
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
D

ec
em

be
r 

20
13

. D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 8
:0

2:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
aDepartment of Mechanical and Manufactur

Aalborg, Denmark. E-mail: gabi@m-tech.aa
bNational Research and Development Inst

ICECHIM, Bucharest, Romania. E-mail: zvu
cTechnical University of Denmark, Center f

Denmark

† These authors contributed equally.

Cite this: RSC Adv., 2014, 4, 6573

Received 24th September 2013
Accepted 10th December 2013

DOI: 10.1039/c3ra45325a

www.rsc.org/advances

This journal is © The Royal Society of C
Polypropylene/organoclay/SEBS nanocomposites
with toughness–stiffness properties
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Constantin Radovici,b Denis Mihaela Panaitescu,b Michaela Iorga,b

Jesper deClaville Christiansena and Alessandra Moscac

Polypropylene nanocomposites with a different amount of styrene-ethylene-butylene-styrene block

copolymer (SEBS)/clay were prepared via a melt mixing technique. To improve the dispersion of

commercial organoclay (denoted as OMMT), various amounts of SEBS were incorporated. At a fixed

content of OMMT, the mechanical properties were improved with increasing SEBS content. The

obtained nanocomposites were characterized through X-ray diffraction (XRD), differential scanning

calorimetry (DSC-TG) and mechanical tests. The thermal–morphological–mechanical properties were

investigated. The nanomaterials presented an improved decomposition temperature, a small decrease in

tensile strength, a higher Young's modulus and a spectacular increase of 300% in impact strength.
Introduction

Nanocomposites' structures have opened revolutionary possi-
bilities in the development of new materials. The addition of
layered silicates in polymer systems leads to a great improve-
ment in their properties such as thermal stability and
mechanical performance. This is because the high surface area
of these particles with nanometric dimensions increases the
interfacial interactions between the matrix and clay.1–8

In order to achieve a nanocomposite with improved prop-
erties, different formulations have been tested until now, one of
the most used polymer for obtaining nanocomposites is poly-
propylene (PP). To obtain polypropylene nanocomposites based
on layered silicates, a compatibilizer needs to be added, due to
the incompatibility between the two components. As compati-
bilizer, maleated polypropylene (MA-PP)9–16 and maleated
styrene-6-(ethylene-cobutylenes)-6-styrene triblock copolymer
(MA-SEBS)17–21 were used because of the interaction which the
maleic group can give with layered silicates. It has been repor-
ted that SEBS can also be used as compatibilizer for PP nano-
composites, on one hand due to benzyl groups which interact
with the clay platelets2,22,23 and on the other hand due to the
butylene parts which can interact with the PP chain.

The mechanical and processing properties of the SEBS/PP
blend have been greatly improved.24–28 The most used llers for
ing Engineering, Aalborg University, 9220

u.dk

itute for Chemistry and Petrochemistry-

luga@yahoo.com

or Elektronnanoskopi, 2800 Kgs Lyngby,

hemistry 2014
PP microcomposites are calcium carbonate, mica, and short
glass ber.29–31 The properties of bre reinforced micro-
composites containing a rubbery phase such as styrene-
ethylene-butylene-styrene (SEBS), ethylene-propylene rubber
and ethylene-propylene-diene monomer elastomer were inten-
sively studied.32,33 Tjong et al.34 study the mechanical properties
of glass bre reinforced PP/SEBS hybrids. They report that the
glass bre reinforced composites toughened with SEBS elasto-
mers exhibit good tensile properties, improved impact strength,
and fracture toughness. In general, the structure and mechan-
ical properties of PP composites strongly depend on the inter-
facial adhesion between the ller and matrix, the dispersion of
ller particles, and processing conditions.

In automotive industry new materials are being developed
with superior properties in terms of electrical, conductivity and
gloss applications and the tendency is to replace the old
ones.35–37 Nowadays, there are currently being used materials
which exhibit high stiffness properties, but poor toughness
properties like PP/glass bres composites.38,39 These types of
materials are used to obtain car parts which require high impact
properties thus increased toughness too, like the bumper beam.

