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A novel organic-inorganic hybrid flame retardant consisting of a brucite core and a dodecylamine pol-
yphosphate shell was synthesized by a facile nanoengineering route. The flammability characterization
and synergistic flame retardant mechanism of the core/shell flame retardant (CFR) in ethylene-vinyl
acetate (EVA) blends had been compared with EVA/physical mixture (PM, with the given proportion
of brucite and dodecylamine polyphosphate as well as CFR) and EVA/brucite blends. With the same
loading amount (40 wt%) of fillers in EVA, the peak heat release rate and smoke production rate of EVA/
CFR blends were significantly reduced to 49% and 48% of that of EVA/PM blends, respectively. Meanwhile,
the limiting oxygen index (LOI) was increased up to 32 (14.3% higher than that of EVA/PM blends) and
the UL-94 test could achieve the V-0 rating. These remarkable properties were obtained just by nano-
engineeing the core/shell structured brucite@polyphosphate@amine hybrid system, facilitating the for-
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mation of intact and compact residue with fence structure in process of polymer composite burning.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Mineral fillers like brucite have been of increasing interest as
halogen-free flame retardants for polymers because of its smoke
suppression property, flame retardancy and good thermal stability
which allows higher processing temperature [1—-3]. In general,
more than 60% loading amount is necessary to meet flame retar-
dant requirements in polymer matrix [4,5]. But high filling amount
of brucite is detrimental to the mechanical properties of polymer
composites. Great efforts have been made on brucite incorporated
with other synergistic agents [6—14] to enhance the flame resis-
tance and improve the mechanical properties of flame retardant
polymers [15]. However, most of those synergistic effects are based
on simple physical mixing of brucite and synergistic agents, which
still need a high loading amount of flame retardants in polymers to
meet the flame retardant requirements. Although some core/shell
structured flame retardants are developed as fillers in polymer
composites, their flame retardant performance has not been
improved significantly yet due to the unchanged mechanism of
flame retarding. For example, the rheological and mechanical
properties can be improved by using polystyrene-encapsulated
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brucite (or silane coupling agent coated brucite), which is attrib-
uted to a better dispersion and a strong adhesion between the
fillers and matrix. But the flame retardant efficiency is slightly
improved comparing to untreated brucite [16,17]. Moreover, other
flame retardants (including red phosphorus, organic phosphate and
ammonium salt) modified by coating different resins, which solve
the processing and safety problem, have done nothing to help the
high flame retardance or innovation of flame retarding mechanism
[18—23]. To the best of our knowledge, no work has been reported
on the core/shell hybrid structure involving mineral flame re-
tardants and synergistic agent to highly decrease the necessary
loading amount and significantly enhance the flame retardant
efficiency.

In our previous works, we found that polyphosphate had flame
retardant synergism with brucite [24]. In order to enhance the
flame retarding efficiency of such composite system in polymers,
we developed a hybrid structure of brucite as the core, dodecyl-
amine polyphosphate as the shell by chemical attachment via a
two-step grafting (so-called nanoengineering) route (illustrated in
Scheme 1). Dodecylamine polyphosphate was used not only a
synergistic agent, but also a structural stabilizer to help flame
retardant particles disperse in polymer matrix (here we chose EVA)
and enhance the flame retardant efficiency. In the case of lower
addition of 40 wt%, the as-prepared EVA composite presented
better flame resistance than conventional ones. At the initial
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Scheme 1. A schematic illustration of the fabrication of CFR particles.

burning stage of the EVA composite, a large amount of intact and
stable fence structures originated from highly dispersed core/shell
flame retardant (CFR) particles were formed at the fire surface of
the composite. The external heat radiation from burning area to the
undegraded EVA was reflected and the escape of combustible gases
was slowed down in the fence structures. Without enough sup-
plement of combustible gases in burning area, the combustion was
difficult to maintain. The first part of this paper concerned the
evaluation of the CFR particles. In the second part, the study
focused on flame retardant performances of the EVA matrix com-
posite materials for a reasonable mechanism of flame retarding.

2. Experimental section
2.1. Materials

Brucite powder (2500 mesh) was a commercial product from
Fengcheng in China. The chemical components were given in
Table 1. The additives in this study were all of analytical grade
(Sinopharm Chemical Reagent Co., Ltd., without any further treat-
ment). Ethanol was industrial grade and supplied by Shandong
Jinling Group Co., Ltd. EVA (7350M, Formosa Plastics Corporation)
contains 18% of vinyl acetate.

