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Abstract The effects of surfactant and electron beam

(EB) radiation treatment on the morphology and properties

of polypropylene (PP)/expanded graphite (EG) composites

were investigated. Surfactant treatment and sonication of

EG before mixing with PP significantly influenced the

morphologies of the composites, and the modification of

EG with sodium dodecyl sulphate (SDS) had a strong

negative influence on the electrical conductivities of these

composites. The electrical percolation concentration is

shifted from 5 to 6 wt% filler to about 10 wt% filler in the

presence of SDS. The melting and crystallization temper-

atures of PP in the composites were not affected by sur-

factant or EB radiation treatment. There were small

differences in PP crystallinity, depending on the type and

combination of treatments. The filler particles acted as

nucleating agents and the crystallization temperatures

shifted to higher temperatures. The thermal stability of PP

was significantly higher after irradiation, and improved

even further for the samples containing EG, but the pres-

ence of EG had little influence on the thermal stabilities of

the non-irradiated composites. For both non-irradiated and

irradiated composites the maximum tensile stress and

elongation at break values are lower than the neat matrix,

while the tensile modulus increased significantly.

Introduction

Isotactic polypropylene (PP) is an important and excellent

structural commodity to be used as a matrix in polymer

composites because of its moderately low price, ease of

processing, and excellent properties [1–3]. The physical

and mechanical properties of semi-crystalline thermoplas-

tic polymers depend on the degree of crystallinity [4] and

on the orientation distribution of the crystalline segments.

To improve the properties of PP, much emphasis has been

put on the use of carbon nanotubes (CNTs) [5–9] in PP

nanocomposites, but little work has been done on PP

composites containing unmodified and surfactant-modified

EG, and no literature could be found on such composites

exposed to electron beam radiation.

Graphite possesses a very high modulus along its plane,

and has excellent electrical conductivity [10]. These useful

properties, and its low cost compared to CNTs, make it a

useful filler for conducting polymer composites for indus-

trial applications. However, the key challenge is still the

breaking down of the bundles of EG aggregates to achieve

good dispersion in an attempt to optimize the composites’

performance. For this reason, several techniques were used

to fabricate nanocomposites with uniformly dispersed EG

platelets in a PP matrix, such as high shear mixing, and the

use of sonication and gamma or electron beam radiation

treatments. Sonication is the most common approach, but

severe sonication might reduce the lengths of the sheets.

Non-covalent functionalization, such as the use of surfac-

tants, has regularly been used to overcome filler entan-

glements as a result of Van der Waals forces [11–13]. Ion

or electron beam irradiation of nanocomposites has been

used to modify the morphology and properties of com-

posites [14–17]. During treatment for medical applications,

a polyolefin matrix has been exposed to a sufficient amount
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of radiation to induce a significant change in the mechan-

ical properties [17].

Nanocomposites can be prepared by different methods

such as melt compounding, solution intercalation and in situ

polymerization [18–25]. The results of the study on the

morphological and structural characterization of PP/con-

ductive graphite nanocomposites [26] confirm the presence

of some big agglomerates and the change in surface

chemistry of the PP/EG composites due to the poor inter-

action and incompatibility between PP and EG. The study

on PP nanocomposites based on non-sonicated and soni-

cated CNTs and exfoliated graphene nanoplatelets (xGnPs)

[19] in the presence of isopropyl alcohol shows that the

samples prepared after sonication had a lower percolation

threshold and higher flexural strength and modulus. In an

investigation of maleated PP nanocomposites reinforced

with graphite oxide it was found that there was an interca-

lating effect from octadecylamine (ODA) surfactant where

stacks of graphite sheets were partially exfoliated [27].

When investigating the influence of exfoliated graphite and

clay platelets on PP it was found that the addition of

exfoliated graphite nanoplatelets (xGnP) initiated the

crystallization of PP at higher temperatures, confirming that

xGnP acted as a nucleating agent [4], and that increasing

clay content decreased the melting temperature of the

nanocomposites compared to that of pure PP [28] because

of the plasticizing effect of the organoclay. Melt mixing is

the most industrially compatible and common method used

to prepare polymer composites, even if the mixing condi-

tions may have a strong influence on the final properties

[29]. In polymer composites, electron beam radiation may

induce chain scission and/or crosslinking [14–17], and may

change the crystallinity or microstructure.

In the work reported in this paper, we prepared PP/EG

composites, without modification, and with SDS modifi-

cation, through melt mixing. Samples from all the com-

posites were exposed to electron beam radiation. The

effects of surfactant and radiation on the microstructure

and properties of the composites were investigated.

