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Abstract

The development of ceramifiable polymer composites is an important means to ensure public safety and meet the emergency
operation of power supply lines of public facilities in case of fire. Although there have been many researches on ceramifiable
flame-retardant polymer composites and published scientific research achievements, the problem of poor flame-retardant
effect of ceramifiable polymer materials due to low flame-retardant efficiency has not been solved. In this study, ethylene—
vinyl acetate copolymer (EVA) was used as the matrix, E-glass fiber (EGF) and low softening point glass powder (GP) were
selected as the ceramifiable filler (CF), and melamine (MA) and organic modified montmorillonite (OMMT) were used as
the complex flame-retardant system. The flame-retardant test results show that when the composition of the composite is
EVA/CF (GP:EGF)/MA/OMMT =35/32 (7:3)/28/5, the flame-retardant property reaches V-0 rating (UL-94), and the cor-
responding LOI is 27.8. At this time, the bending strength of EVA composite-based ceramic fired at 700 °C reaches 5.1 MPa.
TG-IR test results confirmed that a large amount of nonflammable gases from melamine thermal decomposition diluted the
combustible gases produced by EVA decomposition, which is the reason why EVA composite has good flame retardancy.

Keywords Polymer-matrix composites (PMCs) - Flame/fire retardancy - Ceramifiable polymer composites - Melamine -

Ethylene—vinyl acetate (EVA)

Introduction

As a new type of refractory, ceramicable polymer compos-
ite generally includes the following components: polymer
substrate, ceramic mineral filler and flux, and flame retard-
ant and other additives. Mineral filler and flux are used as
ceramic components to provide material basis for the for-
mation of ceramics. In case of fire, this material is vitrified
at high temperature and transformed into a hard ceramic
protective layer, which can resist the ablation of thousands
of degrees of open fire, and has a certain strength, which can
resist water pouring and spraying without cracking [1]. In
addition, the ceramic protective layer can also play a role in
blocking material exchange and heat transfer, which can not
only inhibit the volatilization and loss of materials inside,
but also effectively block the diffusion of external heat to
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the materials, preventing the spread of fire. Ceramic flame-
retardant polymer composites generally use low smoke, non-
toxic halogen-free flame retardant, which is a fire-retardant
material with excellent performance.

With the progress of society, the requirements of high-
temperature resistance, ablation resistance, thermal insula-
tion performance, and mechanical strength of fire-resistant
cable in special fire environment are constantly improving,
and the research on ceramicized refractory polymer mate-
rials has gained attention. Domestic and foreign scholars
have carried out a lot of research work on silicone rubber-
based ceramifiable composites [2—-8]. However, the appli-
cation of silicone rubber-based ceramifiable composites is
limited by the single variety of silicone rubber and poor
mechanical properties of the composites and its ceramics.
Compared with silicone rubber, ordinary polyolefin materi-
als (such as ethylene—vinyl acetate copolymer (EVA)) have
better mechanical properties and can expand the variety
of ceramifiable polymer composites. At present, there are
some researches on polyolefin-based ceramifiable flame-
retardant composites [9—11], and the effect is not ideal. For
EVA-based ceramifiable flame-retardant composites [9],
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magnesium hydroxide or aluminum hydroxide as flame
retardant loses water when heated to generate magnesium
oxide or aluminum oxide, which can be used as ceramifi-
able filler to kill two birds with one stone. However, mag-
nesium oxide or aluminum oxide powder cannot be melted
within 1000 °C, which destroys other ceramifiable inorganic
fillers in the composite to form ceramic layer, resulting in
poor ceramic strength. Therefore, it is impossible to achieve
forming ceramics at low temperature with magnesium oxide
or aluminum oxide as ceramifiable filler. The lack of high-
performance ceramifiable flame-retardant polymer compos-
ites is increasingly becoming a development bottleneck of
polymer composites for fire-resistant cables.

Melamine (MA) is a triazine nitrogen-containing hetero-
cyclic organic compound. Melamine is the trimer of cyana-
mide, which will release a large amount of nitrogen when
heated for decomposition, so it can be used as a vapor-phase
flame retardant [12—-14].

