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Abstract

Nano-sized hydroxyl aluminum oxalate (nano-HAO) and montmorillonite (MMT) were mixed into low density polyethylene (LDPE)/ethylene
propylene diene rubber (EPDM) system via melt compounding method. By means of LOI and UL94 horizontal burning tests, MMT and nano-
HAO together exhibited better performance on flame-retarding LDPE/EPDM composites than how they performed individually, which proved that
there existed a synergistic effect between MMT and nano-HAO on flame retardancy. Furthermore, through the analysis of Fourier transform IR
spectra (FTIR), scanning electron microscope (SEM), and the thermogravimetric and differential thermal analysis (TG—DTA), the mechanism of
the synergistic flame retardance was proposed as when MMT was added into nano-HAO/LDPE/EPDM composites, a laminated structure formed
in the char layer and thus the transmission speeds of heat, oxygen, flammable mass and vapor were adjusted. So the process of combustion was

retarded owing to lack of oxygen and heat.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric materials have made an important role in electri-
cal engineering for long time, owing to their excellent insula-
tion properties and mechanical properties. The application of
polymeric materials in this field, however, requires special pre-
cautions because fire can be generated easily. Thus the studies
on flame-retarding polymeric materials become indispensable
when these materials are widely used. There are four factors
affecting the process of combustion, which are oxygen, heat,
flammable materials and reaction of thermal degradation [1].
Flame retardants were accordingly used against these four
factors to extinguish the fire.
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Brominated flame retardants, which stop the thermal degra-
dation of composites by reacting with the polymers, are the
most effective flame retardants [2—4] in markets and are adop-
ted by most engineering plastics [5—7]. However, halogen
flame retardants can release toxic gas when they suffer high
temperature. With the proposal of the concept of environmen-
tally friendly flame retardants, some brominated flame retar-
dants begin to be replaced by some halogen-free flame
retardants, particularly metallic hydroxide flame retardants
(such as magnesium hydroxide [8], aluminum trihydrate [9],
hydrotalcite [10], magnesium hydroxide sulfate hydrate
whisker [11]).

In these metallic hydroxide flame retardants, aluminum tri-
hydrate (ATH) is one of the most popular, safe, halogen-free
flame retardant and smoke suppressant with numerous bene-
fits, such as low material costs, elimination of heavy metal
promoters (e.g. antimony oxide), and no toxic fume generation
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[12,13]. The flame retardancy mechanism of ATH is based on
its thermal decomposition between 200 °C and 400 °C. During
this endothermic reaction, ATH releases its chemically bonded
water (34.6 wt%), while aluminum oxide remains in the char
residue. The water removes the heat energy from the burning
zone by changing into vapor, and surrounds the compound sur-
face to lower the concentration of oxygen and burnable gases.
Meanwhile, the aluminum oxide provides a protective layer on
the surface of the burning material, preventing oxygen and
heat reaching it. However, the decomposing temperature of
ATH is as low as 220 °C and the efficiency of flame retardancy
of ATH is low. So ATH can only be used in those polymers
processed at low temperature, and in polyolefin, the overall
ATH loading must be higher than 50 wt% to achieve useful
flame-retarding properties, which will ruin the mechanical
properties of whole material [14,15].

In order to get higher decomposing temperature and better
thermal stability, a new kind of aluminum flame retardant as
basic aluminum oxalate (BAO) was synthesized by Alcoa
(Aluminum Company of America) Company [16]. Recently,
another similar aluminum flame retardant as nano-sized hy-
droxyl aluminum oxalate (nano-HAO) was prepared by using
Rotating Packed Bed (RPB) in Research Center of the Minis-
try of Education for High Gravity Engineering and Technol-
ogy [17]. The shape of HAO is spindle with the thickness of
85 nm. The decomposing temperature of HAO increases to
320 °C. During the decomposition of HAO, water and non-
corrosive gas CO, are released. The advantages of nano-
HAO are having relatively high decomposing temperature
and generating high percent of vapor and gas. But owing to the
low percent of Al in nano-HAO there generates low content of
aluminum oxide in the char residue, and the rate for forming
char is low. In order to make up this demerit, some flame re-
tardants are selected as synergy for nano-HAO, which can
improve the process of char formation during decomposition.