Experimental

Materials

Polypropylene HKR102 was supplied in pellet form by

Sasol Polymers, Johannesburg, South Africa. It is a low-

flow PP homopolymer. It is formulated with a high pro-

cessing stabilization package and displays low water carry

over during the extrusion process. It has an MFI (230 �C/
2.16 kg) of 3.5 g/10 min (ASTM D1238-ISO 1133), Tm of

163 �C, Vicat softening point of 154 �C, and density of

0.905 g cm-3. Expanded graphite (EG), SIGRAFLEX

Expandat was provided by the SGL Technologies GmbH,

SGL Group. It has a conductivity of 40 S cm-1 (room

temperature, 30 MPa, self-made 2-point conductivity tes-

ter, coupled with a DMM2000 Electrometer, Keithley

Instruments), an apparent volume of *400 cm3 g-1, and a

specific surface area of 39.4 m2 g-1 (77.4 K, N2 atmo-

sphere, Autosorb-1, Quantachrome). The sodium lauryl

sulphate known as sodium dodecyl sulphate (SDS) was

supplied by Sigma-Aldrich and was used without further

treatment.

Composites preparation

4 g of SDS was dissolved in 5 L deionized water in a glass

beaker, and 20 g of the EG was gradually added to the

solution. 500 mL suspensions were sonicated for 30 min,

filtered, washed with 100 mL distilled water to remove

loosely absorbed SDS and dried in a vacuum oven at 50 �C
for 72 h. This modified EG (containing about 5 wt% SDS),

and the as-received unmodified EG, were respectively

mixed with PP through melt mixing using a Brabender

Plastograph 55 mL internal mixer. The mixing was done for

20 min at 60 rpm and 176 �C. The samples were com-

pression moulded at 176 �C and 40 bar for 1 min into

1-mm-thick sheets using a LaboPress 200 T. Neat PP, as

control sample, was given the same treatment in the absence

and presence of SDS. The thermogravimetric analysis of the

PP mixed with SDS did not show any mass loss as a result of

the presence of SDS, and this sample showed exactly the

same mechanical properties as the neat PP.

The PP, PP/EG, and PP/SDS-EG composites were

packed in PP bags filled with nitrogen and exposed to

electron beam (EB) radiation at room temperature

(25 ± 1 �C). Irradiation was carried out by exposing both

surfaces of the samples for uniformity. Details of the

conditions and parameters employed during radiation are

as follows: energy—1.5 MeV; current—4.00 mA; dose—

50 kGy; distance from sample—20 cm; pulse repetition

rate—75 Hz; operation frequency—1.2 kHz.

Methods

Scanning electron microscopy (SEM) analyses were car-

ried out in a TESCAN VEGA3 Superscan scanning elec-

tron microscope (Brno, Czech Republic). The fracture

surfaces of the samples were coated with gold by a

Cressington Sputter Coater for 30 s. Microscope settings of

285.5 nm probe size, 50 mA probe current, 0.1 nm lateral

resolution, and 30 kV AC voltage were used.

The molar mass of the PP in the different samples was

determined by gel permeation chromatography (PL-

GPC220 of Polymer Laboratories, RI-Detector) using two

PL-MIXED-B-LS columns. The polymer was dissolved in

6022 J Mater Sci (2015) 50:6021–6031

123



1,2,4-trichlorobenzene at 150 �C and 1.0 mL min-1 flow

rate, followed by filtration. The calibrations were done with

PP standards.

DSC analyses were carried out under nitrogen flow

(20 mL min-1) using a Perkin Elmer Pyris-1 differential

scanning calorimeter (Waltham, Massachusetts, USA). The

instrument was calibrated using the onset temperatures of

melting of indium and zinc standards, as well as the

melting enthalpy of indium. The sample masses were in the

range of 5–10 mg, and they were heated from 25 to 180 �C
at a heating rate of 10 �C min-1. The cooling and second

heating were performed under the same conditions. For all

the samples, the onset and peak temperatures of melting

and crystallization, as well as the melting and crystalliza-

tion enthalpies, were determined from the second heating

scan. The normalized enthalpies of melting and crystal-

lization were determined according to Eqs. 1 and 2.

DHNorm
m ¼ DHm;PP

wPP

; ð1Þ

where DHm,PP is the experimentally observed melting

enthalpy for the PP in the composite, and DHNorm
m is the

calculated normalized enthalpy of melting for the PP

weight fraction wPP in the nanocomposite. The degree of

crystallinity vc was calculated according to

vc ¼ ðDHNorm
m =DH

�

mÞ � 100 %; ð2Þ

where DH
�
m is the specific enthalpy of melting for 100 %

crystalline PP. A value of 209 J g-1 was used in the cal-

culations [24, 25, 30].