The research ideas of project applicants are as follows:
EVA is used as polymer substrate; melamine (MA) is chosen
as flame retardant because melamine belongs to gas-phase
flame-retardant mechanism, and there is no residue after
combustion, which will not damage the bending strength
of ceramic products; organic montmorillonite (OMMT) as
anti-dripping agent is also necessary to add; otherwise in the
combustion process, the composite will melt and drip before
the formation of ceramic. The ceramifiable inorganic filler is
E-glass fiber (EGF); low softening phosphate glass powder
(GP) is used as flux.

Experimental
Materials

EVA (Elvax 265) was provided by DuPont Company (USA).
Melamine (MA) was supplied from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). E-glass fiber (EGF)
was provided by Radison Composites Co. Ltd. (Nanjing,
China). Low softening phosphate glass powder (GP) was
provided by Dong Gu New Materials Co. Ltd. (Feshan,
China). OMMT (1.44P) was supplied from Nano Co. Ltd.
(USA), which modifier is dioctadecyldimethylammonium
chloride.The composition of investigated composites for
EGF and GP is shown in Table 1.

Preparation of EVA composites sample

The ceramifiable EVA composites are consisting of EVA,
MA, EGF, GP, and OMMT. Firstly, all raw materials were
dried in a vacuum oven at 60 °C for 12 h. Then, the EVA
composites with different ratios of additives were pre-
pared by a twin-screw extruder (SA 120011, Haitian Plastics
Machinery Group Co. Ltd., Nanjing, China) with a rota-
tion speed of 150 rpm at the following temperature range
from the feed zone to the die: 175, 180, 185, 185, 180, and
175 °C. The extruded products were pressed into different
samples by plate vulcanizer (QingDao Yahua Machinery Co.
Ltd., China) at 170 °C and cold-pressed at room temperature
for 3 min.

Preparation of EVA composite-based ceramic

The ceramics were prepared by muffle furnace (KSL-
1200X-J, Hefei Kejing Materials Technology Co. Ltd.,
China). EVA composites samples with the dimension of
30 x4 x3 mm were heated from room temperature to 700,
800, 900, and 1000 °C, respectively, at a heating rate of
10 °C min™".

Measurements

The UL-94 vertical burning level was tested on a verti-
cal burning instrument (CZF-4, Nanjing, China) accord-
ing to ASTM D3801, the dimensions of samples were
130 mm X 13 mm X 3.2 mm.

The LOI value was measured by an oxygen index instru-
ment (HC-2C, Nanjing, China) according to ASTM D2863-
97 with a sheet dimension of 130 mm X 6.5 mm X 3.2 mm.

The flexural strengths of EVA composite-based ceram-
ics were measured via the 3-point bend method on a test-
ing machine (CMT2000, SANS Inc., China) according to
the procedure in GB 6569-2006, and the loading rate was
0.5 mm min~!. All data are the average of five independent
flexural strengths.

The flammability of the ceramifiable EVA composites was
evaluated by a cone calorimeter (Fire Testing Technology,
UK) according to ISO 5660-1 at a heat flux 50 kW m~2. The
samples were molded to size of 100 mm X 100 mm X 3 mm.

Table 1 The composition of

. . ) Part SiO, CaO AlLO; MgO Na,O Fe,0O; K,0 TiO, P,05 SO; ZnO Others
investigated composites
Ms% Ms% Ms% Ms% Ms% Ms%h Ms% Ms% Ms% Ms%h Ms%h Ms%
EGF 58.14 2420 1333 2388 046 0.34 0.34 0.24 0.07
GP 547 091 2382 10.03 0.03 14.05 041 45.13 0.08 0.01 0.06

*Qthers: volatile compounds and minor oxides
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Thermal decomposition behavior of the ceramifiable
EVA composite was conducted using a NETZSCH TGA
(209 F1) with +0.1 °C temperature error at a heating rate of
10 °C min~! under N, at a flow rate of 50 mL min~".

TG-IR was performed using TGA (STA8000 +, PE,
USA) that was linked to FTIR (Frontier, PerkinElmer,
USA). The test was carried out from 30 to 700 °C at a
heating rate of 10 °C min~' under the nitrogen flow rate of
3%107° m® min™".

The morphology and elemental dispersion of EVA com-
posite-based ceramics were characterized by SEM-EDX
using a JSM-7610F SEM (JEOL, Japan) and a EDX sys-
tem (OXFORD INCA250, UK) at an acceleration voltage
of 15 kV. All samples are sprayed with gold layer before
being examined.

