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Abstract Supercritical CO, (SC-CO,), as a green med-
ium, was induced in the traditional way of preparing poly-
propylene/ethylene—propylene—diene terpolymer (EPDM)
thermoplastic olefin (TPO) by dynamic vulcanization using
a twin-screw extruder. The morphology observation sug-
gested that the SC—CO, not only promoted the rubber dis-
persion, but also facilitated the rubber dynamic
vulcanization; therefore, the crosslinked EPDM particles
were more densely distributed in the TPOs prepared with
SC-CO,, and existed as a stronger viscoelastic phase
restricting the mobility of polymer chains, increasing the
complex viscosity and storage modulus and promoting the
mechanical properties.

Introduction

Thermoplastic vulcanizates offer the performance of a
thermoset rubber together with the good processibility and
recyclability of thermoplastic materials [1]. In the con-
tinuous industrial production, dynamic vulcanization via
the screw extruder is a commonly used method of
obtaining polypropylene (PP)/ethylene—propylene—diene
terpolymer (EPDM) thermoplastic olefin (TPO) [2]. In the
PP/EPDM TPO, the uniform distribution of EPDM phase
with small size morphology is the key to decide their
better performance [1]. Unfortunately, PP and EPDM are
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thermodynamically immiscible, which results in poor
interfacial adhesion and a phase-separated morphology,
this consequently leads to poor mechanical properties
[3-6].

Important functions of supercritical carbon dioxide
(SC—CO,) are the plasticization of the polymer and the
change of polymer physical properties, such as the low-
ering of interfacial tension and a reduction of viscosity of
the polymer melt [7, 8]. A great deal of attention has
been given to the polymer processing with the aid of SC—
CO, [9-13]. Elkovitch et al. [9] studied the blend of
ethylene—methylacrylate copolymer and polystyrene and
showed that the CO, altered the viscosity of each com-
ponent in extrusion of their blend. Khan et al. [10]
studied the effect of SC—CO, on the morphological fea-
tures of blends of polycarbonate and a commercial ther-
moplastic elastomer. They found that the size distribution
of the elastomer domains is effectively narrowed by the
SC-CO, treatment. Some researchers investigated the
acceleration effect of SC-CO, on the reactive extrusion
and obtained some significant results [11-13]. Xue and
Tzoganakis [11] carried out the research about reactive
extrusion of maleic anhydride (MA) functionalized
polyethylene and amine-terminated polyamide-6 in a
twin-screw extruder with the injection of SC-CO,. By
measuring the amount of unreacted MA via FTIR, they
found that the final MA conversion increased with the
increase in CO, concentration.

In this study, a novel technology of SC-CO,-assisted
polymer blending, which combined with traditional cross-
linking way of dynamic vulcanization, was developed. The
effect of SC—CO, on the PP/EPDM dynamic vulcanization
was evaluated, primarily based on the investigation of
rheology, morphology, mechanical properties, and the
relationships among them.
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Experimental
Materials and experimental equipment

The PP used was grade J501 manufactured by Sinopec
Group Guangzhou Co., China. The EPDM used was grade
4045 manufactured by Mitsui Petrochemical Industries,
Ltd. A sulfur system, which was used as vulcanization
component during the dynamic vulcanization, was of lab-
oratory grade and purchased from local suppliers. The
equipment mainly included a co-rotating twin-screw
extruder (35 mm diameter, 40 length-to-diameter ratio) and
a CO, injection system (500D, ISCO). More details were
described in previous papers [14, 15].

Sample preparation

A mixture containing PP, EPDM, and vulcanization com-
ponent in a ratio of 80:20:2 by weight was fed to the
extruder with the feed rate of 3 kg/h. The screw speed was
set at 100 rpm. The flow rate of CO, was set to keep the
CO, concentration to be 0, 1, and 2.5 wt% of the feed rate
of the PP/EPDM mixture. At the position of about 38 times
of screw diameter from the hopper, CO, was vented by
vacuum pump. During the experiments, the CO, pressure
in high-shearing section of extruder was kept about 9 MPa.
The melt just at the die exit was immediately compression-
molded into disks with a size of ¢25 x 1 mm®. The
extruded melt strands were pelletized after directly solidi-
fied in a water bath.