The structures of PP and its nanocomposites filled with

EG and SDS modified EG were determined through XRD.

A D8 Advance diffractometer (BRUKER AXS, Germany)

with PSD Vantec-1 detectors and Cu-Ka radiation

(k = 1.5406 Å), a tube voltage of 40 kV, a current of

40 mA and a V20 variable slit was used. The samples were

scanned in locked coupled mode with 2h ranging from 0 to

120� at 2h increments of 0.5 s step-1.

The volume resistance measurements of PP and its

composites before and after radiation were carried out on a

Keithley Instruments 6157A electrometer, connected to an

8009 Keithley resistivity test fixture with two plate elec-

trodes located on the two sides of the samples. This method

is appropriate for resistance values in the range from 107 to

1018 X at room temperature in accordance with ASTM

D257-07. The corresponding conductivity values are in the

range from 10-19 to 10-8 S cm-1, but sensible results can

be found in the range from 10-19 to 10-4 S cm-1.

Thermogravimetric analysis (TGA) was done under flow-

ing nitrogen (20 mL min-1) using a Perkin Elmer TGA7

thermogravimetric analyser (Waltham,Massachusetts,USA).

The samples, weighing ± 20 mg each, were heated from 30

to 600 �C at a heating rate of 10 �C min-1.

The tensile properties were investigated using a

Hounsfield H5KS tensile tester at a cross-head speed of

10 mm min-1 and a gauge length of 20 mm. All the

reported values from the stress–strain curves are averages

of at least five measurements for each composition.

Results and discussion

Scanning electron microscopy (SEM)

Figure 1 shows the SEM micrographs of PP/EG and PP/

SDS-EG composites with and without radiation treatment.

It can be seen in Fig. 1 that the dispersion of EG is inho-

mogeneous and the interfacial adhesion between the PP

matrix and the EG sheets is weak, since big agglomerates

or voids (Points A and B) are observed. The surfaces of

these composites in the presence of EB irradiation seem to

be slightly different, showing some cracks or detachments

between the PP and the graphite sheets (Points B and D).

The SDS-EG particles were fairly well dispersed in the

polymer, but some areas show long agglomerated particles

(Fig. 1d) indicating that the SDS treatment and sonication

did not completely break up the agglomerates. Therefore,

the interparticle attraction was not completely eliminated,

although it seems to have been sufficiently reduced to

obtain better dispersed EG particles in the PP matrix. It was

not expected that the electron beam irradiation would affect

the morphology or fracture surface of the samples, since

the polymer did not melt during irradiation and therefore

there could not have been any redispersion of the EG.

Influence of filler and radiation treatment

on polymer molar mass

The number- and weight-average molar masses, as well as

the dispersity indices, of pure PP and the PP/EG and PP/

SDS-EG composites with and without radiation treatment

were determined through gel permeation chromatography

(GPC), and the results are summarized in Tables 1 and 2.

The molar mass of PP in the irradiated PP/EG and PP/SDS-

EG composites was lower than that of PP in the non-irra-

diated composites. This confirms the degradation effect of

the irradiation on the PP, and it seems as if the presence of

EG and SDS-EG particles did not inhibit this effect. There

was an increase in number-average molar mass with

increasing EG content for the irradiated samples (Table 2),

which indicates the formation of a low level of radiation-

induced crosslinks. This was not observed for neat PP,

probably because the EG particles assisted in effectively

distributing the thermal energy from the radiation. The

SDS-EG samples did not show the same increase in molar

mass, probably because SDS formed an isolating layer
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Fig. 1 SEM micrographs of

PP/expanded graphite

composites: a 98/2 w/w PP/EG;

b 50 kGy 98/2 w/w PP/EG;

c 98/2 w/w PP/SDS-EG;

d 50 kGy 98/2 w/w PP/SDS-EG

Table 1 Number-average and

weight-average molar masses of

the non-irradiated samples

Sample composition Mn/g mol-1 Mw/g mol-1 DI (Mw/Mn)

PP 41400 ± 140 251500 ± 1410 6.1 ± 0.0

98/2 w/w PP/EG 42000 ± 990 257650 ± 210 6.1 ± 0.1

90/10 w/w PP/EG 35950 ± 1340 173900 ± 570 4.8 ± 0.2

98/2 w/w PP/SDS-EG 42200 ± 1700 257800 ± 4100 6.1 ± 0.4

90/10 w/w PP/SDS-EG 46200 ± 1840 269300 ± 140 5.8 ± 0.2

Mn number-average molar mass, Mw weight-average molar mass, DI dispersity index

Table 2 Number-average and

weight-average molar masses of

the irradiated samples

Sample composition Mn/g mol-1 Mw/g mol-1 DI (Mw/Mn)