The incorporation of the ller into PP/elastomer blends can
restore the required stiffness and strength, leading to superior
properties.18

To the authors' best knowledge, few papers are reported in
literature1,23,40,41 on nanocomposite based on PP, SEBS and
layered silicate. This research is a continuation of our work
published by Z. Vuluga et al.41 in which the authors presented
preliminary results on this topic. Most of the studies on this
material mainly discuss the interaction between components
and present morphological characterisation. Mechanical prop-
erties were poorly investigated and on materials which contain
RSC Adv., 2014, 4, 6573–6579 | 6573
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Table 1 Composition of PP/SEBS nanocomposites

Sample name PP (%) Silicate (%) SEBS (%)

PP/1/1.2 97.8 1 1.2
PP/2/2.4 96.5 2 2.4
PP/2.5/3.5 94 2.5 3.5
PP/3/3.6 93.4 3 3.6
PP/5/7 88 5 7
PP/10/12 78 10 12
PP/10/14 76 10 14
PP/10/16 74 10 16
PP/10/20 70 10 20
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slightly different systems for example Cloiste 20A as ller with
maleated polypropylene as compatibilizing agent. In this study
the uses of SEBS had a threefold reason: to increase the
toughness of the material, to nd the right concentration of
SEBS at which the stiffness was not drastically affected and to be
used as compatibilizer. However, this material was not inten-
sively studied and needs to have our attention in order to
understand the structure–properties relationship.

In this study, nanocomposites based on PP, SEBS and
ditallow-dimethyl-ammonium ion modied natural montmo-
rillonite (OMMT) were prepared using extrusion. The organo-
modiedmontmorillonite that was used in this study contained
higher amount of ammonium quaternary salt as compared with
previous studies in which Cloisite 20A was used. This work
studies a broad range of concentrations of OMMT and of SEBS
in order to investigate their inuence on toughness–stiffness
properties and contributes to the improvement of already
existent results by correlating thermal–morphological–
mechanical properties. The results of the intercalated structure
and mechanical properties of PP/OMMT/SEBS nanocomposites
were reported and discussed.

Experimental part
Materials

The PP matrix used for this study was a homopolymer produced
by LyondellBasell. The grade name is HP400R and has the
density ¼ 0.905 g cm�3, a melt ow rate ¼ 25 g per 10 min at
230 �C, 2.16 kg load. An organo-modied clay (Dellite 67G,
powder), which is a dimethyl dihydrogenated tallow ammo-
nium ion modied natural montmorillonite (OMMT), was
supplied by Laviosa Chimica Mineraria (Livorno, Italy). The
block copolymer used was a linear styrene-ethylene-butylene-
styrene with 30% polystyrene, Mn ¼ 79 100, MFI ¼ 5.00 g per
10 min (230 �C per 5 kg) (Kraton 1652 G SQR 1000).

Preparation of PP/OMMT/SEBS nanocomposites

The organo-modied clay Dellite 67Gwas compoundedwith SEBS
using a DSE 20 Brabender Twin Screw Extruder (160 � 5 �C, 240
rpm). Four types of masterbatches were obtained with different
SEBS : OMMT weight ratio 1.2 : 1; 1.4 : 1; 1.6 : 1 and 2 : 1.

The nanocomposites were obtained in dynamical conditions
using the same DSE 20 Brabender Twin Screw Extruder, by
dispersing previous obtained masterbatches of OMMT modi-
ed with block copolymer into a PP matrix. The composition of
the obtained nanomaterials is presented in Table 1. The
obtained granules were injected into standard bars for
mechanical tests.

In order to understand the toughness–stiffness properties and
for comparison, polypropylene containing different OMMT
concentrations and polypropylene with different SEBS concentra-
tions, were obtained using the same procedure described above.

