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ABSTRACT: In this work, the influence of tungsten disulfide nanotubes (INT-WS2) on the mechanical, thermal, structural, and mor-

phological characteristics of Polypropylene-graft-maleic anhydride (PPGMA) nanocomposites is investigated. The addition of 5%

INT-WS2 increases the Young’s Modulus by 28.5% and the storage modulus by 196.5% (in the rubbery state). Furthermore, the nano-

composites’ thermal stability increases (up to 10 8C) with the addition of INT-WS2. Transmission electron microscopy observations of

the nanocomposites revealed that nanotubes’ length is significantly reduced during processing and that nanotubes are well-dispersed

inside the PPGMA matrix. DSC results indicated that INT-WS2 serve as nucleating agents in PPGMA. Moreover, AFM observations

(coupled with DSC results) suggested the formation of fibrillar crystallites in the nanocomposites. This interfacial crystalline structure

seems to interpose between the PPGMA and INT-WS2. Thus, it plays a crucial role in the load transfer from the amorphous part of

the polymer to the rather stiff INT-WS2. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43887.
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INTRODUCTION

Polypropylene (PP) is a thermoplastic commodity polymer of

great importance because of its low cost, low weight, high thermal

stability, resistance to corrosion, moldability, and recyclability.

Hence, PP is used extensively in various industrial applications,

such as in the automotive, packaging, biomedical, and other

industries.1–5 However, there is a major disadvantage which hin-

ders, to some extent, the use of PP in the aforementioned applica-

tions. Even though the crack initiation resistance is quite high,

the crack propagation resistance of PP is rather limited.5 Conse-

quently, when a crack is formed, the breakage can easily occur.

In order to improve the mechanical and other physical proper-

ties of PP, significant research efforts aim at developing nano-

reinforced PP. Silicate clays2,6,7 and carbon nanotubes5,8,9 were

extensively investigated as reinforcing elements of PP, while sev-

eral other nano-fillers are currently being tested.3,10–12 Layered

nanostructures composed of transition metal dichalcogenides

consist a promising class of reinforcing nano-fillers. The discov-

ery of tungsten disulfide nanotubes (INT-WS2), back in 1992,

opened the doors to an entire new research field in nanomateri-

als.13 INT-WS2 exhibit some mixed covalent-ionic nature, while

their layered-tubular structure resembles the one of multiwall

carbon nanotubes (MWNTs). INT-WS2 combines a variety of

interesting characteristics: good mechanical properties (high

modulus and compressive strength), low friction coefficient,

closed structure, chemical inertness and biocompatibility.13–20

The effective dispersion of the nano-fillers inside the polymer

matrix is very important in order to achieve the maximum

enhancement of the final nanocomposite’s properties. However,

PP exhibits low polarity and relatively low compatibility with

inorganic nano-fillers. The grafting of maleic anhydride onto PP

chains is one of the most common methods in order to increase

the polarity of polypropylene’s chains and consequently the dis-

persion of nano-fillers inside the PP matrix.21–23

Polypropylene-graft-maleic anhydride (PPGMA) can play two

different roles in the production of PP nanocomposites. Firstly, it

can be utilized as compatibilizer in order to increase the interfa-

cial adhesion between PP and the inorganic nano-filler; several

studies investigated the effect of PPGMA on the structure, the

mechanical and thermal properties of PP nanocomposites.5,7,21–27
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Secondly, PPGMA can be used itself as the polymer matrix for the

production of PPGMA nanocomposites. However, the preserva-

tion of the maleic anhydride concentration in relatively low levels

(around 0.6%) was found to be vital in order to obtain PPGMA

nanocomposites with satisfactory mechanical properties.7 This is

because of the fact that the grafting procedure of maleic anhy-

dride onto polypropylene’s chains decreases the molecular weight

and usually deteriorates, to some extent, the mechanical proper-

ties of PPGMA.24,28–30 Gilman et al. reported the preparation and

characterization of clay-reinforced PPGMA nanocomposites with

enhanced flammability properties.31 Tidjani et al. investigated the

structure, the degradation, and fire behavior of PPGMA loaded

with different types of organically modified clays. Their findings

suggested that the fine dispersion of the clay sheets inside the

PPGMA matrix affects the final properties of the

nanocomposites.32,33

The mechanical properties of PPGMA nanocomposites have not

been thoroughly examined in most of the aforementioned

works. Moreover, studies dealing with the preparation and the

characterization of PPGMA nanocomposites embedding other

types of nano-fillers (e.g. inorganic nanotubes) are still missing.