X-ray diffraction (XRD) (SmartLab-SE, Rigaku Corpora-
tion, Japan) analysis was performed with an Cu-Ka radiation
in the range of 26 =5-60° with the step length of 0.06° at
40 kV.

Results and discussion

The flame retardancy of the ceramifiable
flame-retarded EVA composites

The flame retardancy of the ceramifiable EVA composites
was evaluated by UL-94 and LOI test, and the results are
shown in Table 2. The corresponding vertical combustion
test samples are shown in Fig. 1. As shown in Table 2, the
addition of 5 Ms% OMMT to EVA/CF composite (sample
3) had the effect of anti-dripping. The composite without
molten droplets provided a material basis for later ceramic
transformation. To achieve the flame retardancy of EVA/

| n|
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Fig. 1 Digital photographs of sample after UL-94 tests a sample 1; b
sample 3; ¢ sample 9; and d sample 10

CF/OMMT composite, MA was incorporated into EVA/
CF/OMMT composite. When adding 28 Ms% MA, the
vertical combustion test result of EVA/CF/MA/OMMT
composite (sample 10) based on UL-94 standard passed
V-0 rating, and the corresponding oxygen index value
(LOI) reached 27.8%. Obviously, MA is an effective flame
retardant for EVA/CF/OMMT composite. OMMT had a
good flame-retardant synergistic effect on EVA/CF/MA
composite, which is due to the exfoliated layered struc-
ture of OMMT can reduce the melt fluidity of polymer
chains and promote the strength and density of EVA/CF/
MA/OMMT composite carbon layer. We kept the propor-
tion of EVA and CF unchanged, changed the proportion
of OMMT from 0, 3 to 7, and the corresponding propor-
tion of MA was 33, 30, and 26. As a result, these three
formulas (samples 11, 12, and 13) had no flame-retardant
rating. Obviously, the mass ratio of EVA/CF/MA/OMMT

Table 2 LOI and UL-94 data of

: Sample EVA CF (GP:EGF=7:3) OMMT MA UL-94 LOI
EVA composites
/Ms% /Ms% /Ms% /Ms% 1%
1 50 50 0 0 N.R./dripping -
2 50 47 3 0 N.R./dripping -
3 50 45 5 0 N.R./no dripping -
4 40 45 5 10 N.R./no dripping -
5 35 45 5 15 N.R./no dripping -
6 35 40 5 20 N.R./no dripping -
7 35 35 5 25 N.R./no dripping -
8 35 35 0 30 N.R./dripping -
9 35 32 0 33 N.R./dripping -
10 35 32 5 28 V-0 27.8
11 35 32 0 33 N.R./dripping -
12 35 32 3 30 N.R./dripping -
13 35 32 7 26 N.R./no dripping -

N.R.: no rating
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is equal to 35/32/5/28, which should be the appropriate for
the flame retardation of EVA composite.

Mechanical properties of the ceramics from EVA/
CF/MA/OMMT composites formed at various
temperatures

The flexural strength of EVA composite-based ceramics
with various ratios of GP/EGF in ceramifiable fillers (CF) is
shown in Table 3. At 700 °C, the flexural strength of ceram-
ics increased with adding the ratio of GP/EGF until the ratio
reached 7:3, and then, it descended with further adding the
ratio of GP/EGF, the maximum is 5.1 MPa. At 800 °C, the
flexural strength of ceramics has the same change trend
as that occurred at 700 °C, the maximum is 10.6 MPa at
800 °C. Howeyver, the ratio of GP/EGF reduced while reach-
ing the maximum flexural strength for the ceramic at 900 °C
and 1000 °C, and the ratio values are 6/4 and 5/5, respec-
tively, corresponding to the maximum 17.1 MPa at 900 °C
and 22.3 MPa at 1000 °C. Obviously, EGF has an outstand-
ing effect on the flexural strength for the EVA composite-
based ceramics. In Table 3, the ratio of 7:3 (GP/EGF) is
considered an appropriate value to fabricate the EVA com-
posite-based ceramic if we consider forming the ceramic at
low temperature.

