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ABSTRACT: The composites based on ethylene–propylene–diene monomer rubber (EPDM) with aluminum hydroxide (ATH), nano-

clay, vulcanizing agent, and curing accelerator were prepared by conventional mill compounding method. The thermal stability and

the flame retardant properties were evaluated by thermogravimetric analysis (TGA), limiting oxygen index (LOI), UL-94 test, cone

calorimeter, and smoke density chamber tests. The results indicated that the substitution of the nanoclay in the EPDM/ATH compo-

sites increased the 50% weight loss temperature and the LOI value, and reduced the peak heat release rate (pk-HRR), the extinction

coefficient (Ext Coef), the maximal smoke density (Dm), and the whole smoke at the first 4 min (VOF4) of the test specimens. The

synergistic flame retardancy of the nanoclay with ATH in EPDM matrix could imply that the formation of a reinforced char/nanoclay

layer during combustion prevents the diffusion of the oxygen and the decomposed organic volatiles in the flame. The mechanical

properties of the composites have been increased by replacing more of the nanoclays into the EPDM/ATH blends. The best loading

of the nanoclay in EPDM/ATH composites is 3 wt %, which keeps LOI in the enough value, the V-0 rating in the UL-94 test, and

the improved mechanical properties with better dispersion and exfoliation of the nanoclays shown by transmission electron micros-

copy (TEM) micrographs. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 2042–2048, 2013
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INTRODUCTION

Ethylene–propylene–diene monomer rubber (EPDM) is used in

many fields including construction, automobile manufacture,

and electrical insulation. By virtue of various advantageous fea-

tures such as excellent thermal stability, weathering resistance,

flexibility at low temperature, good chemical resistance espe-

cially to polar media, excellent high resistivity, low dielectric

constant, and ease of fabrication and processing, EPDM is

widely applied in the wire and cable industry.1–6 However,

EPDM is extremely flammable, and flame retardant agents must

be added to reduce the flammability of EPDM. Synergistic flame

retardants such as antimony trioxide and halogen-containing

compounds are often added to EPDM composites to improve

the flame retardancy, but such retardants, especially halogen-

typed materials, would produce toxic or corrosive substances on

burning, and this causes the health and environmental risks.

The use of the halogen-free fire retardant compounds is an al-

ternative to both the halogenated and inorganic flame retard-

ants. A well-known flame retarder and smoke suppressor is

aluminum hydroxide (ATH), whose main advantage over other

similar agents is its low cost and negligible toxicity. ATH on

burning builds up a protective aluminum oxide layer cutting

down the supply of oxygen and the decomposed organic prod-

ucts into combustion zone. Also, the water molecules produced

during the decomposition of ATH lower down the temperature

of the burning surface. Both processes would retard the flame

and the smoke and eventually stop the combustion.

In literature, the flame retardancy and the smoke suppression of

EPDM with ATH have been reported.7–11 In order to get the

effective flame retardancy, the ATH must be added into the ma-

terial with a sufficient amount (>50 wt %), and this could

cause decrease in some of the physical and mechanical proper-

ties of the composites.7,8

The addition of the nanoclay into polymers has been identified

that the composite can increase in some extent of thermal sta-

bility, flame retardancy, mechanical property, and the capability

of smoke suppression.12–19 Very limited studies have been done

on the addition of the nanoclay into EPDM rubber as a flame
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retardant additive.14,20–22 Some aspects, like the best amount of

the nanoclay, and some contrary facts in the flammability and

smoke tests, deserve to be studied.

This work is mainly devoted to study the synergistic flame re-

tardant effect of ATH with the nanoclay for EPDM blends using

thermogravimetric analysis (TGA), limiting oxygen index (LOI),

UL-94 test, transmission electron microscopy (TEM) characteri-

zation, cone calorimeter test, and smoke density chamber test.

Meanwhile, the amount of the nanoclay to be the most effective

to inhibit the flame and the smoke properties of the thermoset-

ting EPDM composites has been investigated.

