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Abstract

Objectives. To investigate the properties of intumescent fire-retardant materials based on plasticized polyvinyl chloride and oxidized
graphite as functions of their content of nitrile butadiene rubber.

Methods. Intumescent fire-retardant materials with different contents of nitrile butadiene rubber (from 0 to 20 wt %) were obtained. The
materials were prepared in the form of a sheet 38—52 mm wide and 1.5-1.9 mm thick by means of flat-die extrusion using a twin-screw
compounding extruder. The raw materials used were plasticized polyvinyl chloride with a K-value of 71, nitrile butadiene rubber with
a bound acrylonitrile content of 31-35%, oxidized graphite, and ultrafine aluminium hydroxide. The properties of the raw materials
and the resulting fire-retardant materials were investigated using infrared spectroscopy, thermal analysis, scanning electron microscopy,
as well as mechanical tests, flammability tests, and thermal shock foaming tests.

Results. The mechanical, thermal, and fire-retardant properties of the obtained materials were studied as functions of their contents
of nitrile butadiene rubber. The dynamics of foaming in the temperature range from 300 to 800°C were also explored. The flammability
rating was determined. The dependence of fire-retardant properties on the melt viscosity of fire-retardant materials was described. The
thermal properties were found to be in the temperature range of 40 to 900°C.

Conclusions. The study found that the introduction of nitrile butadiene rubber into fire-retardant materials leads to a change in a number
of properties: a decrease in density and hardness; a decrease in tensile strength; an increase in relative elongation; an increase in melt
viscosity by 16 times; and, accordingly, a decrease in foaming rate by a factor of 1.43—1.65. It was established that the foaming rate has
a linear dependence on the viscosity of the melt of fire-retardant materials. The introduction of rubber leads to an increase in the strength
of foamed char by a factor of 4.8. Thermal analysis showed that increasing the rubber content leads to an increase in heat resistance
from 222 to 236°C, and resistance to oxidation of foamed graphite in the composition of foamed char from 601 to 659°C. The presence
of rubber does not have a noticeable effect on flammability. The established flammability rating for all compositions is V-0.
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AHHOTaUuS

]_Ie.Jm. I/ICCJ'Ie,Z[OBaHI/Ie CBOWCTB UHTYMECHCHTHBIX OrHE3alllUTHBIX MAaTCpHUaJiOB HAa OCHOBE HJ'IB.CTI/I(bI/IIII/IpOBaHHOFO NOJIMBUHUIIXJIOpU A
X OKHUCJIICHHOI'O l"pa(i)I/ITa B 3aBUCUMOCTHU OT COACPIKAHUSA B HUX 6yTa}:[I/IeH-HI/ITpI/IJ'IBHOFO Kay4yka.

Metoasl. B HacTosmme paboTe OBUTH MOTydYeHb HHTYMECIICHTHBIE OTHE3ANTHBIC MaTePHAIbI C PA3THIHBIM COZlepKaHueM OyTa [ieH-
HUTpHUIBHOTO Kaydyka (ot 0 mo 20 mac. %). Marepuansl ObUIM W3TOTOBICHB! B BUE MOJOTHA MHUPHUHOI 38—52 MM u TommmHOI 1.5~
1.9 MM METOIOM IUIOCKOIIENICBOH AKCTPY3UH C HCIIOIB30BAHHEM JBYITHEKOBOTO SKCTpyAepa-KoMIayHaepa. B kadecTBe ChIpbs ObLIH
HCTIONB30BaHbI IIACTH(OUIUPOBAHHBII ITOTMBUHIIXIIOPU] ¢ KOHCTaHTOH DuKeHTYepa, paBHOH 71, OyTaaneH-HUTPHIIBHBII KaydyK C CO-
Jiep’KaHUeM CBSI3aHHOTO aKpHIOHUTPHIA 31-35%, OKMCIeHHBIH rpaduT U yIBTPpaAuCTIePCHBIN THAPOKCH alfoMUHNMs. CBOICTBA CHIPBS
1 TIOTYYCHHBIX OTHE3AlIUTHBIX MaTepHaNoB OBUIM MCCIIEOBAaHBI METOaMU MH(PAKPACHOH CIIEKTPOCKOINH, TEPMHUIECKOTO aHAIN3a,
CKaHUPYIOIIEH 3NIEKTPOHHONH MHKPOCKONHUH, A TaK)Ke IPH MOMOIIM MEXaHWYECKHX HCIBITAaHWH, HCIBITAaHWI Ha BOCIUIAMEHSIEMOCTb
1 BCIICHUBAHME IIPU TEPMOyIape.