Recently, several researches report that polymer/layered sil-
icate (PLS) nanocomposites exhibit remarkable improvement
in thermal stabilities when compared with virgin polymer or
conventional micro- and macro-composite and thus great in-
terest is focused on them [18—24]. The most commonly
used layered silicate is montmorillonite (MMT) and the crystal
structure of MMT consists of 1-nm thin layers with a central
octahedral sheet of alumina fused between two external silica
tetrahedral sheets (the oxygen from the octahedral sheet also
belongs to the silica tetrahedral). This layer structure leads
to the increase of barrier properties by creating a maze or ‘tor-
tuous path’ that retards the progress of the gas molecules
through the matrix resin [25]. Thus during the thermal decom-
position of the composites, MMT can act as a barrier to pre-
vent the oxygen and flammable material getting through. In
addition, in the work of Zanetti et al., a catalytic effect of
the nano-dispersed clay layers was found to be effective in
promoting char-forming reaction in PE/MMT and EVA/
MMT [26,27] nanocomposites. So MMT can accelerate the
speed of char formation and this char layer can prevent heat
and gas from getting through during decomposition effec-
tively. Whereas, if the stacked silicate layers hold heat for so

long time, the heat is accumulated and could be used as
a heat source to accelerate the decomposition process, in con-
junction with the heat flow supplied by the outside heat source
[18,28]. This is a demerit of MMT.

From the above, it can be supposed that MMT has some
effects on improving the flame retardance properties of
nano-HAO. In this paper, we try to introduce MMT into HAO
system, firstly, to create barrier between oxygen and material
and secondly, to collaborate with HAO to improve the flame
retardance. By means of thermal analysis, morphology analy-
sis, FTIR and fire testing, the effect and mechanism of MMT
and nano-HAO on flame-retarding LDPE/EPDM system were
studied.

2. Experimental section
2.1. Materials

LDPE (Daqing 18D; MFR =1.5g/10 min; density =
0.918 g/cm?) was purchased from Daqing Petrochemical Com-
pany (China). EPDM was purchased from DuPont-Dow Elasto-
mers L.L.C. (USA). EVA-g-MAH (a type of EVA grafted with
2% maleic anhydride) was manufactured by Ningbo Nengzhi-
guang New Materials Technology Cooperation (China).

Nano-HAO was produced in the Research Center of the
Ministry of Education for High Gravity Engineering and Tech-
nology (China), whose molecular formula is shown in Fig. 1.
As seen in Fig. 2, nano-HAO is in spindle shape with the thick-
ness of 85 nm. The decomposing temperature of nano-HAO is
320 °C. Montmorillonite (MMT, 1.44P) was purchased from
Nanocor Inc. (USA).

o
I
OH—AI—0-C —C—O—All—OH *H,0
o OH

Fig. 1. Molecular formula of nano-HAO.

Fig. 2. TEM photo of nano-HAO.




2894 Z.-H. Chang et al. | Polymer 48 (2007) 2892—2900

2.2. Preparation of samples

These raw materials were mixed and formed into pellets via
a Prism 16 mm twin-screw extruder (TE-20, Coperion Keya
(Nanjing) Machinery Co., Ltd, China). The operating temper-
ature of the extruder was kept at 120 °C, 155 °C, 180 °C and
175 °C from hopper to die, respectively, and the screw speed
was adjusted to 60 rpm. For test specimen preparation, a single
screw extruder (SJ-25, Beijing association of plastic industry,
China) was used subsequently. The extruder was operated at
the temperature of 120 °C, 155 °C, 180 °C and 175 °C from
hopper to die, respectively, with screw speed 50 rpm. Among
these composites, one thing should be noted that every 100 g
LDPE/EPDM composites contained 14 g EVA-g-MAH.

2.3. Characterization of samples

The X-ray diffraction (XRD) analysis was performed using
a Rigaku D/max 2500VB2+-/PC. An acceleration voltage of
40 kV and 200 mA was applied using Cu Ka radiation. The
diffraction angle (26) ranges were from 0.5° to 10°.

