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ABSTRACT: The use of some types of expandable graphite (EG) as an intumescent
flame-retardant additive in polyolefins was studied using the cone calorimeter test
(CCT), thermogravimetric analysis (TGA), the limiting oxygen index (LOI), and the-UL
94 test and through measurement of EG’s mechanical and electrical properties. The
present study has shown that some suitable EG systems combined with other organic
and inorganic halogen-free flame-retardant (HFFR) additives apparently can improve
the flame-retardant capacity with good mechanical properties of polyolefin blends. For
linear low-density polyethylene and/or ethylene vinyl acetate/EG/HFFR blends the
limiting oxygen index can reach a rating above 29, and the UL-94 test can produce a
value of V–0. The CCT and TGA data show that the EG and EG/HFFR additives not
only promoted the formation of carbonaceous char but also greatly decreased the heat
release rate and the effective heat of combustion and increased the residues after
burning. The synergistic effect of EG with other HFFR additives, such as zinc borate,
the phosphorus–nitrogen compound NP28, and microcapsulated red phosphorus is
examined and discussed in detail in this article. © 2001 John Wiley & Sons, Inc. J Appl
Polym Sci 80: 1181–1189, 2001
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INTRODUCTION

Polyolefins (PO) are used extensively in many
fields, especially in electrical engineering and
electronics as an excellent insulating material
with good physical and mechanical properties.
However, they are particularly flammable and
emit smoke while burning. These defects re-
strict their application in these fields. There-
fore, flame-retardant additives have been devel-

oped in order to obtain PO materials with good
flame-retardant ability and low emission of
smoke and poisonous gases. Most flame-re-
tarded PO materials usually are made by the
joint use of a halogen-type fire retardant and
antimony trioxide. In recent years there has
been much concern worldwide over their use
because they give rise to toxic gases and smoke
that can choke people exposed to the toxic and
acidic fumes and can damage costly equip-
ment.1 The stringent conditions set by statutory
governmental regulations for the use of fire re-
tardant (FR) demand development of halogen-
free fire-retardant (HFFR) materials.
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Several HFFR intumescent systems for flame-
retarded polyolefins have been developed.2,3 Intu-
mescent FR additive formulations usually consist
of a char-forming agent, a carbonization catalyst,
and a blowing agent. In case of a fire they provide
protection by forming surface-expanded carbona-
ceous structures between the flames and the poly-
olefins. These charred layers protect the underly-
ing materials from the action of heat flux in
flames. Unfortunately, intumescent fire-retar-
dant additives, such as nitrogen- and phosphorus-
containing FRs, which are mostly nontoxic, have
been covered to a lesser degree because of such
reasons as cost and effectiveness. Recently, some
patents have disclosed the use of expandable
graphite (EG) as an intumescent flame-retardant
additive for manufacturing PO foams.4–7 How-
ever, there has little reported in the literature on
the flame-retardant behavior of EG and its inter-
action with other HFFRs in polyolefin systems.
That is to say, EG as an intumescent flame-retar-
dant additive has not been studied in detail.

This article is devoted mainly to reporting on a
study—using the cone calorimeter test (CCT),
thermogravimetric analysis (TGA), the limiting
oxygen index (LOI), and the UL-94 test along
with measurement of mechanical and electrical
properties—of the function of EG as an intumes-
cent flame-retardant and its synergism with
other flame-retardant additives in PO blends. The
main interest in the present work was to develop
new halogen-free flame-retardant PO materials
that can be used in the manufacture of electric
engineering materials and electronics, such as
wires and cables.

EXPERIMENTAL

Materials

Two kinds of polyolefins were used in the present
work: linear low-density polyethylene (LLDPE
DFDC-7050), from Zhongyuan Oil Company, and
ethylene vinyl acetate copolymer (EVA, 19% con-
taining vinyl acetate), from Yanshan Company.
Expandable graphite with a high expansion coef-
ficient of 180 (HEG) and a low expansion coeffi-
cient of 40 (LEG) was supplied by Baoding Lianx-
ing Carbide Company, Ltd. The particle size of
HEG was 0.2 mm and the pH value 8.5, while the
particle size of LEG was 100 mesh and the pH
value 7.2. The following HFFR additives were

used in this work: ammonium polyphosphate
(APP) from Anhui Institute of Chemical Engi-
neering, zinc borate (2ZnO3B2O33.5H2O; ZB)
from Gaizhou Inorganic Chemicals Company, and
the phosphorus–nitrogen compound NP28, con-
taining 15.6% P and 27.5% N with a particle size
of 400 mesh, from Weizheng Fine Chemicals
Company. A microcapsulated red phosphorus
(RP) was made in our laboratory. All the above
chemicals except RP are commercial products
made in China and used as received.

