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ABSTRACT: Nanocomposite fibers consisting of isotactic polypropylene (iPP) as a matrix filled with vapor grown carbon nanofibers

(VGCF) have been prepared and their fine crystalline structure and mechanical properties characterized. The obtained results point out

that the VGCF oriented along the fiber extrusion direction induce crystallization in the surrounding iPP matrix in a special way leading

to the formation of oriented iPP a-transcrystallite layers. The VGCF content and the draw ratio (DR) affect the textural properties of the

composite material and lead to the formation of an anisotropic structure. The improvements of the mechanical properties of the compos-

ite fibers in both undrawn and drawn states are attributed to the VGCF aligning effect during extrusion, which produces highly oriented

iPP crystalline structure, rather than to the reinforcing effect of the nanofibers. A new detailed scheme explaining the changes in tensile

strength from the structural point of view is proposed. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41865.
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INTRODUCTION

Polymer composite materials have partially or completely

replaced many other materials in various applications such as

engineering, aeronautics and textile industry, electronics, and

medicine. In the last decades, composites containing carbon

nanoparticles with unique properties (carbon nanotubes (CNT),

nanofibers (CNF), fullerenes, graphenes, and others) have

attracted particular attention of researchers and technicians.

Most studies of nanocomposites containing anisotropic carbon

nanoparticles (CNF or CNT) have focused on improving elec-

trical and mechanical properties.1–9 Numerous investigations

have been done on isotactic polypropylene (iPP) as a common

plastic and semicrystalline polymer matrix. The results have

shown that nanotubes and nanofibers could improve the tensile

modulus of iPP and in some cases the strength, but usually

with a loss of deformation at break.10–12 The polymer matrix

and the reinforcement are considered as two separate elements

which may interact with each other only in terms of load trans-

fer. Another important factor affecting the mechanical behavior

of the polymer composite materials loaded with nanoparticles is

the microstructural features of the polymer matrix which can be

changed by the nano-size fillers.13,14

Differential scanning calorimetry (DSC) and electron microscopy

experiments have shown that carbon nanoparticles (CNT, CNF)

can act as effective nucleating agents in PP matrix.13,15–20 In an

isothermal crystallization study Lozano and Barrera observed,

that the addition of 5 wt % CNF led to higher nucleation rate of

PP and increased crystallization temperature by 8�C.13 Sui et al.

found an 18�C increase in the PP crystallization temperature with

an addition of 5 wt % CNF.15 However, there was no significant

effect of CNFs on the melting temperature and on the degree of

crystallinity.15,16 Sandler et al. reported a strong aligning of the

polymer chains and of the nanofibers along the drawing direction

in a highly oriented PP film containing 0.5 wt % CNF.17 Then,

the polymer crystallized to produce lamellae perpendicular to the

main molecular axis direction. The quality of the crystalline

lamellae in the close proximity to the nanofiber surface was

changed. This was related to an increase in crystallinity, as the

spacing between the lamellae was reduced near the nanofiber.21 It

was shown that transcrystallization in PP depended on the surface
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structure of carbon fibers—only high-modulus carbon fibers

induced such transcrystallinity.22

Thermogravimetric (TGA) measurements confirmed the forma-

tion of a complex structured interface between iPP and VGCF

and revealed the complex structure of that interface.23 A thin

hard layer was identified and assigned to the polymer segments

captured by the nanofibers at such small distances. The van der

Waals interaction between these macromolecules and the nano-

fiber is comparable with the energy of covalent bonds in the

molecules of the polymer. The presence of a soft layer extending

from the nanofiber-polymer interface at distances comparable

with the radius of gyration of PP was also reported.24

The crystalline structure of the composite PP fibers was inten-

sively studied by a number of authors.25,26 Simultaneous SAXS

and WAXS measurements during iPP melt spinning showed

that the degree of crystallite orientation was controlled by the

nucleation process.25 The amount of the oriented crystals

increased with addition of VGCF.26

Up to now, most of the above results on the crystallization

behavior were obtained at a constant content of CNF. Only few

researches were focused on the influence of the nanofiller con-

tent. In addition, a comprehensive study of the mechanical and

crystallization behavior of PP filled with carbon nanoparticles

was rarely reported. However, the mechanical properties of

semicrystalline PP depend strongly on its microstructure and

crystallinity. Consequently, a better understanding of the

changes in the crystalline morphology of the polymers filled

with anisotropic nanoparticles and their effect on the mechani-

cal behavior of the composite materials is of great importance.

Since the properties of the final polymeric fiber are strongly

influenced by the production conditions, it is necessary to bet-

ter understand the evolution of the fine structure to optimize

the fiber processing. In this work we report the effect of differ-

ent amounts of anisotropic nanoparticles (VGCF) on the micro-

structure and mechanical properties of iPP/VGCF fibers in both

unoriented and oriented states.