The morphologies of the composites containing MMT were
observed by using the transmission electron microscope
(TEM, H-800-1, Hitachi, Japan). The sample was ultramicro-
tomed with a diamond knife at the room temperature to give
70—90-nm thick section.

The morphologies of nano-HAO and the char layer were
observed using the scanning electron microscope (SEM, S-
250-III, Cambridge Co., UK) after the specimen was coated
with a thin layer of gold.

The thermogravimetric and differential thermal analysis
(TG—DTA) data were obtained using a thermogravimetric
analyzer (STA-449C, NETZSCH Instruments Co. Ltd, Ger-
many). In each case, a 10—20 mg sample was tested under
pure oxygen atmosphere at the heating rates of 5 °C/min,
10 °C/min, 15 °C/min, and 20 °C/min.

The char residue was characterized in triplicate with
a Thermo Bruker VECTOR 22 spectrometer using KBr as dis-
perse material. Each sample was scanned for 32 times with
a resolution of 4 cm™'. All the spectra were scanned within
the range 400—4000 cm ™.

The flame retardancy of all samples was evaluated by the
tests of limiting oxygen index (LOI) and UL94 test. The
LOI values were calculated by using oxygen index instrument
(HC-22, Jiangning Analysis Instrument Factory, China) ac-
cording to ISO 4589-1984 standard, and sample dimensions
were measured as 100 x 10 x4 mm. UL94 tests were
performed on integrated horizontal testing apparatus (CZF-3,
Jiangning Analysis Instrument Factory, China), with sample
dimensions as 125 x 10 x 4 mm according to ANSI/UL 94—
2001 standard.

2.4. Calculation of activation energy
In the non-isothermal experiments carried out with a thermo

balance, the sample mass is measured as a function of temper-
ature. The rate of degradation or conversion, de/dt, is a linear

function of a temperature-dependent rate constant, k, and
a temperature-independent function of conversion, «, that is,

da
——k 1
= = kf (@) (1)

The reaction rate constant k& has been described by the
Arrhenius expression:

-non(-£) o

where A is the pre-exponential factor, E is the activation en-
ergy, R is the gas constant, and T is the absolute temperature.
The combination of Egs. (1) and (2) gives

= Ar@e () ()

If the temperature of the sample is changed by a controlled
and constant heating rate, 6 = d7/dt, the variation in the degree
of conversion can be analyzed as a function of temperature,
this temperature being dependent on the time of heating.

Therefore, the rearrangement of Eq. (3) gives

dae A E
— == — 4
- 6f(a)exp( RT) )

The integrated form of Eq. (4) is generally expressed as

fda A E
104
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where g(«) is the integrated form of the conversion depen-
dence function.

The integral method involves an approximate integration of
Eq. (5). Flynn—Wall—Ozawa method is applied. The Flynn—
Wall—Ozawa method using the Doyle’s approximation for
the integration has been expressed as:

AE E
1 =log|——| —2.315-0.4567—
og B =log Lr(a)R} 315-0 567RT (6)

Using Eq. (6), the linear representation of log 8 versus 1/T
allows us to determine the activation energy with a given value
of the conversion.

The advantage of Flynn—Wall—Ozawa method is that the
reaction order is out of consideration during the calculation.
So, the process of calculation is simplified and the results
are veracious.

3. Results and discussion

3.1. Fire testing results

3.1.1. Effects of nano-HAO and MMT on the flame
retardancy of LDPE/EPDM composites

The effects of nano-HAO and MMT on LOI of LDPE/
EPDM composites are compared in Fig. 3. When the content
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Fig. 3. Effects of nano-HAO and MMT on LOI of the composites.

