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Abstract Nanocomposites based on 70/30 (w/w) polypropylene (PP)/polyamide 6

(PA6) immiscible blends and functionalized-TiO2 nanoparticles were prepared via

melt compounding. The influences of TiO2 on the morphology of nanocomposites

were investigated. Scanning electron microscopy results revealed the domain size of

the dispersed PA6 phase decreased in presence of functionalized-TiO2 and the TiO2

nanoparticles were preferentially located at the PA6 phase and at the interfacial

region between PP and PA6, which were ascertained by differential scanning cal-

orimetry. The functionalized-TiO2 nanoparticles played the compatibilizer for the

immiscible PP/PA6 blends, increasing the interaction of the two phases in certain

extent. Therefore, a clear compatibiliting effect was induced by the TiO2 in the

immiscible PP/PA6 blends.

Introduction

Nanocomposites offer new technological and economical benefits. The incorporation

of nanometer scale reinforcement (e.g., layered silicates of clay and nanofiber) may

dramatically improve selected properties of the related polymer. Numerous

researchers described polymer/inorganic nanocomposites on the basis of single-

polymer matrix, including polypropylene (PP) [1], polyamide (PA) [2]. In recent
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years, there has been intense interest in multiphase polymer blends due to the potential

opportunities of combining the attractive features of each blend component while at

the same time reducing their deficient characteristics [3]. However, binary blends of

immiscible polymers generally exhibit poor mechanical properties due to most

homopolymer pairs are immiscible, they form phase-separated morphologies having

poor mechanical properties, and such as in polypropylene/polyamide blends [4].

Therefore, it is essential to control and stabilize a desired type of morphology in a

polymer blend in order to generate polymeric materials with favorable properties. In

principle, there are two ways to overcome the phase separation in an immiscible

polymer blend. The first approach is to add block or graft copolymers to immiscible

polymer blend, which are covalently connected immiscible blocks, have demon-

strated very effective compatibilization activity in immiscible blends [5]. A second

method is addition of inorganic fillers to an immiscible polymer blend, which provides

an alternative way to modify its interfacial properties. Some publications reported the

compatibilization effect of organoclay on immiscible polymer blends. For example,

Gelfer et al. [6] as well as Wang et al. [7] observed a drastic enhancement of the degree

of dispersion in blends of PS/PMMA and PS/PP modified with organoclay. Adding of

organoclay has resulted in a reduction of the micro-domain size of the dispersed phase

in PS/PEMA blends [8]. Wang et al. [9] reported that Nanomer I.30 TC acted as a

compatibilizer in blends of PA6 with 10 wt% PP, improving the tensile modulus and

strength, but at a cost of impact strength. However, the compatibilization mechanism

is not very clear. Location of nanoparticles in immiscible polymer blends remains an

important topic for understanding of the mechanism of compatibilization.

Polypropylene (PP) exhibits excellent moisture barrier but poor oxygen barrier

properties. On the contrary, Polyamide 6 (PA6) has good barrier against oxygen, but

shows poor resistance to water and water vapor. PP and PA6 blending was attempted to

achieve improvement in mechanical properties, paintability, and barrier properties

[10]. The nanocomposites of either PP [2] or PA6 [3] with layered silicates have been

extensively studied. Some literature reported PA6/PP blend modified by organoclay

and found that the organoclay is well dispersed and preferentially embedded in PA6

phase. However, nanocomposites based on PP/PA6 blend modified by some other

nanoparticles having a certain function properties were less involved in studies

according to the open literature. Adding TiO2 nanoparticles to PP/PA6 blends can

generate excellent mechanical nanocomposites with high antimicrobial and anti-aging

properties. Further, PP/PA6/functionalized-TiO2 combinations form a very good

model system for evaluating the compatibilization activity of the TiO2. The

compatibilizations of TiO2 nanoparticles were investigated by SEM. Further, the

possible chemical reactions between PP, PA6 and functionalized-TiO2 were proposed.

Experimental

Materials

Polypropylene (PP) was supplied by Titan Himont Polymer (M) Sdn. Bhd.

(Malaysia) and polyamide 6 (PA6) used in this study was a commercial product
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from Toray Nylon Resin Amilan (Japan). PP-g-MAH is Maleic anhydride grafted

PP and was synthesized in our lab. TiO2 nanoparticles were obtained from

Zhoushan Mingri Nanomaterials Co., Ltd, (China) and the mean particle size is

20 nm.

Specimen preparation

TiO2 nanoparticles were dried for 24 h at 110 �C under vacuum. The functional-

ization procedure was carried out as following: in a typical experiment, a mixture

with 6.0 g c-glycidoxypropy1 trimethoxysilane dispersing in 100 ml anhydrous

ethanol was placed in an ultrasonic bath for 30 min, and then the solution mixed

with 300 g TiO2 nanoparticles in a high speed mixer. Melt compounding of the PP/

PA6 based compounds at fixed mass ratio of 70/30 were done on counter-rotating

twin screw extruder. The extrusion zone temperature ranged from 220 to 240 �C.