Pesyabrarsl. [IpencraBieHbl pe3yabTaTbl HCCIEAOBAHHNH MEXaHHYECKHUX, TEPMHUYCCKHX M OTHE3ALIUTHBIX CBOICTB MOJYYCHHBIX Ma-
TEpUaIoB B 3aBHCHMOCTHU OT COJCP)KAHMS B HUX OyTaJIMCH-HUTPUIBHOTO Kaydyka. Omnpe/erneHa JUHAMHMKa BCIICHHBAHHS B TEMIIEpa-
typaoM uHTepBasie or 300 mo 800°C. Ompenenena rpymma BocIUlaMeHseMOCTH. [IpuBeneHa 3aBUCUMOCTD OTHE3AIIUTHBIX CBOMCTB
OT BSI3KOCTH paciuiaBa OTHE3ALIUTHBIX MaTepraioB. OmpeneneHbl TepPMUICCKHIE CBOWCTBA B TeMIlepaTypHoM HHTepBaiie ot 40 o 900°C.

BbiBoaBI. B nccie10BaHNN YCTaHOBIICHO, YTO BBEACHNE OyTaIeH-HUTPUIIBHOTO KayuyKa B OTHE3aI[UTHbIC MaTepHAJIbl IPUBOIUT K U3-
MEHEHHIO Psiia CBOWCTB: CHIIKEHHUIO TJIOTHOCTH U TBEPAOCTH, CHIKEHUIO MPOYHOCTH HA PACTSIKEHUE, YBEITMYECHUIO OTHOCHTEIBLHOTO
YAJIMHEHUSI, POCTY BSI3KOCTH paciuiaBa B 16 pa3 U, COOTBETCTBEHHO, CHIDKEHHIO CTEeTIeHH BelleHnBaHuA B 1.43—1.65 pa3. YcraHoBiEHO,
YTO CTENEHb BCIICHUBAHUS MMEET JIMHEHHYIO 3aBUCMMOCTb OT BSI3KOCTH PaciulaBa OTHE3AIMTHBIX MaTepuaioB. BBeneHue kayvyka npu-
BOJIUT K MOBBIIIECHUIO IPOYHOCTH MEHOKOKCa B 4.8 pa3. Tepmudeckuii aHaan3 mokasal, 4To yBEIHUSHHE COACPKAHUS KayuyKa TPUBOAUT
K pocty TepmocToiikocTu ¢ 222 10 236°C u CTOMKOCTH K OKHMCIICHHIO BCIIGHEHHOTo rpaduTa B coctaBe meHokokca ¢ 601 mo 659°C.
Hannune kaydyka He OKa3bIBAET 3aMETHOTO BJIMSHUS HAa BOCIUIAMEHSEMOCTb. YCTaHOBIIEHA IPYIIa BOCIUIAMEHSAEMOCTH JUIsl BCEX CO-
ctaBoB — V-0.

Kniouesble cnosa MocTtynuna: 02.07.2025
OTHE3AIIUTHBII MaTeprall, OKUCICHHBII rpaduT, HHTYMECIEHTHBIH MaTepual, JAopa6oTaHa: 29.11.2025
MOJMBUHAIXJIOPH, TTACTH(UKATOP, CTETIEHb BCICHUBAHMS, MNpuHsTa B neyats: 19.01.2026
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INTRODUCTION

Fireprotectionis currently apressing issue for most ofthe
infrastructure of public utilities and various industries.
During a fire, structures and facilities are subject to
significant loads which can lead to severe damage and
cause colossal losses to the national economy. This
issue is addressed by using passive fire protection
materials based on various polymers and fire retardants,
such as paints, enamels, impregnations, pastes, tapes,
profiles, inter alia [1]. In recent years, fire protection
tapes and profiles based on polyvinyl chloride (PVC)
and expandable graphite have found widespread
use [2—6]. Their applications include fire sleeves and
fire-retardant materials (FRMs) for fire doors, windows,
ventilation boxes and ducts, and elevators in civil and
industrial facilities. Under thermal shock conditions,
such materials foam repeatedly to form a non-
combustible foamed char, filling process openings and
gaps. The foam acts as a thermal barrier, and prevents
flame spread. The effectiveness of intumescent FRMs
depends on a combination of factors: the thickness of
the foamed char; the foaming rate; and the properties
of the foamed char (structure, chemical composition,
cross-linking density, mechanical strength, viscoelastic
properties, density, porosity, thermal conductivity, etc.).
Under fire conditions, the resulting foamed char is
subject to mechanical stress (stretching, compression,
shear, impact loads) due to various factors: expansion
of metal structural parts under the influence of heat flow,
vibration, physical contact with various objects (due to
falling objects during a fire), and the action of turbulent
flows [7]. In this regard, one of the most important
characteristics is the mechanical strength of the foamed
char, both under maximum operating temperatures and
during fire dynamics.

