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Abstract In this work, nanocomposites of ABS/PC blends

reinforced with organically modified montmorillonite

(OMMT) were prepared by melt blending in a twin screw

extruder, and an assessment of the thermal degradation

mechanisms was performed by thermogravimetric analysis.

The incorporation of PC improves the thermal resistance of

ABS/PC blends, with respect to pure ABS. The addition of

OMMT alters the degradation mechanism and modifies the

properties of blends with higher PC content, where an

increase of the degradation temperature corresponding to PC

becomes obvious, in comparison with the respective unre-

inforced blends. The gross calorific value was calculated

using an oxygen bomb calorimeter, and in most of the

examined nanocomposites, an inverse trend was observed

between this property and the residue calculated after ther-

mogravimetric analysis in inert atmosphere. Based on the

above results, the thermal degradation behavior of ABS/PC

nanocomposites was interpreted by the heat barrier effect,

caused via the formation of a carbonaceous silicate char,

which insulates the underlying material creating a protective

barrier to heat and mass transfer.

Keywords Organoclay � Acrylonitrile–butadiene–styrene
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Introduction

As environmental regulations have restricted the use of

halogen-containing flame retardants (FR) because of the

hazards of generating toxic gases and high levels of smoke,

there is an increasing interest to halogen-free FR com-

pounds. Phosphorus-containing additives, such as triphe-

nylphosphate (TPP), resorcinol-bis(diphenyl phosphate)

(RDP), and bisphenol A bis(diphenyl phosphate) (BDP),

are among the non-halogenated FR [1, 2]. It also has been

shown that organoclay fillers may be utilized as alternative

flame-retardant additives for polymers [3].

Several mechanisms have been proposed to describe the

flame-retardant properties of polymer/clay nanocomposites

[4]. Gilman et al. [5, 6] and Qin et al. [4], who have studied

clay reinforcements, attributed the improvement in flam-

mability properties of PA6/clay, PS/clay, and PP/clay

nanocomposites to a condensed-phase flame-retardant

mechanism and not to a gas effect. According to Qin et al.

[4], the flame retardancy of PP/clay nanocomposites is

associated with two decisive factors: one is the thermal-

oxidative degradation of the matrix and the other is the

diffusion of volatile decomposed products and heat transfer

in the condensed phase. The thermal-oxidative degradation

plays an important role in the combustion of PP/clay

nanocomposite [4].

On the basis of the fact that clays have good thermal

stability, it is believed that the incorporation of inorganic

components into organic polymers can improve their

thermal stability, due to the heat insulator effect of the clay

layers. Moreover, montmorillonite (MMT) layers are

thought to reduce heat conduction. In the presence of

nanodispersed MMT layers strongly interacting with

polymer matrix, the motion of polymer chains is limited.

This effect ensures additional stabilization in the case of

polymer/MMT nanocomposites [7]. It is also considered

that nanodispersed clay platelets act as insulators; more-

over, the formation of tortuous path between layers further

inhibits the passage of oxygen and volatile degradation
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products, thus enhancing the thermal stability of clay-

containing composites (labyrinth effect) [7, 8].

The general view of the flame retardancy mechanism is

that a carbonaceous silicate char builds up on the surface

during burning, which creates a protective barrier to heat

and mass transfer [4, 7, 8]. Generally, char formation

during polymer degradation is a complex process; it occurs

in several steps, which include the formation of conjugated

double bond, cyclization, aromatization, fusion of aromatic

rings, turbostratic char formation and finally graphitization

[7]. Gilman et al. [6] studied the flame-retardant mecha-

nism of PP/clay and PS/clay nanocomposites and reported

that a high-performance carbonaceous silicate char builds

up on the surface during burning; this insulates the

underlying material and retards the mass loss rate of

decomposition products. In another work [5], it was

observed that until the char layer formation, the mass loss

rate of PA6 and PA6/clay nanocomposite is the same,

indicating that PA6/clay nanocomposite does not have

greater inherent thermal stability than the pure PA6. This

means that the char formation controls the mass loss rate

and, therefore, the flammability. This is in agreement with

TG data for PA6/clay nanocomposite, which show no

increase in thermal stability. This residue layer is formed as

the polymer burns away and the silicate layers reassemble

into the multilayer char [6]. According to Lomakin et al.

[9], collective action of chemical crosslinking and catalytic

dehydration promoted by MMT presents necessary and

sufficient condition of solid state carbonization reactions in

the process of thermal-oxidative degradation and combus-

tion of PE–MAPE–MMT nanocomposites.

The delaminated hybrid structure of PA6/clay nano-

composite appears to collapse during combustion [5].

Gilman et al. [6] and Zanetti et al. [8] found that the

montmorillonite must be nanodispersed in order to affect

the flammability. However, the clay need not to be com-

pletely delaminated [6]. Gilman [5] observed that the

intercalated polyimide nanocomposite is more stable than

the delaminated polyimide nanocomposite.