Prior to extrusion, PA6 pellets and were dehumidified by using a vacuum oven at

80 �C for 8 h. The extrudates were pelletized with the Haake pelletizer. The pellets

were injection molded into standard tensile bar using a Niigata AN 50 injection

molding machine. Injection molding temperature ranged from 220 to 240 �C. Prior

to injection molding, all pellets were dehumidified in vacuum oven at 80 �C for 8 h.

SEM observation and thermal analysis

The fracture surfaces of selected PP/PA6 based compounds were inspected in a

scanning electron microscope (SEM, JSM-6360LV). The fracture surface was

coated with a thin layer of gold to avoid electrostatic charging during examination.

The crystallization behaviors of the compounds were studied under nitrogen

atmosphere by differential scanning calorimetry (TA DSC Q 10), using 5–8 mg

sample sealed into aluminum pans. In order to avoid any effect of moisture, all the

test specimens were dried using vacuum oven at 80 �C prior to the measurements.

The temperature was raised from room temperature to 250 �C at a heating rate of

40 �C/min, and after a period of 5 min it was swept back at 10 �C/min. In order to

erase the thermal history, after 1 min second heating similar to the first at a heating

rate of 10 �C/min was then performed.

Results and discussions

Phase morphology of PP/PA6 blends

To investigate the compatibilization of functionalized-TiO2 on the immiscible PP/

PA6 blend, the fractured samples were etched in formic acid for 24 h to distinguish

the phases, which selectively removed the PA6 phase; that is, the holes in the SEM

micrographs represent PA6 domains and the results are shown in Fig. 1.

Figure 1a shows the morphology of the fracture surface of PP/PA6 blend

without compatibilizer. In this blend, large PA6 particles dispersed in the PP

matrix can be seen and the domain size is about 10 lm. These particles debonded
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easily from the PP matrix and the slick interface was observed because of the weak

interfacial adhesion. Figure 1b shows the morphology of PP/PA6 with 5.0 wt%

loading of PP-g-MAH, both the interparticle distance and the size of the dispersed

PA6 phase are found decrease to 2–3 lm. With the incorporation of 2.0 wt%

functionalized-TiO2 into PP/PA6 blends, the PA6 domain size reduced to about

4 lm and most of the domain shape is ellipsoidal (Fig. 1c), indicating the

functionalized-TiO2 have strong compatibilization on PP/PA6 blends. Figure 1d

shows the morphology of the fracture surface of PP/PA6/PP-g-MAH/TiO2

nanocomposite, PA6 domain dispersed in the PP matrix can be seen and the

domain size is about 1 lm. The incorporation of the PP-g-MAH into the PP/PA6/

functionalized-TiO2 blends mildly affected the dispersed phase PA6 domain size.

This indicates that the addition of PP-g-MAH can promote the functionalized-TiO2

disperse uniformly in the PP/PA6 blends.

Thermal analysis of study composites

To elucidate the thermal behavior of PP/PA6 and PP/PA6 based composites, the

DSC thermograms were measured. The related data and curves are shown in

Table 1 and Fig. 2, respectively.

It can be seen from Table 1 and Fig. 2 that the crystallization temperature (Tc)

for PP phase remained unaltered with the addition of functionalized-TiO2.

Fig. 1 SEM micrographs of PP/PA6 (a), PP/PA6/PP-g-MAH (b) PP/PA6/functionalized-TiO2 (c) and
PP/PA6/PP-g-MAH/functionalized-TiO2 (d)
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However, the Tc for PA6 phase slightly increased with the incorporation of

functionalized-TiO2. For instance, the Tc for PP phase in PP/PA6 blend is

122.28 �C, when 2 wt% functionalized-TiO2 were added to the PP/PA6 blend, the

Tc is 122.12 �C, i.e. remained unchanged. However, the Tc for PA6 phase was

increased from 186.82 to 188.25 �C. As far as PP/PA6/PP-g-MAH blend is

concerned, the Tc for PP phase is 124.31 �C and the Tc for PP is 124.92 �C, as

expected the Tc for PA6 phase increased from 184.09 to 186.66 �C. These results

firmly revealed that the functionalized-TiO2 are mainly dispersed in the PA6

phase, whereas the thermal behavior of the PP matrix is practically unaffected by

the presence of the functionalized-TiO2. Moreover, functionalized-TiO2 also affect

the crystallization ability of two phases and the enthalpies for the crystallization

transitions of PP and PA6 indicated the functionalized-TiO2 have much influences

on PA6 phase, which indicated a strong interaction and adhesion between the PP,

PA6 and functionalized-TiO2.

