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Introduction

There is currently great interest in developing the incor-

poration of inorganic whiskers made of materials such as

silicon carbide, calcium carbonate and potassium titanate,

into polymers, with the aim of enhancing their mechanical

properties and thermal stability.[1–6] This is because whis-

kers exhibit super-high tensile strength and a high melting

point owing to their perfect microstructure, nearly free from

internal flaws.[7] Recently, magnesium hydroxide sulfate

hydrate (MHSH)whiskerswere systematically investigated

by Ding and Ma.[8,9] It was found that the MHSH whiskers

degraded endothermically, accompanied by the release of

water vapor, and leavingfiber-shaped degradation products.

This process indicates that the MHSH whisker has the

fundamental requirements of a flame retardant (FR) addi-

tive, according to the flame retardant mechanism based on

physical effects governing the endothermic processes, such

as magnesium hydroxide (MH) suggested by Hornsby and

Watson.[10] Endothermic degradation of MHSH whiskers

withdraws heat from the substrate, and water vapor dilutes

the fuel supply present in the flame. In addition, the de-

gradation products of MHSH whiskers have a high perfor-

mance, because they still possess fibrous structure.[9]

Therefore, the degradation products not only limit the

transfer of both the volatile products and oxygen, when

accumulated on the underlying substrates, but also re-

inforce the mechanical properties of the charred layers.

As far as we are aware, in the area of flame retardant

technology, many systems such as phosphorus-nitrogen,

halogen-antimony and metallic hydroxide-red phosphorus

(RP), have been found to have synergistic effects.[11,12] In

addition, it is known that the fire properties of polyolefin

composites containing polar fillers can be enhanced by the

addition of poly[ethylene-co-(vinyl acetate)] (EVA) as an

adhesion promoter.[13,14] It is thereforeworthwhile to inves-

tigate the effect of RP and EVA on the fire properties of

MHSH whisker filled polymer composites.

In this paper, the effect on the fire properties of MHSH

whisker filled low density polyethylene (LDPE) by RP,
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when used as a synergist and with EVA as a compatibilizer,

was investigated using cone calorimetry, LOI and the UL-

94 test.

Experimental Part

Materials

Low density polyethylene (LDPE) (2102TN26) was obtained
from Qilu Petrochemical Company, China. Poly[ethylene-co-
(vinyl acetate)] copolymer (EVA), containing 18 wt.-% vinyl
acetate,was suppliedbyBeijingPetrochemical,China.Magne-
sium hydroxide sulfate hydrate (MHSH) whiskers were kindly
provided by Keyan Chemical Company. Red phosphorous
(containing �85 wt.-% phosphorous) microencapsulated with
magnesium hydroxide and melamine-formaldehyde resins
(MRP) was prepared in our laboratory.

The Preparation of MRP

The main disadvantages of red phosphorus used as an FR
additive, are the evolution of highly toxic phosphine and poor
compatibility with polyolefins, but this can be overcome by
its microencapsulation with inorganic and/or organic coat-
ings.[15,16] In this study, a homogeneous precipitation method
was first employed to prepare MH microencapsulated RP
(MHRP). Desired amounts of magnesium chloride (MgCl2)
and urea were added into the RP suspension and reacted for
4–6 h at 90–120 8C. The products were filtered, washed with
distilled water and dried at 80 8C. The obtained MHRP was
then added into an oligomer solution of melamine-formalde-
hyde (MF) to prepare inorganic-organic double coatings
microencapsulated RP (MRP). As a comparison, MH micro-
encapsulated RP (MH-RP) was prepared by a direct precipita-
tion method using MgCl2 and sodium hydroxide (NaOH). Its
corresponding double coatings microencapsulated RP (M-RP)
was also prepared.

The Preparation of MHSH-Whisker Flame Retardant PE

LDPE with desired amounts of MHSH whiskers, EVA and
MRPwas melt compounded using a two-roll mill at 130 8C for

15 min. The resulting mixtures were then compression mould-
ed into sheets with a 3 mm thickness. The formulations are
presented in Table 1.