Characterisation

The basal spacing, d001, was determined by means of X-ray
diffraction (XRD) on a DRON diffractometer; the CoKa radiation
6574 | RSC Adv., 2014, 4, 6573–6579
source (l¼ 1.79021 Å) was used ltered with Fe for removing Kb
component, in the Bragg–Brentano system (by reection);
the patterns were automatically recorded at small angles
(2q: 1.3 O 12�).

DSC-TG analyses were carried out using a Netzsch DSC-TG
type STA 449 C Jupiter differential scanning calorimeter-
thermal analyser. About 5 mg of each nanocomposite was
weighed in the Al2O3 DSC pan and placed in the DSC cell. The
samples were heated in the temperature range of 25 �C to
550 �C, at a heating rate of 10 �C min�1 and under a current of
air of 50 cm3 min�1. The % of crystalline phase (X) was estimate
using the following equation:

X ¼ DH

w� DH100

� 100 (1)

where DH is the enthalpy of melting for the analysed sample,
and DH100 is the reference value for the enthalpy of melting
of 100% crystalline polymer and w is the weight fraction of
PP in nanocomposite. For isotactic polypropylene, DH100 is
209 J g�1.42

An FEI Titan T20 TEM microscope operating at 200 kV was
used for 2D imaging of nanocomposites.

Tensile, creep and cyclic tests were carried out on a universal
tensile machine INSTRON, Norwood, Massachusetts 5586,
equipped with a 50 kN load cell and a video extensometer with
the gauge length of 50 mm (series 2663-882). Tensile test
specimens were obtained on an industrial-sized Ferromatik
Milacron, Malterdingen, Germany K110 injection-molding
machine according to ISO 3167 multipurpose specimen with
the cross-sectional area of 10 mm � 4 mm.

The Izod impact strength was determined according to SR
EN ISO 180:2001, using a Ceast pendulum impact tester.

The Charpy impact tests were carried out on unnotched
specimens using Zwick 5102 equipment.

All reported data for mechanical tests was computed taking
into account the results on ve different specimens.
Results and discussion
X-Ray diffraction analyses

Fig. 1a shows the XRD diffractions for the nanocomposites with
OMMT and SEBS. As can be seen, the nanocomposite patterns
show a sharp peak of low intensity at 2q of around 2.5� for the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Nanocomposites X-ray diffractions with (a) different concentration of OMMT (2.5%, 5% and 10%) and SEBS : OMMT ratio 1.4 : 1 and (b)
different content of SEBS (12%, 16% and 20%) and 10% OMMT.
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2.5 and 10 wt% content of OMMT. These reections corre-
sponded to an increase of basal distance up to d001 of 4.1 nm.

Taking into account that the OMMT initial basal distance
was 3.4 nm and that the intensity of the peak decreased, but still
remained sharp, it appeared that nanocomposites consisted of
an intercalated ordered structure.

When a higher amount of SEBS was added (Fig. 1b) in the
nanocomposites with a constant amount of clay of 10 wt%, the
nanocomposites presented a broader peak at 2q of 2.5� with
decreased intensity in case of the nanocomposite with 20 wt%
load of SEBS. Moreover, inside this peak, two other peaks could
be extrapolated which corresponded to a basal distance of 4.4
and 3.7 nm, respectively (Table 2). In this case, the nano-
composites still presented an intercalated structure, but with a
higher degree of disorder, conrmed also by the higher values
obtained for the half-maximum breadth, b1/2: b001, b002, b003.
However, the peaks at 2q around 5.3� and 8.35� show that there
were stacks of silicate layers which were not exfoliated, probably
due to the high amount of block copolymer used, which inter-
calated between the layers of the silicate by styrene blocks43 and
the elastomers blocks remained outside21 and probably covered
the stacks and blocked them from exfoliating when further
processed (Scheme 1).
Scheme 1 Schematic representation of possible interaction between
materials (a) styrene silicate interaction and (b) interactions within
composite structure.
Crystallization and melting behaviour

The melting temperature increased in nanocomposites with a
low concentration of OMMT and SEBS from 166 to 169 �C
(Fig. 2a).
Table 2 Silicate basal distance in PP/SEBS nanocomposites computed from XRD