The accumulation of layered silicates on the burning/

gasifying sample surface is considered to be due to two

possible modes. One is that the layered silicates left on the

sample surface, as the result of the decomposition of the

polymer matrix by pyrolysis [4]. The aggregation of MMT

layers in order to form stacks is attributed to the degrada-

tion of the organic treatment on the clay surface, which

makes them more hydrophilic and less compatible with the

resin [7]. The other mode is that the transportation of the

layered silicates was pushed by numerous rising bubbles of

degradation products and the associated convection flow in

the melt from the interior of the sample toward the surface

[4]. According to Ma et al. [10], the volatile combustible

products formed from pyrolysis of ABS or ABS-g-MAH

resin tend to leave the sample instantaneously. By leaving

the polymer, these products cause the silicate to migrate to

the sample surface. If the clay layers are well dispersed

within the polymer and it concentrates on the surface upon

heating, one would expect to see that the concentration of

oxygen increasing and that of carbon decreasing. This

result can be explained as follows: The polymer is lost by

thermal degradation, and the clay becomes the dominant

material at the surface and as (at temperature of

200–250 �C) the montmorillonite begins to decompose into

its components, SiO2 and Al2O3�SiO2 with much lower

surface energy than Al2O3.

The heat barrier effect could also provide superheated

conditions inside the polymer melt, leading to extensive

random scission of polymer chain and to the evolution of

numerous chemical species which, trapped between clay

layers, are likely to undergo secondary reactions. As a

result, some degradation pathways could be promoted

leading to enhanced charring. It is also suggested that the

effect of more effective char production during thermal

decomposition of polymer–clay nanocomposites may be

derived from a chemical interaction between the polymer

matrix and the clay layer surface during thermal degrada-

tion [7]. Studies on HDPE/organoclay nanocomposites by

Barbarosa et al. [11] revealed that the increase in ammo-

nium salt content of organoclay and the presence of polar

compatibilizer favored the dispersion of clay in the poly-

mer matrix, improving the thermal stability and reducing

the flammability of the matrix. Similar behavior was

reported by Kannan et al. [12] with thermoplastic poly-

urethane (TPU)/PP systems, when MA-g-PP compatibilizer

and nanoclays were added.

The variable efficiency of MMT in improving the

thermal stability of polymers is considered in terms of the

complexity of degradation pathways or a result of radical

stability. When there are more than one degradation path-

ways, as in the case of PS where both monomer and oli-

gomer are produced, the presence of the clay can promote

one degradation pathway at the expense of another. If the

favored pathway leads to higher molecular weight material,

then the polymer is degraded more slowly than it would be

in the absence of clay. However, if there is only a single

degradation pathway (or more probable ways theoretically

but leading to the production of the same products, as for

instance in the case PMMA), the clay cannot promote an

evolution of different degradation products. Regarding the

radical stability, if the radical species produced during the

thermal decomposition of polymer are highly stable, i.e.,

they exhibit longer lifetimes, the probability that they will

undergo secondary intermolecular reactions, especially

radical recombination reactions, is also high—the role of

the clay is then to prevent mass transport from the bulk and

to permit radical recombination reactions, exerting thus a
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stabilization effect in the polymer/layered silicate nano-

composite [7].

Zhu et al. [13] assumed that structural iron must be the

important site of radical trapping. Iron may be present in

the clay either as an impurity or as a substitute for the

aluminum or silicon atoms, participating in the structure

of the aluminosilicate material. When iron is present as

impurity, it cannot be well dispersed but must be clustered

in particular regions of the structure, and thus it cannot be

effective as a radical trap. On the other hand, if the iron is

substituted within the clay structure, it must be nanodi-

spersed within the polymer and, thus, can be available

throughout the material. The above authors found that the

presence of structural iron in clay does not lead to

enhanced char formation, but affects the onset of degra-

dation in an inert atmosphere and decreases the heat

release rate.

Qin et al. [4] showed that the dispersion state of clay

particles and their barrier effect have a minor effect on the

thermal-oxidative stability and flammability of polymer

matrix. On the contrary, the viscosity of PP/clay composites

is far higher than pure PP during combustion. This suggests

that there exists a physical crosslinked structure composed

of clay particles and polymer chains. Moreover, the thermal

degradation of alkylammonium salts in clay galleries can

take place through the Hoffman mechanism, leading to

volatilization of ammonia and the corresponding olefin:

LS�þ NH3�CH2� CH2ð Þn�CH3

� �

! LS�Hþ þ NH3 þ CH2 ¼ CH� CH2ð Þn�1�CH3:

ð1Þ

The acidic sites are thus created on the silicate layers

during heating. All these catalytic active sites can accept

single electrons from donor molecules and form free rad-

icals. On the one hand, these active sites catalyze the initial

decomposition of polymer matrix. That is why, in addition

to the release of the thermal degradation products of the

organic treatment of the clay catalyzed by these active sites

[4, 5, 8], the ignition time is shorter and the initial heat

release rate (HRR) is higher for polymer/clay nanocom-

posite. On the other hand, the active sites can catalyze the

formation of a protective coat-like char on the nanocom-

posite. The active sites can catalyze the dehydrogenation

and crosslinking of polymer chains. Moreover, according

to Zanetti et al. [8], the large surface area for clay–polymer

contact in the nanocomposite favors the catalyzed dehy-

drogenation of the polymer to a conjugated polyene, which

prevents volatilization to combustible volatiles by aroma-

tization and charring. Protonic sites, formed on the silicate

layers by Hoffman decomposition of the organic modifier

of the clay, might enhance the catalytic action. This

physical and chemical crosslinking can increase the

thermal-oxidative stability, delay the thermal decomposi-

tion of polymer matrix, and decrease the HRR [4].

In the present work, nanocomposites of ABS/PC blends

reinforced with OMMT were prepared by melt blending in

a twin screw extruder, and an assessment of the thermal

degradation mechanisms was performed by thermogravi-

metric (TG) analysis. The gross calorific value was eval-

uated and related with the TG results in order to better

elucidate the thermal degradation mechanism. The aim of

this study was to compare the obtained values of the above

characteristic with the residue calculated after thermo-

gravimetric analysis in inert atmosphere. The comparative

investigation of these data can elucidate the mechanism of

the thermal degradation of ABS/PC nanocomposites and,

more specifically, suggest the existence of barrier effects

that might control the material’s degradation.

Experimental

Materials

The terpolymer poly(acrylonitrile–butadiene–styrene),

under the trade name Terluran� GP-35, was supplied by

BASF SE. According to Galvan et al. [14], this type of

ABS consists of 44 % acrylonitrile, 42 % styrene, and

14 % butadiene. The polycarbonate used in this work was

Makrolon� 2805 (Bayer Materials Science AG). Com-

mercial montmorillonite clay, under the trade name Cloi-

site� 30B, supplied by Rockwood Clay Additives GmbH,

was also used as reinforcing nanofiller.

Preparation of nanocomposites

ABS and ABS/PC blends with consistencies, 70/30, 50/50,

and 30/70 w/w, were prepared by melt mixing, in a co-rotating

twin screw extruder, with L/D = 25 and 16 mm diameter

(Haake PTW 16). The rotational speed of the extruder screws

was 200 rpm. The extruder was heated at five zones along the

cylinder and the die, according to the temperature profile

presented in Table 1. During melt mixing in the twin screw

extruder, no signs of essential thermomechanical degradation

have been observed, at least by recording the torque versus

extrusion time that remained constant. This stability of the

polymeric melt must be attributed to the short time of resi-

dence into the extruder and the minimal exposure to the

combined action of heat and shear.

Before mixing, ABS and Cloisite 30B were dried in a

vacuum oven at 80 �C for 4 h, whereas PC was dried at

90 �C, overnight. After melt mixing, the obtained material

in the form of a continuous strand was granulated in a

Brabender pelletizer.
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Characterization

X-Ray diffractometer (XRD)

The dispersibility of silicate layers into the ABS and the

blends of ABS/PC was evaluated in a Siemens 5000

apparatus X-ray diffractometer (40 kV, 30 mA) using Cu

Ka irradiation with a wavelength of k = 0.154 nm. The

diffractograms were scanned in the 2h range from 2� to 10�
with rate of 2� min-1. Samples for X-ray diffraction ana-

lysis were obtained from compression-molded plaques in

order to avoid any preferred orientation of the clay.

Thermogravimetric analysis

TG measurements were performed in a Mettler Toledo

(TG–DTA model) thermal gravimetric analyzer. The

tests were run with samples of 8–10 mg from 25 to

800 �C, at a heating rate of 10 �C min-1, under nitrogen

atmosphere.

Scanning electron microscopy (SEM)

SEM micrographs were obtained using a JEOL scanning

electron microscope. The cryogenically fractured surfaces

were immersed into an aqueous solution of NaOH

(30 % w/v) at a temperature of 100 �C. In this way, the PC

was hydrolyzed leaving intact the ABS domains. The

etched samples were gold coated.

Oxygen bomb calorimeter

The gross calorific value (GCV) was calculated according

to ASTM D5865, using a Parr 6400 oxygen bomb

calorimeter.

Combustion thermochemistry

The theoretical estimation of gross calorific value for ABS

and PC was performed. In case of ABS, the additive rule

was applied, and for this reason, firstly, the gross calorific

values of polyacrylonitrile, polybutadiene, and polystyrene

were calculated.