PP 33600 ± 0 255900 ± 850 7.6 ± 0.0

98/2 w/w PP/EG 35500 ± 1270 181950 ± 350 5.1 ± 0.2

90/10 w/w PP/EG 43450 ± 500 269300 ± 2550 6.2 ± 0.0

98/2 w/w PP/SDS-EG 35600 ± 280 173200 ± 2830 4.9 ± 0.1

90/10 w/w PP/SDS-EG 34750 ± 640 166950 ± 780 4.8 ± 0.1

Mn number-average molar mass, Mw weight-average molar mass, DI dispersity index
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around the EG particles and prevented their effective

conduction of thermal energy. The presence of SDS had a

similar effect on the electrical conductivity, as can be seen

from the results discussed later on in this paper. There was

a visible colour change in the solvent, and the EG particles

were clearly visible. There was no gel after the Soxhlet

extraction, confirming that the formation of crosslinked

material is a minor process during irradiation.

Differential scanning calorimetry (DSC)

The DSC cooling curves of all the investigated samples are

shown in Figs. 2 and 3. The crystallization temperature of

PP in all the composites is about 10 �C higher than that of

neat PP (Fig. 2). The expanded graphite clearly acted as a

nucleating agent for the crystallization of PP. The crys-

tallization temperatures for the samples containing SDS-

EG were the same as those of the EG containing samples

within experimental error. From these results alone it

seems as if the SDS modification did not significantly

change the nucleation effect of the EG platelets, probably

because they were not small enough and well enough

dispersed despite the SDS and sonication treatment.

However, the crystallinity values for the SDS-EG con-

taining samples given in Tables 3 and 4 show that SDS

treatment of EG did cause them to induce higher PP

crystallinities. Although the molar masses of the irradiated

samples were mostly lower than those of the non-irradiated

samples, this decrease was not significant in influencing the

melting temperature (Table 4). Kalaitzidou [4] and Zhang

[28], who studied the influence of exfoliated graphite and

clay platelets on PP, also observed that the addition of

exfoliated graphite nanoplatelets initiated the crystalliza-

tion of PP at higher temperatures because they acted as

nucleating agents, while increasing clay contents decreased

the melting temperature of the nanocomposites due to the

plasticizing effect of the organoclay.

X-ray diffraction (XRD)

The XRD spectra of neat and irradiated PP, with the cor-

responding crystallographic planes indicated, are shown in

Fig. 4. It is clear that both the neat and irradiated PP

contain mostly a- or monoclinic crystals, as can be seen

from the data in Table 5. There are, however, also some b-
or hexagonal crystals as can be observed from the peaks at

2h = 16.10� and 21.14�. These b-hexagonal crystal forms

are attributed to many factors including (i) the presence of

shearing forces during mixing, (ii) b-nucleating agents, and

(iii) temperature gradients. In this study the presence of

shear forces during mixing seems to be the most probable

factor which induced some b-crystals in the polymer melt.

The b-peak at about 2h = 16.10� is much more intense for

the irradiated PP than the non-irradiated PP. The relative b-
crystal content can be calculated using Eq. 3 [31].

kb ¼ Ibð300Þ
Ia 110ð Þ þ Ia 040ð Þ þ Ia 130ð Þ þ Ibð300Þ
� �� 100 %;

ð3Þ

where Ia 110ð Þ, Ia 040ð Þ, Ia 130ð Þ; and Ib 300ð Þ are the

diffraction peak intensities of the (110), (040), (130) crystal

planes of the a-crystals and the (300) crystal plane of the b-
crystals. The relative b-crystal content has been calculated

as 15.4 % for the non-irradiated PP and 30.6 % for the

irradiated PP. According to a computer simulation study of

the crystal structures of the a- and b-forms of isotactic PP

[31], the a-form has alternating rows of right-handed and

left-handed helices arranged into a monoclinic crystal
Fig. 2 DSC cooling curves of non-irradiated PP and its non-

irradiated composites

Fig. 3 DSC cooling curves of irradiated PP and its irradiated

composites
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structure. This is a metastable state which will not readily

change into the hexagonal b-form, in which the chains

form chiral domains surrounded by boundaries parallel to

the (110) and (100) planes. However, it seems as if chain

scission induced by EB irradiation created an environment

in which the (shorter) chains could more readily rearrange

into a hexagonal metastable crystal state, probably because

of transformations due to localized melting during

irradiation.