Structural Characterization

X-ray diffraction (XRD) patterns of MHSH whisker were
collected with a Japan Rigaku D/Max-Ra rotating anode X-ray
diffractometer, equippedwith a copperKa tube and nickel filter
(l¼ 0.1542 nm). TheXRDscanning speedwas 0.0167 degree �
s�1. The transmission electron microscopy (TEM) images of
theMHSHwhiskers andMRPwere obtained using a Jeol JEM-
100SX transmission electron microscope with an acceleration
voltage of 100 kV. The samples were dispersed in ethanol,
assisted by agitation in an ultrasonic bath, and then deposited on
a coppergrid for observation.The scanning electronmicroscopy
(SEM) image of the residue after the combustion experiment
was taken using a DXS-10 scanning electron microscope.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was conducted with a
Netzsch STA 409C thermoanalyzer instrument. The 10 mg
specimenswere heated from25 to 700 8Cusing a linear heating
rate of 10 8C �min�1. All runs were performed in a nitrogen
atmosphere at a flow rate of 50 ml �min�1.

Fire Testing

Limiting oxygen index (LOI) determination was performed
according to ASTM D2863. Test specimens of dimensions
100� 6.5� 3 mm were cut from pressed plates.

UL-94 vertical burning tests were performed with a plastic
sample of dimensions 130� 13� 3 mm, suspended vertically
above a cotton patch. The classifications are defined according
to the American National Standard UL-94.

The cone calorimetry experiments were carried out using a
Redcroft Cone Calorimeter following the procedure defined in
ISO 5660, on 3 mm thick 100� 100 mm plaques. The cone
data obtained are reproducible towithin�10%whenmeasured
at a heat flux of 35 kW �m�2.

Table 1. Composition and flammability performance of the flame retarded LDPE and its composites. In the UL-94 testing BF refers to
burn to clamp and flaming drip.

Sample
code

Composition LDPE/
EVA/MHSH/MRP

LOI UL-94 testing Peak HRR Peak SEA Mean EHC Residue

wt.-% vol.-% kW �m�2 m2 � kg�1 % %

PE01 100/0/0/0(pure LDPE) 17.5 BF 1 268 1 583 41.7 2.1
PE02 80/0/20/0 20.0 BF 605 846 36.9 13.0
PE03 60/0/40/0 23.0 BF 403 548 34.8 27.1
PE04 40/0/60/0 33.0 V-0 167 228 28.1 41.1
PE05 60/0/38/2 24.5 BF 194 1 601 34.4 37.2
PE06 60/0/33/7 25.5 V-1 115 1 670 32.0 32.5
PE07 60/0/30/10 26.0 V-0 100 2 001 30.8 36.1
PE08 60/0/25/15 26.0 V-0 205 1 550 28.4 26.8
PE09 54/6/40/0 23.5 BF 277 473 35.3 24.6
PE10 48/12/40/0 24.0 BF 283 548 35.7 26.3
PE11 42/18/40/0 24.5 BF 300 643 35.3 27.4
PE12 36/24/40/0 24.5 BF 329 706 35.8 26.6
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Results and Discussion

Structure and Thermal Decomposition Behavior of
MHSH-Whiskers

Figure 1 shows the XRD pattern of the sample of MHSH

whiskers. All the diffraction peaks are in good agreement

with the orthorhombic structure of 5Mg(OH)2 �
MgSO4 � 3H2O.

[17] MHSHwhisker TEM demonstrates that

the MHSH whiskers have a fibrous morphology (Figure 2).

Figure 3 shows the TGA curve and the derivative curve of

mass loss with respect to temperature (DTG) for theMHSH

whiskers. The TGA curve displays an apparent two-step

process in the temperature range from 25 to 700 8C, with
two sharp, accompanying DTG peaks at 301 and 411 8C in

the first and second stage, respectively. It is believed that the

degradation processes are described by the following

reactions:[8]

MgSO4 � 5MgðOHÞ2 � 2H2O ! MgSO4 � 5MgðOHÞ2
þ 2H2O ð�260 to 360�CÞ

MgSO4 � 5MgðOHÞ2 ! MgSO4 þMgO

þ 5H2O ð�360 to 800�CÞ

MgSO4 ! MgOþ SO3 ðabove 800 �CÞ

The endothermic decomposition, the accompanying

release of water vapor and the generation of inorganic com-

ponents on the MHSH whisker residue at the temperature

that the polymers themselves degrade, correspond with the

FR mechanism, that is based on the physical effects gover-

ning the endothermic processes.