of flame retardants increased from 0% to 60%, the LOI of the
composites containing nano-HAO increased from 22.0 to 31.0,
and the LOI of the composites containing MMT just increased
from 22.0 to 26.0. Obviously, nano-HAO was more effective
than MMT in enhancing LOI value of the composites.
During the UL94 test, the flammability of all the specimens
was classed as UL94HB and the results are summarized in
Table 1. Apparently, with the increase of the content of flame
retardants, the calculated linear burning rates of the specimens
decreased. During the combustion, the spreading rate of flame
was associated with the amount of heat and flammable gas ac-
cumulated. Nano-HAO acted as heat remover and flammable
gas diluter with the release of water and carbon dioxide after
decomposing, while MMT mainly acted as heat and gas barrier.
At the low loading level, the performance of nano-HAO acting
as heat remover and gas diluter was more effective than that of
MMT acting as barrier in inhibiting the flame, so as seen in Ta-
ble 1, the linear burning rates of the nano-HAO/LDPE/EPDM
composites was obviously less than that of MMT/LDPE/
EPDM composites. When the content of flame retardant
reached 40%, the burning rates of nano-HAO/LDPE/EPDM
composites and the MMT/LDPE/EPDM composites were at
the same level, indicating that the performance of MMT as bar-
rier could be as effective as that of nano-HAO as heat remover
and gas diluter in inhibiting the flame. When the content of

Table 1
Results of UL94 horizontal burning test (UL94HB)
Content/% The calculated linear burning rate/mm min "

MMT nano-HAO
0 3325+2.35 33254235
4.8 30.89 £3.17 27.00 £+ 1.00
9.1 32.25+3.70 25.74 +3.83
20 28.15+3.87 2397 +£1.67
40 22.60 +0.32 22.78 £0.82
60 16.76 + 1.48 10.73 £0.32*

* During this test, this sample’s flame front ceased before 25 mm mark and
the damaged length was 17.0 & 0.5 mm. The other samples’ flame passed the
100 mm mark.

flame retardants increased to 60%, such high loading level
leads to the fact that nano-HAO not only could act as heat re-
mover and gas diluter, but also could act as heat and gas barrier,
while MMT only could act as heat and gas barrier. So the com-
posites with nano-HAO could be self-extinguished, while the
composites with MMT were still burning without ceasing.
Along with the burning, the composites containing MMT
were easy to form char together with heavy smoke and the
composites containing nano-HAO didn’t smoke but the char
residue cannot keep in shape. As a whole, nano-HAO exhibited
better performance than what MMT did in inhibiting flame.

3.1.2. Synergistic effects of MMT and nano-HAO on the
flame retardancy of LDPE/EPDM composites

The influence of MMT on the flame retardancy of nano-
HAO/LDPE/EPDM composites is shown in Table 2, and the
content of nano-HAO was kept at 50%. When the weight per-
centage of MMT ranged from 0% to 10%, the LOI value of the
composites increased slightly and the flammability of the com-
posites was classed as UL94HB with the damaged length de-
creasing. In addition, during the process of combustion, there
formed compact char on the surface. With the increase of
MMT content, the time for char formation became short.

In Fig. 4, the flame retardancy of the composites filled with
the same weight percentage of nano-HAO or nano-HAO/MMT
flame retardants is compared. As seen in Fig. 4(a), with the
increase of the proportion of MMT and nano-HAO, the LOI
value increased firstly and dropped later. When the proportion
of MMT and nano-HAO was 1:3, the LOI of the composites
was 34.0, while the LOI of the composites with 60% nano-
HAO was 31.0 and the LOI of the composite with 60%
MMT was 26.0. In Fig. 4(b), as to the burning behaviors,
though the flame retardancy of the composites still kept at
the UL94HB level, the elapse time for horizontal burning de-
creased greatly when MMT was added together with nano-
HAO in the composites. In the histogram, when 10% MMT
substituted 10% nano-HAO in the nano-HAO/LDPE/EPDM
composites, the elapse time for combustion decreased sharply

Table 2
Flame retardancy of nano-HAO/MMT/LDPE/EPDM composites®

Content of LOI/% UL94 test results

MMT/%

0 30 UL94HB: flame passed the 100 mm mark
and the calculated linear burning rate was
17.57 £ 0.30 mm min ™'

3 30 UL94HB: flame passed the 25 mm mark but
ceased before 100 mm mark. The damaged
length was 26.0 0.5 mm

5 31 UL94HB: flame ceased before 25 mm mark
and the damaged length was 23.0 £ 0.3 mm

8 31.5 UL94HB: flame ceased before 25 mm mark
and the damaged length was 15.1 £ 1.0 mm

10 32 UL94HB: flame ceased before 25 mm mark

and the damaged length was 16.0 £ 1.0 mm

* The content of nano-HAO was kept at 50 wt%. LDPE and EPDM were in
the proportion of 7:3.
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Fig. 4. The flame retardancy of the composites filled with 60 wt% fillers (a)
LOI results; (b) UL94 horizontal burning tests’ results.

from 195 s to 95 s, while the flame on the composites contain-
ing 60% MMT could not cease. Such results reflected the syn-
ergistic effect of nano-HAO and MMT on flame retarding the
composites.