EXPERIMENTAL

Materials

Ethylene–propylene–diene terpolymer (VistalonTM 5601), con-

sisting of 68.5 wt % ethylene and 5.0 wt % 5-ethylidene-2-nor-

bornene, was supplied by Exxon Co. The pristine nanoclay (PK-

812), a natural montmorillonite (MMT) with a cation-exchange

capacity of 94 meq/100g was obtained from Pai Kong Co. (Tai-

wan). It was ion-exchanged by octadecylamine in acidic condi-

tion at 80�C for 1 h and thereafter used in all this study. The

ATH (H-42M) was supplied by Showa Denko Co. (Japan), with

a median particle size of 1.0 lm and a specific surface area

(BET) of 5.0 m2/g. The vulcanizing agent, sulfur (Struktol

SU135 containing 75 wt % sulfur) was bought from Symtake

Chemical Co. (Taiwan). The vulcanizing accelerator, tetrame-

thylthiuram monosulfide (TS) was provided by Shanghai Chem-

son Chemicals Co. (China).

Preparation of Composites

First, EPDM and the nanoclay were mixed in a Barbender (Atlas,

PLE-331) with a rotation speed of 40 rpm for 20 min at a tem-

perature of 120�C. Then, the EPDM/nanoclay mixture, a desired

amount of ATH, sulfur (1 phr) and TS (1.5 phr) were mixed on a

600 two-roll mill (Yow Chuan Co., Taiwan), with a rotation speed

of 32 rpm for 10 min. After sufficient mixing, the material was

hot-pressed at 100 MPa and 175�C for 15 min (complete vulcani-

zation) into sheets with a suitable thickness. The compositions of

EPDM/ATH composites are listed in Table I.

Characterization of Composites

TGA Analysis. The thermogravimetric measurements were per-

formed on a TGA Q50 (TA Instruments) analyzer at a heating

rate of 20�C/min from 30 to 600�C. EPDM, EPDM/ATH, and

EPDM/ATH/nanoclay composites were examined under an air

flow with sample size 10–15 mg.

LOI Analysis. LOI values were measured using an ON-1 test

instrument (Suga Test Instrument Co., Japan) on the specimens

of 100 3 6.5 3 3 mm3 according to the standard limiting oxy-

gen index test ASTM D2863-77.

UL-94 Test. The UL-94 tests were executed to evaluate the

flame speed of test specimens in atmosphere. An SB-94L type

instrument (Sin Fair Electric Co., Taiwan) was applied to the

sheets of 120 3 13 3 3 mm3 according to the standard UL-94

test ASTM D635-77.

Cone Calorimeter Test. Cone calorimeter experiment was oper-

ated on an Atlas CONE 2 instrument at an incident heat flux of

50 kW/m2. The ASTM E1354 standard was used. The heat

release rate (HRR) was examined for EPDM and EPDM/ATH

composite specimens of 100 3 100 3 6 mm3 size. The HRR

curve obtained consists of the peak heat release rate (pk-HRR),

the time for ignition of the specimen, the total heat release, and

the time for sustained ignition. In cone calorimeter test, the

extinction coefficient (Ext Coef) is another important parameter

to represent the amount of smoke produced from the material

during combustion.

Smoke Density Chamber Test. A smoke density chamber tester,

NBS type (Fire Testing Technology, UK) was applied to measure

the specific optical density of smoke (Ds) of the EPDM com-

posite under a smoldering process. The small furnace was set so

that the sample received 2.5 W/cm2 thermal energy. Specimens

were 75 3 75 3 2.5 mm3 size according to the ASTM E662

standard. The maximal smoke density (Dm) was obtained from

Ds curve for each sample. The smoke properties for each speci-

men can be defined as follows:

1. Ds(t)-specific optical smoke density at time t.

DsðtÞ51323log
100%

TðtÞ (1)

Where T(t) is the light transmission (%) at time t and 132 is

the factor resulting from the volume of the light beam and the

exposed specimen surface area.

