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ABSTRACT: A novel and efficient halogen-free composite flame retardant (CFR) consisting of a brucite core and a fine zinc
borate [ZnsO(OH)(BOj;)] hierarchical nanostructure shell was designed and synthesized via a facile nanoengineering route. It
had been demonstrated that this unique hybrid structure possessed a high BET specific surface area (65 m?®/g) and could
significantly enhance the interfacial interaction when mixing with ethylene-vinyl acetate (EVA). This improved the transfer of
stress between CFR particles and EVA matrix and increased the viscosity of EVA/EVA blends, which was beneficial for droplet
inhibition and char forming. The mechanical properties and flammability behaviors of the EVA/CFR blends had been compared
with the EVA/physical mixture (PM, with the given proportion of brucite and ZnsO(OH)(BO;);). The mechanical properties of
EVA/CEFR blends, especially the tensile strength (TS), presented a remarkable increase reaching at least a 20% increment.
Meanwhile, with the same 4S5 wt % of fillers, the EVA/CFR formulation could achieve a limiting oxygen index (LOI) value of 33
(37.5 % higher than that of EVA/PM blends) and UL-94 V-0 rating. Moreover, the heat release rate (HRR), peak heat release
rate (PHRR), total heat released (THR), smoke production rate (SPR) and mass loss rate (MLR) were considerably reduced,
especially PHRR and SPR for EVA/CFR blends were reduced to 32%. According to this study, the design of fine structure might
pave the way for the future development of halogen-free flame retardants combining both enhanced mechanical properties and
excellent flame retardant behaviors.
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B INTRODUCTION composites. Nevertheless, its fatal disadvantages are low flame
In recent years, halogen-free flame retardants (HFFR) are retardant efficiency and high loading level (up to more than 60
Commonly used to prepare ﬂame_retarding Po]ymers due to the wt %), which are detrimental to the mechanical I)I‘Opel'tieS,ZL22
healthy and environmental concerns.'™® Application examples especially strength in polymer composites containing brucite
of these flame-retarding polymer composites can be found in filler. Consequently, to obtain better comprehensive properties,

many industries including automotive, medical, electronic,
building, and pacl<aging.7_14 Thus, developing various HFFR
with multiple adaptability and high flame retarding efficiency is
an important topic in these fields.

In the research for applied HFFR, mineral fillers, such as

great efforts have been made on brucite incorporated with

23-34 . .
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potential strategy is to mix brucite and zinc borates as
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Zinc borates have been reported as potential fillers to retard
the thermal degradation of polymers because of their high
thermal stability.**~* Previous studies demonstrated that there
are major advantages and synergistic effects in using a
combination of zinc borates with brucite in polymers.>*>**
As a result, zinc borates form a glassy cage for polymer chains
as a physical barrier, which is benefit to the flame retardancy.
However, these synergistic effects are based on simple physical
mixing of zinc borates and brucite. It still needs a high loading
amount of FR in polymers to fulfill the flame retardant
specifications.®> Meanwhile, the mechanical properties of
polymer composites decrease sharply owing to the poor
compatibility between FR particles and polymer matrix. To
the best of our knowledge, no work has been reported on
controllable fabrication of zinc borate [ZnsO(OH)(BO;),]
hierarchical nanostructure on brucite particles’ surface,
fabricating brucite@Zn,O(OH)(BO;); composite flame re-
tardant (CFR) particles to significantly enhance the mechanical
properties and flame retardant efficiency at the lower loading
amount.

In our previous works,"" we found that the core/shell
structured brucite@polyphosphate@amine hybrid system could
remarkably enhance the flame retarding efficiency even at the
lower loading amount. However, the mechanical properties
(especially tensile strength) were still far away from our
expectation. Considering the lower water content and higher
thermal stability (>600 °C) of ZnsO(OH)(BO;),, which was
successfully prepared in large scale by our group,* in this
paper, we attempted to synthesized Zn,O(OH)(BO;),
hierarchical nanostructure on brucite particles” surface through
a simple and facile method, resulting in the formation of an
obvious core (brucite)/shell [ZnsO(OH)(BO;);] nanostruc-
ture for great improvement of both the mechanical properties
and flame retarding efficiency in polymers. The ZnsO(OH)-
(BO,); hierarchical nanostructure, which looked like little
anchor flukes, could implant into the polymer matrix (here we
chose EVA) and played multiple roles by acting as not only a
synergistic agent but also a structural reinforcer. In comparison
with the simple physical mixture (PM) in the EVA matrices, the
novel structure of CFR particles presented remarkable
performance including both the mechanical properties and
flame retardancy in EVA composites. The mechanisms for the
improvement of mechanical properties and flame retardancy
were also investigated in detail. To help all the FR particles
disperse well in the EVA matrix, the y-aminopropyltriethox-
ysilane (AMEQO) was used (as a surface modified agent of the
FR fillers). The first part of this paper concerned the evaluation
of the CFR particles. In the second part, the mechanical
properties and flame retardant behaviors were measured to
elucidate these improvements resulting from the novel
hierarchical nanostructure of the CFR particles.