3.2. Dispersing state of MMT in the composites

When 20% MMT was added into the composites together
with 40% nano-HAO, the XRD pattern of these composites
was scanned, which was used to compare with the XRD pat-
tern of the pure MMT, as seen in Fig. 5. It could be found
that the basal spaces of nanocomposites increased to
3.99 nm from 2.83 nm of the original MMT, which was at-
tributed to the fact that the macromolecular chains have in-
tercalated into the MMT galleries. Furthermore, the TEM
photo of the composites, as shown in Fig. 6, presented the
intercalation structure of MMT in the MMT/nano-HAO/
LDPE/EPDM composites, which was consistent with the
results of XRD.

2.83nm

Intensity/Counts

MMT in the composites

m

M 1 1 M 1 2
2 4 6 8 10
Two-Theta/deg

Fig. 5. XRD patterns of MMT and the MMT/nano-HAO/LDPE/EPDM
composites.

Fig. 6. TEM photo of the composites containing 10% MMT.

3.3. Thermal analysis

The thermooxidative degradation of MMT/nano-HAO/
LDPE/EPDM composites was carried out in oxygen atmo-
sphere at the heating rate of 10 °C/min. The TG and DTA
curves are shown in Fig. 7. As shown in the curves, when
nano-HAO was added into LDPE/EPDM composites, there
was 30% residue left and the heat energy released decreased.
When MMT was added further, there was more residue gener-
ated and the heat energy released decreased greatly. Mean-
while, the decomposing temperature of the composites at 5%
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Fig. 7. TG and DTA curves of the composites filled with different contents of
flame retardants.

weight loss enhanced from 288.7 °C to 316.1 °C after MMT
was added.

Additionally, from the TG data at different heating rates
B (8 =15 °C/min, 10 °C/min, 15 °C/min or 20 °C/min), the ac-
tivation energies of decomposition were calculated by Flynn—
Wall—0Ozawa method (as seen in Section 2.4). At given value
of the conversion, the activation energy can be obtained from
a logarithmic plot of heating rates as a function of the recipro-
cal of temperature, since the slope of such a line is given by
—0.4567 E/R. For the present work, the conversion values of
5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90%
were used. Fig. 8 shows the fitting lines of the MMT/nano-
HAO/LDPE/EPDM composites at the selected conversion
values. All of the calculated activation energies are listed in
Fig. 9 and during the linear fitting, results showed that the
correlation coefficient was more than 0.990.

As shown in Fig. 9, at the 5% conversion, because MMT
had good thermal stability, its addition resulted in the increase
of the calculated activation energy of the composites by
20.8 kJ/mol. Nevertheless, before the 70% conversion, the
addition of MMT resulted in no changes in the activation
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Fig. 8. Flynn—Wall—Ozawa plots at varying conversion.
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Fig. 9. Calculated activation energies at various weight loss of the
decomposition.

energies of the composites. Until the conversion was more
than 80%, the activation energy of the composites containing
MMT was almost as twice as that of the composites without
MMT. Such great enhancement of activation energy was at-
tributed to the fact that there formed ceramic-like char residue
from MMT/polymer, which had good thermal stability and
good barrier property, and then the macromolecules could be
protected.

Therefore, adding MMT into the composites could enhance
the activation energy apparently, and thus the thermal stability
of the composites was improved.

3.4. FTIR analysis

In Fig. 10, the FTIR spectral results of residues of the
composites under the char layer after thermally treated at
300—450 °C for 4 min separately are shown, which were used
to illustrate the protection of the formation of char layer in re-
tarding the degradation of the composites. MMT/nano-HAO/
LDPE/EPDM composites (a) and nano-HAO/LDPE/EPDM
composites (b) were used for this experiment. The peak posi-
tions and assignments of FTIR spectra are listed in Table 3.