Combustion performance of the ceramifiable
flame-retarded EVA composite

Cone calorimeter (CC) is also an effective method to
assess the flammability and combustion behavior of flame-
retarded polymer composites. The heat release rate (HRR),
the total release rate (THR), and the smoke production rate
(SPR) with burning time of neat EVA and EVA composite
are exhibited in Fig. 2. The corresponding data are sum-
marized in Table 4. As shown in Fig. 2a, a very sharp peak
of HRR for pure EVA appeared fastly, and the peak value
(PHRR) is about 1226.9 kW m~2. Compared with EVA,
the PHRR of the EVA/CF and EVA/CF/OMMT compos-
ites has sharply decreased to 483.1 and 477.4 kW m~2,
respectively. This indicates that the addition of infinite
fillers can effectively reduce the PHRR of EVA/CF com-
posites. However, OMMT has little effect on further

reducing the PHRR. The PHRR of EVA/CF/MA/OMMT
composite further significantly decreased to 306.8 Kw m™>2
on the basis of EVA/CF and EVA/CF/OMMT compos-
ites, indicating that the addition of flame-retardant MA
can also effectively reduce the PHRR. Furthermore, the
HRR curve of EVA/CF/MA/OMMT composite exhibits
two peaks. The first peak is explained by the combustion
of EVA composite. At the same time, the thermal insula-
tion layer is formed; the second peak is attributed to the
destruction of the carbonaceous inorganic structure layer.

Total heat release (THR) is an important index to
estimate the fire security of materials. From Fig. 1b,
THR of EVA/CF, EVA/CF/OMMT, and EVA/CF/MA/
OMMT composites is obvious decline compared with the
one of the neat EVA. The THR value for neat EVA is
114.3 MJ m~2, while the THR value for EVA/CF, EVA/
CF/OMMT, and EVA/CF/MA/OMMT composites is
100.8, 89.9, and 85.5 MJ m2, respectively. THR values
also indicate that EVA/CF/MA/OMMT system has better
flame retardancy.

Furthermore, the SPR curves of neat EVA and EVA
composite are exhibited in Fig. 2c. As shown from Fig. lc,
a very sharp peak of SPR for pure EVA appeared fastly,
and the peak value (PSPR) is about 9.9 X 1072 m? s L.
Compared to pure EVA, the PSPR of the EVA/CF and
EVA/CF/OMMT composites has sharply decreased to
4.8%x 1072 and 3.9x 1072 m? s~!, respectively, which
indicates that the addition of infinite fillers can effec-
tively reduce the PSPR of EVA/CF composites. However,
OMMT has little effect on further reducing the PSPR. The
PSPR of EVA/CF/MA/OMMT composite further signifi-
cantly decreased to 0.9 x 10> m? s~! on the basis of EVA/
CF and EVA/CF/OMMT composites, indicating that the
addition of flame-retardant MA can significantly reduce
the PSPR. The reason for the low SPR of EVA/CF/MA/
OMMT composite may be that the gases released by the
decomposition of flame-retardant MA are water, carbon
dioxide, and ammonia, not carbon particles (this conclu-
sion was obtained from 3.5 TG-IR analysis). It is notice-
able that the smoke suppression effect of EVA/CF/MA/
OMMT composite is dramatically improved.

In brief, MA and OMMT contribute to the flame retar-
dation of EVA.

Table 3 Flexural strength of

- Composition/Ms%
ceramics

Flexural strength/MPa

700 °C 800 °C 900 °C 1000 °C
EVA35/CF32 (GP:EGF =5:5)/MA28/OMMTS5 1.8+0.3 6.9+0.5 16.5+0.9 223+12
EVA35/CF32 (GP:EGF =6:4)/MA28/OMMT?5 39+04 8.1+0.7 17.1£1.2 20.8+1.0
EVA35/CF32 (GP:EGF =7:3)/MA28/OMMT?5 5.1+06 10.6+0.8 159+1.1 18.5+1.1
EVA35/CF32 (GP:EGF =8:2)/MA28/OMMT?5 4.6+0.5 8.9+0.9 13.7+1.0 -

@ Springer



A novel EVA-based composite via ceramization toward excellent flame retardance performance...