Based on oxygen consumption during complete combustion

[15]

Heats of combustion calculated from the oxygen consump-

tion rely on the observation that a wide range of organic

compounds, including polymers, have approximately the

same heat of complete combustion per gram of diatomic

oxygen consumed, E, which is equal to 13.1 kJ g-1 O2.

The net heat of complete combustion, Dhc, of a polymer

is simply calculated if the atomic composition of the

polymer is known, so that the balanced thermochemical

reaction can be written as

Polymer’s repeat unit þ xO2 ! yCO2 þ zH2O: ð2Þ

In case of PC, the balanced chemical equation for

complete combustion is

C16H14O3 þ 18O2 ! 16CO2 þ 7H2O: ð3Þ

In case of ABS, which is a copolymer, the balanced

chemical equations for complete combustion of polyacrylo-

nitrile, polybutadiene, and polystyrene are correspondingly

C3H3N þ 15/4O2 ! 3CO2 þ 3/2H2O þ 1/2N2; ð4Þ
C4H6 þ 11/2O2 ! 4CO2 þ 3H2O, ð5Þ
C8H8 þ 10O2 ! 8CO2 þ 4H2O: ð6Þ

So, the net heat of complete combustion, Dhc, of a

polymer is estimated by the equation

Dhc ¼ E
no2Mo2

npMp

� �
; ð7Þ

where no2 is the number of moles of O2 consumed in the

balanced thermochemical equation, Mo2 = 32 g mol-1 is

the molecular weight of diatomic oxygen, and np and Mp

are the number of moles and molecular weight of the

polymer repeat unit.

The net heat of combustion is the gross heat of com-

bustion minus the latent heat of vaporization of the water

produced during the reaction. The gross calorific value is

GCV ¼ Dhc þ 21:96wH; ð8Þ

where wH is the weight fraction of hydrogen in the sample.

Based on molar group additivity of heats of formation

[15, 16]

Calculation of the heat of the combustion reaction of

polymers was carried out using the principle of molar

additivity of the heats of formation of the combustion

products and reactants. The concept derives from the fact

Table 1 Temperature profiles of extrusions

ABS/PC/mass% Temperature at six zones of extruder/�C

1st 2nd 3rd 4th 5th Die

100/0 210 200 200 195 195 190

100/0a 190 195 195 200 200 205

70/30 230 215 215 210 210 205

50/50 240 235 235 230 230 225

30/70 260 255 255 250 250 245

PC 290 280 275 270 265 260

a Nanocomposites
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that enthalpy (H) is a state function, and therefore its

change in any process is independent of the path from

reactants to products. Thus, the overall enthalpy of a

reaction is simply the sum of the enthalpies of the com-

ponent reactions. In practice, the heat of combustion of the

reaction can be calculated by subtracting the heat of for-

mation of the products from the heat of formation of the

reactants

Dhc ¼
X

i

npDh�f; p �
X

j

nrDh�f; r; ð9Þ

where p and r denote products and reactants, respectively;

Dhc is the net heat of complete combustion of the sample;

and n is the number of moles of the molecule or polymer

repeat unit.

The heats of formation of the products are

DHf H2Oð Þ ¼ � 241:8 kJ mol�1;

DHf H2Oð Þ ¼ � 393:5 kJ mol�1;

and reactants

DHf O2ð Þ ¼ 0 kJ mol�1;

DHf N2ð Þ ¼ 0 kJ mol�1:

For polymeric reactants, the molar heat of formation,

DHf, can be estimated from the molar contributions of the

chemical groups, which constitute the monomer or repeat

unit. For the investigated polymers, the group contributions

to the molar heat of formation of repeat unit (DHf) were

calculated at T = 298 K.

Based on the stoichiometry of complete combustion

reaction (2):

Polymer’s repeat unit þ xO2 ! yCO2 þ zH2O,

the molar heat of combustion of the examined material is

DHc ¼ DHprod � DHreact

¼ yDHf CO2ð Þ þ zDHfðH2OÞ½ �
� wDHf þ xDHfðO2Þ½ �: ð10Þ

The gross heat of combustion per unit mass of the

examined material is then

GCV =
DHc

Mp

; ð11Þ

where Mp is the molecular weight of the polymer repeat

unit.

Based on molar group contributions [17]

The molar heat of complete combustion DHc is a thermo-

dynamic property and should be calculable from the molar

group contributions of the structural components. Assume

that there is a molar heat of combustion, H, with units of

kJ mol-1, in which each chemical group i in the polymer

contributes according to its mole fraction, ni, in the repeat

unit,

H ¼
X

i

niHi; ð12Þ

with Hi, the molar heat of combustion of component i.