The use of PVC as a polymer base in intumescent
FRMs is an important trend in the development of
passive fire protection products. However, PVC itself
is a rigid polymer. The use of plasticizers allows the
final material to acquire the desired properties such as:
elasticity, flexibility, and frost resistance. Plasticized
materials have a lower viscosity, allowing for lower
processing temperatures, a higher degree of filling,
and higher homogeneity of mixture [8]. However,
the disadvantages of such polymer materials (PMs)
include a low oxygen index (LOI) (up to 19-22%)
and high smoke generation [9], as well as low
durability due to the presence of a low-molecular-
weight plasticizer, which can migrate to the product
surface [10]. The use of high-molecular-weight
plasticizers can mitigate or, in some cases, completely
eliminate these disadvantages [11].

Several studies [12-15] have demonstrated
the compatibility of PVC with nitrile butadiene
rubber (NBR). PMs based on these components have
been available as commercial products for the past
80 years [16]. PVC and NBR have been shown [17] to
be compatible in any ratio at an acrylonitrile content in
the rubber of 23-45%. The introduction of NBR into
PVC allows for PMs to be obtained with properties
characteristic of elastomers: increased resistance to oils
and solvents; high tensile strength; abrasion resistance;
bending resistance; increased residual deformation
under compression and resistance to plasticizer
migration; and loss of volatiles. For example, replacing
half of the low-molecular-weight plasticizer dioctyl
phthalate (DOP) with NBR in PVC plasticate leads to
an increase in tensile strength by 25%, an increase in
relative elongation by 6%, and a decrease in plasticizer
migration from 3 to 0.5%. Complete replacement of
the low-molecular-weight plasticizer with NBR is
impossible, since a plasticizing effect is observed only
at an NBR content of 30%. Such mixtures are not
always convenient for processing and filling due to the
high melt viscosity [15].

PMs based on NBR and plasticized PVC are
characterized by high thermal stability. For complex
material, this parameter is higher than that for NBR due
to the lower fraction of double bonds in the mixture and
the presence of chlorine.

|
%CHZ—CH:CH—CHZ HCH2—$H} $—c‘
CN

‘ Fig. 1. Structural formulas of NBR (left) and PVC (right)

Thermal oxidation of NBR is a single-stage
process. It begins to degrade at 360°C [18]. In the
range of 360-500°C, the polymer chain ruptures to
release degradation products. These are polymer chain
constituents: polybutadiene and polyacrylonitrile, as
well as products of the interaction of diene fragments
with the nitrile group [19, 20]. This is the range with the
highest weight loss: 87.7% [20]. Pyrolysis takes place
in the temperature range above 600°C with formation of
butadiene, acrylonitrile, benzene, 1,4-cycloheptadiene,
4-vinylcyclohexene, benzonitrile, and other saturated
cyclic products [21]. At temperatures up to 900°C,
NBR completely degrades, leaving almost no carbon
residue.

Thermal and thermo-oxidative degradation of
PVC is a more complex process. Pure PVC begins to
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degrade at a temperature of 250°C. This stage occurs
in the temperature range of 250-350°C, accompanied
by a dehydrochlorination reaction with a weight
loss of up to 65%. In addition to hydrochloric acid,
the degradation products are benzene, toluene, and
other unsaturated cyclic hydrocarbons. In the second
stage (350-525°C), the dehydrochlorinated residues
undergo cracking and degradation to release polyene
chains [22]. In the case of plasticized PVC, the low-
molecular-weight plasticizer evaporates in the first
and second stages. For individual substances, the
boiling points are as follows: for DOP, 380°C; for
diisononyl phthalate, 252°C, for dioctyl terephthalate,
400°C; and for the plasticizer in the PM, the weight
loss temperatures shift to higher temperatures [23]. At
temperatures above 525°C, polyene chains degrade to
toluene and other low-molecular-weight alkylbenzenes.
At temperatures up to 900°C, the yield of carbon residue
ranges from 5 to 10% [24, 25].

Thermal degradation of PVC-NBR blends is
a two-stage process. In the first and second stages
of degradation, the weight loss is lower than for the
individual components. The yield of carbon residue at
600°C is 3—4 times higher than that for PVC and NBR.
The weight loss curves are not additive with respect to
the components of the blend. The degradation products
are dominated by low-molecular-weight substances:
toluene, acrylonitrile, butenenitrile, and hydrogen
cyanide [20]. The increase in the yield of carbon residue
probably results from the formation of free radicals of
components of the binary mixture and the interaction of
macromolecules to form polycyclic structures.

When inorganic fillers (kaolin, Mg(OH),) are
introduced into the binary mixture, the degradation rate
decreases and the degradation maximum shifts to higher
temperatures. This is due to the formation of a thermal
barrier. The amount of HCI formed by the reaction with
the filler also decreases. During degradation, the yield
of carbon residue increases non-additively [20]. This
phenomenon is also characteristic of both polyolefins
and their copolymers [26].

The yield of carbon residue and its mechanical
strength are important characteristics for intumescent
FRMs. They are critical, especially in the case of a jet
fire or the occurrence of turbulent gas flow during the
use of intumescent materials under real-life conditions.
A high level of hardness and a developed crack structure
lead to rapid destruction and ablation of the foamed
char. Foamed char with low mechanical strength does
not ensure long-term performance under turbulent
combustion conditions [7].