Sample d001
a (Å) I001

b b001
c (�) d002

a (Å) I002
b b002

c (�) d003
a (Å) I003

b b003
c (�)

Dellite 67G 33.9 6580 1.26 18.92 2316 1.28 — — —
PP/2.5/3.5 41.3 2524 1.01 19.47 817 1.64 13.75 770 3.22
PP/5/7 40.9 5734 1.00 19.38 1738 1.70 13.63 1259 3.02
PP/10/12 44.1, 37.3 310, 3777 0.92, 1.20 18.1 1048 1.41 12.2 217 1.38
PP/10/14 40.0 2559 0.99 19.6 631 1.55 13.20 127 1.89
PP/10/16 43.3, 37.2 541, 3431 1.05, 1.16 18.2 954 1.37 12.3 240 1.44
PP/10/20 44.1, 37.6 484, 2384 1.02, 1.13 18.3 840 1.45 12.3 192 1.42

a Measured distance between silicate layers. b Integrated peak intensity. c Full width at half maximum.

This journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 6573–6579 | 6575
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Fig. 2 DSC heating scans of PP and nanocomposites (a) heating scans and (b) cooling scans.

Fig. 3 Thermostability of nanocomposites.
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In the case of nanocomposite with a high amount of clay and
thus with a high amount of SEBS, the melting temperature
decreased to 164.6 �C. Therefore, a high amount of SEBS made
the melting temperature to decrease. However, the addition of
clay increased the melting temperature and thus, compensated
the decrease in melting temperature caused by the increased
amount of SEBS.

The cooling exotherms showed an interesting effect (Fig. 2b).
The nanocomposites with low amount of clay presented lower
crystallisation temperature than polypropylene, which seemed
to decrease as the concentration of silicate increased. But, in the
nanocomposite with 10 wt% OMMT and 12 wt% SEBS the
crystallisation temperature increased up to 117.8 �C, meaning
that the formation of crystallites occurred at a higher
temperature.27

This may be correlated with XRD results which showed that,
in the nanocomposites with a high amount of SEBS, the nano-
composites presented a higher disorder structure.

The degree of the crystalline phase was computed from DSC
curves at the rst run (Table 3). The degree of the crystalline
phase of PP increased in nanocomposites.

However, if we compare the samples, the degree of the
crystalline phase of PP decreased with the increasing of the
SEBS content. Moreover, a high amount of OMMT tends to
compensate the decreasing in the crystalline phase induced by a
high content of SEBS.

Nanocomposites presented an improved thermostability as
compared to the PP matrix (Fig. 3).

The decomposition temperature increased with the amount
of the silicate. Although the residue at 550 �C increased, the
higher amount was recorded for the nanocomposite with 3 wt%
OMMT loading instead of for the one with 10 wt% OMMT
loading as it would have been expected. In this latest case, the
4% residue represented the pure silicate (MMT), meaning that
Table 3 Degree of crystallinity for nanocomposites

Sample name Crystalline phasea (%)

PP 46.9
PP/10/12 50.5
PP/10/16 48.4
PP/10/20 49.1

a Degree of crystallinity from DSC measurements.

6576 | RSC Adv., 2014, 4, 6573–6579
all the organic phase decomposed. As was observed from XRD,
the nanocomposites with a lower amount of OMMT present an
ordered intercalated structure, which may be the reason of an
increased residue in the nanocomposite with 3 wt% OMMT; an
ordered structure of clay platelets may block the gases to diffuse
while decomposition occurs.
Transition electron microscopy

Clay particles were rather well dispersed in the polymeric matrix
(Fig. 4). However, no full exfoliation was obtained. In this case,
Fig. 4 Bright field-TEM image of PP/10/12 at scale 0.5 mm.

This journal is © The Royal Society of Chemistry 2014
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the nanocomposite still presented an intercalated structure, but
with a higher degree of disorder, conrmed also by X-ray
diffractions.