As shown in Fig. 10(a), the intensity of the peaks corre-
sponding to the stretching vibration, bending vibration and
rocking vibration of C—H bond belonging to the CH, group
of polymer matrix, which is at 2910 cmfl, 2850 cmfl,
1465 cm™!, 1365 cm™" and 720 cm ™!, respectively, decreased
obviously and at 1591 cm ™', a new peak assigned to C=C
bond stretching vibration appeared when the temperature
reached 400 °C, which inferred that the crosslinking carbonisa-
tion occurred during the decomposition of the polymer matrix
[29]. Simultaneously, the intensity of the peaks at 3659 cm™ ',
3597 cm ! and 3473 cm™!, which was assigned to the stretch-
ing vibration of O—H bond in nano-HAO molecule (Fig. 1) de-
creased with the increase of treating temperature. When the
temperature was up to 400 °C, there appeared a broad peak
at 3333 cm ™' corresponding to the O—H bond in free water.
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Fig. 10. FTIR spectra of LDPE/EPDM composites residue (a) nano-HAO/
LDPE/EPDM composites; (b) nano-HAO/MMT/LDPE/EPDM composites.

Meanwhile, the intensity of the peak at 1716 cmfl, which was
assigned to stretching vibration of C=0 bond in nano-HAO,
decreased and almost disappeared at 450 °C. These spectral
results suggested that when the composites were treated at
450 °C for 4 min, nano-HAO decomposed totally with the
release of water and carbon dioxide.

When the composites contained MMT, the FTIR spectra
showed that the intensity of the peak corresponding to the
Si—O bond at 1055 cm ™! increased, which indicated that the
inorganic-rich carbonaceous silicate char formed in the com-
posite [30]. At the same time, the intensity of the peaks corre-
sponding to the O—H bond decreased, but these peaks still
existed with the appearance of the peak at 3333 cm™' at
450 °C. Similarly, the intensity of the peak corresponding to
C=0 bond decreased, but these peaks didn’t disappear
when the temperature was 450 °C. With the comparison be-
tween the changes of the peaks corresponding to C=0 bond
and O—H bond in Fig. 10(a) and (b), we found that the

Z.-H. Chang et al. | Polymer 48 (2007) 2892—2900

Table 3

Major absorbance peaks and assignments in FTIR spectroscopy

Peak position (cm™") Appearance in Assignments

Nano-HAO/  Nano-HAO/MMT/ ~™maerials

LDPE/EPDM  LDPE/EPDM

3659 3659 Nano-HAO, MMT  »(O—H) (free),
»(O—H)

3597 3597 Nano-HAO, MMT Intramolecular
H-bond, »(O—H)

3473 3473 Nano-HAO, MMT Intermolecular
H-bond

3333 3333 Nano-HAO, MMT  »(O—H) (water)

2910 2919 LDPE, EPDM Vos(CHp),

2850 2850 LDPE, EPDM v(CHy)s

1716 1715 Nano-HAO N(C=0)

1591 1584 N(C=C)

1465 1463 LDPE, EPDM O0(CHa)as

1365 1366 LDPE, EPDM 6(CHy)s

1317 1317 Nano-HAO »(COO "),

1241 1242 LDPE, EPDM »(C—C)

1055 MMT »(Si—O—Si)

970 969 Nano-HAO o6(OH)

914 911-916 Nano-HAO, MMT  4(OH)

820 819 Nano-HAO, MMT  »(Al-0)

720 720 LDPE, EPDM r(CHyp),

475,527,594 474,526,593 Nano-HAO, MMT  »(Al-0)

465 MMT 0(Si—0)

decrease of the intensity of these peaks in MMT/nano-HAO/
LDPE/EPDM composites was less than that of the peaks in
nano-HAO/LDPE/EPDM composites, which indicated that
the degree for the decomposition of nano-HAO decreased
where MMT helped the composites to generate carbonaceous
silicate char. At the same time, with the appearance of the new
peak at 1591 cm ™' corresponding to C=C bond at 400 °C, the
decrease of the peaks at 2910 cm_l, 2850 cm_l, 1465 cm_l,
1365 cm ™" and 720 cm™ ' corresponding to C—H bond was
less than what was shown in FTIR spectra of nano-HAO/
LDPE/EPDM composites, which referred that the crosslinking
carbonisation in the polymer matrix was improved. Combining
these results above together, we can deduce that when MMT
was added into the composites, the barrier effect of the char
layer was improved and thus the decomposition of nano-
HAO and polymer matrix under the char layer was retarded.