Characterization

Bohlin Gemini 200 Rheometer equipped with a parallel-
plate fixture (25-mm diameter) was used in an oscillatory
mode to conduct dynamic frequency sweep measurement
at 170 °C. The above-said compression-molded disks were
used as the test samples. The angular frequency (w) ranged
from 0.01 to 100 rad/s and the fixed strain was set at 5%. A
Hitachi S-520 SEM was used to observe the phase mor-
phology of blends, and the specimens were chosen from
parts of extruded strands. Before morphological observa-
tion, the specimens were etched by xylene at room tem-
perature for 4 h to remove the PP and non-crosslinked
EPDM phase. Some pellets were injection molded into
standard specimens for the mechanical property tests. The
tensile tests were performed at a crosshead speed of
50 mm/min on a tensile tester (tensiTECH, USA). The
Izod impact tests were conducted on an impact tester
(ZWICK5331, German). Flexural tests were carried out at
a crosshead speed of 20 mm/min on a flex tester (AG-1,
Japan).

Results and discussion
Rheology

As can be directly seen from Fig. 1, the 1, G', and G” of
PP/EPDM TPO prepared with SC-CO, are higher than
those prepared without SC—CO,, and the increase in n*, G,
and G” is significant with adding 1 wt% CO,, but a further
increase in the CO, concentration up to 2.5 wt% does not
increase the #*, G’, and G’ much. The maximum increase
in n* is 29% at the lowest  for PP/EPDM TPO prepared
with 2.5 wt% SC-CO, and the increment keeps reducing
with the increase in @. The increment for G” is less than
that for G’ when CO, is added, meaning that the SC-CO,
has a more significant effect on the elastic behavior than
the viscous behavior of PP/EPDM TPO. The maximum
increases in G’ and G” are 42 and 25% at the lowest w,
respectively, for PP/EPDM TPO prepared with 2.5 wt%
SC-CO,. These rheological behaviors suggest that the
presence of SC—CO, changes the final morphology of PP/
EPDM TPO.

Morphology

Because the PP and non-crosslinked EPDM phase at the
surface layer were removed by xylene, the grey or white
particles left on the surfaces shown in Fig. 2 are cross-
linked EPDM. As can be clearly seen, the injection of
SC-CO, leads to the size reduction and distribution uni-
formity improvement of crosslinked EPDM phases. More
significantly, the particle number is increased and particle
distribution is denser for PP/EPDM TPO prepared with
SC-CO, than that without SC—CO,. This may deduce that,
during the dynamic vulcanization, the lubricating effect of
SC—-CO; not only promoted the rubber dispersion, but also
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Fig. 1 Complex viscosity #*, storage modulus G’, and loss modulus

G" as a function of frequency w at 170 °C for PP/EPDM TPOs
prepared with different concentrations of SC—CO,
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Fig. 2 SEM micrographs for PP/EPDM TPOs prepared with a 0 wt% SC-CO,, b 1 wt% SC-CO,, and ¢ 2.5 wt% SC-CO,

helps to change the conformation of rubber chains or
reorientate the chain configuration, which facilitates the
contact of reactive unsaturated double bonds with sulfur
and promote their crosslinking. Similar phenomenon was
also reported by Xue and Tzoganakis [11], who attributed
this to the enhancement of the segmental chain mobility
when dissolving the CO, into polymer melt.

Mechanical properties

Table 1 shows that, except the elongation at break, the
mechanical properties of PP/EPDM TPO prepared with
2.5 wt% SC—CO, are the highest, followed by those pre-
pared with 1 wt% SC-CO,. The elongation at break
decreases with increasing SC—CO, concentration. The
increments of the tensile strength, flexural modulus, max-
imum strength, and impact strength for PP/EPDM TPO
prepared with 2.5 wt% SC-CO, are 5.9, 10.5, 13.1, and
6.5%, respectively, when comparing with those without
SC-CO,.

Relationship of rheology, morphology, and mechanical
properties

The dynamic rheological measurement is an indirect
method to probe the morphologies of polymer blends and
provides fundamental insights about their viscoelastic
properties. Figure 1 shows that the complex viscosity #* of
PP/EPDM TPO increases with the increase in SC-CO,
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Fig. 3 Complex viscosity #*, storage modulus G’, and loss modulus
G" as a function of frequency w at 170 °C for PP extruded under
different concentrations of SC-CO,

concentration. This may be attributed to the morphology
change of EPDM phase in PP matrix, because as can be
seen from Fig. 3, the SC—CO, has no effect on the rheology
of pure PP, which suggests that the morphology of pure PP
is not changed. Actually, morphological observation in
Fig. 2 shows that the crosslinked EPDM particles distribute
more uniformly and densely with the aid of SC-CO,,
which act as a rigid structure to restrict the mobility of
polymer chains. So the further confinement of polymer
chains increases the complex viscosity and dynamic mod-
uli. In addition, because EPDM crosslinking is promoted
for TPO prepared with SC-CO,, more and denser