The effect of NBR content in intumescent materials
based on plasticized PVC and oxidized graphite has
not been studied widely. The aim of this study was to
investigate the effect of NBR content on the mechanical,
thermal, and fire-retardant properties of intumescent
FRMs based on plasticized PVC and oxidized graphite.

EXPERIMENTAL
Materials

Intumescent FRMs of various compositions were
studied, obtained from the following components:

Component 1: suspension PVC (SIBUR Holding,
Russia), 271PC grade, the Fikentscher constant
K = 71.0 £ 1.0, bulk density 0.46-0.57 g/cm?,
TU 20.16.30-001-83385954-2018;

Component 2: DOP (VitaKhim, Russia), premium
grade, GOST 8728-88!;

Component 3: RITMIKS-2040/2 complex lead-based
stabilizer (SK/4K, Russia), TU 20.59.56-020-21996423-2020;

Component 4: NBR powder (SIBUR Holding),
PBNK-3365 grade, bound acrylonitrile content
31-35%, Mooney viscosity (ML 1+4 at 100°C) 65 MU,
TU 38.30328-2008;

Component 5:  ultrafine  aluminum  hydroxide
Al(OH);, TS 303 grade, D50 3-6 pm, moisture
content 0.3%, loss on ignition 33.0-34.5%, aqueous
suspension pH 9.2, pycnometric density 2.401 g/cm?3,
TU 2322-001-23374430-2015;

Component 6: stearic acid (China), SA1860 grade;

Component 7:  oxidized  bisulfate  graphite
(Ningbo Borhe, China), EG-250 grade, expansion
volume 250 cm3/g, foam graphite yield 65%, moisture
content 0.5%, aqueous extract pH 2.9, pycnometric
density 1.587 g/em3, particle size composition—
see Table 1.

Methods

The materials were produced by a three-stage process.

Stage 1. In the first stage, PVC plasticate powder
was obtained by mixing components 1-3 in a weight
ratio of 100 : 70 : 6 (final mixing temperature 110°C).
The plasticate was then conditioned at 18-25°C for
24 h.

Stage 2. In the second stage, five samples with
varying NBR contents were produced by mixing the
PVC plasticate powders and components 4-7. In all
cases, the total polymer content (PVC plasticate + NBR)
was the same, 60 wt %. Within this total content, the
NBR content was varied so that the NBR content

I GOST 8728-88. Interstate Standard. Plasticizers. Specifications. Moscow: IPK Izdatelstvo standartov; 1990 (in Russ.).
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Table 1. Particle size composition (wt %) of oxidized bisulphate graphite, EG-250 grade (mm)

Sl:;;i;l; +1.0 -1.0+0.63 | -0.63+0.4|—-04+0315|-0315+0.2 |-0.2+0.16 | -0.16 +0.1 | 0.1 +0.05| —0.05
Content, % 0 0 0.5 1.7 54.8 27.4 0.1 13.9 1.5
Table 2. Composition (wt %) of PMs and FRMs with various NBR contents
Component
Material code
PVC DOP Stabilizer Stearic acid NBR Al(OH), Oxidized graphite
PM-0 56.72 39.59 3.40 0.29 0 0 0
PM-5 51.88 36.32 3.11 0.29 8.40 0 0
PM-10 47.21 33.05 2.83 0.29 16.62 0 0
PM-15 42.47 29.72 2.55 0.29 24.97 0 0
PM-20 37.76 26.44 227 0.29 33.24 0 0
FRM-0 34.06 23.84 2.04 0.18 0 9.88 30
FRM-5 31.22 21.85 1.87 0.18 5.00 9.88 30
FRM-10 28.37 19.87 1.70 0.18 10.00 9.88 30
FRM-15 25.54 17.87 1.53 0.18 15.00 9.88 30
FRM-20 22.70 15.88 1.36 0.18 20.00 9.88 30

in the final composition was 0, 5, 10, 15, and 20 wt %.
The total aluminum hydroxide and oxidized graphite
contents were the same in all compositions (10 and
30%, respectively). In order to evaluate the dynamics
of the properties of PMs upon the introduction of fire
retardants, five polymer samples were also obtained.
They contained no fire retardants and the weight ratio
between PVC and NBR remained the same. Table 2
presents the compositions of the resulting mixtures.
Stage 3. In the third stage, each of the mixtures
obtained (FRM and PM) was extruded by a twin-screw
extruder with corotating screws (Dg = 20 mm and
Ly/Dg = 44. Dg and Lg are the extruder screw diameter
and length, respectively) at a temperature of 165-170°C
and a screw speed of 170 rpm using a T-shaped flat die.

During extrusion, the screw motor load was recorded as
a percentage of the maximum value. A two-roll calender
with water-cooled rolls was used to form a sheet. Thus,
for each composition, a sheet 38—52 mm wide and
1.5-1.9 mm thick was obtained. The characteristics of
the resulting materials were determined using a number
of methods.