2.2. Preparation of core/shell flame retardant (CFR) particles

The synthesis of CFR particles was illustrated in Scheme 1. In
detail, 100 g of brucite was suspended in 600 mL industrial grade
ethanol with refluxing for 1 h. Then 31.5 g of polyphosphoric acid
(PPA) was added into the slurry slowly with the help of injection
sampler at 70 °C for 10 min. Next, 9 g of dodecylamine was feed into
the reaction system containing 200 mL ethanol for more than
15 min until the pH value reached to 8. Vigorous stirring was
applied during the whole procedure. The product was collected and
washed with ethanol several times and then Soxhlet extracted for
72 h with ethanol to remove all the physically adsorbed dodecyl-
amine polyphosphate on the surface of CFR particles. The residues
were then dried in a vacuum system at 50 °C for 6 h and the filtrate
could be recycled many times.

2.3. Preparation of the physical mixture

For comparison, the physical mixture (PM) was prepared by
mixing brucite powder and dodecylamine polyphosphate with
high-speed mixer at room temperature. The dodecylamine poly-
phosphate was obtained using a similar synthesis method of the

Table 1
Chemical components of pristine brucite.
Mg(OH), (wt%) SiO, (wt%)  CaO (wt%) Fe,03 (wt%) Insoluble
Residues (wt%)
>95 <2 <2 <0.5 <15

core/shell structural composite particles in the absence of brucite
powder. The weight content of brucite in the mixture was 71.4% as
well as the CFR.

2.4. Preparation of EVA/flame retardants (FR) composites

The EVA/FR composites were prepared by melt mixing at 135 °C
in an open mill for 15 min. After mixing, sheets with 4, 3 and 1 mm
thickness were obtained by compression moulding under a pres-
sure of 10 MPa at 150 °C for 10 min, respectively. The content of
additives was varied from O to 60 wt%. Table 2 listed the EVA/FR
composites of three different additives with the addition of 40 wt%
for Cone Calorimeter test in this paper.

2.5. Characterization of powder samples

The phase structural identification of the powder samples was
characterized by powder X-ray diffraction (XRD) on a Rigaku D/max
2400 X-ray diffractometer equipped with graphite mono-
chromatized Cu K radiation (1 = 1.5406 A. The scan rate of
0.02°s~! was applied to record the pattern in the 20 range from 5°
to 80°). Infrared spectra (IR) were recorded on a JASCO FT/IR-460
plus spectrometer using KBr disc method. The particles were
gold-sputtered and morphology was measured by field emission
scanning electron microscopy (FESEM) at Electron Microscope Lab,
Dalian University of Technology.

The cryogenic fractured cross-sections of EVA/FR composites
were obtained by liquid nitrogen (—196 °C) quenching. And part of
them was etched with hydrochloric acid for 2 h to remove the
surface inorganic particles. All the cryogenic fractured cross-
sections were coated by gold and then the images were obtained
on scanning electron microscope (SEM) (HITACHI, —4800 s) with an
accelerating voltage of 20 kV.

2.6. Fire reaction properties of EVA/FR composites

Limiting oxygen index (LOI, Standard Test Method for measuring
the minimum oxygen concentration to support candle-like down-
ward flame combustion) was detected using an OJN - 9307 type
oxygen index apparatus (Shenzhen Test Machine Co., Ltd., Guang-
dong Province, China) on the specimens of 120 x 6.5 x 3 mm’
according to GB/T 2406-2008.

The UL-94 vertical burning tests were carried out using a M607B
type instrument (Qingdao Shanfang Instrument Co., Ltd., Shandong
Province, China) on the specimens of 127 x 12.7 x 3 mm?> according
to GB/T 2408-2008.

Table 2
Compositions of EVA/FR blends.

Sample code Formulations (wt) Additive content (wt%)
Al EVA/brucite = 60/40 40
A2 EVA/PM = 60/40 40

A3 EVA/CFR = 60/40 40
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The Cone Calorimeter (Fire Test Technology, UK) was used to test
the fire behaviour of EVA/FR composites under 35 kW/m? external
radiant heat flux conforming to ISO 5660 standard. A
100 x 100 x 4 mm?> sheet was exposed to a radiant cone (CONE).
Heat release rate (HRR), total heat evolved (THE), smoke production
rate (SPR), mass loss and other parameters were recorded simul-
taneously. HRR was calculated as a function of the oxygen con-
sumption linked to the combustion of the specimen using an
oxygen analyser [25]. The mean HRR is usually thought to much
more correlate with the heat release in room burn conditions
[26,27]. As for SPR, the average values of the real-time smoke
quantity were used to evaluate smoke production. Furthermore,
mass loss of CONE combustion residues was calculated to corrob-
orate their structure.