A TEM image of PP/10/12 shows that there were stacks of
silicate layers which were still agglomerated. This sustained the
XRD observations, that when a higher amount of block copoly-
mer was used, this intercalated between the silicate layers and
the excess covered and blocked the stacks from exfoliating when
further processed.
Fig. 5 Stress–strain curves for SEBS high loading nanocomposites.
Mechanical properties

Tensile properties. Mechanical results presented the varia-
tion of mechanical properties as function of composition
(Table 4).

Considering the binary compositions it can be observed that
using SEBS caused a reduction in the tensile strength and
Young's modulus, but the impact strength increased if
compared to neat PP. Moreover, a signicant increase was
observed from 2.2 to 41.7 kJ m�2 when a concentration of
30 wt% SEBS was used.

These results are in accordance with previous reports found
in literature which show that an elastomer can improve impact
strength of neat PP, but with the sacrice of tensile strength.44,45

On the other hand, using OMMT presents a decrease in the
tensile strength and unmodied impact strength, while the
Young's modulus increases.46

Nanocomposites presented an increased stiffness and
impact strength, and a small decrease in tensile strength. It can
be noticed that the impact strength increased with the amount
of SEBS, while the tensile strength decreased with it. The
decrease of tensile strength was below the value of neat
PP. Young's modulus of nanocomposites decreased with the
increase of SEBS concentration. Although Young's modulus
decreased, the values were not below neat PP values; this
decrease was overcome by the addition of OMMT.

The dispersion at nanometer scale of OMMT/SEBS concen-
trate into the PP matrix formed intercalated structures, which
Table 4 Mechanical properties for obtained nanocomposites

Sample
Tensile stress
at break (MPa)

Tensile stress
at yield (MPa)

Axial strain at
break (%)

PP 17.9 � 1.7 37.2 � 3.3 88.5 � 17.6
PP/0/13.5 16.5 � 0.8 27.3 � 0.8 256 � 14.8
PP/0/18.4 17.5 � 0.6 25.1 � 0.6 358 � 57.1
PP/0/23 15.6 � 0.1 24.1 � 1.2 286 � 48.5
PP/0/30 22.4 � 1.2 20.2 � 0.1 583 � 42
PP/5/0 27.9 � 0.3 33.3 � 0.3 35.1 � 1.3
PP/12/0 26.2 � 0.2 30.6 � 0.2 34.1 � 7.2
PP/13/0 25.8 � 0.4 30.6 � 0.4 26.0 � 3.6
PP/2.5/3.5 16.0 � 7.0 29.7 � 0.9 112.7 � 37.5
PP/5/7 19.8 � 2.8 27.2 � 0.3 199.0 � 18.2
PP/10/12 15.5 � 0.4 27.7 � 0.1 114.7 � 19
PP/10/14 12.7 � 1.1 21.5 � 0.4 181.6 � 11.8
PP/10/16 18.2 � 0.5 26.3 � 0.2 301.3 � 90
PP/10/20 16.8 � 0.3 24.1 � 0.3 420.5 � 41

This journal is © The Royal Society of Chemistry 2014
corresponded to the formation of a percolated nanostructure in
nanocomposites. As shown in previous reports,40,47,48 mechan-
ical properties of neat PP can be improved by this percolated
nanostructure. Moreover, the clay platelets orientation may also
contribute to the reinforcement effects.

The inuence of SEBS concentration in nanocomposites is
presented in Fig. 5. It can be observed that toughness increased
with the increase of SEBS concentration while stiffness
decreased. Although the stiffness decreased, it still remains
higher than that of the neat PP.

Impact strength. Unnotched Charpy and notched Izod
impact tests were performed on nanocomposites (Fig. 6). Both
tests are in accordance and present the same behaviour of the
nanocomposites.