Combustion of the LDPE/MHSH-Whisker System

The reduction of the heat release rate (HRR), and in parti-

cular, the peakHRRmeasured by cone calorimetry has been

found to be themost clear-cut evidence of the efficiency of a

flame retardant. Figure 4 shows the changes in the HRR for

the LDPE composites with 20, 40, and 60 wt.-% MHSH

whiskers. The corresponding cone data are presented in

Table 1. It is clear that the reduction in the HRR is different

in each of these composites. There is an 86% reduction in

the peak HRR for the PE04 sample containing 60 wt.-%

MHSH whiskers, compared to pure LDPE, whereas the

reduction is 52% and 68% for the PE02 and PE03 samples,

respectively. Meanwhile, the flame parameters such as the

effective heat of combustion (EHC) (the ratio of the total

heat release over the total mass lost) and the specific ex-

tinction area (SEA) (a measure of the smoke yield) all

decreased significantly with the addition of MHSH whis-

kers. As seen in Table 1, the LOI values increased gradually

with increasing MHSH whisker content, and UL-94 V-0

was achieved at 60wt.-% loading. These results suggest that

the improved flammability properties and the suppressed

smoke of these materials are strongly dependant on the

MHSH whisker content. The primary parameter respon-

sible for the decreased HRR of the composites is the

mass loss rate (MLR) during combustion, which was

Figure 1. XRD pattern of an MHSH whisker.

Figure 2. TEM micrograph of an MHSH whisker.

Figure 3. TGA and DTG curves of an MHSH whisker.
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significantly reduced compared to those values observed for

pure LDPE (Figure 5). These MLR data essentially mirror

the HRR data. The consistency of the HRR and the MLR

confirms that the flame retardant mechanism of the MHSH

whisker depends on a condensed-phase process.

Figure 6 shows the SEMmicrograph of the residues after

the cone calorimetry experiment for the PE03 sample. It is

apparent that the decomposition products accumulated on

the surfaces (mainly MgO), possessed a fibrous structure.

Therefore, the MgO whiskers generated perform superior

properties, which impart the charred layer built up on the

surface high performance. Moreover, it is clear that nume-

rous particles were absorbed on the surface of the MgO

whiskers. It is suggested thesemay be tar and soot particles,

leading to the smoke reduction.

Combustion of the LDPE/MHSH/MRP System

The comparison of the properties of several microencapsu-

latedRP systems,with different coatings, is listed inTable 2.

It can be seen that the MRP has the highest performance,

which may originate from the coating being of the highest

quality. This is because the precipitation ion in the homo-

geneous precipitation method is not added to the solution,

but is generated throughout by a homogenous chemical

reaction, such that a local excess of the precipitating agent is

avoided. The supersaturation is kept extremely low at all

times in precipitation, which results in precipitates that are

very pure with very uniform sizes. Therefore, the inorganic

coatings formed on the RP surface are very dense, which is

helpful in improving the stability of RP. Figure 7 shows the

TEMmicrographs of RP, MHRP and MRP. Micrograph (b)

shows that spherical MH particles with a diameter of

�50 nm were tightly coated on the surface of the RP par-

ticle. Meanwhile, after being encapsulated with melamine-

formaldehyde resin, the surface of the MRP (micrograph

(c)) is much rougher than that shown in micrograph (b).

Some MH particulars have been observed, which confirms

the MHRP has been encapsulated with the MF resins.

Figure 4. HRR curves for LDPE and its composites with 20, 40,
and 60 wt.-% MHSH whiskers.

Figure 5. MLR curves for LDPE and its composites with 20, 40,
and 60 wt.-% MHSH whiskers.

Figure 6. SEM micrograph of the residue of LDPE/MHSH
whisker (40 wt.-%) composite, after combustion.

Table 2. Comparison of the performance of the RP and microencapsulated RP samples.