Figure 5 shows the XRD spectra of PP and its non-irra-

diated and irradiated composites filled with EG and SDS-

EG. The peaks at 2h = 16.1� and 21.1� become weaker and

eventually disappear with the introduction of EG and SDS-

EG. This implies that the presence of EG and SDS-EG

promoted the formation of a-crystals in PP, with a clear

reduction in the amount of b-crystals. It is, however, inter-
esting that there was formation of some b-crystals during EB
irradiation, as can be seen in the reappearance of the (300)

peak at 16.1� for the irradiated samples. The EG and SDS-

EG particles clearly inhibit b-crystallization of PP because

of the interaction between PP and EG or SDS-EG which

reduces the PP–PP interaction responsible for b-crystal
formation. The peak at 2h = 26.6� is clearly related to the

EG in the sample. This peak matches the crystallographic

(002) plane of expanded graphite [Joint Committee on

Powder Diffractions Standards JCPDS database of the

International Centre for Diffraction (JCPDS 01-0646, www.

icdd.com)]. There are, however, significant differences in

peak intensity of the EG diffraction peak at 26.6� as a result
of SDS modification and electron beam irradiation, but no

Table 3 Melting and

crystallization temperatures,

melting enthalpies, and degrees

of crystallinity of non-irradiated

samples from the first heating

and cooling DSC curves

Wt% EG Tm/�C Tc/�C DHm/J g
-1 DHNorm

m /J g-1 vc/%

Untreated EG

0 164.0 ± 0.4 110.0 ± 0.1 63.9 ± 5.2 63.9 30.6

2 162.1 ± 0.3 119.9 ± 0.0 71.2 ± 3.6 72.7 34.8

4 162.8 ± 0.3 119.9 ± 0.4 69.7 ± 0.3 72.6 34.7

6 162.8 ± 0.3 119.9 ± 0.2 70.5 ± 1.7 75.0 35.9

8 162.4 ± 0.2 120.9 ± 0.3 67.0 ± 3.1 72.8 34.8

10 160.4 ± 1.8 121.9 ± 0.6 62.4 ± 0.2 69.3 33.2

SDS-treated EG

2 162.9 ± 0.2 120.9 ± 0.8 77.1 ± 7.0 78.7 37.7

4 162.9 ± 0.5 120.9 ± 0.3 77.3 ± 3.2 80.5 38.5

6 162.4 ± 0.3 121.9 ± 0.0 70.6 ± 0.9 75.1 35.9

8 162.0 ± 0.1 120.9 ± 0.1 71.7 ± 1.8 77.9 37.3

10 162.0 ± 0.2 121.9 ± 0.6 71.3 ± 4.4 79.2 37.9

Tm melting temperature, Tc crystallization temperature, DHm melting enthalpy, DHm
Norm normalized melting

enthalpy, vc percentage of crystallinity

Table 4 Melting and

crystallization temperatures,

melting enthalpies, and degrees

of crystallinity of irradiated

samples from the first heating

and cooling DSC curves

Wt% EG Tm/�C Tc/�C DHm/J g
-1 DHNorm

m /J g-1 vc/%

Untreated EG

0 162.2 ± 3.2 110.0 ± 0.2 72.2 ± 2.1 72.2 34.5

2 161.4 ± 2.1 117.9 ± 0.1 72.8 ± 4.7 74.3 35.6

4 161.0 ± 0.4 119.9 ± 0.0 68.7 ± 1.1 71.6 34.3

6 160.8 ± 0.5 119.9 ± 0.2 68.2 ± 3.2 72.6 34.7

8 160.5 ± 0.2 119.9 ± 0.3 62.4 ± 0.6 67.8 32.4

10 157.0 ± 0.6 120.9 ± 0.3 65.2 ± 6.9 72.4 34.6

SDS-treated EG

2 161.2 ± 0.2 118.9 ± 0.2 70.7 ± 4.5 72.1 34.5

4 157.6 ± 1.2 119.9 ± 0.1 69.8 ± 3.1 72.7 34.8

6 156.9 ± 0.1 119.9 ± 0.2 72.0 ± 2.4 75.1 35.9

8 156.6 ± 0.3 119.9 ± 0.2 71.8 ± 3.3 78.0 37.3

10 160.9 ± 0.2 119.9 ± 0.3 70.6 ± 5.4 78.4 37.5

Tm melting temperature, Tc crystallization temperature, DHm melting enthalpy, DHm
Norm normalized melting

enthalpy, vc percentage of crystallinity
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significant change in the peak position. This is because SDS

treatment reduced the EG agglomeration, and the smaller the

EG particles, the more evident was their crystal structure

when analysed with XRD. It is also possible that the EB

irradiation to some extent separated the EG, maybe through

degradation of the polymer and penetration of the shorter

chain segments into the EG agglomerates through some

localized melting, which should also contribute to making

the EG crystal structure more evident.