Since

ni ¼
NiP
i Ni

and M ¼
X

i

niMi ¼

P

i

NiMi

P

i

Ni

; ð13Þ

where Ni and Mi are the number of moles and molar mass,

respectively, of group i in the polymer having a repeat unit

of molar mass M, the heat of combustion can be expressed

on a mass basis.

GCV ¼ H

M
¼
P

i niHiP
i niMi

¼
P

i NiHiP
i NiMi

: ð14Þ

Based on Meraz equation [18]

Meraz et al. [18] introduce a new equation, based on

thermochemical concepts, to calculate gross calorific value

(GCV) from elemental composition. This equation is

expressed in terms of mass percentages on a dry basis of

carbon (%C), hydrogen (%H), oxygen (%O), nitrogen

(%N), and sulfur (%S). The equation is

GCV ¼ 1�%H2O

100

� �
�0:3708 ð%CÞ � 1:1124 ð%HÞ½

þ 0:1391 ð%OÞ � 0:3178 ð%NÞ � 0:1391 ð%SÞ�:
ð15Þ

The mass percentages of elements in the examined

materials are equal to their mass percentage in their repeat

unit. Also, it is assumed that the examined materials did not

have moisture or impurities. This equation neglects the

inorganic carbon; hence, it is not very adequate when there

is a significant concentration of it.

Results and discussion

X-ray diffraction (XRD)

From Fig. 1, the characteristic peak (001) of Cloisite 30B

is observed at about 2h = 5.05�, corresponding to an

interlayer spacing of 1.75 nm. The XRD patterns of Cloi-

site 30B/ABS/PC blends in Fig. 1 show that the peak

corresponding to the (001) plane reflection of clay shifts to

lower angles and its intensity decreases. The increase of d-

spacing of Cloisite 30B/ABS/PC nanocomposites suggests

that some polymer chains penetrated the clay galleries

forming an intercalated structure. The penetration of PC
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chains between the clay platelets is motivated by the for-

mation of H-bonds among the OH-groups of organic

modification of Cloisite 30B and carbonyl groups of PC

[19], whereas the intercalation of ABS chains between the

filler layers is induced by the interactions of OH-groups of

organic modification and nitrile groups of ABS [20, 21]. It

can also be seen that the secondary peak that corresponds

to the (002) plane of nanocomposites shifted to higher

angles. The (002) peak suggests that intercalated structures

of clay are obtained in the nanocomposites. Similar find-

ings were reported by Hong et al. [22] who studied Cloisite

10A/(70/30 w/w) ABS/PC blend at 3 and 5 phr, whereas

Zong et al. [23] obtained intercalated structures for

(5 mass%) OMMT/(3/2) PC/ABS composites. From Fig. 1,

it can be observed that higher PC concentrations in

ABS/PC blends seem to enhance the intercalation process

in the prepared nanocomposites, as the 2h values decrease.

Interestingly, Wang et al. [24] reported that the increase of

ABS content in PC/ABS nanocomposites does not produce

any changes of the d001 peaks.

Thermogravimetric analysis

Effect of incorporation of PC to ABS

The decomposition temperature range of ABS is about

300–450 �C, while PC has a higher thermal stability and

decomposes in the range of 500–600 �C, as shown in

Fig. 2. From the derivative of weight change versus tem-

perature in the examined blends, presented in Fig. 3, it is

observed that the incorporation of 70 % PC in ABS

decreases the height and increases the width of the corre-

sponding peak. This was an expected effect because, as

shown in Tables 2, 3 and 4, PC displays better thermal

stability than ABS, so ABS/PC blends present improved

thermal characteristics in comparison with pure ABS. The

improvement of the thermal properties of ABS/PC blends

is more evident as the PC content increases.

Nigam et al. [25] came at the same conclusion, as they

observed that the onset degradation temperature and resi-

due increase, as the PC content in ABS/PC blends increa-

ses. However, this effect does not seem to obey the ‘‘rule of

mixtures,’’ probably due to the poor miscibility of the

components of the prepared blends.

Balart et al. [26] prepared ABS/PC blends from waste of

electric and electronic equipment (WEEE) at 100/0, 80/20,

20/80, and 0/100 and concluded that even with the addition

of small amounts of ABS, the degradation curves are far

from that of pure PC, but similar to those of pure ABS.
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Effect of clay’s loading

The incorporation of nanofillers into pure ABS, as well

as in 70/30 w/w ABS/PC blend, does not essentially

affect their onset temperature of thermal degradation,

Tonset, for clay loadings up to 2 phr. However, at clay

content 3 phr, a decrease of the Tonset takes place

(Table 2), probably due to the lower thermal stability of

organoclay, caused by the organic modification. For the

high PC content blends (50/50 and 30/70 w/w ABS/PC

compositions), the onset of thermal degradation shifts to

higher temperatures at low clay loadings, and then a

decrease is observed.