In this work, we report, for the first time, the preparation and

the characterization of mechanically strong PPGMA nanocom-

posites reinforced with INT-WS2. The addition of 5% INT-WS2

increases the Young’s Modulus by 28.5% and the storage modu-

lus in the rubbery state by 196.5%. Additionally, the thermal

degradation behavior of the nanocomposites was improved. The

cause of the improvement in the nanocomposite properties lies

to the nanostructured morphology and to the good dispersion

of the nanotubes inside the PPGMA matrix.

EXPERIMENTAL

Materials

PPGMA containing 0.6 wt % maleic anhydride (Code: 426512)

was purchased from Aldrich Chemicals (Germany). INT-WS2

were purchased from Nanomaterials (Israel). All materials were

used as received, without any further treatment.

Preparation of the Nanocomposites

Prior to the preparation of the nanocomposites, all constituents

were dried in a vacuum oven overnight at 80 8C so as to remove

any absorbed moisture and, then, they were placed in a desicca-

tor. A co-rotating twin-screw micro-extruder/compounder

(Haake MiniLab) was used for the production of PPGMA/INT-

WS2 nanocomposites. The temperature was kept constant at

180 8C inside the isothermal barrel. Constant nitrogen flow dur-

ing mixing prevented thermal degradation of the materials.

Homogeneous mixing, at a screw speed of 100 rpm, was

achieved by allowing enough time to the mixing process, for

the stabilization of the screw torque and the melt’s viscosity.

Three series of PPGMA nanocomposites with 1%, 3%, and 5%

INT-WS2 were fabricated. Subsequently, the extruded materials

were compressed-molded using a hydraulic hot-press in rectan-

gular beams (length 3 width 3 thickness 5 30 3 10 3 1 mm3)

for the DMTA, in dog-bone shaped bars (according to ASTM

D1708) for the tensile test and quadrangular films (30 3 30 3

1 mm3) for the X-ray Diffraction (XRD) measurements.

Characterization Techniques

The tensile properties of the nanocomposites were investigated

using an Instron 3345 universal mechanical testing machine

according to ASTM D1708 method at a crosshead speed of

25 mm/min. At least five samples of each concentration were

tested and the results were statistically processed in order to

obtain the mean and the standard deviation values.

The fracture surfaces of the tensile specimens were examined

using Scanning Electron Microscopy (SEM). The images pre-

sented in this study were recorded using a JEOL 6610LV scanning

electron microscope. Before the SEM observation, the samples

were coated with gold using a Quorum 150R S magnetron sput-

tering device to eliminate charging under the electron beam.

The dynamic mechanical properties were investigated applying

Dynamic Mechanical Thermal Analysis. A PL MK-II device,

having a dual cantilever geometry head for the specimen clamp-

ing, was used for the DMTA measurements. The temperature

during the measurement varied from 220 8C (using liquid

nitrogen) to 100 8C with 2 8C/min heating rate. The frequency

was kept constant at 1Hz during the temperature scan. The

storage (E 0) and loss (E 00) moduli versus temperature were

recorded and the loss tangent (tand) was calculated by dividing

the loss modulus with the storage modulus.

The effect of INT-WS2 on the crystalline structure of PPGMA nano-

composites was studied by means of X-ray Diffraction (XRD), using

a 3003 TT Rich. Seifert Diffractometer (Ni filtered Cu Ka radiation,

kCuKa 51.54 Å). The 2u range scanned was from 58 to 258.