Sample Preparation

All samples, composed of 100-g batches of PO
with the desired amounts of EG and HFFR addi-
tives, were mixed with a rubber mill for 15 min at
115–130°C as. After mixing, under 10 MPa for 3
min at 130–150°C the samples were hot-pressed
into sheets of suitable thickness. Each sample
was then rapidly cooled to room temperature in
air. Sheet size and thickness were dependent on
the testing methods used in the present study.

Analysis of Sample

Limiting Oxygen Index

The limiting oxygen index (LOI) was measured
using a ZRY-type instrument (made in China) on
sheets 120 360 3 3 mm3 according to the stan-
dard oxygen index test ASTM D2863-77.

UL-94 Test

The vertical test was measured on sheets 127
3 12.7 3 3 mm3 according to the standard UL-94
test ASTM D635-77.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried
out in air at a heating rate of 10°C/min using a
STA409C thermogravimetric analyzer. In each
case a 20-mg sample was examined at an air flow
rate of 6 3 1025 m3/min at temperatures ranging
from room temperature (25°C) to 800°C.

Cone Calorimeter Test

To do the cone calorimeter test (CCT), a cone
calorimeter (Stanton Redcroft Type, made in En-
gland) was used to measure the flammability
characterization under a heat flux of 35 kW/m2

according to ASTME-1356-90. The parameters of
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these flammability characterization are time to
ignition (TTI, s), heat release rate (HRR, kW/m2),
effective heat of combustion (EHC, MJ/kg), toxic
gas production (CO, kg/kg), residues (%), and spe-
cific extinction area (SEA, m2/kg) of smoke pro-
duced per unit weight of burning sample. Table I
shows the seven kinds of LLDPE samples used for
cone calorimeter tests in the present work. The
instrument has an experimental error rate of
about 5% for the CCT data.

Mechanical Measurement

The tensile strength and elongation at break were
measured with a DCS 5000 universal test ma-
chine using an elongation rate of 25 mm/min.

Bulk Resistivity Measurement

The bulk resistivity measurement (BRM) was
taken with a high-resistance meter according to
ASTM D257-78.

For all these measurements usually two or
three samples were analyzed to determine the
average values of the LOI, UL-94, CCT, mechan-
ical, BRM, and other measurements in order to
obtain reproducible results.

RESULTS AND DISCUSSION

Effects of EG and EG/FR on LOI Values of LLDPE
Blends

The effects of EG additive on the LOI values of
the LLDPE blends have been examined in detail,
as shown in Table II. It can be seen that LOI
values increase with an increasing amount of EG
additives. LOI values of the LLDPE blends con-
taining 30% HEG increased rapidly to 29.6 from

17.5 of pure LLDPE. HEG is more efficient than
LEG in increasing LOI values possibly because
HEG produces more high-volume expanded
graphite and results in occupying more space at
high temperature than does LEG. This can pre-
vent combustible gases from feeding the flame,
and it also separates oxygen from the burning
material more efficiently.