Electrical conductivity

The electrical conductivity of PP is 3.5 9 10-18 S cm-1,

confirming that it is an insulator. The non-irradiated and

irradiated PP/EG composites exhibit a sharp transition from

insulator to conductor with an electrical percolation

threshold of ca. 6 and 4 wt%, respectively (Fig. 6). The

difference in the percolation threshold can be attributed to

defects or degradation products induced by the radiation,

which created more conductive networks. The electrical

conductivity values are about the same for the non-irradiated

and irradiated PP/EG composites below and above the

percolation threshold. In the SDS-EG containing samples

there was little increase in electrical conductivity with

increasing filler content, without reaching the percolation

concentration, up to the filler levels investigated in this

project. Possible reasons for this observation are that (i) the

presence of SDS separates the EG platelets so effectively

that percolation pathways will only be formed at much

higher SDS-EG contents, and (ii) the SDS forms an isolating

layer around the EG platelets which reduces their effective

electrical conductivity. Another study on PP nanocompos-

ites containing CNTs and xGnP, non-sonicated and soni-

cated in the presence of isopropanol, showed that the

samples prepared after sonication had a lower percolation

Fig. 4 XRD spectra of neat PP and irradiated PP

Table 5 Typical XRD peaks and intensities of neat PP with corre-

sponding crystallographic planes

2h a-form b-form Peak intensities for

non-irradiated PP

Peak intensities

for irradiated PP

14.1 (110) – 1.97 9 104 1.86 9 104

16.1 – (300) 8.71 9 103 1.89 9 104

16.9 (040) – 1.67 9 104 1.45 9 104

18.6 (130) – 1.15 9 104 9.83 9 103

21.1 – (301) 1.25 9 104 1.10 9 104

21.9 (041) – 1.34 9 104 9.75 9 103

25.4 (060) – 4.26 9 103 3.81 9 103

28.5 (220) – 4.25 9 103 3.77 9 103

Fig. 5 XRD spectra of the non-irradiated and irradiated PP/EG and

PP/SDS-EG composites

Fig. 6 Electrical conductivities of all the investigated samples
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threshold of about 5 vol% compared to the 7 vol% for the

samples prepared with non-sonicated filler. The reason

given was that the sonication broke down the xGnP

agglomerates and allowed for the formation of a continuous

conductive network at lower loadings. It was, however,

found that as the graphite concentration increased, the pla-

telets can reagglomerate. The isopropanol obviously did not

have the same negative effect as the SDS in our case.

Thermogravimetric analysis (TGA)

The TGA curves in Fig. 7 show a single degradation step

for PP in all the samples. There is almost no difference

between the temperature at 50 % mass loss for the non-

irradiated samples containing up to 6 wt% EG, but this

temperature increased quite significantly for the samples

with higher EG contents (Table 6). There are two possible

reasons for this observation: (1) The EG absorbs most of

the thermal energy, so that enough energy to initiate

degradation is only available at higher temperatures, and/or

(2) the more agglomerated EG more effectively interacts

with the volatile degradation products, which retards their

diffusion out of the sample and gives rise to an observed

mass loss only at higher temperatures. The temperatures at

50 % mass loss for the irradiated samples in Table 6 are

scattered and show no trend with increasing EG and SDS-

EG contents. This temperature is much higher for the

irradiated PP than for the non-irradiated PP. The irradiation

is expected to cause a fair amount of branching or weak

crosslinking, and more bonds have to be broken to form

volatile degradation products.

Table 6 summarizes the degradation temperatures at

50 % mass loss of the investigated samples. The PP seems

to be more thermally stable after irradiation, and its sta-

bility further increases when EG is present in the case of

the irradiated samples, but not in the case of non-irradiated

samples. The scattered results for the irradiated EG and

SDS-EG containing samples could be the result of

crosslinking and degradation taking place in these samples

during EB irradiation. These processes probably depend

upon the EG particle sizes and dispersion, which may not

be consistent from one sample to the other, and therefore

the degradation and mass loss processes do not occur in a

consistent manner. There was no residue after the thermal

degradation of non-irradiated and irradiated PP. The results

in Table 6 show that there are generally very good corre-

lations between the % residue and the amount of EG used

to prepare the PP/EG samples. However, the values are

generally lower for the PP/SDS-EG samples, with the

exception of the irradiated sample containing 10 wt%

SDS-EG, because the SDS also degrades/evaporates at

temperatures below 500 �C [32].