The melting behavior of the produced nanocomposites was

studied by means of Differential Scanning Calorimetry (DSC)

using a Bahr 302 DSC device. All DSC scans were carried out

under inert (N2) atmosphere and at a heating rate of 20 8C/

min. Each sample was heated initially from 30 8C to 200 8C and

then retained in the molten state for 2 min in order to elimi-

nate the thermal history of the sample. The sample was subse-

quently cooled to 30 8C, at 20 8C/min cooling rate, and then

heated again to 200 8C. The endothermic melting peaks were

recorded during the second heating procedure. The crystallinity

Xc of the PPGMA matrix was determined using the following

equation:

Xc 5
DHm

12vð Þ3DHo
f

3100 (1)

where DHm (J/g) is the enthalpy of melting of the polymer (cal-

culated from the area under the endothermic melting peak), v
is the weight fraction of INT-WS2 in the nanocomposite, and

DHf
o is the enthalpy of fusion of the entirely crystalline PP,

taken as 177 J/g according to the literature.34

The degradation behavior of the nanocomposites was studied

via thermogravimetric analysis (TGA) using a Q500 (TA Instru-

ments) device. The TGA measurements were conducted under

pure nitrogen environment at a 20 8C/min heating rate.

The dispersion of INT-WS2 inside the PPGMA matrix was exam-

ined via Transmission Electron Microscopy (TEM) using a JEOL

JEM 1010 instrument operated at 100 kV. The samples used for

the TEM examination were prepared using a Leica UC7

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4388743887 (2 of 10)

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


ultramicrotome. Ultra-thin segments with nominal thickness

70 nm were cut in room temperature. Subsequently, the segments

were deposited on copper grids and were taken for observation.

Atomic Force Microscopy (AFM) was employed in order to

examine the surface characteristics of the produced nanocompo-

sites. A Veeco CP-II Scanning Probe Microscope operated in

AFM tapping mode was used. The images were recorded at a

scan rate of 1 Hz, at room temperature and ambient atmos-

phere. A commercial silicon tip-cantilever, having a resonance

frequency around 300 Hz with a spring constant of 40 N/m and

a tip radius of curvature of less than 10 nm, was used. Prior to

AFM observation, all samples were heated up to 200 8C (using a

heating plate) without covering the surface destined for obser-

vation. Subsequently, the samples were cooled down slowly in

air (under ambient conditions) in order to exclude the possibil-

ity that any nucleating surface altered the crystallite surface

morphology of the sample.35

RESULTS AND DISCUSSION

Tensile Properties

Characteristic stress–strain curves for pristine PPGMA and the

nanocomposite material loaded with 5% INT-WS2 are presented

in Figure 1. PPGMA is a hard and relatively brittle material,

since the tensile stress increases linearly with strain until frac-

ture finally occurs. The overall shape of the stress–strain curve

of the nanocomposite does not change significantly compared

to the one of pristine PPGMA. However, the stress–strain curve

of the nanocomposite material loaded with 5% INT-WS2 exhib-

its higher slope than the curve of pristine PPGMA. This is

attributed to a sharp increase in the Young’s Modulus.

The PPGMA/INT-WS2 nanocomposites’ tensile properties are

tabulated in Table I. The INT-WS2 incorporation increases the

strength at break up to 20.7% (for the 5% loaded nanocompo-

site). However, in the lower INT-WS2 loadings, the recorded

tensile strength values are rather similar to those of the pure

PPGMA. The INT-WS2 addition may either inhibit or delay the

crack propagation in the nanocomposites. Nevertheless, small

amounts of nanotubes do not obstruct the crack spread and the

failure inception in the brittle PPGMA matrix. This, will be dis-

cussed later, taking into account the SEM morphological obser-

vations. This tensile strength fluctuation is rather similar to

various nanocomposite systems incorporating carbon nanotubes

(CNTs).5,36 The elongation at break is reduced with the addition

of INT-WS2. Specifically, the elongation at break reduces up to

10.8% for the 5% loaded nanocomposite. Several studies dem-

onstrated the negative nanotubes’ impact on the elongation at

break of the nanocomposites.5,37,38 However, the decrease in the

elongation at break of the nanocomposites, which is recorded

here, is rather small compared to CNT nanocomposites. In

addition, the nanocomposites’ yield strength increases. Thus, in

order to achieve plastic deformation in the nanocomposites,

higher stresses are required. Despite the fact that the ASTM

1708 test method is not suggested for the Young’s modulus

determination, an indication regarding the influence of INT-

WS2 on the stiffness of the nanocomposites can be obtained. As

it can be observed from Table I, the addition of INT-WS2

improves substantially the Young’s modulus of the nanocompo-

sites. Thus, a 28.5% increase can be achieved by adding 5%

INT-WS2. Useful connotations, regarding the mechanical behav-

ior of the nanocomposites under tensile loading, can be drawn

by correlating the mechanical properties with the crystallinity

and the morphological observations. These are all discussed

after the presentation of the results regarding the morphology

and the crystallinity of the produced nanocomposite materials.