1721

(c)

(b)

(a)

—e— EVA

—e— EVA/CF
—a— EVA/CF/OMMT
—»— EVA/CF/MA/OMMT

100 200 300 400 500 600 700 800

100 200 300 400 500 600 700 800

100 200 300 400 500 600 700 800

v T T T
o (oo} © < (s}
-~ Q@ © 9o o9
o o o o o
1-S W/HdS
»
: =
. =
B ==
% =9
B Sz
% Q=
> [TRETRETS
(-1
< <<Z
2 3 SSSS
» L
. “ »
. 4 »
L1 X121t
.4 »
. n
L .q »
. .« L3
L] . q »
[} o« <« %
- . 4« »
. o <
- LR N
.-’
T T T T T ’
o o o o o o o
A o o © < N
- - ®
z-W PIN/HHL
»
>
»
S
»
4
»
>
4
=
s
==
SO :’:
=< (23
Qg D.’
L
24
s<<< 4%
[IRTIRTIRT| ' i 3 9
<
s
o ¢ 4 > r-
-
.'.:
<
N - F3L
- s < »
-2
s,
.,
]
T T T v '
o o o o o o o
o o o o o o
A o 0 © < N
- -
-W MN/ddH

0

0

0

Time/s

Time/s

Time/s

Fig.2 HRR (a), THR (b), and SPR (c) curves of neat EVA and its composite in CC test

Thermal stability analysis of the ceramifiable
flame-retarded EVA composite

The thermal degradation behavior of the EVA composites
was investigated in hope of finding the potential flame-
retardant mode. Figure 3 shows the mass loss curves (TG),
the derivative curves (DTG) of EVA, EVA35/CF35/MA30,
and EVA35/CF32/MA28/OMMTS5 composites under nitro-
gen atmosphere. The corresponding data are recorded
in Table 5. Figure 3a shows that the thermal degrada-
tion of EVA underwent two steps (TG), clearly related to
the two peaks of the DTG curve in Fig. 3b. The first step
(300400 °C) was attributed to the loss of acetic acid and the
formation of the polyunsaturated chain along EVA backbone
[15]. The first maximum mass losses occurred at 352.5 °C
(Tax1)- The second step (400-500 °C) was caused by the
polyunsaturated chains scission of the polymeric main chain
and the volatilization of the carbonaceous residue [16]. In
this step, T, is 472.5 °C. The thermal decomposition of
the EVA composites has three steps. For EVA35/CF35/
MA30 composite, the first degradation step (230-340 °C)
with a maximum degradation rate at 332.5 °C (T},,,;) Was
mainly attributed to the sublimation and its thermal dissocia-
tion of MA besides the decomposition of EVA side chain.
The second decomposition step with a maximum degrada-
tion rate at 360.0 °C (T,,,,,) was caused by the thermal deg-
radation of EVA side chain. The third degradation step with
a maximum degradation rate at 470.0 °C (T,,,.3) should be
due to the polyunsaturated chains scission of the polymeric
backbone, the further thermal degradation of MA, and the
volatilization of the carbonaceous residue formed before.
From the thermal analysis results of EVA35/CF35/MA30
composite compared with EVA, we believed that flame-
retardant MA promotes the decomposition and carbonization
of EVA. For EVA35/CF32/MA28/OMMTS5 composite, its
T axy (332.7 °C), T,0x2(360.2 °C), T,,,,43(477.5 °C) increased
by 0.2 °C, 0.2 °C, and 7.5 °C, respectively, compared with
EVA35/CF35/MA30 composite after adding 5% OMMT,
indicating that adding OMMT can improve the thermal sta-
bility of the material. The intercalated structure of OMMT
can promote the stability of carbon layer, and the stable car-
bon layer can hinder the EVA further decomposition, result-
ing in the higher thermal stability of EVA/CF/MA/OMMT
composite than EVA/CF/MA composite in the three thermal
decomposition stages. From above, EVA/CF/MA/OMMT
composite has better flame retardancy than that of EVA/CF/
MA composite.

TG-IR analysis of the ceramifiable flame-retarded
EVA composite

In order to further explore the flame-retardant mechanism of
EVA/CF/MA/OMMT composite, this work was carried out
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Table4 CC data of EVA and Composition/Ms% PHRR/KW m™> THRMJ m=2  PSPR/Ix 1072 m?s~!
EVA composite
EVA 1226.9 114.3 9.9
EVAS50/CF50 483.1 100.8 4.8
EVAS50/CF45/0MMT5 4774 89.9 39
EVA35/CF32/MA28/OMMT5 306.8 85.5 0.9
Fig.3 TGA (a) and DTG (b) (a)
curves of EVA and EVA com-
posites in nitrogen 100
80
2 601 £
c 40 10}
—=—EVA = —=—EVA
204 ——EVACFMA 0 =151 . EvACFMA
—a— EVA/CF/MA/OMMT —a— EVA/CF/MA/OMMT
0 — 20
160 260 360 560 660 0 1(30 2(l)O 3(')0 4(l)0 5(I)O 6(')0
Temperature/°C Temperature/°C
Table5 TGA and DTG data of - :
C tion/Ms% Tsq, /°C T a1 1°C T o 1°C e Resid
EVA and EVA composites in OMIPOSTHONAIS 5% maxl max2 max3 ate;z)ouoeé /
nitrogen Ms%
EVA 3337 352.5 472.5 - 0
EVA35/CF35/MA30 282.5 3325 360.0 470.0 33.6
EVA35/CF32/MA28/OMMT5 282.5 332.7 360.2 477.5 353