Table 1 Mechanical properties of PP/EPDM TPOs prepared with different concentrations of SC-CO,

CO,; concentration (wt%)  Tensile properties

Flexural properties

Izod impact strength

kJ/m?
Tensile strength  Elongation at break  Flexural modulus ~ Maximum flexural strength ¢ )
(MPa) (%) (MPa) (MPa)
0 220+ 1.1 169 £ 21 1037 £ 39 42.6 £ 0.5 62 +02
222403 161 £ 13 1091 £ 22 435+03 6.4 +0.3
2.5 233+ 12 160 £ 16 1173 £ 24 47.1 £ 0.6 6.6 0.2

@ Springer



J Mater Sci (2010) 45:4054-4057

4057

crosslinked EPDM makes the TPO exhibit stronger elastic
response than the viscous response, this is the reason for
the increment of G’ is more than that of G when CO, is
added.

Mechanical properties of polymer blend are directly
related with its morphology. In the deformation under an
external force, the crosslinked EPDM acting as rigid
structure not only restricts the mobility of the polymer
chains to change conformations and promotes the elastic
recovery of deformed chains, but also helps to transfer the
stress and reduces the stress concentration, which leads to
the increase in fracture initiation energy. Therefore, tensile,
flexural, and impact strengths increase with more and
denser distributed crosslinked EPDM in TPO prepared with
higher SC-CO, concentration.

Conclusion

A SC-CO,-assisted polymer extrusion setup was used to
prepare the PP/EPDM 80/20 TPO by dynamic vulcaniza-
tion. The dynamic rheology and morphology of the PP/
EPDM TPO were characterized using oscillation-mode
rheological test and SEM, respectively. Rheological test
results showed that the complex viscosity and dynamic
moduli significantly increased for the PP/EPDM TPO
prepared with the 1 wt% SC—-CO,, but a further increase in
the CO, concentration up to 2.5 wt% did not increase the
complex viscosity and dynamic moduli much. The SEM
results indicated that the addition of SC—CO, enhanced the
degree of dynamic vulcanization, and led to the size
reduction and distribution uniformity improvement of
crosslinked EPDM phases. The mechanical measurements

showed that the better mechanical properties were obtained
for TPOs prepared under the inducing of SC-CO, in the
dynamic vulcanization in extrusion. And the increments of
the tensile strength, flexural modulus, maximum strength,
and impact strength for PP/EPDM TPO prepared with
25 wt% SC-CO, were 5.9, 10.5, 13.1, and 6.5%,
respectively.

Acknowledgement The authors acknowledge the financial support
provided by the Teaching and Research Award Program for Out-
standing Young Teachers in Higher Education Institutions of Ministry
of Education, People’s Republic of China.

References

—

. Bhadane PA, Virgilio N, Favis BD et al (2006) AIChE J 52:3411
. Van Duin M (2006) Macromol Symp 233:11
. Chakraborty P, Ganguly A, Mitra S, Bhowmick AK (2008)
Polym Eng Sci 48:477
. Naskar K, Noordermeer JWM (2006) J Appl Polym Sci 100:3877
. Feng W, Isayev Al (2004) Polymer 45:1207
. Chen Y, Li H (2005) Polymer 46:7707
. Tomasko DL, Li H, Liu D et al (2003) Ind Eng Chem Res
42:6431
8. Nalawade SP, Picchioni F, Janssen LPBM (2006) Prog Polym Sci
31:19
9. Elkovitch MD, Lee LJ, Tomasko DL (2001) Polym Eng Sci
41:2108
10. Khan F, Czechura K, Sundararajan PR (2006) Eur Polym J
42:2899
11. Xue A, Tzoganakis C (2003) SPE ANTEC Tech Pap 49:2271
12. Sohn CH, Shim DC, Lee JW (2007) Macromol Symp 249-
250:580
13. Dorscht BM, Tzoganakis C (2003) J Appl Polym Sci 87:1116
14. Zhao Y, Huang HX (2008) Polym Test 27:129
15. Zhao Y, Huang HX, Chen YK (2010) Polym Bull 64:291

[SSIN S

NN A

@ Springer



	SC--CO2-assisted rubber dispersion and dynamic vulcanization in blending of PP/EPDM thermoplastic olefin
	Abstract
	Introduction
	Experimental
	Materials and experimental equipment
	Sample preparation
	Characterization

	Results and discussion
	Rheology
	Morphology
	Mechanical properties
	Relationship of rheology, morphology, and mechanical properties

	Conclusion
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