Dynamic Mechanical Properties

In order to gain further insights into the mechanical properties

of the nanocomposites, Dynamic Mechanical Thermal Analysis

(DMTA) was used. Tan d as a function of temperature and stor-

age modulus (E 0) versus temperature are illustrated in Figures 2

and,3 respectively. The observed peaks in Figure 2 and the step

Figure 1. Stress–strain curves of pure PPGMA and the 5% INT-WS2

loaded nanocomposite at a crosshead speed of 25 mm/min. The X desig-

nates the break point. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. Mechanical Characteristics of the Prepared Nanocomposites

Sample
Yield strength
(elastic limit) (MPa)

Strength at
break (MPa)

Elongation at
break (%)

Young’s
modulus (GPa)

PPGMA 15.23 6 1.01 20.67 6 2.26 2.67 6 0.25 1.05 6 0.04

PPGMA11% INT-WS2 15.11 6 1.06 20.88 6 1.15 2.63 6 0.30 1.01 6 0.02

PPGMA13% INT-WS2 15.96 6 1.10 21.30 6 1.55 2.60 6 0.32 1.07 6 0.04

PPGMA15% INT-WS2 19.10 6 0.90 24.96 6 3.58 2.38 6 0.40 1.35 6 0.04
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change in Figure 3 correspond to the glass transition (Tg) of

PPGMA. Rubbery plateau is observed after Tg. Additionally,

rubbery flow occurs in higher temperatures. The dynamic

mechanical properties of the produced nanocomposites are

summarized in Table II. The storage modulus (E 0) of the nano-

composites increases significantly compared to one of the pris-

tine PPGMA, both in the glassy and the rubbery condition.

Specifically, the increase in the storage modulus is rather signifi-

cant for the materials with high nanotubes’ loading (5%), while

this increase is not quite notable in low loadings (Table II). The

largest improvement (196.5%) in E 0 is recorded in the rubbery

state for the nanocomposite with 5% INT-WS2. Similar but

slightly greater increase in the storage modulus is recorded in

isotactic PP nanocomposites reinforced with CNTs.5,9 Moreover,

a remarkable increase in the Tg of the nanocomposites is

observed. The Tg of pristine PPGMA is 8.5 8C, while the Tg of

the nanocomposites is shifted approximately to 18 8C. In gen-

eral, the Tg in polymer nanocomposites can be diminished or

augmented with the nanofillers’ addition.39 The type of poly-

mer–nanofiller interactions determines the nanocomposites’ Tg

deviation from the Tg value of the pristine polymer. It has been

reported that attractive polymer–nanofiller interactions result in

augmentations rather than Tg diminutions.40 The attractive

interactions reduce the mobility of the polymer chains sur-

rounding the nanotubes, which means that more energy is

needed for the glass to rubber transition. The attractive interac-

tions in our case may be explained by the arrangement of the

polymer chains towards the INT-WS2 and the crystallite and

morphological characteristics of the nanocomposites.

Crystalline Structure, Melting and Crystallization Behavior

The XRD patterns of the examined nanocomposite and pure

materials are shown in Figure 4. The pattern of pure PPGMA

exhibits the characteristic peaks at 2u 5 13.98, 16.78, 18.38, 20.98,

and 21.68 which correspond to the reflections from (110),

(040), (130), (111), and (041) planes of the monoclinic crystal

type of PP (a-phase). The a-phase of PP is most commonly

observed in PP-nanotube nanocomposites.38,41,42 The absence of

the two distinct peaks at 16.28 and 21.28 2u, indicates the com-

plete absence of the hexagonal b-phase of PP.43 In the case of

the nanocomposites, the peak positions (Figure 4) correspond-

ing to PPGMA crystal planes remain largely intact and no new

Figure 2. Tan d vs. temperature curves of the PPGMA/INT-WS2 nano-

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

available at wileyonlinelibrary.com.]