B EXPERIMENTAL SECTION

Materials. The brucite powder (2500 mesh) was kindly supplied
by Sino Minmetals (China). It contains more than 95 wt % of
magnesium hydroxide and the chemical components are listed in
Table 1. The zinc vitriol (ZnSO,-7H,0, analytical grade) and borax

Table 1. Chemical Components of Brucite Powder

Mg(OH), SiO, CaO Fe,0; insoluble residues
(wt %) (wt %)  (wt %) (wt %) (wt %)
>9S5 <2 <2 <0.5 <L.5
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(Na,B,0,-10H,0, analytical grade) were purchased from Tianjin Bodi
Chemical Co., Ltd. (China). The sodium hydroxide (NaOH, analytical
grade) flakes were purchased from Tianjin Beilian Fine Chemicals
Development Co., Ltd. (China). The ethylene-vinyl acetate copolymer
(TAISOX 7350M, 18 wt % of vinyl acetate) was supplied as pellets by
Formosa Plastics Corporation and its melt index is 2.5 dg/min at 190
°C and 2.16 kg load. All of these materials were used as received
without any further purification.

Preparation of Brucite@ZnsO(OH)(BO5); Composite Flame
Retardant Particles. The brucite@Zn,O(OH)(BO;); composite
flame retardant (CFR) particles were obtained by a facile and
progressive growth method which was illustrated in Scheme 1. The
possible reactions took place as follows:

Na,B,0, + 7H,0 — 2NaOH + 4H,BO,
ZnSO, + 20H™ — Zn(OH), + SO,*~
Zn(OH), + 20H™ — Zn(OH),>”

6Zn(OH),”” + 3H,BO,
— 120H™ + Zn,O(OH)(BO,); + 10H,0

In a typical synthesis, 69.6 g (1.2 mol) of brucite powder was
suspended in 200 mL deionized water and the slurry was heated in a
water bath heating at 90 °C for 1 h. Then 200 mL of a 0.25 mol/L
borax aqueous solution (excess) was added into the mixture slurry.
After 10 min, 400 mL of a 0.25 mol/L zinc sulfate aqueous solution
was injected into the slurry rapidly and a small amount of sodium
hydroxide aqueous solution (4 mol/L) was added to the reaction
system in drops to maintain the pH value of 7.5—8.0 for more than 6
h. Vigorous stirring was applied during the whole procedure. Finally,
the suspension was immediately filtered and washed with deionized
water (90 °C) several times to remove the water-soluble impurities
until no SO,*~ was detected by 1 mol/L BaCl, aqueous solution. The
obtained products were dried under vacuum at room temperature for
24 h, yielding a loosened white powder.

Preparation of the ZniO(OH)(BOs);. The ZnsO(OH)(BO;),
powder was obtained according to our previous works.* In a typical
synthesis, 3.8 g (0.01 mol) of borax was dissolved in 30 mL deionized
water in a water bath heating at 90 °C. Then 30 mL of a 0.33 mol/L
zinc sulfate aqueous solution was injected into the borax aqueous
solution rapidly and a small amount of sodium hydroxide aqueous
solution (4 mol/L) was added to the reaction system in drops to
maintain the pH value of 7.5—8.0 under continuous stirring for 6 h.
Finally, the suspension was immediately filtered and washed with hot
deionized water (90 °C) several times to remove the water-soluble
impurities until no SO,*~ was detected by 1 mol/L BaCl, aqueous
solution. The obtained whitish product was dried under vacuum at
room temperature for 24 h, yielding a loose ZnsO(OH)(BO;),
powder.

Preparation of the Physical Mixture. For comparison, the
physical mixture (PM) was prepared by mixing brucite and
ZnsO(OH)(BO;); powder (Supporting Information Figure S1) with
a high-speed mixer at room temperature. The weight content of
ZngO(OH)(BO;); in the mixture was 12.3% (measured by ICP
elemental analysis), similar to that in the CFR.

Preparation of EVA/Flame Retardant Composites. To well
disperse all the flame retardant (FR) particles into the EVA matrices,
surface modification was carried out. Flame retardant particles (30%
weight ratio to ethanol) were added into grade ethanol (containing 4
wt % of water). Subsequently, the mixture was heated in a water bath
for 1 h. Then the y-aminopropyltriethoxysilane (AMEO) (3% weight
ratio to FR) was feed into the reaction system, with vigorously stirring
and refluxing for 2 h. The product was collected and washed with
ethanol several times and then dried in a vacuum system at S0 °C for
12 h for subsequent blending.

The EVA/FR composites were prepared by melt mixing for 15 min
at a temperature of 165 °C using an open mill as 200 g batches. The
open mill has two exposed rotors running in a contra-rotating way to
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Scheme 1. Schematic Illustration of Synthesis of Brucite@Zn;O(OH)(BO;); Composite Flame Retardant (CFR) Particles
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Figure 1. FESEM images of the (a) low and (b) high magnification views of the brucite particles. (d) Low and (e) high magnification views of the
brucite@ZnsO(OH)(BO;);composite flame retardant (CFR) particles. TEM images of the (c) brucite particle and (f) CFR particle. TEM image of
(g) a selected area of CFR particles and the corresponding elemental mapping analysis of (h) Mg and (i) Zn. The Zn,O(OH)(BO;); hierarchical
nanostructure, which located on the surface of brucite particle, could be clearly observed.