RESEARCH METHODS
Composition of fire retardants

The study ascertained the pHs of the aqueous suspension
(for aluminum hydroxide, according to GOST 21119.3-912)
and aqueous extract (for oxidized graphite, according to
GOST 17818.6-90%) of the fire retardants.

GOST 21119.3-91. Interstate Standard. General methods of test for pigments and extenders. Determination of pH value of an aqueous
suspension. Moscow: IPK Izdatelstvo standartov; 1999 (in Russ.).

3 GOST 17818.6-90. State Standard of the USSR. Graphite. Method for determination of hydrogen ions concentration of water suspension and

water extract. Moscow; 1990 (in Russ.).
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The composition of the fire retardants was
analyzed using a TENSOR 27 FTIR spectrometer
(Bruker, Germany) with a DLaTGS detector in the
4000-400 cm™! range with a resolution of 4 cm™! using
pellets of alkali metal halides (KBr) with Al(OH),
or oxidized graphite in ratios of 1 : 500 and 1 : 850,
respectively.

Density and hardness

The density D and Shore A hardness H), of the materials
obtained (PMs and FRMs) were determined according to
GOST 15139-69* and GOST 24621-20153, respectively.

Melt flow index (MFI)

In the case of FRMs, MFI was measured according
to GOST 11645-2021° using an XNR-400 analytical
plastometer at a temperature of 190°C and a load of
5.0 kg.

Tensile strength

In the case of the PM and FRM samples, the tensile
strength o, and relative elongation ¢, were determined
according to GOST 270-757. The test was conducted
at room temperature on Type II specimens (detailed
notations and dimensions are specified in the regulatory
documentation GOST 270-75) using an HxK-S/U
series universal testing machine, modification H5K-S
(Tinius Olsen, United Kingdom) at a travel speed of
(500 £ 50) mm/min.

Thermal properties

The thermal properties of the raw materials, PMs, and
FRMswere determined using dynamic thermogravimetric
analysis in an air atmosphere (60 cm?3/min) using an
STA 449 simultaneous thermal analyzer (Netzsch,
Germany) in the temperature range of 40-900°C at
a temperature increase rate of 20 K/min. Based on
the results of thermal analysis, thermal stability was

found from the onset degradation temperature 7, , and
the temperature 7, , of the maximum decomposition
rate [5].

Foaming rate

The foaming rate FR of the FRM samples was
determined as a function of the specified isothermal
holding temperature. The test was conducted in air
using the method described in GOST R 59637-20218.
FRM samples with a diameter of 40 + 0.5 mm, and an
actual initial thickness 7\, measured with a caliper, were
placed in a hollow steel cylinder with a diameter of
41 mm and a height of 60 mm. Next, the steel cylinder
containing the sample was mounted on a steel support
and then placed in a muffle furnace preheated to the
specified temperature. After 5 min, the steel cylinder
was removed from the furnace and cooled to room
temperature. The test was performed in triplicate for
each sample. The heights 7, and T, of the initial and
foamed samples, respectively, were measured with
a caliper.

The foaming rate was determined at temperatures
ranging from 300 to 800°C in 100°C increments. The
foaming rate FR was calculated using the following
equation

FR = [(T, - Ty)/T,] x 100%.

The foaming dynamics was determined for each
FRM as a function of the specified holding temperature.

The sample heating rate was determined for
each preset furnace temperature from 300 to 800°C.
A thermocouple was installed at the sample location
to record the temperature over a period of up to 5 min
(Fig. 2).

As can be seen in Fig. 2, the higher the preset
furnace temperature, the higher the sample heating
rate v, at the initial time. Temperature is known to
be a key factor in the foaming process of expandable
graphite: with increasing temperature, the foaming rate
increases and the bulk density of the expanded graphite
decreases [27].

4 GOST 15139-69. State Standard of the USSR. Plastics. Methods for the determination of density (volume mass). Reprint, February, 1988, with

correction 1. Moscow: IPK Izdatelstvo standartov; 1999 (in Russ.).

Moscow: Standartinform; 2015 (in Russ.).

Standardization Institute; 2025 (in Russ.).

2008 (in Russ.).

GOST 24621-2015. Interstate Standard. Plastics and ebonite. Determination of indentation hardness by means of a durometer (Shore hardness).

GOST 11645-2021. Interstate Standard. Plastics. Methods for determination of flow index of thermoplastics melt. Moscow: Russian

GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: Standartinform;

GOST R 59637-2021. National Standard of the Russian Federation. Fire protection means for buildings and structures. Means of fire protection.