Table 1 Thermal properties of PP/PA6, PP/PA6/gPP and their nanocomposites

Sample Mass ratio PP phase PA6 phase (dispersed phase)

T0

(�C)

Tc

(�C)

-4Hc

(J/g)

T0

(�C)

Tc

(�C)

-4Hc

(J/g)

PP/PA6 70/30 126.30 122.28 83.74 189.98 186.82 35.5

PP/PA6/gPP 70/30/5 130.48 124.31 82.41 187.97 184.09 41.30

PP/PA6/TiO2 70/30/2 126.80 122.12 87.94 192.25 188.25 46.75

PP/PA6/gPP/TiO2 70/30/5/2 129.09 124.92 82.36 190.80 186.66 38.94

Fig. 2 DSC thermograms of PP/PA6, PP/PA6/PP-g-MAH and their nanocomposites

Polym. Bull. (2009) 63:441–447 445

123



Schematic mechanism of compatibilization

The possible chemical reactions between PP, PP-g-MAH, PA6 and functionalized

TiO2 during melt compounding are proposed in Figure 3 PA6, a polar polymer, has

amino groups in its main chains, which could react with the epoxy groups at TiO2

surfaces, resulting in a portion of PA6 grafted at TiO2 surfaces. In the presence of

PP-g-MAH, a PP-g-PA6 copolymer might have resulted. When PP-g-MAH is added

to PP/PA6 blends, the anhydride group reacts with the terminal amino group of PA6

during melt mixing, resulting in the formation of PP-g-PA6 copolymer, which was

in line with the founding of Chow et al. [11]. The functionalized-TiO2 are uniformly

dispersed in the PP/PA6 blends, more or less, the TiO2 play the role of coupling

species between the two homopolymers, increasing the interaction of the two

phases. Besides, the TiO2 act as barriers to the assembly of the domains, kinetically

prevent the expansion of the domain. This action becomes more intense in presence

of PP-g-MAH probably because the space available for domain formation becomes

more limited.
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Fig. 3 Possible chemical reactions between PP, PP-g-MAH, PA6 and functionalized-TiO2
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Conclusions

The affinity between the PA6 and functionalized-TiO2 was better than that of the PP

and TiO2 and the TiO2 were preferentially located at the PA6 phase, which were

consistent with the result of DSC analysis because of the epoxy groups at TiO2

surfaces can react with the amino groups in polar PA6 chains. In the morphological

studies by SEM, the sizes of the PA6 droplets were decreased in presence of the

functionalized-TiO2, which played the role of a coupling species between the two

polymers, indicating the functionalized-TiO2 have a strong compatibilization on the

PP/PA6 blends.

Acknowledgments This work was financially supported by Hunan Provincial Natural Science

Foundation of China (No. 06JJ20036) and Foundation of State Key Laboratory of Powder Metallurgy.

References

1. Hong CK, Kim MJ, Oh SH, Lee YS, Nah C (2008) J Ind Eng Chem 14:236

2. Wilkinson AN, Man Z, Stanford JL, Matikainen P, Clemens ML, Lees GC, Liauw CM (2007)

Compos Sci Technol 67:3360

3. Utracki LA (1989) Polymer alloys and blends. Hanser, Munich

4. Kudva RA, Keskkula H, Paul DR (1998) Polymers 39:2447

5. Paul DR, Bucknall CB (2000) Polymer blends. Wiley, New York

6. Gelfer MY, Song HH, Liu LZ, Hsiao BS, Chu B, Rafailovich M, Si M, Zaitsev V (2003) J Polym Sci

Part B Polym Phys 41:44

7. Wang Y, Zhang Q, Fu Q (2003) Macromol Rapid Commun 24:231

8. Ferreiro V, Douglas JF, Amis EJ, Karim A (2001) Macromol Symp 167:73

9. Wang H, Zeng CC, Elkovitch M, Lee JL, Koelling KW (2001) Polym Eng Sci 41:2036

10. Giannelis EP, Shah D, Schmidt D (2002) Curr Opin Solid State Mater Sci 6:205

11. Chow WS, Abu Bakar A, Mohd Ishak ZA, Karger-Kocsis J, Ishiaku US (2005) Eur Polym J 41:687

Polym. Bull. (2009) 63:441–447 447

123


	Location of functionalized-TiO2 nanoparticle �in an immiscible PP/PA6 blends and its effect �on the compatibility of the components
	Abstract
	Introduction
	Experimental
	Materials
	Specimen preparation
	SEM observation and thermal analysis

	Results and discussions
	Phase morphology of PP/PA6 blends
	Thermal analysis of study composites
	Schematic mechanism of compatibilization

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