The addition of 1 and 2 phr clay loadings in ABS

increases slightly the maximum reaction rate temperature

(Tmax) (Table 3), which is then reduced as the concentra-

tion of clay further increases to 3 phr. Regarding the

examined ABS/PC blends, the incorporation of Cloisite

30B causes a decrease of Tmax in the ABS/PC 70/30 w/w

blend, which becomes more clear as the clay content

Table 2 Onset degradation temperature (Tonset) of ABS/PC blends and their nanocomposites

Cloisite 30B/phr Onset degradation temperature, Tonset/�C

ABS/PC/mass%

100/0 70/30 50/50 30/70

0 401.6 ± 1.14 408.3 ± 0.81

432.70a

411.0 ± 1.34

453.02a

416.0 ± 1.12

473.33a

1 402.4 ± 0.48 408.1 ± 0.67 411.8 ± 0.43 417.2 ± 0.18

2 402.2 ± 0.84 407.1 ± 0.17 412.3 ± 1.21 414.2 ± 1.50

3 400.7 ± 0.37 404.6 ± 0.81 409.8 ± 0.40 413.7 ± 0.71

PC 503.8 ± 0.79

a According to the rule of mixtures

Table 3 Maximum reaction rate temperature (Tmax) of ABS/PC blends and their nanocomposites

Cloisite 30B/phr Maximum reaction rate temperature, Tmax/�C

ABS/PC/mass%

100/0 70/30 50/50 30/70

0 423.6 ± 0.23 434.5 ± 1.67

453.53a

434.7 ± 0.84

473.39a

438.7 ± 0.16

493.25a

–

1 425.4 ± 0.65 432.1 ± 0.46 432.8 ± 1.62 439.0 ± 0.35 511.6 ± 2.09

2 425.3 ± 0.23 430.2 ± 0.31 434.8 ± 0.57 438.0 ± 1.72 510.5 ± 0.01

3 422.3 ± 0.81 428.9 ± 0.71 433.6 ± 1.65 438.2 ± 0.97 507.3 ± 0.71

PC 523.0 ± 0.33

a According to the rule of mixtures

Table 4 Residue at 800 �C of ABS/PC blends and their nanocomposites

Cloisite 30B/phr Residue/%

ABS/PC/mass%

100/0 70/30 50/50 30/70

0 1.71 ± 0.14 6.47 ± 0.02

8.91a

11.34 ± 0.22

14.25a

14.69 ± 1.23

19.59a

1 3.45 ± 0.68 7.51 ± 0.15 12.43 ± 1.61 16.59 ± 0.70

2 3.89 ± 0.40 9.13 ± 0.37 12.69 ± 1.79 16.78 ± 1.61

3 3.83 ± 1.41 10.35 ± 0.84 12.96 ± 1.39 16.34 ± 1.00

PC 27.59 ± 0.12

a According to the rule of mixtures
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increases, whereas for 50/50 and 30/70 w/w blends, the

clay load does not essentially affect Tmax values.

From Fig. 4, it can be observed that the addition of clay

in 50/50 w/w ABS/PC blends causes significant changes to

the thermal degradation mechanism that takes place in two

stages, whereas the degradation of non-reinforced blends

proceeds in one single stage. In fact, a peak broadening

toward the high temperature area was obvious in the case

of nanocomposites.

With respect to the ABS/PC 30/70 w/w blend, the

incorporation of Cloisite 30B into the polymer matrix

further splits the degradation peak into two and enhances

the thermal resistance at the second step (Fig. 4). The

improvement of thermal characteristics of ABS/PC blends

at 50/50 and 30/70 w/w is attributed to the better interca-

lation of montmorillonite silicate layers taking place in

these polymer matrices, in comparison with 70/30 w/w

ABS/PC blends, as confirmed with XRD analysis. Cloisite

30B seems to inhibit the thermal degradation of the PC

phase, which might be due to the formation of a protective

layer of nanoclay at the ABS/PC interface or to the creation

of new paths for the degradation reaction.

Wang et al. [24] prepared and studied PC/ABS blends at

proportions 3/2 and 4/1 and their nanocomposites with

5 mass%. The above authors attributed the two-stage

decomposition of nanocomposites to the nanodispersed

lamellae of clay into the polymer matrix, which may change

the decomposition process of polymer by acting as an

excellent thermal insulator and mass transport barrier. Feyz

et al. [27] observed that the decomposition of PC/ABS 65/35

w/w is a single-step process, whereas that of PC/ABS with

nanoclay is a two-step process, with the first step in the range

of 400–500 �C and the second step in that of 500–600 �C.

They explained this behavior by the interaction between

nanoclay and polymer matrix, which can lead to a change of

the thermal stability of ABS resin and turn the degradation

mechanism into a two-step process.