Methods of quality control of fire-retardant works during installation (application), maintenance and repair. Moscow: Russian Standardization

Institute; 2021 (in Russ.).
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Fig. 2. Dependence of the temperature of a FRM sample on the duration of holding at a preset furnace temperature

Mechanical strength of foamed char

In the case of the FRM samples foamed at 600°C,
the mechanical strength o, of the foamed char was
determined according to a published procedure [28]. The
foamed char sample was placed between two horizontal
plates secured to the crosshead of a testing machine.
The test was conducted at room temperature using
an HxK-S/U universal testing machine, modification
H5K-S, at a travel speed of 2.5 mm/min with a force
meter accuracy of +2.5 N. Each sample was tested in
such a way that the final distance between the plates was
2 mm. Since foamed char produced from such FRMs has
a gradient structure and its upper and middle parts have
the highest porosity [6], the calculations were made at
75% deformation (for the lower part of the foamed char
sample).

Flammability

The flammability of the FRM samples was determined
according to UL-94 “Test for Flammability of Plastic
Materials for Parts in Devices and Appliances™. For
the purposes of testing, specimens with a length of
125 £ 5 mm, a width of 13.0 £ 0.5 mm, and a thickness
of 1.5-1.9 mm were cut from fragments of the extruded
FRM sheet. The specimens were then conditioned
at a temperature of 23 + 2°C and a relative humidity
of 50 + 5% for 48 h. All specimens were tested for
compliance with the V-0 flammability rating: vertical
specimen position, gas burner flame height 20 mm,
flame self-extinguishing within 10 s after flame
removal, burning droplets not allowed, and afterglow
for 30 s. Three replicate specimens were tested in one
single test.

Scanning electron microscopy (SEM)

The structure and morphology of the fire-retardant
powders and fracture surfaces of the PM and FRM
samples were examined using a TESCAN VEGA3 LMU
scanning electron microscope (Tescan Orsay Holding,
Czech Republic) at an accelerating voltage of 20 V.

RESULTS AND DISCUSSION

The FRMs being studied here are often used as elastic
profiles and tapes in structures for various purposes.
Therefore, their performance attributes are not limited
to fire protection characteristics, but also include their
physical and mechanical properties. Table 3 presents the
results of characterizing the obtained PMs and FRMs.

In this study, we investigated the effect of NBR on
density, Shore A hardness, and tensile strength.

In order to assess the effect of fire-retardant properties
on the mechanical properties of FRMs, oxidized graphite
and aluminum hydroxide were studied by IR spectroscopy.
The pH was determined, and fire-retardant particles were
examined by SEM. According to the IR spectrum (Fig. 3),
oxidized graphite bisulfate, EG-250 grade, has a number
of functional groups: O-H (3438 cm™!); carboxyl COOH
(1388 cm™1); carbonyl -C=0O (1700 cm™!); and aromatic
C=C group (1633 cm ™ !). The presence of several bands in the
range from 1050-950 cm ™! may be due to the vibrations of
the S=O group. Their low intensity is associated with the low
concentration of these groups in the oxidized graphite. The
band at 1114 cm™! may be attributed to both the vibrations
of the oxygen-containing C—O group and the asymmetric
vibrations of SOE{ [29-31]. Hydroxyl groups are located on
the surface of the basal layers. The high intensity of the peak
at 3438 cm ! suggests that their content is high.

9 UL 94 BULLETIN-2018 UL Standard for Safety Tests for Flammability of Plastic Materials for Parts in Devices and Appliances. Underwriters
Laboratories Inc. (UL). Northbrook, IL. Fifth Edition, Dated October 29, 1996.
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Fig. 4. IR absorption spectra of ultrafine aluminium hydroxide, TS 303 grade

The IR absorption spectrum of ultrafine aluminum
hydroxide, TS 303 grade (Fig. 4), shows mainly bands
of stretching (in the range from 3620 to 3382 cm™!)
and bending (1022 and 970 cm™!) vibrations of the HO
group. The bands in the range from 650 to 515 cm™! are
assigned to the bending vibrations of the HO group and
the vibrations of the AlO group [32].

The fire retardants have different pH values. The
pHs of the aqueous extract/suspension are 2.9 and
9.2 for oxidized graphite and aluminum hydroxide,
respectively.

Figures 5 and 6 present SEM images of fire-retardant

particles.

Fig. 5. SEM images of oxidized bisulphate graphite, EG-250 grade
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‘ Fig. 6. SEM images of ultrafine aluminium hydroxide, TS 303 grade

As can be seen from Table 3 and Fig. 7, an increase
in the NBR content leads to a decrease in density by
12% for PMs. For FRMs, the density remains virtually
unchanged (decreases by 2.3%).

The introduction of fire retardants in a given quantity
leads to an average increase in density of 12-25%. This
is as a result of the addition of denser fillers, the densities
of which are 1.587 and 2.401 g/cm? for oxidized graphite
and aluminum hydroxide, respectively.