blend the surface-modified FR powders and EVA. Thereafter, sheets
with 4, 3, and 1 mm thickness were obtained by compression molding
under a pressure of 10 MPa at 155 °C for 30 min, respectively. The
content of FR additives was varied from 0 to 60 wt %.
Characterization of the Powder Samples and EVA/FR
Composites. The morphology of particles was carefully examined
under field emission scanning electron microscopy (FESEM, Nova
NanoSEM 450) and high-resolution transmission electron microscopy
(HRTEM, Tecnai G2 F30) equipped with a FP 5360/30 HAADF
Detector. The distribution of each element in the product was
examined by high-angle annular dark-field scanning transmission
electron microscope energy dispersive X-ray spectroscopy (HAADF-
STEM-EDX) measurements at 300 kV. For the powders, nitrogen
adsorption measurements were performed at 77 K, using a
Micromeritics ASAP 2010 system utilizing Barrett—Emmett—Teller
(BET) calculations for surface area. Powder X-ray diffraction (XRD)
patterns of the particles were recorded on a Rigaku D/max 2400
system using Cu Ko radiation at 26 values ranging from 5° to 80°.
Thermal analysis was performed on a Mettler-Toledo TGA/SDTA
851e thermal analyzer at a heating rate of 10 °C/min from room
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temperature to 800 °C under a static air atmosphere. Fourier
transform infrared (FTIR) spectra were recorded on a JASCO FT/IR-
460 plus spectrometer using KBr disc method.

The freeze-fractured cross sections of EVA/FR composites, which
were used to observe the interfacial interaction, were obtained by
liquid nitrogen (—196 °C) quenching. And part of them was etched
with hydrochloric acid for 2 h to remove the exposed inorganic
particles. All the cryogenic fractured cross sections were coated with
gold using vacuum sputter coater to improve the surface conductivity
and then the images were obtained by FESEM.

Tensile tests were conducted on a JSL-SOOON testing machine
(Jiangdu Jingyi Test Instruments Co., Ltd., Jiangsu Province, China) at
an extension rate of 200 mm/min at room temperature following the
GB/T 1040-92 standard. The tensile strength (refers to the peak
stress) and elongation at break were recorded. Before testing, the
specimens were conditioned at room temperature at least 24 h. The
test results were the average values of at least ten die-cut dumbbell
specimens (1 mm thickness).

A TA Instruments AR-2000 Rheometer, in conjunction with an
environmental testing chamber for temperature control and torsion

dx.doi.org/10.1021/am500380n | ACS Appl. Mater. Interfaces 2014, 6, 7223—7235
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Figure 2. N,-sorption isotherms for the brucite (left) and CFR (right) particles.

fixtures, was used to monitor the rheological response of specimens
(50 x 13 x 2 mm?). The measurements were conducted in an air
atmosphere over the temperature range of 130—230 °C at a heating
rate of 3 °C/min.

Flammability Tests of EVA/FR Composites. The UL-94
classification was 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.

The limiting oxygen index (LOI, Standard Test Method for
measuring the minimum oxygen concentration to support candle-like
downward flame combustion) measurements were carried out using an
OJN-9307 type instrument (Shenzhen Test Machine Co., Ltd,
Guangdong Province, China) on the specimens of 120 X 6.5 X 3
mm? according to GB/T 2406-2008. To estimate the error and to
check the repeatability, the LOI values were measured 10 times for
each sample.

The cone calorimeter from Fire Testing Technology (FTT, UK)
was used to characterize the forced flaming behavior 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).*** The cone calorimeter brings quantitative
analysis to materials flammability research. The flammability
parameters considered in this study were: heat release rate (HRR),
peak of heat release rate (PHRR), total heat released (THR), smoke
production rate (SPR), mass loss rate (MLR), and char residue.
Results corresponded to mean values obtained from 3 experiments for
each formulation and were reproducible with variation less than 10%.

B RESULTS AND DISCUSSION

Chemical Compositions and Structure Character-
ization. The morphologies and structures of the brucite and
brucite@ZnsO(OH)(BO;); composite flame retardant (CFR)
particles were examined by FESEM and TEM. Typical images
are shown in Figure 1. In the low magnification views (Figure
la and 1d), numerous particles with micronmeter and
nanometre sized diameter were stacked. The high magnified
images (Figure 1b and le) displayed the different surface
morphologies between brucite and CFR particles. Figure 1b
and lc showed that the brucite particles were angular and
irregular in shape owing to the physical comminution of brucite
ore. In contrast, it was observed that CFR particle (Figure le
and 1f) had an obvious hierarchical nanostructure consisting of
interconnected and primary nanoflakes on the particle surface.
Moreover, the inset clearly revealed that the hierarchical
structure, like many little anchor flukes, was built up by
nanoflakes with the size of about 100 nm and thickness of 10—
20 nm. This meant that these anchor flukes could easily embed
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into the polymer matrix and provide polydirectional internal
stress transfer. On the other hand, this hierarchical surface
nanostructure might bring higher surface area. Thus, the
control samples were examined by N, sorption measurement.
Representative nitrogen desorption/adsorption isotherms of
brucite and CFR particles are shown in Figure 2. The brucite
particles had a low BET specific surface area of 15 m?/g, while
the CFR particles revealed a high BET specific surface area of
65 m*/g.