Figure 1 presents the effects of four kinds of
LEG/HFFR systems on the LOI values of the LL-
DPE blends. It is obvious that NP28 is more effi-
cient than APP and ZB. The LOI value of LL-
DPE/EG blend containing 20%/NP28 increased to
29.5 from the original value 22.9. A small amount
of RP increases the LOI values very efficiently,
but the loading of more than 10% RP leads the
LOI values to drop down sharply, as shown in
Figure 1. This is because RP is essentially a flam-

Table I Compositions of LLDPE Samples Used
for Cone Calorimeter Test

Compositions
(phr)

Sample Symbol

a b c d e f g

LLDPE 100 70 70 70 70 70 70
LEG — 10 10 10 10 10 10
RP — 5 5 5 — — —
APP — 15 — — 20 — —
ZB — — 15 — — 20 —
NP28 — — — 15 — — 20

Table II Effect of EG Additive on the LOI
Values of LLDPE/EG Blends

Amount of Additives (%)

LOI Values

HEG LEG

0 17.5 17.5
10 23.6 22.9
15 26.0 24.8
20 27.4 26.5
30 29.6 28.1

Figure 1 Changes of the LOI values with different
level of additives in the LLDPE/10% EG blends. [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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mable material, and so at a higher amount RP
becomes flammable. When a small amount of RP
is filled in hydrocarbon polymers, it can be oxi-
dized to phosphoric acids and phosphorus monox-
ide (PO) on fire. The former can form a protective
coating on the burning substrate, limiting fuel
volatilization and oxygen penetration to the con-
densed phase,8 while the latter can trap the rad-
icals in the gas phase during burning.9

Flammability Characterization of LLDPE/EG/FR
Blends

The data of dynamic flammability characteriza-
tion measured by the cone calorimeter for the
LLDPE/LEG/FR samples are listed in Table III.
The data show that, compared with the pure LL-
DPE sample (a), the peak HRR, average EHC,
and MLR values at a heat flux of 35 kW/m2 de-
crease dramatically with the addition of EG and
other FR additives. Table III shows that pure
LLDPE loses its 99% mass because of its complete
combustion, while the retarded LLDPE blends
(b)–(g) burn incompletely and leave a large
amount of residuals (about 70%). For example,
sample (f) in Table III has the largest residues
(37%) because the residual LEG and ZB contents
exist in the condensed phase. The time to ignition
(TTI) of the retarded samples at the same heat
flux increases in different degrees, except for sam-
ple (f), with the addition of EG and other FR
additives. These results indicate that compared
with the original polymer, the retarded polymer
materials had become fireproof. All these dynamic
flammability behaviors of LLDPE/LEG/FR blends
could be a result of the following: When the re-
tarded polymer materials are burning, a foamed
char from the EG composition is formed on the

surface of the retarded material and becomes a
thermal-insulation material, preventing combus-
tible gases from feeding the flame and separating
oxygen from the burning material. Only when the
material absorbs more heat will the carbonaceous
char break and the burning continue. The decom-

Figure 2 Dynamic curves of the HRR data versus
time for the LLDPE and LLDPE/10% LEG sample sys-
tems with other FR additives, listed in Table I, at a
heat flux of 35 kW/m2: (A) Comparison of the HRR data
in the presence of 5% RP; (B) Comparison of the HRR
data in the absence of 5% RP. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Table III Cone Calorimeter Data of Various LLDPE Samples

Sample
Symbol TTI (S)

Peak HRR
(kW/m2)

Average EHC
(MJ/kg)

Average CO
(kg/kg)

Average SEA
(m2/kg)

Residues
(%)

a 106 938 51.0 0.018 661 1
b 129 217 35.0 0.149 850 28
c 124 180 34.6 0.112 698 36
d 118 179 32.4 0.140 741 34
e 107 272 36.2 0.030 578 24
f 100 195 37.0 0.017 375 37
g 109 208 35.0 0.025 420 30

The compositions are listed in Table I.
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position and burning of the material could be
retarded in this way. This step-by-step burning
process and subsequent flammability improve-
ment can be observed from the following HRR,
EHC, CO, and SEA curves, as shown in Figures
2–5.

The dynamic curves of HRR versus time for
various samples at a heat flux of 35 kW/m2 are
shown in Figure 2, with Figure 2(a) representing
the changes of HRR values of the LLDPE/EG/FR
samples with the RP additive and Figure 2(b)
representing the same changes without the RP
additive. It can be seen from Figure 2 that the
burning time of pure LLDPE is 350 s or less while
the burning time of all the retarded LLDPE
blends is longer than 800 s. The peak HRR values
of the retarded samples [(b)–(d) in Fig. 2(a)] de-
crease to about 200 kW/m2 from 938 kW/m2 of the
pure LLDPE sample [(a) in Fig. 2(b)]. Moreover,

the HRR curves become relatively smooth and
gradual compared with those of the pure LLDPE
sample. This is because some elements in the
retarded LLDPE blends cannot burn and so some
of the blends are transformed to carbonaceous
materials, which hardly give off heat. Meanwhile,
the retarded LLDPE blends burn slowly.