Figure 3. E0 vs. temperature curves of the PPGMA/INT-WS2 nanocompo-

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

wileyonlinelibrary.com.]

Table II. Dynamic Mechanical Properties of the PPGMA/INT-WS2

Nanocomposites

Sample

E0 in the
glassy state
(220 8C) (GPa)

E0 in the
rubbery state
(50 8C) (GPa)

Glass transition
temperature
2Tg-(8C)

PPGMA 2.01 6 0.1 0.58 6 0.2 8.5

PPGMA11%
INT-WS2

2.05 6 0.3 0.80 6 0.2 17.9

PPGMA13%
INT-WS2

2.07 6 0.4 0.98 6 0.5 18.1

PPGMA15%
INT-WS2

2.91 6 0.2 1.72 6 0.3 17.7

Figure 4. XRD patterns of PPGMA, the PPGMA/INT-WS2 nanocompo-

sites and pure INT-WS2. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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peaks arise because of the INT-WS2 addition. Consequently, the

addition of INT-WS2 does not affect the crystalline type of

PPGMA.

The melting and crystallization behavior of the nanocomposites

was explored via DSC. In Figure 5 the melting endotherms of

the nanocomposites are shown. Furthermore, DSC traces

obtained during nonisothermal crystallization are illustrated in

Figure 6. Moreover, the crystallization temperature (Tc), the

melting point (Tm), the enthalpy of fusion (DHf), and the

degree of crystallinity (Xc) of the nanocomposites are summar-

ized in Table III. The incorporation of INT-WS2 in the PPGMA

matrix leads to a Tc (peak value) increase. In higher nanotube

loadings this increase is more pronounced. Specifically, Tc

increases approximately 8 8C in the nanocomposite with 5%

INT-WS2 loading. Moreover, the Tm (peak value) of pure

PPGMA is 177.1 8C. By increasing the INT-WS2 loading in the

nanocomposites, Tm is slightly shifted towards higher tempera-

tures. This may be imputed to the creation of narrow sized and

more perfectly shaped crystals. Apart from the Tm increase in

the nanocomposites, the creation of narrow sized crystals is also

supported from the slight change of the shape of the melting

endotherm, which is more evident in the nanocomposite with

5% INT-WS2 loading (Figure 5). Logakis et al.9 suggested that

the shape changes in the melting peaks, observed in MWCNT/

PP nanocomposites, can be ascribed to one-dimensional growth

of PP crystallites in a parallel to the surface direction (trans-

crystallinity). This type of one-dimensional PP-crystallization

procedure is initiated from the nanotubes surface. Moreover,

Assouline et al.44 also observed fibrillar crystalline morphologies

(palisades) rather than spherulites in MWCNT/PP nanocompo-

sites. Both DHf and Xc increase by adding INT-WS2 in the

nanocomposites. The crystallinity increase is more evident in

higher INT-WS2 loadings (5%). The observed increase in Xc is

rather similar to the Xc increase recorded in CNT reinforced

PP/PPGMA mixtures.45 Both the increase in Tc and Xc may be

ascribed to the fact that INT-WS2 promote the heterogeneous

nucleation and act as nucleating agents in the INT-WS2 nano-

composites. Several studies demonstrate the nucleating ability

and efficiency of WS2 nanofillers in PP10 and other thermoplas-

tic matrices.46

Morphological Characterization

Several microscopic techniques were used in order to examine

the morphological characteristics of the produced materials. In

Figure 7, SEM (a) and TEM (b) images of pristine INT-WS2 are

shown. INT-WS2 exhibit tubular and multiwall structure,

resembling the one of multiwall carbon nanotubes (MWCNTs).