(2) VOF4- integral of the Ds(t) curve calculated from t 5 0 to

t 5 4 min

VOF45
Xn53

n50

Dt ½DsðnÞ1Dsðn11Þ�
2

; (2)

Where the trapezoid rule was used with the time interval Dt 5

1 min.

TEM Characterization. TEM images were obtained on a

JEM-1230 (JEOL, Japan) in order to obtain the dispersion

and exfoliation of the nanoclays inside the compounded

composite.

Mechanical Properties Test. The tensile properties, ultimate

tensile strength and elongation at break, were determined using

a Monsanto tensile tester (Tensometer 10) according to the

ASTM D638 standard with a crosshead speed of 500 mm/min

at 25 6 2�C. All measurements were made for each sample

with five specimens at least in order to get the reproducible av-

erage values.

Table I. Compositions of All Samples (wt %)

Codea EPDM ATH Nanoclay

EPDM 100 0 0

EPDM/ATH 50 50 0

EPDM/ATH/C1 50 49 1

EPDM/ATH/C2 50 48 2

EPDM/ATH/C3 50 46 3

EPDM/ATH/C6 50 44 6

a Each sample contains sulfur 1 phr and TS 1.5 phr.

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39394 2043

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


RESULTS AND DISCUSSION

Thermal Stability

The TGA curves of EPDM and EPDM/ATH are shown in Figure

1(a). In the curve for EPDM/ATH composite, the starting

decomposition temperature of material is around 250�C, which

is the onset of ATH decomposition.23 Although the 15% weight

loss temperature of EPDM/ATH is lower than that of EPDM

(Table II), the 50% weight loss temperature of EPDM/ATH is

higher than that of EPDM, and this means that in the tempera-

ture range, 250–350�C, the majority of decomposition is from

ATH and that the dehydration of the ATH forms an aluminum

oxide char layer to slow down the decomposition of EPDM ma-

trix and the process of building the insulating barrier is time-

depended. The char yield difference at 600�C between EPDM

and EPDM/ATH (Table II) can support above explanation.

TGA thermograms for EPDM/ATH composites with varying

amounts of the nanoclays (1–6 wt %) are shown in Figure 1(b).

Above 400�C, TGA curve moves towards high temperature as

the nanoclay content in the composite increases. In Table II, the

50% weight loss temperature of the EPDM (50 wt %)/ATH (50

wt %) is 406�C and is 4�C above the 50% weight loss tempera-

ture of the EPDM. The EPDM/ATH/C1 with only 1 wt % nano-

clay inside the composite would give a 50% weight loss

temperature, 416�C, and this is 10�C above the 50% weight loss

temperature of the EPDM/ATH. As the more nanoclay is in the

blend, the higher 50% weight loss temperature is. The presence

of the nanoclay inside EPDM/ATH composite increases the

thermal stability of the material. This phenomenon has been

related to the generation of a reinforced aluminum oxide barrier

which more effectively blocks the diffusion of oxygen and the

decomposed organic volatiles.15,18 Similar results have been

obtained for other materials.12,19

In Table II, the char yield at 600�C for EPDM/ATH/nanoclay

composite is slightly higher than that of EPDM/ATH. The exis-

tence of a small amount of nanoclay (<6 wt %) would promote

the production of char and cause the increase in the thermal

stability of the EPDM composite.