Compared with samples (b)–(g) in Figure 2,
samples (c) and (f), containing ZB, show minimum
values of the peak HRR, which could be because of
the following two reasons: First, the LLDPE/
LEG/ZB blend can release water at the range of
280–400°C, which absorbs a large amount of heat
in the burning process. Second, the LLDPE/
LEG/ZB blend burns slowly and releases heat
smoothly. However, the combustion time of the
LLDPE/LEG/ZB blend is longer than that of the
LLDPE/LEG/APP and LLDPE/LEG/NP28 blends.
It can been seen that the HRR values of sample
systems (b)–(d) in the presence of 5% RP are

Figure 3 Dynamic curves of the EHC data versus
time for the LLDPE and LLDPE/10% LEG sample sys-
tems with other FR additives, listed in Table I, at a
heat flux of 35 kW/m2: (A) Comparison of the EHC data
in the presence of 5% RP, (B) Comparison of the EHC
data in the absence of 5% RP. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 4 Dynamic curves of the CO amount versus
time for the LLDPE and LLDPE/10% LEG sample sys-
tems with other FR additives, listed in Table I, at a
heat flux of 35 kW/m2: (A) Comparison of the CO
amount in the presence of 5% RP; (B) Comparison of
the CO amount in the absence of 5% RP. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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smaller than those of samples (e)–(g) without the
RP additive, especially for sample (d), which con-
tains 15% NP28 and 5% RP, as shown in Figure
2(a).

The dynamic curves of EHC versus time for
various samples at a heat flux of 35 kW/m2 are
shown in Figure 3. It can be seen from Figure 3(a)
that the EHC value of pure LLDPE, sample (a),
reaches a peak value of 66 MJ/kg at about 320 s.
This is because the carbon atoms in pure LLDPE
react with oxygen in air to convert into carbon
dioxide and the hydrogen atoms react with oxy-
gen to produce water, release a large amount of
heat during the burning of the pure LLDPE sam-
ple. The average EHC values of LLDPE/LEG/FR
samples (b)–(g) apparently decrease as compared
with that of sample (a), as shown in Figure 3(a,b).
There are several explanations for the EHC de-
crease of the retarded polymer materials. First,
some elements or compounds such as P, N, and
H2O in the retarded LLDPE blends cannot re-
lease heat when they decompose into the gaseous

phase. Second, it is difficult for the carbon atoms
in the retarded LLDPE to be transformed com-
pletely into carbon dioxide; instead, some carbon
atoms stay in the carbon monoxide. And finally,
some hydrogen atoms or free radicals of hydrogen
are trapped by the polymer itself and by other
traps10 and thus cannot react immediately with
oxygen in order to release heat.

Apparently, samples (d) and (g), which have
the NP28 additive, have the lowest average EHC
values whether or not the samples contain the RP
additive, as shown in Table III. The average EHC
values provide additional evidence that, among
the FR systems in the present study, NP28 is a
more efficient flame-retardant synergistic addi-
tive with EG.

The CO curves of various samples versus time
at a heat flux of 35 kW/m2 are shown in Figure 4.
The data show that samples (c) and (f) [Figure
4(a,b)], which have the ZB additive, release rela-
tively low values of CO. This means that ZB is an
efficient smoke suppressant. It was also found
that the amount of carbon monoxide of the LL-
DPE-FR sample systems (b)–(d) with RP [Fig.
4(a)] is much higher than that of sample systems
(e)–(g) without RP [Fig. 4(b)].