In order to easily get the SEM images of CONE combustion
residues, we used alternatives that 3 x 3 x 4 mm> sheets in
3 x 3 x 5 mm° tin-foil boxes without cap were exposed to CONE in
the same condition. The residues were measured by FESEM at
Electron Microscope Lab, Dalian University of Technology.

3. Results and discussion
3.1. Chemical compositions and core/shell structure

FESEM and TEM images of pristine brucite and core/shell flame
retardant (CFR) particles were shown in Fig. 1. In the low magnifi-
cation views (Fig. 1a and b), numerous particles with micronmeter
and nanometre sized diameter were observed. High magnified
images shown in Fig. 1c and d suggested that surface morphologies
of pristine brucite and CFR particles were of great difference. Fig. 1c
revealed that pristine brucite particles had sharp angularities with
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Fig. 2. XRD patterns for (a) pristine brucite and (b) CFR particles.

comminution of brucite ore and Fig. 1d showed the different sur-
face morphology. TEM image (Fig. 1e) showed that there was a
flocculent layer on the surface of CFR particles, indicating that the
CFR particles contained an apparent core/shell structure.

The interaction between core and shell could also be concluded
from the wide angle XRD patterns, shown in Fig. 2. All diffraction
peaks of each sample could be indexed as the hexagonal structure
of brucite with the lattice constants comparable to the values of
JCPDS 44-1482. A few unconspicuous peaks arising from impurities
were detected. All of the peaks, especially the lattice plane of (001),
apparently had obvious changes in intensity, suggesting that
dodecylamine polyphosphate grafted on the lattice plane of (001)
of burcite to form the shell structure around brucite core (shown in

Fig. 1. FESEM images of (a) Low and (c) high magnification views of pristine brucite particles; (b) Low and (d) high magnification views of CFR particles. TEM images of (e) CFR

particle. The core/shell structures could be observed.
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Scheme 1) [28]. And the later analysis of FTIR gave more details
about the formation of the core/shell structure.

In comparison with simply physical coating, we noticed that the
acid—base reaction might occur between surface hydroxyl group of
brucite and polyphosphoric acid (PPA). The FTIR spectra of the
pristine brucite and CFR particles were shown in Fig. 3 to prove this
inference. All the samples showed strong absorbances at
3694 cm~! and 3600 ~ 3000 cm~! which might be attributed to
the stretching vibration bands for free and associating hydroxyl
groups, respectively. Compared with pristine brucite, it was found
that the stretching vibration bands of free hydroxyl group in CFR
were apparently decreased at 3694 cm™! due to the reaction be-
tween surface free hydroxyl group of burcite particles and PPA
[29,30]. And the broaden absorption at 3600 ~ 3000 cm~! was
corresponding to N—H stretching mode from introduced dodecyl-
amine even after extraction in Soxhlet for 72 h. The absorption at
2924 and 2851 cm™! in the CFR (Fig. 3b) was assigned to the
symmetric and antisymmetric stretching vibration of the dodecyl
groups since there was a large amount of dodecyl chains in the
samples. Besides, the absorption at 1657 cm~' which might be
assigned to the in-plane bending vibration of N—H provided the
same evidence. Moreover, the characteristic absorption of
1439 cm™! (Fig. 3a) could be characterized as CO—Mg probably due
to CO, chemisorbing on pristine brucite surface in air. And in
comparison with that of pristine brucite, this absorption shifted to
higher wavenumber of 1472 cm™~! resulting from the substitution of
PO—Mg between brucite and PPA (Fig. 3b). Absorptions of 437 cm™!
(Fig. 3a) and 470 cm™! (Fig. 3b) could be assignable to Mg—O
stretching vibration of pristine brucite and CFR, respectively. In
addition, the peaks at 1123 cm~' together with a very weak signal
at 938 cm~! (Fig. 3b) could be attributed to the P=0 and P—O—Mg
stretching modes. The above absorptions of the characteristic
groups of CFR were quite different from the pristine brucite, which
further confirmed that the CFR was a new hybrid core/shell struc-
ture. The FTIR absorption of brucite was more likely to be shielded
by the coated dodecylamine polyphosphate. Meanwhile, the hy-
drophobic nature was introduced by the stretching of long dodecyl
chains which took more advantages in dispersion in organic phase
and polymer matrix (shown in Fig. 4 and Fig. S1). All these above
analyses suggested that PPA was bonded to the brucite particles’
surface and the lauryl amine was bonded to the PPA, as described in
Scheme 1. In comparison with simply physical coating, lower loss in
mechanical properties of EVA/CFR composite was presented by this
kind of chemical attachment shown in Fig. S2, indicating that the
CFR might be a remarkable and practical filler [31].