Flammability Studies

LOI and UL-94 Analyses. Table III lists the LOI and UL-94

data for EPDM, EPDM/ATH, and EPDM/ATH/nanoclay. The

LOI values of EPDM and EPDM/ATH are similar to those

reported in literature.7,8 Although the large increase (from 19 to

25) of the LOI value is due to the presence of ATH inside the

composite, the existence of the nanoclay inside the composite

also causes the increase of the LOI value (from 25 to 27). The

LOI value depends on the composition of the EPDM/ATH/

Table II. TGA Results of EPDM and EPDM/ATH Composites

Sample

15% Weight
loss
temperature
(�C)

50% Weight
loss
temperature
(�C)

Char
yield (%)

EPDM 392 402 2.5

EPDM/ATH 352 406 33.0

EPDM/ATH /C1 348 416 34.5

EPDM/ATH /C2 348 428 34.8

EPDM/ATH /C3 346 439 35.1

EPDM/ATH /C6 346 459 35.7

Figure 1. TGA curves of (a) EPDM and EPDM/ATH (b) EPDM/ATH

composites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table III. Combustion Properties of EPDM and EPDM/ATH Composites

Sample LOI UL-94

EPDM 19 –

EPDM/ATH 25 –

EPDM/ATH/C1 26 –

EPDM/ATH/C2 27 V-0

EPDM/ATH/C3 27 V-0

EPDM/ATH/C6 26 –
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nanoclay composite. It ascends gradually to 27 with the increase

of the loading of the nanoclay (2–3 wt %) in the blend. As the

replaced amount of the nanoclay inside the composite reaches 6

wt %, the LOI value declines to 26. Dispersion and exfoliation

of the nanoclays inside the composites are related to this and

will be discussed as follows.

The UL-94 vertical burning test results show that the specimen

could pass the V-0 rating with replacement of only 2 or 3 wt %

of the nanoclay in EPDM/ATH composite.

Cone Calorimeter Analysis. Cone calorimeter tests were con-

ducted on EPDM, EPDM/ATH, and EPDM/ATH/nanoclay. The

HRR curves are depicted in Figure 2(a). It can be found that

the EPDM sample ignites after 33.6 s in the fast burning mode,

and its pk-HRR value 1510 kW/m2 appears at 122 s after the

combustion of the specimen. The addition of ATH in EPDM

material causes the ignition time delaying to 53.4 s. The ATH

releases water and transforms into aluminum oxide before igni-

tion during heating and therefore the temperature of the tested

composite sample is lowered increasing ignition time. The pk-

HRR also descends to a value of 512 kW/m2, which is a reduc-

tion of about 66% comparing to that of EPDM. The flatten top

of the HRR curve for EPDM/ATH contrasting the sharp peak

in HRR curve for EPDM indicates the formation of an alumi-

num oxide layer and the restriction of the combustion

process.18,19

At cone calorimeter measuring condition (heat flux of 50 kW/

m2), the ignition times of the EPDM/ATH and EPDM/ATH/

nanoclay are similar in Figure 2(b), indicating the nanoclay

does not decompose, and it accompanies the ATH in the latter

ignition stage to promote the fire retardancy of the composite

material. The same kind of phenomenon has been reported in

literature.24 The HRR curves for different compositions of

EPDM/ATH/nanoclay composites are shown in Figure 2(b). The

pk-HRR value of EPDM/ATH/nanoclay composite is lower

comparing to that of EPDM/ATH. When the nanoclay content

in the composite is increased, the pk-HRR value decreases from

240 to 180 kW/m2. In addition, the slope of HRR curve of

EPDM/ATH/nanoclay exhibits a progressive decline after reach-

ing the pk-HRR.

The improvement in HRR result suggests that the substitution

of the nanoclay to the EPDM/ATH composite would promote

the formation of a stacked aluminum oxide layer during the

burning of the material. The insulating layer performs not only

as a barrier to oxygen supply and heat conduction but also as a

suppressor to the release of flammable gases.