Performance Sample

RP MH-RP MHRP M-RP MRP

Oxidation stability/(mg NaOH/g RP) 76.5 3.7 1.4 3.4 0.2
Ignition point/ 8C 248 360 375 370 396
Water absorption/% 4.5 0.3 <0.1 0.3 <0.1
Evolution of PH3/ppm 273 118 42 1.6 0.6
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Figure 8 shows the changes of theHRR for LDPE/MHSH

whisker composites, combined with different amounts

of MRP at the same levels of 40 wt.-% FR additives. The

corresponding cone data are listed in Table 1. The peak

HRR value of the LDPE/MHSH whisker sample (PE03)

was reduced by the additional incorporation of MRP. For

instance, the peak HRR of the PE07 sample containing

10wt.-%MRPwas 75% lower than that of the PE03 sample.

Theweight of the residue, left after combustion of the com-

posites containing MRP is higher than that from the PE03.

In Table 1, it can be seen that incorporation ofMRP into the

LDPE/MHSH whisker increases the LOI values. The PE07

and PE08 sample all achieve V-0 in the UL-94 test. These

results give positive evidence that a synergistic effect

occurred whenMRP andMHSHwhiskers are both present,

which leads to the improvement of the fire performance of

flame retardant LDPE. It is generally accepted that in RP

flame retardant polymers, the RP is oxidized to phosphoric

acids, which can form a glassy layer on the burning sub-

strate, limiting the transfer of degradation productions and

oxygen. The effect of MRP in the improvement of the fire

performance of LDPE/MHSHwhisker systemsmay be that

the water produced by MHSH whisker degradation pro-

motes the formation of phosphoric acids from phosphorus

oxide.

In Table 1 it is noted that the EHC of the samples PE05–

08 reduces with increasing MRP content. The EHC is the

response of the combustion degree of combustible gases in

the gas-phase. The lower EHC corresponding to a higher

MRP content at the same MHSH-MRP additive level, sug-

gests the existence of a gas-phase flame retardant mechan-

ism. This is because phosphorus monoxide radicals (PO.)

can trap active radicals (H., HO.) in the burning gas

phase,[18] and then provoke the extinguishing of the flame,

which results in the higher SEA for the incomplete combus-

tion of the pyrolysis products of polymer. Too much MRP,

however, has no benefit in improving the flammability

properties due to its own inherent combustibility.

Combustion of the LDPE/EVA/MHSH System

Figure 9 shows the HRR curves for different LDPE/EVA

compositions in LDPE/MHSH composites (PE09–12) at

the same 40wt.-%MHSHwhiskers loading. The peakHRR

values increased with increasing EVA loading from 6 to

24 wt.-%. These values are, however, lower than the peak

Figure 7. TEM micrographs of (a) RP; (b) MHRP; and (c) MRP.

Figure 8. HRR curves for LDPE/MHSH whisker composites,
combined with different amounts of MRP at the same levels of
40 wt.-% FR additives.
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HRRof the PE03 samplewithout EVA. It is apparent that all

the samples with EVA showed an increased ignition delay

time and a prolonged combustion process, when compared

to the control PE03 sample. As listed in Table 1, a syner-

gistic effect in terms of LOI is shown. It is evident that the

LOI is increased, compared to that of the PE03 sample,

although no samples achieve V-0 classification. It therefore

can be concluded that the combustion properties of LDPE/

MHSH system are not influenced negatively by the incor-

poration of EVA, it rather giving an additional increase in

the stability of the residue structure. This is because EVA

has the functionality to interact with the hydroxyl groups of

the MHSH whiskers, while the saturated main chains of

EVA are able to entangle with the ones of polyethylene

matrix. This leads to the improvement of the compatibility

between the LDPE and the whiskers. Therefore, the phy-

sical barrier formed is more uniform and stable during

burning, which insulates the underlying materials more

efficiently and slows the escape of volatile products.

Conclusion

The flammability characteristics of LDPE/MHSH whisker

systems, combined with MRP and EVA have been investi-

gated. The MHSH whiskers not only reduce the HRR but

also suppresses the emission of smoke. The flame retar-

dance induced by MHSH whiskers can be enhanced effec-

tively by the incorporation of MRP as a synergist, which

promotes the formation of char in the condensed phase and

provokes the extinguishing of the flame in the gas phase.

The best ratio for MHSH/MRP is 3:1 by weight. Further-

more, incorporation of EVA into LDPE/MHSH composites

as a compatibilizer can increase the stability of the char

layers, which results in an enhancement in the flammability

properties.
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