An increase in the NBR content leads to a decrease
in the Shore A hardness of PMs and FRMs by 33 and
10%, respectively (Fig. 7). These changes are due to
the hardness of NBR (49 c.u.) which acts as a high-
molecular-weight plasticizer, increasing the mobility
of PVC macromolecules, thereby reducing indentation
resistance [33]. The introduction of the fire retardants
leads to an increase in hardness by a factor of 1.3—1.7.
This change is typical of PVC-based PMs with
a wide range of fillers at a high degree of filling [34].
In FRMs, the filler strengthens the bonds between
macromolecules, hindering their sliding relative to each
other. As Fig. 7 shows, the hardness of PMs and FRMs
in the range considered changes differently: decreasing

by 33 and 10%, respectively. This may be due to the
fact that increasing NBR content in FRMs strengthens
the bonds between the fillers and the polymer chain
units.

Determining the strength characteristics showed
that with an increase in the NBR content in PMs and
FRMs, the tensile strength o, decreases by 13 and 25%,
respectively. The relative tensile elongation €, increases
by a factor of 1.9 and 2.5, respectively. The introduction
of the fire retardants leads to a decrease in o, and ¢, by
a factor of 1.8-2.1 and 1.2-1.7, respectively (Fig. 8).

In the case of PMs, the decrease in 6, is uneven. In the
range up to 15 wt % (based on the FRM composition),
this characteristic remains virtually unchanged which is
consistent with literature data [13]. However, at a content
of 20 wt %, it decreases by 13%.

The effect of fillers on the strength properties of
PVC-based PMs has been studied using a wide range of
materials. It was noted that the filler is selected based
on its compatibility with the PM which depends on the
adhesion at the polymer—filler interface [35] and on at
least two other factors: the chemical interaction at the
interface; and the shape and size of the filler particles.

1.50 |
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Fig. 7. Dependencies of the density D and Shore A hardness H, of PMs and FRMs on NBR content
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Fig. 8. Dependencies of the density 6, and relative tensile elongation ¢, of PMs and FRMs on NBR

PVC has weak acidic properties. Its a-hydrogen atoms
can form bonds with proton—acceptor substances [36].
A method for increasing interfacial strength is based on
increasing the number of hydroxyl groups on the filler
surface [37, 38]. At the interface, PVC interacts with
basic fillers containing reactive HO groups. Conversely,
fillers with pronounced acidic properties exhibit poor
compatibility with PVC[37]. According to IR spectroscopy
(Fig. 3), a characteristic of oxidized graphite is its high
content of surface HO groups. An aqueous extract of this
fire retardant is also acidic (pH 2.9). However, it should be
noted that the acidity of the aqueous extract is determined
by the presence of residual sulfuric acid. Sulfuric acid
and hydrosulfate anions are readily washed out of the
interlayer space of oxidized graphite by water, passing to
solution upon pH determination. However, HO groups are
strongly bonded to carbon atoms in the graphite crystal
lattice. Overall, based on the peak intensity in the IR
spectrum of oxidized graphite, it can be concluded that
this fire retardant has basic properties.

Aluminum hydroxide also exhibits basic properties due
to the presence of HO groups (Fig. 4). However, despite
the apparent chemical compatibility of the materials, the
introduction of fire retardants into PMs causes a decrease
in their strength properties. The size and shape of the
particles are known to affect the properties of PMs under
deformation, especially under stretching. Dynamic testing
is accompanied by cavitation, i.e., delamination to form
cavities near the filler surface [39]. The size of the filler
particles determines the formation of defects at the matrix—
filler interface in the form of either oval or diamond-shaped
pores [40, 41]. The oval pores are created when the filler
particle size is up to 100 um. Such pores do not reduce
the mechanical properties. The diamond-shaped pores
are formed when the filler particle size is greater than

100 pm; in this case, defects arise that initially grow as
oval pores and then transform into diamond-shaped pores.
These defects are microcracks growing transversely to the
stretching direction. This leads to early failure of the PM.
When stretched, the matrix is delaminated along diamond-
shaped defects, resulting in a characteristic decrease in
strength. It can thus be concluded that, despite the chemical
compatibility of fire retardants with the PM, the particle size
of oxidized graphite determines the decrease in strength
of FRMs.

In this study, we compared the foaming rates of FRMs
with different NBR contents, including the dependence
on the specified isothermal holding temperature (the
sample heating rate, see Fig. 2). The results showed
that with an increase in NBR content from 0 to 20%,
the foaming rate decreases by a factor of 1.43-1.65.
Increasing the holding temperature leads to an increase
in the foaming rate of FRMs, which is typical of oxidized
graphite [27]. Figure 9 shows that the FRM foaming
process can be divided into two stages: 1) before 400°C,
when samples of all FRM compositions rapidly foam;
and 2) after 400°C, when the foaming is smooth with the
sample height changing slightly. In the temperature range
of 700-800°C, the sample height decreases because
of oxidation of the foamed char. This is especially
characteristic of the sample with a large foamed char
height, when its upper portion is exposed to an oxidizing
environment (sample FRM-0).