Ext Coef curves of EPDM and EPDM/ATH are displayed in Fig-

ure 3(a). The EPDM gives much higher value (5.8 L/m) of the

Ext Coef relative to that (2.3 L/m) of EPDM/ATH blend. All

the Ext Coef curves for EPDM/ATH/nanoclay composites,

shown in Figure 3(b), give a steep hill as the ignition of the

specimen has just begun. This can be attributed to the release

of the volatile gas of EPDM, water vapor (from ATH) and the

decomposed products of the organic modifier in the clay. After

the rise, the curve of Ext Coef tends to decline slowly for the

EPDM/ATH/nanoclay composite and the sample with higher

nanoclay content gives the lower emission of smoke during

combustion. It can be seen that the variation of the Ext Coef

with time is very similar to the change of the HRR of the corre-

sponding material shown in Figure 2(b). It implies that the heat

and the smoke are prohibited by the same kind of mechanism.

When the ATH is introduced into EPDM, the ATH would build

up the fire retardant system, and when the nanoclay accompa-

nies the ATH, the synergistic flame retardancy of the polymer

composite can be created.

Smoke Density Chamber Analysis. Figure 4 shows the smoke

cdensity curves of EPDM/ATH and EPDM/ATH/nanoclay com-

posites. These curves exhibit a long and slow smoke emittng

process with the Dm appearing almost at the end of the meas-

uring time (1200 s) and the VOF4 value only reaching low level,

32–50 (Table IV). The smoke-depression from above materials

can be explained that ATH, nanoclay, and EPDM are vulcanized

to become a cross-linked matrix and then create a more com-

pact insulating layer during the burning and stop the decom-

posed volatile products out of the combustion front.

Figure 2. HRR curves of (a) EPDM and EPDM/ATH (b) EPDM/ATH

composites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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The increase of the nanoclay in EPDM/ATH/nanoclay compos-

ite would reduce Dm. When 3 wt % of the nanoclay exists in

the composite, the VOF4 reduces to a minimal value of 32

relatively lower than that of EPDM/ATH (Table IV). As the

burning of the composite is started, the incinerated products

mainly based on aluminum oxide, appear on the surface and

form a structured barrier layer. The formed char layer might be

easily destroyed by the rapid release of a large amount of heat

generated in the beginning of the combustion, thus exposing

the lower layer materials to the flame and keeping the ablaze

process continuing. As there is enough nanoclay (2–3 wt %)

replacement in the EPDM/ATH, the combustion front barrier

layer is reinforced by the well-dispersed nanoclay materials and

hence would not collapse. Therefore, a higher LOI value is

achieved.

The EPDM/ATH/nanoclay composite with 6 wt % replacement

of the ATH shows the highest 50% weight loss temperature

and the lowest values of the pk-HRR and the Ext Coef among

all samples. Nevertheless, the LOI value and the performance

in UL-94 test are not so satisfied for this sample. Figure 5

presents the TEM micrographs of the composites with 3

(EPDM/ATH/C3) and 6 wt % (EPDM/ATH/C6) replaced

nanoclays. It can be observed that most of the nanoclays are

well dispersed and exfoliated in EPDM/ATH/C3 sample. How-

ever, the extent of the dispersion and exfoliation of the nano-

clays is less in the EPDM/ATH/C6 sample. The uneven

dispersion of the nanoclays inside the EPDM matrix prevents

the formation of a well-connected char structure.21 In addi-

tion, in cone calorimeter test or TGA analysis, the specimen

was placed in the aluminum plate and there was no accrual

dropped from the lack of support.

Mechanical Properties

The ultimate tensile strength, elongation at break, and the mod-

ulus at 100% elongation of EPDM and EPDM/ATH composites

are shown in Table V. The results show an increase of the ulti-

mate tensile strength of EPDM with the addition of ATH, which

is close to that reported in literature,10 and a decrease of elon-

gation at break for the EPDM/ATH relative to that of the

EPDM, which is similar to the data in another study.8 Loss of

the elongation at break for EPDM/ATH is probably due to the

space between the crosslinks of the polymer chains filling with a

large amount of ATH, and this blocks the extension of EPDM

chains during the tensile test. However, it increases the ultimate

tensile strength and the modulus at 100% elongation of the

composite. Addition of the nanoclay into EPDM/ATH causes

the increase of the ultimate tensile strength, elongation at break,

and the modulus at 100% elongation of the composite relative

to those of the EPDM/ATH, and the higher nanoclay content

Figure 3. Extinction coefficient curves of (a) EPDM and EPDM/ATH (b)