Tensile properties

The pure PP shows typical ductile deformation behaviour

with a clear yield point followed by strain softening. The

presence of 6 wt% filler leads to quasi-brittle fracture

during neck formation in the non-irradiated composites,

while true brittle fracture was observed for the irradiated

PP and its composites (Fig. 8) because of crosslinking and

chain scission induced by the irradiation.

The tensile properties of all the investigated samples are

summarized in Tables 7 and 8. The maximum tensile stress

of the PP/EG composites generally decreased with

increasing EG content. This is the result of poor wettabilityFig. 7 TGA curves of the non-irradiated and irradiated samples

Table 6 Degradation temperatures of all the investigated samples

Wt% EG T50 %/�C Wt%

residue

T50 %/�C Wt%

residue

Non-irradiated samples Irradiated samples

Untreated EG

PP 406.8 0 419.0 0

2 406.9 1.3 415.3 1.9

4 407.5 3.6 428.9 3.9

6 408.8 5.4 421.4 5.7

8 422.9 7.4 425.5 7.2

10 427.9 9.6 388.8 7.5

SDS-treated EG

PP 406.8 0 419.0 0

2 405.7 1.5 407.5 1.0

4 407.1 3.6 415.6 3.2

6 407.4 4.0 423.3 3.8

8 417.3 4.4 416.7 5.7

10 425.7 5.8 410.2 9.9

T50 % is the temperature at 50 % mass loss rate
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of the graphite by the PP and poor interfacial adhesion,

which reduced the effective stress transfer across the

matrix-filler interface. The EG particles then form stress

concentration points at which cracks are initiated leading to

stress or catastrophic failure. Although there is a slight

improvement in the dispersion of SDS-EG in the PP, the

maximum stress values were very similar to those of the

corresponding PP/EG composites. EB irradiation did not

significantly change the maximum stress values, probably

because it gave rise to crosslinking and degradation, and

these two effects balanced out to such an extent that the

irradiated samples show maximum stress values similar to

those of the comparable non-irradiated samples.

The elongation at break decreased significantly with an

increase in both EG and SDS-EG contents in the case of the

non-irradiated composites. The same explanation used in

the previous paragraph is also relevant here. The elongation

at break of the irradiated PP/EG and PP/SDS-EG com-

posites were lower than those of the irradiated PP, but the

values did not really decrease further with increasing filler

content. The lower values are the result of stress concen-

tration at the filler particles, but since the values are already

very low, the amount of filler had little influence on these

values. When comparing the values in Tables 7 and 8 it can

be seen that the non-irradiated PP showed significantly

higher elongation at break than the irradiated PP. Irradia-

tion initiates both crosslinking and degradation—

crosslinking causes a reduction in chain mobility while

degradation reduces the number of chain entanglements,

both of which will give rise to lower elongation at break

values.

The tensile modulus of the non-irradiated composites

increased significantly with increasing EG content, but not

so much with increasing SDS-EG content. An 85 %

increase in tensile modulus was observed for the EG-based

composites, while the increase was 28 % in the case of the

SDS-EG-based samples. This is the result of the inherent

Fig. 8 Stress–strain curves of some selected samples

Table 7 Tensile properties of the non-irradiated samples

Untreated EG SDS-treated EG

Sample rm ± srm/MPa eb ± seb/% E ± sE/MPa rm ± srm/MPa eb ± seb/% E ± sE/MPa

PP 38.1 ± 0.8 26.1 ± 5.4 807 ± 26 38.1 ± 0.8 26.1 ± 5.4 807 ± 26

PP ? 2 % EG 33.2 ± 0.5 9.2 ± 1.2 901 ± 105 32.1 ± 4.6 6.5 ± 1.9 1031 ± 60

PP ? 4 % EG 28.5 ± 5.0 5.6 ± 0.7 1031 ± 154 31.9 ± 0.5 7.5 ± 1.7 1018 ± 119

PP ? 6 % EG 31.8 ± 4.3 6.2 ± 2.1 1169 ± 65 23.9 ± 2.2 4.2 ± 0.4 999 ± 94

PP ? 8 % EG 23.2 ± 4.8 4.2 ± 0.7 1169 ± 73 25.8 ± 4.0 5.5 ± 1.0 983 ± 98

PP ? 10 % EG 29.8 ± 5.6 4.6 ± 1.3 1493 ± 97 23.1 ± 3.4 5.2 ± 0.8 997 ± 157

rm maximum stress, eb elongation at break, E tensile modulus, s standard deviation