3.5. Morphology characterization of the char layer

The SEM photos of char layer, as shown in Fig. 11, were
taken after the specimens finished their combustion in air.
When only nano-HAO was added, the char structure was po-
rous and easy to be deformed (Fig. 11(a)). This porous char
structure was beneficial to the release of CO, and H,O,
which was generated after nano-HAO decomposed, while
the heat and oxygen transfers were promoted at the same
time. When MMT was added individually, the compact,
ceramic-like and carbonaceous silicate char (Fig. 11(b)) was
formed on the surface of the composites. This structure could
prevent the heat and gas from getting through. When nano-
HAO and MMT were added together, there formed a lami-
nated structure in the char (Fig. 11(c)). The holes in the
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Fig. 11. SEM photos of the char layer after the composites combusted (a) composites containing 60% nano-HAO; (b) composites containing 60% MMT; (c) com-

posites containing 50% nano-HAO and 10% MMT.

char became small and the char was stiffened. This laminated
structure not only reduced the transition speed of heat and
oxygen, but also slow down the releasing speed of CO,
and H,O, which could dilute the flammable gas in the gas
phase longer.

3.6. Mechanism proposal

From the thermal analysis and the UL94 tests, the flame re-
tardancy of the composites was found to be improved because

the thermal stability was enhanced by adding MMT. Then by
means of FTIR and SEM analysis, mechanism was proposed
for this improvement. It was illustrated as the fact that the
structure of char layer was adjusted with the addition of
MMT, and thus the transfer of gas and heat was retarded,
which is further presented in Fig. 12.

In such sketch map, MMT makes the char to be compact,
which could stop the combustion by preventing oxygen reach-
ing the surface of the burning composites. At the same time,
the heat was kept around the composites also, and thus heat
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Fig. 12. Mechanism of synergistic effect on flame retardancy.

was accumulated to support the combustion again. So as
shown in Section 3.1.1, MMT could not be used as flame
retardant alone.

As to nano-HAO, it helped the composites to form many
holes in the char layer, which helped the vapor and heat to
pass through quickly. But this structure had two demerits:
one was that these large holes became the stress concentration
point in the char, which resulted in the brittleness of the char
and the other was that the oxygen could pass through the char
layer easily.

When MMT and nano-HAO were mixed and used as flame
retardants together, there formed a laminated structure in the
char layer. The density of the char varied with the distribution
of nano-HAO and MMT in the composites. The part with high
content of nano-HAO had many small holes, and the part with
high content of MMT was compact. As we know, if the content
of heat and mass was under a limitation, the fire would be ex-
tinguished. Therefore, heat and mass need not be transmitted
completely. According to this idea, this structure was useful.
The laminated structure could adjust transmission speed to
an optical level. On this level, content of oxygen, flammable
materials, and heat were not enough to support the combus-
tion. What’s more, by changing the content of MMT and the
distribution of MMT, the rate of heat and mass transmittance
could be controlled and adjusted.

4. Conclusions

The synergistic effect of MMT and nano-HAO on flame re-
tarding the LDPE/EPDM composites was investigated in this
paper. By means of LOI tests and UL94 horizontal burning
tests, it was found that the addition of MMT can produce syn-
ergistic effect on flame-retarding nano-HAO/LDPE/EPDM sys-
tem. When the weight percentage of MMT reached 10% and the
content of nano-HAO was kept at 50%, the LOI of the compos-
ites was up to 32.0, and the flame was self-extinguished with the

damaged length of 16 £ 1.0 mm. Through the analysis of TG—
DTA, FTIR and SEM, it was proved that the barrier effect of the
char layer was promoted when MMT was added and thus the
decomposition of nano-HAO and polymer matrix under the
char layer was retarded.
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