The length of INT-WS2 can reach several microns, while their

width ranges within few nanometers.18,47,48 This is evidenced

very clearly by the TEM image of Figure 7. This image shows

that the lengths of the particular INT-WS2 are 4.8, 2, and 1.2

lm, while their width is 0.1 lm (100 nm). In addition, the

SAED pattern (solid circles) proves the INT-WS2 are polycrys-

talline, in accordance with previous observations.18

It is widely accepted that the dispersion of nanosized fillers

plays an important role in the enhancement of the mechanical

and thermal properties of the nanocomposite systems. In Figure

8 TEM pictures of the 5% INT-WS2 loaded nanocomposite are

shown. Generally, INT-WS2 appears to be well dispersed in the

PPGMA matrix. In Figure 8(a) an alignment of INT-WS2 is

observed. This alignment of INT-WS2 should be attributed to

the shear stresses which are applied to the polymer melt during

Figure 5. Melting endotherms of PPGMA and the PPGMA/INT-WS2

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

available at wileyonlinelibrary.com.]

Figure 6. DSC traces of PPGMA and the PPGMA/INT-WS2 nanocompo-

sites obtained during nonisothermal crystallization at 20 8C/min cooling

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

wileyonlinelibrary.com.]

Table III. DSC Results of PPGMA/INT-WS2 Nanocomposites

Sample Tc (oC) Tm (oC)
DHf

(J g21) Xc (%)

PPGMA 117.5 177.1 22.9 13.0

PPGMA11% INT-WS2 119.6 177.6 24.0 13.7

PPGMA13% INT-WS2 119.3 178.1 23.7 13.8

PPGMA15% INT-WS2 125.6 179.1 31.6 18.8
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the extrusion process. Several studies demonstrated the align-

ment of CNTs during the melt extrusion procedure.49,50 In Fig-

ure 8(b), a rather small aggregation of INT-WS2 is shown. The

as-received INT-WS2, in the form of dry powder, is aggregated

(because of van der Waals forces) into large bundles (with

diameters of hundreds of microns). This is attributed to the sig-

nificant INT-WS2 length, which can reach several microns. After

the fabrication of the nanocomposites via extrusion, the length

of the INT-WS2 is significantly reduced. The reason is twofold.

Firstly, during the extrusion process the breakage of the nano-

tubes may occur because of the high shear stresses applied to

the melt. Secondly, the strong interfacial polymer-nanotube

interactions may cause fragmentation of the nanotubes.51 Con-

sequently, the fragmentation of the nanotubes contributes to

their disentanglement. This disentanglement is essential in order

to achieve fine dispersion of the nanotubes inside the polymer

matrix. In our case, the dispersed nanotubes inside the PPGMA

matrix are at least three or four times shorter compared to the

initial (as-received) nanotubes (Figure 7). As shown in Figure

8(a, b) the length of the dispersed INT-WS2 inside the PPGMA

matrix is usually less than 1 lm. In previous studies dealing

with isotactic PP-CNT nanocomposites, the improved disper-

sion of the nanotubes inside the polymer matrix was attributed

to their disentanglement and their length reduction.38 In this

study, the dispersion of the INT-WS2 is further facilitated

because of the polar nature of PPGMA.

In order to gain further insights into the surface morphology of

the nanocomposites AFM was employed. In Figure 9(a,b) the

surface topography of pure PPGMA and the nanocomposite

with 5% INT-WS2 are shown, respectively. The INT-WS2 addi-

tion affects the surface topography of the nanocomposites. An

evident surface roughness increase is observed in the nanocom-

posites. Moreover, in Figure 9(b) a fibrillar surface morphology

is observed. This morphology is related to the PP fibrils

(approximately 100 nm each) which are arranged in rows of

palisades parallel to the surface. Similar fibrillar crystalline

structures of PP have been previously observed.35,52

The fracture surfaces of the nanocomposites that occurred dur-

ing tensile testing were examined with SEM. In Figure 10 SEM

micrographs of the fracture surfaces of pristine PPGMA (a) and

the nanocomposite with 5% INT-WS2 (b) are presented. The

fracture surface of pristine PPGMA is relatively smooth and the

cracks are spreading easily throughout the brittle PPGMA

matrix. The addition of INT-WS2 in the nanocomposites causes

an increase in the roughness of the fracture surface. When a

crack meets nanotubes oriented perpendicularly to the crack

spreading direction, it can buckle along the region adjacent to

the polymer–nanotube interface. Whilst the nanotube concen-

tration increases, the distance between the individual nanotubes

decreases. In that sense the length and the tortuosity of the

crack’s pathway increases, which leads to an increase in the sur-

face roughness.53,54 Moreover, the failure of the nanocomposites

seems to occur because of microcracks merging. The
Figure 7. SEM (a) TEM (b) and selected area electron diffraction (SAED)

pattern of INT-WS2.