282.5°C
3

52.5°C 2336

2634 \QLS '\71 )
/ \ 1178
03602 {774 1736
4000 , soloo ' 20100 ' 1 0100
Wavenumber/cm™

Fig.4 TG-IR curves of the ceramifiable flame-retarded EVA compos-
ite in nitrogen

by TG-IR test method, which enables us to understand the
contribution of volatile products of EVA/CF/MA/OMMT
composite to the flame-retardant performance at different
temperatures. Figure 4 shows the infrared characteristic

@ Springer

peaks of volatile products of EVA/CF/MA/OMMT compos-
ite at different temperatures. There are almost no infrared
characteristic peaks at 282.5 °C. The infrared characteristic
peaks at 352.5 °C (the first maximum mass loss rate tem-
perature of EVA/CF/MA/OMMT composite) correspond
to water vapor (H,0: 4000-3560 cm™!) [17-19]; carbon
dioxide (CO,: 2336 and 2360 cm‘l) [20, 21]; melamine
(CHgNg: 3442, 1648 and 1436 cm™) [17, 22, 23], which
is due to the sublimation of melamine; carboxylic acid ester
(1774, 1736, and 1178 cm™!) [21, 24]; and 1390 cm™! is
C-H deformation vibration of CHj in acetic acid [21], which
is the carboxylic acid decarboxylation of EVA. The charac-
teristic peak of aliphatic hydrocarbon (2934 and 2870 cm™")
[17, 21] was observed at 477.5 C (the second maximum
mass loss rate temperature corresponding of EVA/CF/MA/
OMMT composite), which was mainly caused by the main
chain break of EVA. The infrared characteristic peak of
CO (2190 and 2114 cm™") [25-27] was also observed at
477.5 °C. The infrared characteristic peak of HOCN (2278
and 2244 cm™") [25, 28] and NH; (965 and 930 cm™) [29,
30], HCN (3334, 3272 and 714 cm™") [30, 31] was also
observed at 530 °C, mainly due to the further thermal
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decomposition of melamine. It can be seen that the infra-
red characteristic peak of CO,, H,O, NH;, HCN, carboxylic
acid, and aliphatic hydrocarbon appears at 600 °C. It should
be noted that during heating or combustion, the release of
non-combustible gas products (CO,, NH;, and H,O) is syn-
chronized with the combustible gas products (carboxylic
acid, CO, and aliphatic hydrocarbon), the combustible gas
products are diluted, and the combustion effect is signifi-
cantly decreased. The gas-phase flame retardance mecha-
nism is shown in Fig. 5. Thermal sublimation and decom-
position of MA is shown in Scheme 1. Flame-retardant MA
sublimates or decomposes into gas when heated, and there is
no solid residue of flame retardant inside the ceramic, which
does not affect the strength of the ceramic.

Morphologies of the EVA composite-based ceramics
formed at various temperatures

Cross-sections of the EVA composite-based ceramics
formed at various temperatures are shown in Fig. 6. As
shown from Fig. 6, the ceramic cross-section has holes
due to the decomposition of flame-retardant MA and
EVA to produce gases, some of which remain inside the
ceramic to form porous ceramics. In Fig. 6a, GP at 700 °C
has been melted and then cooled to form the solidified
phase. In this case, the temperature is not high enough