The powder XRD patterns of brucite, CFR, and ZnsO-
(OH)(BO;); (Figure 3) were measured to identify the
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Figure 3. XRD parttens of (a) brucite, (b) CFR, and (c)
ZngO(OH)(BO;);.

hierarchical nanostructure locating on the surface of CFR
particles. It could be seen that the CFR particles presented
characteristic reflections of both the brucite and Zn,O(OH)-
(BO;); phases. The main characteristic peaks of CFR
correspond to the diffractions by (001), (101), (102), (110),
(111), (103), and (201) planes indexed to the typical hexagonal
structure of raw brucite with the lattice constants comparable to
the values of JCPDS 44-1482. It was noted that the intensities
of the characteristic reflections for CFR were obviously
weakened compared to those in brucite phase, resulting from
a plausible coverage for the surface hierarchical nanostructure

dx.doi.org/10.1021/am500380n | ACS Appl. Mater. Interfaces 2014, 6, 7223—7235
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to some extent. Meanwhile, the diffraction peaks of CFR could
match well with the pure ZnsO(OH)(BO;);**® indicating
that the in situ synthesized hierarchical nanostructure indexed
to the ZngO(OH)(BO;); phase and encapsulated the brucite
surface (Scheme 1 and Figure 1). And the EDX elemental
mapping images (Figure 1g—i) gave the direct evidence to
above deduction.

The TGA and FTIR analyses are shown in Figures 4 and 5,
respectively. As revealed in Figure 4, the thermal decom-
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Figure 4. TGA/DTG curves of (a) brucite, (b) ZnsO(OH)(BO,),,
(c) PM, and (d) CFR.
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Figure S. FTIR spectra of (a) pristine brucite, (b) PM, (c) CFR, and
(d) ZnsO(OH)(BO3)s.
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position of physical mixture (PM) or CFR mainly took place in
two weight loss steps. The first decomposition step (347—445
°C) of CFR corresponding to the decomposition of Mg(OH),
to MgO occurred at higher temperature than the PM (340—
436 °C). Meanwhile, the derivative weight peak of CFR was
observed near 403 °C, which was 7 °C higher than that of
brucite and PM. In other word, during the first step of
decomposition, CFR particles present a higher thermal stability.

The FTIR spectra gave the evidence to this assumption
shown in Figure S. The brucite and CFR showed strong
absorbances at 3694 cm™' owing to the stretching vibration
bands for free hydroxyl groups, while the synthesized
ZngO(OH)(BO,); only presented a wide absorption at
3600—3100 cm™' corresponding to the stretching vibration
bands for associating hydroxyl group. In comparison of PM, it
was worth noting that this absorbtion of CFR were slightly
decreased in intensity. Additionally, the characteristic absorp-
tion of 1439 cm™" (Figure Sa) was assigned to the stretching
vibration band of C—O—Mg resulting from the chemisorbed
CO, on the surface of raw brucite. However, this absorption
split and shifted to wavenumbers of 1487 and 1421 cm™*
(Figure Sc) because of the formation of Zn—O—Mg and B—
O—Mg modes through the dehydration*' between surface
hydroxyl group of material brucite and synthesized Zn4O-
(OH)(BO;); hierarchical nanostructure. It confirmed the
conclusion based on the TGA analysis that the chemisorbed
coverage resulted in a higher thermal stability of CFR particles.

Moreover, the following stage of weight loss from 620—640
°C (Figure 4) was attributed to the decomposition of
ZngO(OH)(BO;); and a corresponding derivative weight
peak was observed around 630 °C. As for CFR, the final loss
weight was slightly distinct from that of PM related to the
content of bound water. This implied that the CFR particles
showed more intense adsorbability for water because of the
hierarchical nanostructure. On the basis of these analyses, we
could conclude that the CFR particles was not a simple mixture
of brucite with ZnsO(OH)(BO;);, but a new hybrid composite
probably with excellent interface strength in polymer matrix.

Mechanical Properties and Interfacial Interaction. To
evaluate the reinforcing effect of CFR particles on the EVA
matrix, mechanical properties during extension were measured.
The introduced y-aminopropyltriethoxysilane (AMEQ), which
played a role as a coupling agent, was used to prevent
aggregation of FR particles in EVA matrix and improve
compatibility between FR particles and EVA. Indeed, the
surface treatment of FR particles by AMEO could reduce the
surface free energy to some extent,47 resulting in an increase in
the degree of dispersion of the FR particles. Concurrently, it
could ensure the same dispersion degree of all the FR particles
in EVA matrix and prevent from unparallel deterioration of
mechanical properties caused by the different dispersion degree.
Because of the unique surface structure of multidentate
hierarchical nanostructure and the very high surface area in
the EVA/CFR composites, the applied stress is expected to be
easily transferred from the EVA matrix onto the CFR particles,
resulting in a remarkable enhancement of the mechanical
properties.