The SEA curves of various samples versus time
at a heat flux of 35 kW/m2 are shown in Figure 5.
The results show that the SEA values of samples
(b)–(d) with RP [Fig. 5(a)] are much higher than
those of samples (e)–(g) without RP [Fig. 5(b].
This may be because of the action of RP in the
gaseous phase, which interrupts the transforma-
tion of C2 free radicals into C1 free radicals, so
that C2 free radicals may condense into polycyclic
aromatic hydrocarbons. This material has a
strong extinction of light and thus apparently
increases the SEA values. Similarly, red phospho-
rus can trap very active OH z and other free rad-
icals so that carbon monoxide cannot easily
change into carbon dioxide and remarkably
causes the increasing amount of carbon monox-
ide.

According to the above studies, the synergistic
effects of EG with different HFFR additives in the
LLDPE/EG/FR blends can be described as fol-
lows: NP28 . ZB . APP.

Thermogravimetric Behavior of LLDPE/LEG/FR
Blends

Figure 6 shows the thermogravimetric (TG) be-
havior of pure LLDPE and LLDPE/LEG/FR

Figure 5 Dynamic curves of the SEA data versus
time for the LLDPE and LLDPE/10% LEG sample sys-
tems with other FR additives, listed in Table I, at a
heat flux of 35 kW/m2: (A) Comparison of the SEA data
in the presence of 5% RP; (B) Comparison of the SEA
data in the absence of 5% RP. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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blends under a flow of air. Figure 6(a,b) presents
the TG curves from the LLDPE/LEG and LLDPE/
LEG/FR blends, respectively. TG curve (e) in Fig-
ure 6(a) shows one step of total weight loss of pure
LLDPE, in which the thermo-oxidative degrada-
tion of pure LLDPE takes place in the range of
320–480°C.

All the LLDPE/LEG blends under a flow of air
have similar TG behavior, with a first step of
about a 10% weight loss from the volatilization of
some EG volatile and a small amount of thermo-
oxidative degradation of LLDPE blends between
280–340°C. Second, there is about a 60–70%
weight loss between 340–480°C. Finally, there is
about a 5% weight loss between 500–700°C be-
cause of further decomposition of residual carbo-
naceous materials. Figure 6(a) also shows the ef-
fect of EG on thermal stability of LLDPE blends,
which apparently increases with increasing con-
centrations of EG. These results are in good
agreement with those of the LOI values in Table
II. However, it can be seen from Figure 6(a) that
the char yields of different EG formulas are quite
different. The effective order of their char forma-
tion is as follows: CLEG 30% . CHEG 30% . CLEG 15%

. CHEG 15%. As expected, the thermal stability of
the LLDPE/EG blends is superior that of pure
LLDPE. For example, the LLDPE blend [curve (d)
in Fig. 6(a)] containing 15% HEG has a weight
loss of about 73% at 480°C, while the pure LLDPE
[curve (e) in Figure 6(a)] loses about 99% weight.
Normally, EG itself will lose about 20% by weight
after expanding at high temperature because of

Figure 6 TG curves of different LLDPE blends: (A)
LLDPE resin with different levels of EG additives; (B)
LLDPE/10% LEG blends with the other FR additives.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table IV Mechanical and Electrical Properties of Polyolefin Blends

Additives (%)

LLDPE Blends EVA Blends

Ta Eb Vc Ta Eb

0% EG 20.2 1565 9.2 3 1015 17.6 1331
5% EG 12.6 780 4.3 3 1015 13.6 990
10% EG 11.2 64 1.0 3 1015 12.5 980
15% EG 10.2 13 2.7 3 1014 12.3 983
20% EG 9.4 10 8.9 3 1012 10.5 950
30% EG 7.6 9 5.0 3 1012 5.9 480
10% EG 1 20% APP 6.5 14 3.0 3 1013 — —
10% EG 1 20% ZB 9.3 18 3.2 3 1014 — —
10% EG 1 20% NP28 10.4 26 6.5 3 1014 — —
10% EG 1 4% RP 1 15% NP28 — — 1.8 3 1013 13.7 842
10% EG 1 3% RP 1 20% ZB — — 2.2 3 1013 12.9 790

a T: tensile strength, MPa; b E: elongation (%); c V: volume resistivity (V-cm).
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the volatilization of low-molecular-weight compo-
nents. However, the char residues of these sample
systems with EG additive after thermal degrada-
tion are larger than the EG content of correspond-
ing samples. For example, the LLDPE/15% LEG
blend has 18% residues. Those data provide pos-
itive evidence that EG can promote the formation
of carbonaceous materials in the condensed
phase.