VGCF are found to significantly influence the fine structure of

the iPP matrix in the composite fibers that allows fine tuning of

the mechanical characteristics. The reinforcement role of VGCF

is revealed to be negligible owing to a low adhesion between the

matrix and the nanofillers. A scheme describing in detail the

tensile strength changes is suggested.

EXPERIMENTAL

Material

The isotactic polypropylene Balen 01270 (Mw 5 250,000 g mol21;

Ufa Petroleum Refinery, Bashneftekhim, Ufa, Russia) produced in

the form of granules was used as the polymer matrix. The graphi-

tized carbon nanofibers produced by gas phase synthesis (vapor

grown carbon fibers) (Showa Denko K.K., Japan) were used as a

filler.27 VGCF nanofibers had a shape of a cylinder with 100–

150 nm in diameter and the axial ratio of about 30.

Sample Preparation

Samples of pure iPP and composites with VGCF were fabricated by

melt-processing using a twin-screw microcompounder (DSM Xplore,

The Netherlands) and a receiving unit from the same company. The

amount of filler was varied as 1, 3, 5, 10, 20 wt %. The polymer

granules were mixed with VGCF powder in the microcompounder

for 5 min at 200�� at a screw rotation rate of 75 rpm. After the ini-

tial fiber had been formed through a die of 1 mm in diameter, the

material was subjected to an additional orientation drawing by

rewinding between two rollers, passing through a tunnel furnace at

150��. The orientation drawing of the material occurred in the

heated zone owing to the preset difference in the roller rotation rates

producing different draw ratios (DR) of the fibers. The processing

conditions were chosen in order to product good fibers with round

and constant section. All samples of the fibers based on pure iPP

and filled with VGCF were obtained in the same conditions.

Mechanical Properties

Mechanical characteristics of the composite fibers were deter-

mined at room temperature under uniaxial extension with the

universal mechanical testing machine 1958-U-10 (Russia). The

fiber strength rbr was averaged over the testing results of 10 speci-

mens of each fiber. The initial base length of the samples was

35 mm, and the velocity of the fiber extension was 10 mm min21.

Scanning Electron Microscope (SEM)

Investigations of the sample structure were carried out with the

scanning electron microscope SUPRA 55VP (Carl Zeiss, Ger-

many). The samples were covered by a thin layer of metal (Au

or Pt) in order to prevent charging.

For the study of the inner fiber structure, the samples were bro-

ken perpendicularly to the fiber axis or tired along it in liquid

nitrogen to prevent a plastic deformation of the specimens.

To reveal the surface structure of the fibers in more detail, they

were etched in a mixture of KMnO4 and H3PO4 following the

procedure described in Ref. 28.

The fibers were held in vertical position for the SEM investigations.

WAXS

The crystalline structure of the pure iPP and composite fibers was

studied by X-ray diffraction using the following diffractometers:

(1) RIGAKU R-AXIS RAPID II with Co-Ka radiation and a large-

area cylindrical imaging plate detector for obtaining two-

dimensional WAXS patterns; (2) BRUKER D8 DISCOVER with

Cu-Ka source to obtain one-dimensional patterns (h–2h scans)

and azimuthal diffraction profiles. The first was used for the study

of the fibers texture, since a two-dimensional pattern contained

the full textural information at once. The h–2h scans obtained

with the other (high resolution) diffractometer were used for the

profile fitting and crystallite size analysis, since the instrumental

contributions to the peak shapes were much smaller when using

that instrument, and they could be easily evaluated. The results

obtained with the two different instruments agreed perfectly well.

The fibers were held in vertical position.

The full width at half-maximum (FWHM) of the 110 peak was

used for calculation of the apparent transverse D110 sizes of the

iPP crystallites with the Scherrer equation.29

RESULTS AND DISCUSSION

Mechanical Properties

Figure 1 demonstrates the dependence of the fiber strength

(rbr) on the content of the filler (%VGCF). It is clearly seen
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that the addition of only 1 wt % VGCF results in the consider-

able enhancement of the fiber strength rbr in both undrawn

(DR 5 1) and drawn (DR 5 8) states, but a maximum is

reached at 3 wt % VGCF. Further increase in the filler content

leads to the significant reduction of the mechanical strength. To

clarify this situation, the fine structure of the studied polymeric

and of the nanocomposite fibers was investigated in detail as it

will be discussed later.

The drawn (DR 5 8) composite fibers with the maximum

rbr 5 500 MPa (3 wt % VGCF) were also mechanically tested at

other draw ratios and compared with the drawn fibers of the

pure iPP. It was found that the melt-spun pure iPP fibers could

be drawn up to DR 5 4 and DR 5 8. However, the fibers con-

taining 3 wt % VGCF could be drawn up to DR 5 4, 8, and 12.

Figure 2 demonstrates the influence of the draw ratio on the

strength of the pure iPP and composite iPP 1 3%VGCF fibers. It

is seen that at low draw ratio DR 5 4 the strength of the pure

iPP and of the composite fibers differs weakly. However, at

DR 5 8 the strength of the composite fiber is 1.4 times higher

than that of the pure iPP. This indicates that the drawing is more

effective for the composite fiber compared with the pure one.