The incorporation of organoclay reinforcement seems to

increase the char residue (Table 4), offering some ‘‘pro-

tection’’ to the polymer matrix during thermal degradation.

However, the increase in char residue is not sensitive

against the amount of the added reinforcement.

Gross calorific value

Effect of ABS and PC proportion

From Table 5, it can be seen that ABS has a higher gross

calorific value (GCV) in comparison with PC. It was also

shown that the gross calorific values for pure ABS and PC

(39.9 and 32.2 kJ g-1, respectively) obtained experimen-

tally in this study are similar to those of literature and the

technical data from Bayer (GCVABS = 40 kJ g-1 and

GCVPC = 31 kJ g-1) [28]. Furthermore, according to

Table 5, the extruded ABS and PC (42.4 and 37.5 kJ g-1,

respectively) present higher values of GCV than those

corresponding to virgin polymers.

Regarding the ABS/PC blends, as expected, the GCV is

reduced with increasing PC content. The ABS/PC 70/30

w/w blend presents a positive deviation from the rule of

mixtures, whereas the opposite effect was observed for the

ABS/PC 50/50 and 30/70 w/w blends.

The theoretical gross calorific value for the examined

polymers was calculated using the methods developed on

‘‘Combustion thermochemistry’’ section, and the obtained

results are presented in Table 6. The theoretical GCV

values corresponding to ABS and PC by the different

examined models are similar and close to the experimental

data obtained for the virgin materials.

Using an oxygen bomb calorimeter, Walters et al. [15]

found that the gross heat of combustion of ABS and PC is

39.84 and 31.3 kJ g-1, respectively. They compared the

experimental results with thermochemical calculations of

the gross heat of combustion, from group additivity of the
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Fig. 4 Derivative of mass change versus temperature, for 2 phr

Cl30B/ABS/PC blend nanocomposites

Table 5 Gross calorific value of ABS/PC blends and their

nanocomposites

Cloisite 30B/phr GCV/KJ gorganic material
-1 of ABS/PC/mass%

100/0 70/30 50/50 30/70

0 42.41 41.07 35.66 33.82

40.94a 39.96a 38.97a

1 42.73 41.74 35.79 33.14

2 42.87 41.84 35.31 32.93

3 40.46 36.75 34.85 31.46

Extrudate PC:37.50; virgin PC: 32.21; virgin ABS: 39.94
a According to the rule of mixtures
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heats of formation of products and reactants, and found

excellent agreement (group contribution gross for ABS and

PC is 39.43 and 31.2 kJ g-1, respectively). Othman et al.

[29] calculated the higher heating value of waste ABS, PC,

and their blends using the Dulong equation and found

35.16, 26.71, and 29.72 kJ g-1, respectively. From the

analysis, they concluded that electronic plastic waste is a

potential fuel to recover energy, due to the high hydrogen

and carbon content.

Effect of clay loading

The incorporation of OMMT into ABS and 70/30 w/w

blend ABS/PC increases slightly their gross calorific value

for filler concentrations up to 2 phr, followed by a decrease

at 3 phr clay loading. Blends with higher PC content (50/50

and 30/70 w/w ABS/PC) present a slight decrease in GCV

at almost all the examined clay concentrations. The values

of GCV follow an inverse trend than that observed for the

residue after thermogravimetric analysis of the examined

nanocomposites. Therefore, it seems that some relationship

exists between GCV and the residue after thermogravi-

metric analysis, since the latter does not contribute to the

released calorific value during combustion of the speci-

mens, due to the protective mechanism developed by the

organoclay platelets, as mentioned above. Deviation from

the above behavior was noticed for ABS nanocomposites

with organoclay content up to 2 phr and can be attributed

to the relatively low residue after TG experiment, which

does not have any obvious effect on GCV.

Correlation between thermal degradation mechanism

and gross calorific value in ABS/PC blend

nanocomposites

Based on the above experimental results and on the liter-

ature survey, the following scheme is proposed regarding

the thermal degradation mechanism of 50/50 ABS/PC

nanocomposite. According to SEM analysis, this blend

consists of a continuous ABS phase with a dispersed PC

phase (Fig. 5). The size reduction of the average micro-

domain of PC, attributed to the addition of organoclay, can

be observed by comparing the image corresponding to the

reinforced system (Fig. 5b) with that of the unreinforced

material (Fig. 5a). This difference might suggest that the

above additive improves the compatibility of the investi-

gated ABS/PC blends. Clay tactoids are arranged mainly

on the ABS/PC interphase, which promotes miscibility of

the two components, whereas a significant amount is

located in the ABS phase due to the affinity between the

polar nitrile groups of ABS with the organic modification

of montmorillonite. As shown from XRD spectra, the

nanodispersed silicate layers interact with the polymer

matrix. The formation of a physical crosslinked structure

might be possible, composed of clay nanoparticles and

polymeric chains. This results to the limitation of chain

mobility and to their protection by clay platelets during the

thermal degradation process. Moreover, the dispersion of

montmorillonite layers leads to the formation of a tortuous

path, which inhibits the passage of volatile degradation

products during the initiation of thermal degradation (lab-

yrinth effect) (Fig. 6a).