The mechanical properties of EVA blended with the four
kinds of FR are shown in Figure 6. As to the EVA elastomer,
the tensile strength (TS) and elongation at break (EAB) were
always taken into account. Generally, the mechanical properties
of EVA/FR composites decreased considerably with the
addition of FR particles. This could be attributed to the poor

dx.doi.org/10.1021/am500380n | ACS Appl. Mater. Interfaces 2014, 6, 7223—7235
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Figure 6. Mechanical properties of sample (a) EVA/brucite, (b) EVA/
ZngO(OH)(BO;);, (c) EVA/PM, and (d) EVA/CFR formulations.

compatibility of the added FR particles with the polymer matrix
even in the presence of a coupling agent. That was why the TS
rapidly decreased with the increasing FR content from 10 to 30
wt %. Conversely, with the addition of FR particles from 40 to
60 wt %, gradual increases in TS were observed probably
resulting from a competition between the interfacial interaction
(or friction effect) and the poor compatibility. Concurrently, it
made the EVA composites become stiffer. Interestingly, it was
worth noting that the EVA/CFR formulation exhibited a
minimum in TS at the concentration of 30 wt %, while the
EVA/brucite, EVA/ZnsO(OH)(BO,);, and EVA/PM formula-
tions showed this minimum with the contents up to 40 wt %.
This phenomenon might cause by the unique surface
hierarchical nanostructure, which could implant into the EVA
matrix and allow an increasing contact area. Both permitted a
much more efficient transfer of stress from the EVA matrix to
the FR particles. As to EVA/CFR composite, TS and EAB were
more sensitive to the nanostructure of the EVA composites.
Comparing the EVA/FR composites, a dramatic increase in TS
was observed for EVA/CFR formulation with any loading
amount, reaching at least a 20% increment in comparison with
EVA/brucite, EVA/ZnsO(OH)(BO;);, and EVA/PM formula-
tions. It gave the best evidence for the reinforcing function of
surface hierarchical nanostructure. More importantly, this
reinforcing function was also reflected in the molten state.
The rheological measurements presented a comparatively high
viscosity of EVA/CFR blends (Figure 7), which brought some
advantages in droplet inhibition and char forming. Additionally,
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Figure 7. Viscosity curves for (a) pure EVA, (b) EVA/brucite, (c)
EVA/ZnsO(OH)(BO;),, (d) EVA/PM, and (e) EVA/CFR formula-
tions. The loading amounts of FR particles were all kept constant at 45
wt %.

the EVA/CFR formulation showed a positive impact on the
EAB, especially at the higher FR loading (40—60 wt %). It
might be attributed to the multiple orientations of hierarchical
surface nanostructure, which could prevent the micro cracks
from propagating at the interface. Namely, it revealed that the
nanoscale of inorganic fillers could improve the compatibility
between filler particles and polymer matrix. The later FESEM
images of composite cross sections gave more details about
these improvements.

Filler adhesion with the polymer matrix, either in physical or
chemical interaction, is of great importance for improving the
mechanical properties of polymer composites. Fine control of
the interfacial contact of polymer composites is one of the most
critical strategies to impart desired mechanical properties to
such materials.** "> To explain the behaviors of the EVA/FR
composites, the cross sections of the three EVA/FR blends
were examined with FESEM shown in Figure 8, when the
loading of FR particles was kept constant at 60 wt %. The
images of the fractured surface of EVA/brucite, EVA/PM, and
EVA/CFR composites (Figures 8a—c) showed relatively
smooth surface which was distinct from the untreated one
(Supporting Information Figure S2). With the low concen-
tration of AMEO on the surface of the FR particles, the
dispersion was significantly improved and no obvious
aggregates or cavities were observed which was in agreement
with previous literatures.”" After etching by hydrochloric acid, a
lot of apparent cavities were observed in the cross sections of
EVA/brucite (Figure 8d) and EVA/PM (Figure 8e)
composites. It revealed that, the filler particles showed poor
interface adhesion with EVA matrix, which acted as stress
concentrators of failure points of the composites. More
frequently, the fracture occurred along the phase boundary
between EVA matrix and FR particles resulting in exposing of
the FR particles and less transfer of stress from the EVA matrix
to the FR particles. This could be related to the inferior
mechanical properties. However, in the case of EVA/CFR
composite (Figure 8f), few etched holes were detected even at
the highest content of 60 wt %. Indeed, the CFR particles
seemed to be embedded into the EVA matrix and showed well
interface adhesion with EVA matrix. As explained before, the
presence of the hierarchical surface nanostructure could
significantly improve the interfacial interaction and the transfer

dx.doi.org/10.1021/am500380n | ACS Appl. Mater. Interfaces 2014, 6, 7223—7235
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Figure 8. FESEM images of freeze-fractured cross sections. (a) EVA/brucite and (d) EVA/brucite etched by hydrochloric acid; (b) EVA/PM and
(e) EVA/PM etched by hydrochloric acid; and (c) EVA/CFR and (f) EVA/CFR etched by hydrochloric acid. The loading amounts of FR particles

were all kept constant at 60 wt %.

of stress between CFR particles and EVA matrix. It could thus
be proposed that the stress was well dispersed in the EVA
composite and the fracture occurred from the unsubstantial
parts of the EVA matrix. Consequently, the mechanical
properties were markedly improved in comparison with that
of EVA/brucite and EVA/PM formulations.