The cross-section SEM images obtained from the cryogenic EVA/
flame retardants (FR) blends were shown in Fig. 4. The morphol-
ogies of EVA/FR composites (Fig. 4a, c and e) were quite different.
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Fig. 3. The FTIR spectra of (a) pristine brucite particles and (b) CFR particles.

Comparing Fig. 4a with e, we could easily find that the pristine
brucite particles tended to agglomerate larger ones, but the CFR
particles were dispersed well in EVA matrix. After etching by hy-
drochloric acid, the cavities shown in Fig. 4b, d and f were clearly
observed. The broad size distribution of raw brucite indicated that
there existed seriously particle agglomeration which could lead to
heterogeneous decomposition in fire. But the etched holes in EVA/
CFR composite exhibited more uniform distribution in EVA matrix,
even at the highest content of 60 wt%. Moreover, the EVA/PM
composite (Fig. 4d) showed the intermediate performance with
large agglomeration in comparison with EVA/brucite and EVA/CFR
composites. The incorporation of dodecylamine polyphosphate
chemically bonding on brucite surface could prominently improve
the dispersion of CFR particles in the matrix and enhance the me-
chanical properties (Fig. S2). More importantly, uniform distribu-
tion of CFR particles in EVA matrix would lead to the formation of
original fence structure before burning, which could prevent heat
transfer and gaseous diffusion.

3.2. Limiting oxygen index (LOI) of EVA/FR composites

LOI and UL-94 data on different loading amount of FR particles
in four kinds of formulations were listed in Table 3. It could be seen
that the LOI values of EVA/FR composites were improved with
increasing loading amount of any FR particles owing to the flame
resistance effect of brucite and synergy dodecylamine poly-
phosphate. With the same addition of FR, it was obvious that the
LOI values of the EVA/CFR sample were the highest. The best self-
extinguishability of EVA/CFR formulation might be ascribed to the
core/shell structure. In other words, this unique structure led to
lower mass loss and a large amount of fence structures in com-
bustion residue (shown in Fig. 7 and Fig. 10). Note that the LOI value
of EVA/CFR composite filled with 40 wt% was still up to 32. In
contrast, the corresponding formulations with EVA/brucite and
EVA/PM were only 22 and 28, respectively. In addition, only the
EVA/CFR composite could pass the V-0 rating of the UL-94 test.
Namely, the EVA/CFR composite with addition of 40 wt% could be
regarded as the fire retarding material which met the industrial
standard of cable material.

3.3. Cone calorimeter test of EVA/FR composites

To elucidate the intrinsic reason for the enhancement of flame
resistance by the core/shell structure, Cone Calorimeter test was
examined [32]. The dynamic curves of heat release rate (HRR) for
the samples of A1, A2 and A3 were illustrated in Fig. 5. With the
same addition of FR particles, the peak intensities of A3 were much
lower than any other samples apparently. It could be found that a
sharp HRR peak from sample A1 appeared at the range of
120 ~ 580 s with a peak heat release rate (PHRR) of 390 kW/m?,
whereas sample A3 showed a dramatic decline of the HRR curve
with a PHRR of 179 kW/m?. The combustion time was prolonged
from 470 s (A1) to 745 s (A3). The PHRR value of sample A3 was 54%
lower than that of sample A1, indicating that there was remarkably
synergistic action between brucite and dodecylamine poly-
phosphate on retard combustion. The gentle decline of HRR in
samples A3 suggested that burning of the sample was gradually
barriered through the formation of thick char layer (Fig. 7). This
should be the reason that the residue mass loss of sample A3 was
much lower than that of sample Al. Furthermore, the PHRR of
sample A2 was 351 kW/m?. A3 was 49% lower than this value. In
this regard, the synergistic effect of core/shell structure gave the
best flame retarding performance.

