32 36.5 39.5 40.0 40.0
Categow of resistance -~ _ V2 V2 V2 Vol V-0 V-0 V-0
to burning

range of decomposition (A7), coke residue, and the
volume of water vapor released from 1 g of flame-
retardant filler (Vo ).

3. To determine the main characteristics of the
dispersed flame-retardant filler: average particle
diameter (d ), particle shape ratio (k), specific
surface area of particles (S), particle size distribution,
density, and porosity.

4. To experimentally determine the packing
parameter (k) and the maximum dispersed filler
content ¢_  according to the known methods for
flame-retardant filler [17, 18].

5. To calculate the value of the generalized
parameter ® for DFPCM at a known value of ¢__ for
a flame-retardant filler with its various contents,
provided ¢ < ¢_ , according to Eq. (2):

® = ((pmax _f3(pf)/(Pmax H (2)

where © is the share of PM to form a layer between
the dispersed particles in the DFPCM; ¢_  is the
maximum content of the dispersed filler; ¢, is the
content of the dispersed filler; f*=(1+26/d) is the ratio
of the boundary layer thickness (8) to the diameter
(d) of the dispersed particles. For large, macro, and
microparticles, the coefficient f* ~1.

6. To classify DFPCM according to the structural
principle and determine the type of disperse structure
of DFPCM (DS, LFS, MFS-1, MFS-2, and HFS)
according to the values of the generalized parameter ®
at different contents of .

7. To calculate the flame-retardant filler content
(¢, » vol fract.) for each type of DFPCM disperse
structure by Eq. (3):

(pVOl £ = (1 - ®) : (Pmax : (3)

8. To calculate the flame-retardant filler content
in mass units (¢, wt fract) and determinate
the compositions for each type of DFPCM disperse
structure by Eq. (4):

Ouir = Prir wt fract. , 4)
(pvol f 1- ppJ + pi
Ps

f

where p, and p are the densities of the flame-
retardant filler and PM.

9. To calculate the volume of released water
vapor (Vi oen and ¥ o5y ) during the decomposition
of the flame-retardant filler in DFPCM with
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different structure types and flame-retardant filler
content according to Egs. (5) and (6):
= Vo Puir (6))

VHZO,CM
VHZO,PM - VHZO / (thp’ (6)

where D is the PM content in mass units.

10. To determine the optimum DFPCM
composition and structure with high OI and resistance to
burning (V-0) under the conditions:

Vioom =250 mL/g,
Vi,opm =600 mL/g.

CONCLUSIONS

For the first time, the fundamental dependencies
on Ol and burning resistance of DFPCM
based on EVA with flame-retardant fillers on the
case study of EcoPyrene® magnesium hydroxide
(brucite) were obtained. This forms the basis
for determining the construction, type and parameters
of disperse structure with the main characteristics
of resistance to burning and OI.
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