Flammability of the EVA/FR Composites. The unique
hierarchical surface nanostructure of brucite@ZnsO(OH)-
(BO;); composite flame retardant (CFR) not only improved
mechanical properties but also highly increased the flame
retardant of EVA composites. The limiting oxygen index (LOI)
and vertical burning test (UL-94) data on different loading of
flame retardant (FR) particles in five kinds of formulations are
given in Table 2. It could be observed that the LOI values of
EVA/FR composites were improved with the increasing
loading amount of any FR particles. At the equivalent FR
contents, the EVA/CFR formulation displayed the highest LOI
values, which might be ascribed to highest viscosity of the EVA
composite caused by the unique surface structure of CFR

Table 2. LOI and UL-94 Data of EVA/Brucite, EVA/
ZngO(OH)(BO,),, EVA/PM, and EVA/CFR Formulations

composition (wt %)

sample formulation EVA FR LOI UL-94
virgin EVA 100 0 17 fail
EVA/brucite 60 40 23 fail
5§ 45 25 fail
50 50 27.5 fail
EVA/Zn,O(OH)(BO,), 60 40 19 fail
5§ 45 21 fail
50 50 24 fail
EVA/PM 60 40 22 fail
55 45 24 fail
50 Ny 27 fail
EVA/CFR 60 40 29 V-2
N 45 33 V-0
NY S0 358.5 V-0
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particles (Figure 7). In contrast, it was clear that the LOI values
of EVA/PM formulations were parallelly lower than those of
EVA/brucite formulations, which was in accordance with the
previous study.** Additionally, as for both EVA/brucite and
EVA/PM composites, no UL-94 V rating could be achieved
mainly due to the presence of melt dripping (mainly caused by
low viscosity) (Supporting Information Figure S3a and S3b).
Conversely, the EVA/CFR composite was seen to resist
ignition and subsequent combustion (Supporting Information
Figure S3c), which could reach UL-94 V rating in all cases
showing an excellent synergy. These remarkable performances
indicated that the best flame retardancy was obtained for EVA/
CFR formulation in which the ZnsO(OH)(BO,); hierarchical
surface nanostructure existed, facilitating an increase of the
viscosity of EVA composites. It was worth noting that the LOI
value of EVA/CFR composite filled with 45 wt % was still up to
33, while the corresponding formulations with EVA/brucite,
EVA/ZnsO(OH)(BO;);, and EVA/PM were only 25, 21, and
24, respectively. Apart from that, only the EVA/CFR composite
could pass the V-0 rating of the UL-94 test with this low
loading amount. In other word, the EVA/CFR composite with
addition of 45 wt % could be regarded as the fire retarding
material, which met the industrial standard of cable material.

To elucidate the intrinsic reasons for the enhancement of
flame resistance by the unique structure of CFR particles, cone
calorimeter test was examined.”> The cone calorimeter test is
one of the most effective bench-scale methods to study the
flammability of polymer composites. With the equivalent FR
content of 45 wt %, four control samples including EVA/
brucite (A1), EVA/Zn,O(OH)(BO;); (A2), EVA/PM (A3),
and EVA/CFR (A4) formulations along with pure EVA (AO0),
were repeated three times and the deviation of their data was
within £10 %. Heat release rate (HRR), peak heat release rate
(PHRR), total heat released (THR), smoke production rate
(SPR), mass loss rate (MLR), and char residue were
simultaneously obtained to evaluate the flame retardancy of
EVA/FR composites.

Figure 9 presented the dynamic curves of HRR versus time
for the samples of A0, Al, A2, A3, and A4. It could be found
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Figure 9. HRR curves for A0, Al, A2, A3, and A4.

that the sample Al burned out within 610 s after ignition. Two
obvious HRR peaks were observed at the range of 110—610 s
with PHRR of 348 and 373 kW/m? respectively. Indeed, the
second PHRR could be ascribed to a thin and fragile MgO layer
with holes and cracks. During complete combustion, this crisp
structure almost collapsed (Figure 13a) resulting in promotion
of heat radiation and gaseous phase transfer. It could be
proposed that the second PHRR came from explosive
combustion resulting from the sufficient contact between
oxygen rushing through the collapsed structure and combus-
tible gases stored under the protective layer. As to sample A3,
physical mixture of brucite and ZnsO(OH)(BO;); powders
showed a unconspicuous decrease in PHRR with various stages
from 273 to 332 kW/m? and was no more effective than an
individual brucite; it meant that there was no obvious
synergistic interaction. These result further indicated an
unstable and fragile protective layer (Figure 13b) which could
not prevent heat transfer and gaseous diffusion effectively.
Generally, to obtain a stable and insulating layer to significantly
reduce the HRR with such physical mixture system, the total
content of FR must reach 60 wt % including 40 wt % of brucite
and 20 wt % of zinc borate.’* However, with the 45 wt %
content of CFR particles [exactly combining 39.5 wt % of
brucite and 5.5 wt % of ZnsO(OH)(BO,);] in EVA matrix, a
dramatic decline of HRR intensities were observed. More
importantly, sample A4 presented only one obvious PHRR of
226 kW/m”* which was 32 % lower than that of sample A3; this
superior effect of the CFR on PHRR reduction could be
attributed to a remarkably synergistic action between brucite
and ZnsO(OH)(BO,), that favored the formation of compact
char layer (Figures 13c and 14g). In addition, the combustion
time of A4 was prolonged to 980 s from the 665 s of A3. After
extinction of the flame (> 865 s), a smaller but still positive
HRR value was observed, which could be ascribed to an
oxidation process of the carbon-rich residue (afterglow).
Through the whole combustion process, the gentle decline of
HRR in sample A4 suggested that burning of EVA composite
was gradually barriered due mainly to the formation of thick
and stable char layer.