The dynamic curves of total heat evolved (THE) and mass loss
were shown in Figs. 6 and 7, respectively. When the THE of A3 was
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Fig. 4. SEM images of cryo-fracture cross-sections. (a) EVA/brucite and (b) EVA/brucite etched by hydrochloric acid. (c) EVA/PM and (d) EVA/PM etched by hydrochloric acid. (e)
EVA/CFR and (f) EVA/CFR etched by hydrochloric acid. The additions of FR were all at the value of 60 wt%.

lower to the same extent with the other FR additives samples
(Fig. 6), effective heat of combustion transfer could be absorbed and
barriered by the condensed phase effect of the additives [33].
Interestingly, the core/shell structure also facilitated the formation

Table 3
LOI and UL-94 date of EVA/brucite, EVA/PM and EVA/CFR composites.
Sample formulation Composition (wt %) LOI UL-94
EVA FR
Virgin EVA 100 0 17 Fail
EVA/brucite 60 40 22 Fail
50 50 25 Fail
40 60 35 V-0
EVA/PM 60 40 28 Fail
50 50 32 V-0
40 60 38 V-0
EVA/CFR 60 40 32 V-0
50 50 35 V-0
40 60 39 V-0

of carbonaceous char in the EVA/FR composites (Fig. 7). After
complete combustion in CONE, the final mass loss of A3 was 57 wt%.
In contrast, A1 and A2 were 68 and 63 wt%, respectively.

The most significance of brucite flame retardant is the absorp-
tion of smoke due to the formation of MgO layers in fire. The dy-
namic curves of smoke production rate (SPR) for the three EVA/FR
blends were shown in Fig. 8. Owing to the reduction of specific
surface area caused by the agglomeration of MgO particles
(Fig. 10a), the SPR of sample A1 and A2 was much higher than that
of sample A3. For instance, a remarkable increase of SPR peak value
was observed from 0.012 m?/s of sample A3 to 0.036 m?/s of sample
A1, which implied that the core/shell structure brought more ad-
vantages of dispersity of MgO in residue char, and could absorb
more smoke by increasing specific surface area. Obviously, the
above results further verified that excellent flame retardancy and
smoke suppression were given by the core/shell structure of CFR.

The FESEM images of combustion residues from sample A1, A2
and A3 were shown in Fig. 10. It could be seen that the major
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Fig. 5. HRR curves of (a) A1, (b) A2 and (c) A3.

structure of sample A1 and A2 almost collapsed because of the
agglomeration of MgO particles (Fig. 10a and b) in the process of
polymer composite burning. On the contrary, the residue of sample
A3 (Fig. 10c, d, e and f) was more intact and compact, which
maintained the original appearance to form an obvious fence
structure with a remarkable expansion in volume (Fig. 9). This
suggested that the internal released combustible gases and
external heat could be prevented from passing through during
burning. For PM additive, however, large cavities were observed on
the surface of residue which might lead to promotion of heat and
combustible gases transfer (Fig. 10b).

3.4. Flame retardant mechanism

The detailed mechanism on the enhanced flame resistance of
the core/shell structure was proposed as Scheme 2. Accordance
with the endothermic decomposition of brucite to MgO, the core of
brucite played the role of mineral flame retardant in fire. More
importantly, the shell of dodecylamine polyphosphate acted as the
synergy agent in this system, which could result in dehydration of
EVA to compact chars and form stable connection between MgO
particles once fire occurred. In comparison with the collapse of
chars layer (Fig. S3a), the intact and compact fence structure at
EVA/CFR surface (Fig. S3b) was benefit for the reinforce of surface
chars. When a large amount of these structures formed from the
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Fig. 8. SPR curves of (a) A1, (b) A2 and (c) A3.

fire surface, the external heat radiation from burning area to the
undegraded EVA would be barriered or slowed down. Without
enough supplement of combustible gases in burning area, the
combustion was difficult to maintain.

4. Conclusions

In summary, a novel microsize flame retardant consisting of a
brucite core and a dodecylamine polyphosphate shell has been

Fig. 9. Pictures of combustion residues: (a) EVA/brucite and (b) EVA/CFR composites.
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Fig. 10. FESEM images of combustion residues obtained by CONE alternative. (a) Low magnification views of sample A1. (b) Low magnification views of sample A2. (c) Low and (d)
high magnification views of sample A3. (e) Low and (f) high magnification cross-sections of sample A3.
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Scheme 2. A schematic illustration of the mechanism for the enhanced flame resistance of the core/shell structure.
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synthesized by a two-step nanoengineering method. The core and
the shell were connected by chemical attachment which could
maintain a stable fence structure in fire. The polymer composite
filled with core/shell flame retardant (CFR) exhibited unique flame
resistance. Based on the massive evidence, the mechanism for the
enhanced flame resistance of the core/shell structure was pro-
posed. These results suggested the core/shell structure might be a
promising design for mineral flame retardant application as green
flame retardant.
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