A signicant improvement of 64% in Charpy impact strength
can be noticed for the nanocomposites with 10 wt% OMMT and
12 wt% SEBS. Furthermore, when Izod impact strength was
tested for the nanocomposite with 10 wt% OMMT and 14 wt%
SEBS, the increase was spectacular, of 300% as compared with
neat PP. To the authors' best knowledge, until now, such a high
improvement of impact strength has not been reported for PP
nanocomposites reinforced with OMMT/SEBS ller.
Young's modulus
of elasticity (MPa) Energy at break (J)

Izod impact
strength, (kJ m�2)

771 � 53 43.3 � 11.7 2.2 � 0.3
608 � 146 92.2 � 8.8 19.3 � 0.1
539 � 167 118.7 � 23.3 17.6 � 0.5
478 � 121 98.1 � 15.5 33.3 � 0.2
427 � 24 187 � 13.6 41.7 � 0.8
757 � 56 18.7 � 1.4 2.1 � 0.1
830 � 53 17.6 � 3.8 2.0 � 0.3
831 � 44 13.0 � 2.4 1.9 � 0.1

1715 � 158 37.6 � 25.1 3.3 � 0.2
1297 � 99 99.2 � 11.8 5.0 � 0.9
1045 � 96 42.5 � 8 7.6 � 0.4
1012 � 37 74.5 � 2.1 8.9 � 0.1
936 � 48 105.8 � 40 20.3 � 2.5
954 � 38 138.9 � 33 34.6 � 0.5

RSC Adv., 2014, 4, 6573–6579 | 6577
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Fig. 6 Impact strength (a) unnotched Charpy impact strength and (b) notched Izod impact strength.

Fig. 8 Strain deformation after 100 cycles.
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Creep and cyclic loading. In addition to the static tensile
tests, creep and cyclic measurements were carried out in order
to evaluate the failure resistance and dimensional stability of
the nanocomposites compared to the neat PP.

The creep performance of the neat PP and the nano-
composites were characterized by the creep strain as a function
of creep time under a constant stress. The creep test results of
different OMMT/SEBS loadings are presented in Fig. 7.

Nanocomposites were subjected for one hour to an applied
stress of 21 MPa, which represents 70% of static UTS (ultimate
tensile strength) of the neat PP at room temperature. The creep
curves presented primary and secondary creep stages. The creep
resistance of nanocomposite with 1 wt% was better than that of
the neat PP and the nanocomposites with a high level of OMMT
content. In fact the creep resistance started to be inuenced by
the SEBS content from nanocomposites aer it reached the
value of 3 wt%. However, the creep results were in accordance
with static tensile measurements, if the instantaneous elasticity
that can be given by the intercept of the creep curve with the
strain axes is considered. The shape of the curve presented
increase elasticity, thus, increased toughness for the nano-
composites with a higher amount of SEBS than for neat PP.

Cyclic measurements were performed on a high loading
consisting of 100 cycles and a variation of stress between 10 and
20 MPa. During the test, samples did not present failure. The
results were in accordance with creep measurement results.

In Fig. 8 it can be observed that the nanocomposite with
1 wt% OMMT presented a decrease of strain aer 100 cycles,
thus an improvement of resistance to failure; whereas for the
nanocomposites with a higher amount of OMMT the strain
increased. The same phenomenon happened as in resistance to
Fig. 7 Creep resistance in time of nanocomposites.
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creep, where the increased amount of SEBS take over and
inuenced these properties.
Conclusions

Polypropylene nanocomposites were obtained by melt incor-
poration of an elastomer/OMMT hybrid. X-ray diffraction
showed that intercalated nanocomposites were obtained when
using SEBS as compatibilizer.

The mechanical properties were correlated with nano-
composites morphologies emphasized by X-ray diffraction. The
morphological and mechanical results showed that the compo-
nents strongly inuenced the properties of the nanocomposites.
Taking into consideration the ratio between the compatibilizing
agent/organosilicate, nanocomposites with either toughness or
stiffness or with good balance between toughness–stiffness
properties can be obtained. Moreover nanocomposites presented
a spectacular improvement of impact strength. Therefore,
considering the overall properties, these types of nanocomposites
can easily nd applications in the automotive industry.
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