Table 8 Tensile properties of the irradiated samples

Untreated EG SDS-treated EG

Sample rm ± srm/MPa Sample rm ± srm/MPa Sample rm ± srm/MPa Sample

PP 39.5 ± 3.0 9.9 ± 1.5 825 ± 167 39.5 ± 3.0 9.9 ± 1.5 825 ± 167

PP ? 2 % EG 20.1 ± 2.4 2.8 ± 0.4 903 ± 101 28.3 ± 6.2 5.0 ± 1.0 965 ± 87

PP ? 4 % EG 26.0 ± 0.8 4.2 ± 0.8 957 ± 219 25.9 ± 2.6 4.4 ± 1.4 836 ± 157

PP ? 6 % EG 23.6 ± 4.6 3.4 ± 0.9 1091 ± 197 23.1 ± 1.7 2.9 ± 0.5 1100 ± 62

PP ? 8 % EG 27.3 ± 3.1 3.5 ± 0.5 1150 ± 154 23.5 ± 7.1 3.7 ± 1.3 1031 ± 102

PP ? 10 % EG 23.2 ± 1.7 3.3 ± 0.9 1202 ± 397 18.3 ± 7.5 2.5 ± 1.3 1129 ± 117

rm maximum stress, eb elongation at break, E tensile modulus, s standard deviation

J Mater Sci (2015) 50:6021–6031 6029

123



stiffness of the EG platelets, and the interaction between

PP and EG which restricted the PP segmental mobility. It is

well known that stiff inorganic fillers will increase the

modulus of polymer composites [33, 34]. The SDS-EG

containing samples have lower modulus values than the

corresponding EG composites. The reason for this is the

smooth SDS layer around the EG platelets, which reduced

the interaction between EG and the PP chains thereby

increasing their mobility. The tensile moduli of the irra-

diated PP/EG and PP/SDS-EG composites were very sim-

ilar to those of the comparable non-irradiated PP samples.

This is an indication that the crosslinking induced by the

EB irradiation was not significant enough to have an

appreciable influence on the stiffness of the composites.

The research by Kalaitzidon et al. [19] showed that the

samples containing sonicated xGnPs had 8 % higher

strength at 3 and 10 vol% filler contents, and a 60 % higher

modulus at a loading of 10 vol% compared to the samples

containing non-sonicated filler. This was attributed to a

better dispersion as a result of the sonication processing of

the filler. In our case the sonication in SDS made little

difference to the strength and modulus of the samples. EB

radiation treatment (which was not previously investigated

for similar systems) also had little influence on the strength

and modulus of the samples.

Conclusions

The influence of anionic surfactant and EB irradiation

treatment on the morphology and properties of PP/EG

nanocomposites was investigated in this study. The dis-

persion of EG was not uniform and the interfacial adhesion

between the PP matrix and the EG sheets was poor giving

rise to big agglomerates. SDS treatment combined with

sonication reduced the interparticle attraction and improved

the dispersion of the EG particles in the polymer matrix.

There were not any observable changes in the morphologies

after EB irradiation. The molecular weights of the irradiated

samples were generally lower than those of the non-irradi-

ated samples, confirming that chain scission inter alia

occurred as a result of irradiation. The presence of EG and

SDS-EG in PP did not change the melting temperature of

PP, but the filler particles acted as nucleating agents and the

crystallization temperatures shifted to higher temperatures.

This effect was more significant for the samples containing

SDS-EG because of the better dispersion of these particles.

The presence of EB irradiation had little influence on the

melting temperatures. Pure PP contained both a- and b-
crystals; the presence of EG and SDS-EG particles inhibited

b-nucleation of the PP. Both non-irradiated and irradiated

PP/EG composites without SDS treatment exhibited a sharp

transition from insulator to conductor, with a significant

lowering of the percolation threshold for the irradiated

samples. Both non-irradiated and irradiated PP/SDS-EG

showed little increase in electrical conductivity over the

investigated EG content range, which was attributed to the

SDS forming an isolation layer around the EG particles. The

degradation temperatures at 50 % mass loss did not sig-

nificantly change up to 6 wt% EG content for the non-ir-

radiated samples containing EG and SDS-EG, but they

significantly increased for the samples with higher filler

contents. No trend could be observed for the irradiated

samples, probably because of an inconsistent combination

of crosslinking and degradation as a result of the irradiation.

Both the addition of filler and irradiation gave rise to brittle

samples. Increasing filler content generally gave rise to

reduced tensile strength values, while irradiation did not

significantly change these values. The tensile modulus

values generally increased with increasing filler content, as

a result of the higher modulus of the filler particles, and with

irradiation, probably as a result of crosslinking.
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