As the thermal degradation proceeds (Fig. 6b), the ABS

phase which is located at the surface decomposes more

rapidly, since ABS presents lower thermal stability than

PC, thus leaving the layered silicates to remain on the

surface. In addition, the layered silicates, pushed by

numerous rising bubbles of degradation products, are

transported to the surface. Thus, a carbonaceous silicate

char builds up on the surface during burning, which insu-

lates the underlying material creating a protective barrier to

heat and mass transfer (barrier effect).

The heat barrier effect could also provide superheated

conditions inside the polymer melt, leading to extensive

random chain scission and evolution of numerous chemical

species, which in turn, are trapped between the clay layers

and are likely to undergo secondary reactions [7]. As a

result, some degradation pathways could be promoted

leading to enhanced charring (Fig. 6c). In the case where

the promoted pathway leads to higher molecular weight

material, the polymer degrades more slowly than in the

absence of clay. From TG results, it was observed that the

incorporation of OMMT in 50/50 ABS/PP blends causes

significant changes to the thermal degradation mechanism,

which turns into a two-stage process, whereas the degra-

dation of the respective unreinforced blend proceeds in one

stage. In fact, a peak broadening toward the high temper-

atures area is obvious in the case of nanocomposites. In

addition, the clay may initiate radical recombination

reactions, exerting thus a stabilization effect in the ABS/

PC/layered silicate nanocomposite.

Table 6 Theoretical calculation of gross calorific value of the

examined polymers based on different models

Polymer GCV/KJ g-1

Based on

oxygen’s

consumption

Based on molar

group additivity

of heats of

formation

Based on

molar group

contributions

Based

on

Meraz

eq.

PAN 30.90 32.06 32.75 39.88

PB 45.14 44.71 46.31 45.32

PS 42.00 41.28 41.52 42.78

ABSa 37.56 37.70 38.33 41.86

PC 30.92 31.15 31.29 31.60

a According to the rule of mixtures
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In conclusion, the improvement of thermal stability of

ABS/PC nanocomposites is attributed to the condensed-

phase thermal degradation retardant mechanism [6, 30, 31].

A measure of this improvement might be the increase of

residue yield and the decrease of gross calorific value

(Fig. 6d).

Conclusions

The incorporation of PC improves the thermal resistance of

ABS/PC blends, with respect to pure ABS. The addition of

OMMT alters the degradation mechanism and modifies the

thermal stability of blends with higher PC content, i.e.,

50/50 and 30/70 w/w ABS/PC blends, where a shift of the

PC phase degradation temperature to higher values

becomes obvious, in comparison with the respective

unreinforced blends. This behavior was attributed to the

better intercalation of montmorillonite silicate layers taking

place in these polymer matrices in comparison with 70/30

w/w ABS/PC blends, as confirmed by XRD analysis

In most of the examined nanocomposites, an inverse

trend was observed between the calculated gross calorific

value and the residue remaining after thermogravimetric

Fig. 5 SEM micrographs of

fractured surfaces for a ABS/PC

50/50 w/w blend and b 2 phr

Cl30B/ABS/PC 50/50 w/w

nanocomposite

ABS phase

PC phase

clay platelets

intercalated
polymer chains

volatiles

volatiles

labyrinth effect

Initiation

strong interactions
-limitation of

chains’ motion by
the clay platelets -

physical
crosslinking

1. degradation of ABS
phase located at the
surface

surface

2. migration of clay
platelets to the sample

3. protective char layer
formation in the surdace
of polymer matrix

1st stage:
ABS

degradation

degradation

PC phase

2nd stage:
PC

promotion of
degradation paths

leading to
enhanced charring

Increased residue yield
Lower GCV

End

barrier effect

(a) (b)

(d)(c)

Fig. 6 Proposed scheme of thermal degradation mechanism of 50/50 ABS/PC nanocomposite. a Initiation, b 1st stage: ABS degradation, c 2nd

stage: PC degradation, d end
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analysis in inert atmosphere. Therefore, it seems that some

relationship exists between GCV and the residue, since the

latter does not contribute to the released calorific value

during combustion of the specimens, due to a possible

inhibition effect caused by the organoclay platelets. Based

on the above results, the thermal degradation behavior of

ABS/PC nanocomposites was interpreted by the heat bar-

rier effect due to the presence of a carbonaceous silicate

char, which insulates the underlying material creating a

protective barrier to heat and mass transfer.
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