Foaming rate is an important parameter of fire
protection materials which determines their performance
properties. As noted above, rolled FRMs are applied in
fire doors, and fire sleeves, inter alia, where one of the
fire protection performance characteristics is complete
response time which determines the fire resistance limit
(GOST R 53306-200919). Figure 9 also shows that NBR

10" GOST R 53306-2009. National Standard of the Russian Federation. Enclosing building structures crossing junction points by using pipe, which
is made of polymeric materials. Fire resistance test. Moscow: Standartinform; 2019 (in Russ.).
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content in FRMs affects the maximum foaming rate
and foaming speed. Over the entire temperature range,
an increase in the NBR content leads to a decrease in
the foaming rate which may be due to an increase in the
melt viscosity of FRMs in the FRM-0, ..., FRM-20 series
(Table 3). The rate-limiting stage of the foaming process
is nucleation in the bulk of the liquid phase [6, 42]: gas
bubble nuclei are formed in the bulk of the PM during
its transition to a viscoelastic flow state with a certain
viscosity value. Figure 10 presents the dependence
of the foaming rate on the MFI of FRMs at various
temperatures.

The results obtained show that the dependence of the
foaming rate of FRMs on their MFI is generally linear
over the entire temperature range.

The effect of the NBR content in FRMs on the strength
of foamed char is of practical interest. As Fig. 11 and
Table 3 show, increasing the NBR content in FRMs from
0 to 20% leads to a 4.7-fold increase in the compressive
strength of foamed char.

This may be due to the fact that, during the combined
pyrolysis of PVC and NBR, the decomposition products
of PVC and NBR interact to form condensed compounds.
Furthermore, with increasing NBR content, the fraction
of low-boiling, low-molecular-weight plasticizer in the
PM decreases. This can lead to an increase in thermal
stability and a shift in pyrolysis processes toward higher
temperatures [43].

As can be seen in Fig. 12 and Table 3, the introduction
of NBR alters the pyrolysis process of FRMs in an
oxidizing atmosphere.

With anincrease in NBR content, the onset degradation
temperature of FRMs increases from 222 to 236°C. This
is due to the high thermal stability of NBR (280°C). The
temperature of the maximum degradation rate at this stage
also increases: from 253 to 264°C. Figure 12 shows that at
the first stage of degradation, the temperature behavior of
all the FRMs considered (dehydrochlorination) is similar.
Predominantly NBR pyrolysis occurs in the temperature
range of 300-500°C. With an increase in the NBR content
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in FRMs, the weight loss at this stage increases (from
14.7 to 26.3%). In the temperature range of 600-750°C,
foamed graphite in FRMs is oxidized. The presence of
NBR leads to a shift of the oxidation process to higher
temperatures. The onset oxidation temperature increases
from 601°C (for FRM-0) to 659°C (for FRM-20). The
NBR content does not significantly affect the residue
after oxidation in the temperature range up to 900°C.
The content of this residue is in the range of 8.74-9.47%.
Also the content of AI(OH); in FRMs is 9.88%. Its
decomposition occurs according to the equation

2A1(OH), — AL,0, + 3H,0.

The decomposition gives Al,O; to a content in FRMs
of 6.4%. The difference is determined by the non-zero
residue left after the oxidation of the expanded graphite
in FRMs.

The flammability of the FRMs studied here is not
markedly affected by the presence of NBR in them.
When tested according to UL-94, all the materials

self-extinguish within no more than 1-2 s. This is
determined by the high content of fire retardants, primarily
oxidized graphite. The established flammability rating
for all compositions is V-0.

CONCLUSIONS

The study found that an increase in the fraction of
NBR in FRMs results in a decrease in density and
hardness (by 2.3 and 10%, respectively), a decrease in
tensile strength by 25%, and an increase in elongation
by a factor of 2.5. The introduction of fire retardants
increases density by an average of 12-25%. It also
increases hardness by a factor of 1.3—1.7, and decreases
strength and tensile elongation by a factor of 1.8-2.1
and 1.2-1.7, respectively. The investigation of fire-
retardant properties showed that an increase in the
rubber content causes a decrease in the foaming rate by
a factor of 1.43—1.65 in the temperature range from 400
to 800°C. Increasing the rubber content from 0 to 20%
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brings about a 16-fold increase in the viscosity of the
fire-retardant melt. This affects the foaming rate. It was
determined that the foaming rate in the temperature
range from 400 to 800°C has a linear dependence on
the viscosity of the FRM melt. The addition of rubber
increases the strength of foamed char by a factor of
4.8. Thermal analysis demonstrated that increasing the
rubber content increases the heat resistance from 222
to 236°C, and the oxidation resistance of expanded
graphite in foamed char from 601 to 659°C. The NBR
content has no significant effect on the residue after
oxidation in the temperature range up to 900°C, with
the content of this residue ranging from 8.74 to 9.47%.
The presence of NBR in FRMs has no marked effect on
flammability. The established flammability rating for
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