Figure 6(b) shows the TG curves of the LLDPE/
10% LEG sample systems with different FR ad-
ditives. It was found by comparison that the ther-
mal stability of LLDPE/LEG/NP28 is higher than
that of LLDPE/LEG/ZB blends. As expected, ther-
mal stabilization of the LLDPE blends can be
improved by the addition of 5% red phosphorus
and 15% ZB or NP28 [curves (a) and (b) in Fig.
6(b)]. About 30% residual char yields are obtained
from the samples [curve (a) and (b)], which are
much higher than the approximately 20% char
yields of samples with an individual FR additive
of 10% ZB [(curve (c)], 10% APP [curve (d)], or
10% NP28 [curve (e)].

Mechanical and Electrical Properties and UL-94
Ratings of PO/EG/HFFR Blends

Table IV lists the mechanical and electrical
properties of different LLDPE and EVA/LEG/
HFFR formulation systems. The data show that
the addition of LEG significantly reduces the
tensile and elongation properties of LLDPE
blends. The tensile strength of an LLDPE/LEG
blend decreases almost 50%, while the elonga-
tion becomes very small, even if only 10% LEG
is added into LLDPE, which may be because of
the large particle size of EG and its poor com-
patibility with LLDPE. It can also be found in

Table IV that the tensile strength values of the
LLDPE/LEG/HFFR blends are not improved by
the addition of ZB, APP, and NP28 of a small
particle size. The mechanical properties of EVA/
LEG/HFFR blends are much better than those
of the LLDPE/EG/FR systems. The results show
that the addition of 15% LEG does not affect the
mechanical properties adversely, especially for
the elongation property.

The effects of EG and the other HFFR addi-
tives on the bulk resistivity of PO blends are also
listed in Table IV. Apparently, bulk resistivity
decreases quickly with an increasing amount of
EG and HFFR additives. However, by optimizing
the formulation system, the PO/EG/HFFR blends
with good mechanical and electrical properties
can pass the UL-94 test of V–0 rating and be
satisfactory for practical use of flame-retardant
wire and cable.

The several PO formulas that were 10% LEG-
based combined with about 20% HFFR additives,
which can pass the UL-94 V-0 ratings, are shown
in Table V.

CONCLUSIONS

1. Expandable graphite, a novel type of in-
tumescent flame-retardant additive for
polyolefin materials, acts as both a car-
bonization compound and a blowing
agent. EG or EG combined with other
HFFR additives not only increases the
LOI values but also promotes the forma-
tion of carbonaceous char and improves
the thermal stability of the retarded PO
materials remarkably.

2. The data on flammability characterization

Table V Formulas of PO/LEG/HFFR Blends that Passed the UL-94 V–0 Ratings

Formulations
(phr)

Sample Symbol

1 2 3 4 5 6 7 8

EVA 72 70 — — — — — —
LLDPE — — 70 70 71 67 65 69
LEG 10 10 10 10 10 10 10 10
RP 5 0 5 5 5 0 0 0
APP 0 0 0 15 0 23 0 0
ZB 0 0 15 0 0 0 25 0
NP28 13 20 0 0 14 0 0 21
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from the cone calorimeter tests show that
the EG combined with the other HFFR ad-
ditives decreases significantly the HRR
and EHC values of LLDPE/EG/FR blends.
The flame-retardant mechanism might be
mainly a result of the formation of intu-
mescent charred layers in the condensed
phase, which slow down heat and mass
transfer between the gas and the con-
densed phases and limit the diffusion of
oxygen to the polymer bulk.

3. The synergistic effect of EG with the
other HFFR additive plays an important
role in the polyolefin systems. The stud-
ies of the present work show that phos-
phorus-containing compounds, such as
NP28 and/or a suitable amount of micro-
capsulated RP, are the most efficient syn-
ergistic agents of the EG-based flame-
retardant systems.

4. By optimizing the formulation system, PO/
LEG/HFFR blends with good mechanical
and electric properties can pass the V–0
rating of the UL-94 test and be satisfactory
for the practical use of flame-retardant
wire and cable.
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