To evaluate the effect of the high surface area by CFR itself,
we have synthesized magnesium hydroxide nanoneedles
(Supporting Information Figure S4) with high specific surface
area for PM according to our previous work™ for a fair
comparison. The results (Supporting Information Figure SS)
indicated that high surface area could only improve the LOI
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value (no significant effect on UL94 rating and HRR). In this
regard, the synergistic effect between the Zn,O(OH)(BO;),
hierarchical surface nanostructure and the internal brucite gave
the best flame retarding performance.

The dynamic curves of THR and MLR are shown in Figures
10 and 11, respectively. With the equivalent FR content, the
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Figure 10. THR curves for A0, Al, A2, A3, and A4.
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Figure 11. MLR curves for A0, Al, A2, A3, and A4.

THR of sample A4 was the lowest in the five control samples
and the total burning time is also obviously prolonged. It meant
that the heat of burning transfer was absorbed or barriered by
the condensed phase effect of the additives.>* Accordingly, the
thermal degradation of EVA/CFR composites was effectively
prohibited and the MLR analysis well confirmed this result
which is shown in Figure 11. The addition of Zn,O(OH)-
(BO,); (zinc borate) in EVA matrix had some benefits on the
reduction of MLR and the increase of char residue. After
complete combustion in cone calorimetry, the final mass loss of
sample Al was 62 wt %. In contrast, sample A3 and A4 was 53
and 50 wt %, respectively. The reason for these results was that
the zinc borate could lead to a tenfold increase in rigidity and
form a glassy foam structure’*® in fire. This glassy foam
structure could accelerate charring of polymer chains.
Generally, in order to obtain a stable glassy foam structure
with physical mixture formulation, the total content of FR must
reach 60 wt % including 40 wt % of brucite and 20 wt % of zinc
borate.

To avoid the secondary hazards of smoke and meet the
environmental requirements, the most significance of brucite
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FR is the smoke sulp ression owing to the formation of active
MgO layers in fire. 5456 The dynamic curves of SPR for the
five control samples are shown in Figure 12. Because of the low
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Figure 12. SPR curves for A0, Al, A2, A3, and A4.

BET specific surface area (Figure 2) and the collapse of char
residue caused by the serious agglomeration of MgO particles
(Figure 13a and b), the SPR of sample A0, A1, A2, and A3 was
much higher than that of sample A4. It could be seen that the
peak SPR value of sample A4 (0.004 m?/s) was considerably
reduced compared to that of sample A0 (0.033 m?*/s), Al
(0.032 m?/s), A2 (0.016 m?/s) and A3 (0.016 m?/s), which
implied that the shell Zn,O(OH)(BO,); of CFR particles could
prevent the active MgO particles from agglomerating in
burning and bring more advantages of dispersity of MgO

particles in the stable char residue. In this special case, the
absorption of smoke could highly improve by the increasing
specific surface area of active MgO. Apparently, the above
results further demonstrated that this integrated structure of
CEFR patticles could bring strong impact on flame retardancy
and smoke suppression during polymer burning.

On the basis of the HRR analysis (Figure 9), it could be
observed that the suppression of heart release was pronounced
for the structure of CFR particles (A4) which exhibited
significant longer burning time and only one apparent peak. It
could be thought that the formed residue was seemingly large
to demonstrate an insulating layer effect. The appearance of fire
residues displayed by digital pictures in Figure 13 verified this
suggestion. The combustion residual chars of sample Al and
A3 internally collapsed and displayed hollow structures (Figure
132 and b). The reason for this phenomenon might be that
these formulations had low viscosity (Figure 7) and the melt of
the blends was changed into deformable fluid more easily in
fire. It was worth noting that the molten mass produced during
the burning process was easy to migrate. Indeed, the active
MgO particles generated from brucite decomposition also
tended to migrate and aggregate containing in such molten
mass (Figure 14a and e). Before forming an effective charring
layer, the molten mass began to drip from the matrix taking out
the char and the MgO particles. In other word, the chars were
not enough cohesive to overcome the dripping of the polymer
compositions, which was responsible for the fail in UL-94 test.
These residual chars could also be described as thin and fragile
layers that light mechanical stress (a finger touch was enough)
caused these structures to crumble to dust. Both of them could
not segregate oxygen and combustible gases effectively. And it

Figure 13. Digital pictures of combustion residues: (a) Al, (b) A3, and (c) A4.
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Figure 14. FESEM images of residual char obtained by cone calorimetry alternative. (a) Low and (e) high magnification views of sample Al. (b)
Low and (f) high magnification views of sample A3. (c) Low and (g) high magnification views of sample A4. (d) Low and (h) high magnification

cross sections of sample A4.

Scheme 2. Schematic Illustration of the Mechanism for the Enhanced Flame Resistance of the Brucite@ZnsO(OH)(BO;),
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was also responsible for the second HRR peaks (Figure 9)
because of oxygen diffusion through the collapsed layers.
Conversely, the residue char of the sample A4 (Figure 13c) was
homogeneous, compact and thick. The high intumescent ratio
and rigidity (the residue can be handled without care)
suggested that the flammable gases could hardly permeate
through the char layer. This was the main reason for the
significant decrease of HRR (Figure 9).