Figure 8. TEM images of the nanocomposite PPGMA 1 5% INT-WS2

nanocomposite: (a) nanotube alignment along the extrusion direction, (b)

rather small INT-WS2 aggregation inside the PPGMA matrix.
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propagation and merging of microcracks is delayed because of

the increase of crack’s pathway length and tortuosity. This

should also contribute to the observed increase of the tensile

strength of the nanocomposites.

Useful insights regarding the reinforcing mechanisms which

are responsible for the mechanical properties enhancement

can be drawn by coupling the morphological observations of

the nanocomposites with the mechanical properties measure-

ments. The nanotubes length plays an important role in the

mechanical behavior of the nanocomposites.55 When the

nanotubes are short, the mechanical properties of the nano-

composites depend on the nanotube-polymer interface. On

the other hand, the mechanical properties are based on the

strength of the nanotubes when the nanotubes are long. The

TEM observations (Figures 7 and 8) suggest that the INT-WS2

are relatively short, well dispersed and oriented inside the

PPGMA matrix. In this case, the favorable polymer-nanotube

interactions play a more significant role in the enhancement

of the mechanical properties. Furthermore, the significant aug-

mentation in the Young’s modulus, the yield strength, the

strength at break and the storage modulus may be related with

the fibrillar crystalline structure of PPGMA, as shown from

the AFM images (Figure 9) and the DSC results. Since the

crystallinity of PPGMA is relatively low and the nucleation of

the PPGMA fibril crystals starts from the surface of the nano-

tubes, the following conclusion can be drawn: the load should

be transferred effectively from the amorphous part of PPGMA

to the rather stiff INT-WS2 because of the crystalline layer,

which is formed around the nanotubes. Moreover, the

enhancement in the mechanical properties deriving from any

crystalline form conversion of PPGMA should be excluded

since the XRD measurements provided no such evidence. Sim-

ilar findings regarding the reinforcing mechanism in CNT-

polymer nanocomposites have been reported.9,56 Even though

INT-WS2 has a positive effect on the majority of the mechani-

cal properties, the elongation at break (Table I) slightly

decreases with the addition of INT-WS2. In most cases

reported in the literature, the incorporation of inorganic

nanofillers inside the polymer matrix decreases significantly

the elongation at break of the nanocomposites and the break-

age occurs right after the yield point. This can be attributed to

various reasons. Prashantha et al.57 attributed the reduction of

the elongation at break to the presence of nanotube aggregates

inside the nanocomposites. Micusik et al.45 observed that the

nanocomposites with lower concentrations of nanotubes

exhibit higher elongation than the nanocomposites with

higher nanotube content. They attributed the significant

decrease in the elongation at break, with the nanotubes addi-

tion, to the decrease of the amorphous part of the polymer

(Xc increase). Since in PPGMA/INT-WS2 nanocomposites the

aggregation of the nanotubes is rather insignificant (Figure 8),

the decrease in the elongation at break should be attributed to

the reduction of the amorphous part of the polymer (increase

in Xc). Indeed, the largest decrease in the elongation at break

(Table I) is recorded in the nanocomposite (5%) with the

highest Xc (Table III).

Figure 9. (a) AFM pictures of PPGMA (a) and (b) the PPGMA 1 5% INT-WS2 nanocomposite. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 10. SEM micrographs of (a) the fracture surfaces of PPGMA and (b) the PPGMA 1 5% INT-WS2 nanocomposite. The fracture surfaces occurred

during tensile testing.
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Thermal Degradation Behavior

The influence of INT-WS2 on the degradation behavior of the

PPGMA/INT-WS2 nanocomposites was examined using TGA.