Char layer

EVA Matrix

Fig.5 Schematic diagram of melamine vapor-phase flame-retardant
mechanism

Scheme 1 Thermal sublimation NH
and decomposition of melamine

to make EGF melted. EGF is mostly isolated, and inter-
face between EGF and GP is obvious, which indicates that
liquidity of liquid phase from GP at 700 °C is not enough
to fully penetrate the internal of EGF. That is to say, EGF
is not completely coated by liquid phase. In contrast, the
interface between EGF and GP is more and more blurred,
and the EGF particles are shown in Fig. 6b, the interface
almost disappeared in Fig. 6¢ and d, which demonstrate
that more liquid phase with high-flow ability can partially
penetrate or fully penetrate the internal of EGF, and EGF
is fully coated, with the increase in temperature. Mean-
while, EGF may eutectic react with GP on heating, which
has been confirmed by XRD test results. The eutectic can
form in the interface of EGF and GP, which can decrease
the melting point of EGF, and EGF melt below 1000 °C.
This eutectic liquid acts as a micro-bridges between EGF
and GP, and the bonding between EGF and GP is more
advanced, improving the strength of the ceramic.

XRD analysis

XRD pattern of EVA composite-based ceramics formed
at different temperatures, GP and EGF, respectively, are
shown in Fig. 7. Because GP and EGF are both amorphous
phases, GP (Fig. 7a) and EGF (Fig. 7b) have only diffuse
diffraction peaks of amorphous phase at 260 =20 ~40°.
Figure 7c—f shows that there are not only diffuse diffrac-
tion peaks of amorphous phase at 26 =20 ~40°, but also
characteristic peaks of K(AISi;)Oy, cristobalite, and wol-
lastonite crystals in ceramic samples at 700-800 C [2,
4, 8]. At 900°C, the characteristic peaks of K(AlSi;)Og
crystals disappear, which indicates that the phosphate that
is not easy to crystallize in GP gradually destroys the sili-
cate crystal structure that is easy to crystallize in EGF. At
1000°C, there are new crystals peaks such as MgSiO; [2,
4] except for the characteristic peaks of cristobalite. The
existence of these crystal characteristic peaks indicates
that the eutectic reaction between GP and EGF occurs in
the ablation process and forms the eutectic phase. This
shows that with the increase in temperature, GP and EGF
continue to fuse, and the original crystal structure is
destroyed and a new crystal structure is generated. The
ceramic process schematic diagram of ceramifiable poly-
mer composites is shown in Fig. 8.
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Fig.6 SEM micrographs of
ceramics obtained at differ-

ent temperatures a sample at
700 °C; b sample at 800 °C; ¢
sample at 900 °C; and d sample
at 1000 °C

Conclusions

In this work, a joint MA/OMMT as a novel flame retardant
was developed to achieve the highly efficient flame retard-
ance and ceramization of EVA/CF/MA/OMMT composite.
The flame-retardant test results demonstrated that when
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Fig.7 XRD of the ceramics formed at different temperatures a GP;
b EGF; ¢ the ceramic formed at 700 °C; d the ceramic formed at
800 °C; e the ceramic formed at 900 °C; and f the ceramic formed at
1000 °C
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EVA/CF (GP:EGF)/MA/OMMT =35/32 (7:3)/28/5, EVA
composite reached V-0 rating (UL-94), and the correspond-
ing LOI is 27.8. The cone calorimetric test results illustrated
that HRR, THR, and SPR of the EVA composite were sig-
nificantly lower than neat EVA. TG-IR test results confirmed
that a large amount of incombustible gases from melamine
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Cellular ceramics

Charred material
supported with
ceramic matrix

Ceramifiable
polymer composite

: Polymer matrix

—_— : Glass fiber
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@ @ :Softening and sintering ceramic particles
=== : Thermal expanded glass fiber coated with eutectic phase

Fig.8 Schematic diagram of ceramic process
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thermal decomposition diluted the combustible gases pro-
duced by EVA decomposition, which is the reason why EVA
composite has good flame retardancy. Bending strength test
results showed that the flexural strength for the EVA com-
posite-based ceramic formed at 700 °C reached 5.1 MPa.
The bending strength of ceramics fired at 1000 °C reached
the maximum value of 18.5 Mpa. SEM and SEM-EDX
analysis in mapping mode and XRD analysis illustrated that
the molten GP and EGF had eutectic react at the two-phase
interface and formed a new liquid phase. The eutectic liq-
uid phase gradually diffused or penetrated into EGF, which
played a role of bridging and adhesion. The formed eutectic
liquid phase objectively reduced the softening point of EGF,
which made EGF gradually melting, partially disappeared,
and finally completely disappeared. All these results dem-
onstrated that an efficient ceramifiable flame-retarded EVA
composite was prepared successfully.
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