To explore the flame retardant mechanism of FR additives in
EVA matrix, the char residues after complete combustion for
the three FR systems were investigated by FESEM, as shown in
Figure 14. The residue of sample Al (Figure 14a and e) tended
to aggregate together with lots of cracks and holes mainly
because of the lack of tackifier or structural stabilizer (like zinc
borate). This was in agreement with previous studies***” which
revealed MgO might sever as a discontinuous barrier. This kind
of not enough stable and compact char layer was not effective
to prevent the underlying EVA from degradation during
combustion. As to the residue of sample A3, it could be seen
that the residual char layer was continuous with some holes in
the surface (Figure 14b) because the heated Zn,O(OH)(BO,),
(zinc borate) could form a glassy foam structure®>® and
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provide a stable softened glassy coating on the surface of the
EVA under fire condition. Unfortunately, owing to the
insufficient of ZngO(OH)(BO;); (only S.5 wt %) in this
physical mixture system, the ZnsO(OH)(BO,;); glassy foam
was discontiguous on the surface of MgO layer (Figure 14f);
thus the major structure of char residue also collapsed (Figure
13b). On the contrary, it was obvious that the residual char
layer from sample A4 (Figure 14c and g) was more compact
and continuous with a glassy film covering the surfaces which
might be helpful for the quality of the char layer and maintain
the main structure more stable with a remarkable expansion in
volume (Figure 13c). This suggested that the internal released
combustible gases could be prevented from passing through,
resulting in an intumescent char (Figure 13c). The barrier effect
of the stable char structure (Figure 14c and g) could also
reduce the HRR and THR which was in accord with the heat
release behavior. In addition, the interior morphologies of
residue A4 were also important. In the low magnification view
(Figure 14d), the presence of big cavities (about 100 ym) was
observed in the interior residue, which was due largely to the
bubbling of combustible gases in the degraded EVA matrix
under fire condition. And the internal surface of a cavity (Figure
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14h) was also compact and firm resulting from the extrusion of
the bubble. In comparison with the residue A3 (Figure 13b),
this internal microstructure might lead to a stable char layer and
bring more benefit in thermal insulation.’® Interestingly, this
remarkable performance was only ascribed to the novel
ZngO(OH)(BO;); hierarchical surface nanostructure of CFR
particles. In general, the different residue’s morphologies
correlated quite well with the shape of HRR curves. The
strong nature of the char formed from EVA/CFR formulation
provided a condensed phase mechanism in flame retardancy as
discussed above.

Flame Retardant Mechanism. The detailed mechanism
on the enhanced flame resistance of the brucite@ZnsO(OH)-
(BO;); composite nanostructure was proposed as Scheme 2.
And the flame retardant mechanism in EVA composites in the
presence of mineral fillers were believed to take place in the
condensed phase because of the formation of a barrier layer
from degraded EVA reinforced by mineral fillers. In the
presence of CFR particles in EVA matrix, the Zn,O(OH)-
(BO,); (zinc borate) hierarchical surface nanostructure could
significantly improve the interfacial interaction and mechanical
property of the EVA/CFR blends. The highly viscous melt of
EVA should be formed in situ within the condensed phase in
the initial stage of polymer composites burning. Concurrently,
it could prevent the melt from changing into a deformable fluid
at the high temperature. With the proceeding of combustion, a
glassy foam structure was formed by the heated ZnsO(OH)-
(BO,);, resulting in an increase in rigidity of the condensed
phase. Subsequently, the evolution of flammable gases which
derived from degradation of EVA was blown into this highly
viscous mixture and made many bubbles, the internal diffusion
of which was able to make the bubbles bigger to form some
cavities, further increasing the local concentration of the glassy
foam. The net concentration of the glassy foam further
increased along with the grown bubbles (Figure 14d).
Surprisingly, the total 5.5 wt % content of ZnsO(OH)(BO;),
can lead to rapid charring of polymer chains. Obviously, such
microstructure of the char layer could prevent contact between
stored combustible gases and external oxygen. And the external
heat radiation from burning area to the undegraded EVA was
also barriered or slowed down. When a large amount of these
char layer formed from the burning zone, the combustion
would be difficult to maintain.

B CONCLUSION

In summary, ZnsO(OH)(BO,), hierarchical nanostructure was
successfully synthesized on the surface of brucite particles,
fabricating brucite (core)@Zns,O(OH)(BO;); (shell) compo-
site flame retardant (CFR) particles. In comparison with the
simple physical mixture (PM), the unique hierarchical
nanostructure could be easily implanted into the EVA matrix
and highly enhance the interfacial interaction. This modification
not only improved the mechanical properties but also increased
the flame retardancy of the EVA/CFR composite even when
the total loading of CFR was kept at the low value of 45 wt %
(exactly including 39.5 wt % of brucite and 5.5 wt % of
ZngO(OH)(BO;);). On the basis of the massive evidence, the
mechanism for the enhanced mechanical properties and flame
resistance of CFR particles was proposed. All the results
indicated this unique design might be developed as a new
approach to green flame retardant materials.
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