The thermogravimetric and the derivative thermogravimetric

curves are shown in Figures 11 and 12, respectively. Moreover,

all the characteristic temperatures, which describe the thermal

degradation of PPGMA and PPGMA/INT-WS2 nanocomposites

are summarized in Table IV. PPGMA and PPGMA/INT-WS2

nanocomposites decompose through a one-step degradation

process (Figure 11). The addition of INT-WS2 in the PPGMA

matrix improves the nanocomposites’ thermal stability. The

thermal degradation of pure PPGMA is initiated at the temper-

ature of 393.9 8C, while the degradation’s initiation temperature

(Ton(3%)) in the nanocomposites increases up to 10 8C in the

3% INT-WS2 loaded nanocomposite. This increase is compara-

ble with the one observed in other nanotube reinforced polymer

nanocomposites.38,58 The improved thermal degradation behav-

ior of the INT-WS2 nanocomposites can be attributed to two

main factors. Firstly, the improved degradation behavior of the

nanocomposites can be ascribed to the inability of the degrada-

tion products to diffuse through the material to the gaseous

phase, because of the entanglements formed between the poly-

mer chains and the INT-WS2.59,60 Secondly, the improvement

can be attributed to the increase of the activation energy of the

degradation process caused by the favorable (attractive) interac-

tions between PPGMA and INT-WS2.58 Even though the addi-

tion of INT-WS2 generally improves the thermal stability of the

nanocomposites, it is worth noting that the degradation initia-

tion temperature (Ton(3%)) for the 1% INT-WS2 loaded nano-

composite is lower than the one observed for pure PPGMA.

Similar behavior has been observed in PP/CNT nanocomposites,

and it may be attributed to some remaining inorganic elements

deriving from the catalyst which was used during the prepara-

tion of the nanotubes.38

CONCLUSIONS

PPGMA nanocomposites containing INT-WS2 were successfully

produced using the melt mixing technique. The INT-WS2 addi-

tion augmented both the tensile and dynamic mechanical prop-

erties of the PPGMA nanocomposites. Specifically, the addition

of 5% INT-WS2 increases the Young’s Modulus by 28.5% and

the storage modulus in the rubbery state by 196.5%. TEM

observations have shown that the length of the nanotubes is sig-

nificantly reduced during processing. Moreover, relatively good

dispersion and orientation of INT-WS2 inside the PPGMA

matrix was observed via TEM examination. Both the dispersion

and orientation of INT-WS2 have partly affected the mechanical

properties enhancement. DSC results indicated that INT-WS2

act as nucleating agents in PPGMA. Moreover, the melting peak

shape change with the addition of INT-WS2, coupled with AFM

observations suggested the formation of fibrillar crystallites,

arranged in rows of palisades parallel to the surface of the nano-

composites. This interfacial crystalline structure seems to inter-

pose between the PPGMA and INT-WS2, playing a crucial role

in the load transfer from the amorphous part of the polymer to

the rather stiff INT-WS2. Finally, the TGA results denoted a

thermal stability increase (up to 10 8C) with the addition of

INT-WS2.

Figure 11. TGA curves of PPGMA and its nanocomposites incorporating

INT-WS2, under N2 atmosphere. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Derivative mass loss (DTG) vs temperature curves of PPGMA

and its nanocomposites incorporating INT-WS2, under inert atmosphere.

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

wileyonlinelibrary.com.]

Table IV. TGA Data of PPGMA and its Nanocomposites with INT-WS2

Sample
Ton(3%)

a

(oC)
Td(20%)

b

(oC)
Td(max)

c

(oC)
TEND

d

(oC)

PPGMA 393.9 437.9 461.9 482.7

PPGMA11% INT-WS2 375.3 437.3 467.1 490.0

PPGMA13% INT-WS2 403.3 442.8 467.7 484.0

PPGMA15% INT-WS2 400.7 442.8 467.9 484.6

a Ton(3%) is the degradation’s onset temperature at 3% mass loss.
b Td(20%) is the degradation temperature at 20% mass loss.
c Td(max) is the maximum degradation rate temperature obtained at the
minimum point of the DTG curve (peak).
d TEND is the offset degradation temperature.
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