EPDM/ATH composites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 4. Variation of smoke density with time for EPDM/ATH compo-

sites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table IV. Dm and VOF4 of EPDM/ATH Composites

Sample Dm VOF4

EPDM/ATH 394 50

EPDM/ATH/C1 384 42

EPDM/ATH/C2 378 38

EPDM/ATH/C3 370 32

EPDM/ATH/C6 349 49
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inside the EPDM/ATH composite would lead to higher mechan-

ical properties. The high aspect ratio organomontmorillonite

has been used to reinforce the EPDM material, and it identified

that the EPDM molecules associate the nanoclay.25 According to

the data shown in the above article, the ultimate tensile

strength, elongation at break, and the modulus at 100% elonga-

tion for EPDM composite increase from those of the EPDM by

1 MPa, 40%, and 0.5 MPa, respectively, with 6 phr nanoclay

content inside the material. The increased values of the mechan-

ical properties for the EPDM/ATH/C6 relative to the EPDM/

ATH shown in Table V are similar to those reported above, and

the existence of the nanoclay in the blends would improve the

mechanical properties of the EPDM/ATH composites. For one

more wt % replaced nanoclay inside the EPDM/ATH composite,

the increments of the mechanical properties drop for sample

with more than 3 wt % nanoclay. By comparing the results

from TEM study, it suggests that the mechanical properties of

the composites probably depend on the extent of the dispersion

and exfoliation of the nanoclays.

CONCLUSIONS

The nanoclay exhibits the synergistic flame retardancy with

ATH in the EPDM/ATH/nanoclay blends. A small amount of

nanoclay content (1–6 wt %) in EPDM/ATH composite would

cause a better thermal stability and flame retardancy of the ma-

terial than that sample without the nanoclay. This attributes the

generation of a better reinforced insulating barrier based on the

dispersion and exfoliation of the nanoclay in the composite ma-

trix that restricts the diffusion of oxygen and the decomposed

organic volatiles.

Results obtained from cone calorimeter and smoke density

chamber tests indicate that EPDM/ATH composite samples

replaced with more nanoclay allow improving the flame retarda-

tion and smoke suppression. Dispersion and exfoliation of the

nanoclays inside the composites observed from TEM micro-

graphs are better for material with lower nanoclay loading, and

LOI and UL-94 measurement results are probably related to

this. Improvement of the ultimate tensile strength, elongation at

break, and modulus at 100% elongation has been found for the

composite with more loading of the nanoclay, but the incre-

ments of the mechanical properties tend to be reduced with

more than 3 wt % nanoclay inside the blends. While keeping

the V-0 rating in UL-94 test and the best LOI value of the flame

retardant system, the optimum amount of the nanoclay inside

the composite is 3 wt %.
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Figure 5. TEM micrographs of (a) EPDM/ATH/C3 (b) EPDM/ATH/C6 composites.

Table V. Mechanical Properties of EPDM and EPDM /ATH Composites

Sample

Ultimate
tensile
strength (MPa)

Elongation
at break (%)

Modulus
at 100%
elongation
(MPa)

EPDM 4.2 6 0.1 521 6 6 1.3 6 0.1

EPDM/ATH 7.2 6 0.2 315 6 4 1.3 6 0.1

EPDM/ATH/C1 7.5 6 0.2 326 6 5 1.4 6 0.1

EPDM/ATH/C2 7.8 6 0.1 338 6 2 1.5 6 0.2

EPDM/ATH/C3 8.2 6 0.2 346 6 4 1.6 6 0.1

EPDM/ATH/C6 8.4 6 0.2 352 6 8 1.8 6 0.1
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