As mentioned above, the pure iPP fiber could not be drawn fur-

ther in contrast to the composite iPP 1 3%VGCF fiber that was

stretchable up to DR 5 12. However, the next drawing step did

not produce a considerable effect on the strengthening of the

composite fiber.

Scanning Electron Microscopy (SEM)

The effect of the nanofiller content on the mechanical proper-

ties of the investigated melt-spun fibers suggests a different

structural evolution in the pure iPP and in the composites in

both undrawn and drawn states.

Figure 3(a–c) shows the SEM micrographs of the surface struc-

ture of the undrawn pure iPP and of the two composite fibers

containing 3 wt % VGCF and 20 wt % VGCF, respectively. One

can clearly see the spherulite structure on the surface of the

pure iPP and of the iPP matrix of the composite fibers. At the

same time, the VGCF nanofibers well aligned along the extru-

sion direction of the fibers can be observed. The micrographs

obtained from both composite fibers (3 wt % and 20 wt %

VGCF) are rather similar. The main difference between them is

in the amount of the revealed VGCF nanofibers.

Figure 4 presents the SEM micrographs of the cross-sections of

the composite fibers showing a uniform distribution of individ-

ual VGCF in the iPP matrix. No VGCF agglomerates are

observed. The preferred orientation of VGCF in the extrusion

direction (normal to the cross-section plane) is seen. However,

it is easily noted that the VGCF pulled out from the iPP matrix

indicating the weak adhesion. This suggests that the strong pre-

ferred orientation of VGCF along the filament direction and the

weak adhesion to the matrix will play concurrent roles in the

strengthening process of the resulting composites.

Figure 5(a–d) shows the SEM micrographs of the internal struc-

ture of the composite fibers (3 wt % and 20 wt % VGCF)

revealed by tearing of the fibers along their axes in liquid nitro-

gen. The iPP matrix around the VGCF nanofibers [Figure

5(c,d)] deviates from the typical spherulitic morphology and

consists of row nucleated lamellae extending mainly in a per-

pendicular direction to the VGCF surface. This kind of mor-

phology is very similar to that of the transcrystallites described

by other authors.26,30,31

It is known that the VGCF surface can stimulate nucleation of

the iPP lamellae that is the key factor of the transcrystallite

morphology formation.32 One can also expect that the iPP

matrix in the transcrystalline layer should have noticeably differ-

ent properties compared with those in the bulk matrix.

As known, the crystallization of iPP occurs by folding of the

flexible polymer macromolecules. The main feature of the iPP

crystalline structure is the formation of a unique cross-hatched

morphology that was intensively investigated and described else-

where.33–35 An inset in the Figure 5(d) demonstrates such a

morphology at higher magnification. A scheme showing differ-

ent lamellae orientation in the cross-hatched morphology is

represented in Figure 5(e). Such iPP crystallites are ascribed to

a-modification which is common for iPP. The cross-hatched

morphology consists of the following elements: (1) “mother"

lamellae that start growing from the spherulite center or from

Figure 1. The dependence of the fiber strength (rbr) on the content of the

filler (%VGCF). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. The influence of the draw ratio on the strength of the pure iPP

and composite iPP 1 3%VGCF fibers. [Color figure can be viewed in the

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

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4186541865 (3 of 10)

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


the surface of VGCF; (2) “daughter" lamellae that epitaxially

grow on the surface of the "mother" lamellae. In the case of the

composite iPP/VGCF melt-spun fibers, the "mother" lamellae

are oriented perpendicularly to the VGCF surface and the

"daughter" lamellae are, in turn, oriented along the VGCF. As

mentioned above, in the investigated composite fibers the

VGCF are rather well aligned in the extrusion direction, i.e.

along the fiber axis. Therefore, one can conclude that the addi-

tion of VGCF leads to preferential nucleation in the surround-

ing iPP matrix and to oriented crystallite growth. This result

indicates that the combined effect of VGCF aligned in the

extrusion direction and of the preferential orientation of the

iPP lamellae should generate a rather strong stiffening effect.

The stiffening is evidently observed in the dependencies of rbr

on the VGCF content (Figure 1): the tensile strength of all com-

posite fibers is higher than that of the pure iPP. However, it is

also seen that the fibers with 20 wt % VGCF have the lowest

rbr among the other composite fibers. We believe that the rea-

son of such strength reduction could be the fact that a large

amount of VGCF hampers their good orientation during extru-

sion process that can also be seen in Figure 5(b).

In Figure 6 the internal structure of the oriented composite

fiber with DR 5 8 is presented. As known, during the orienta-

tion process the initial lamellae structure transforms into a

fibrillar one.36 This transformation can be accompanied by re-

orientation and breakage of the lamellae oriented perpendicu-

larly to the drawing direction and, as the main transition pro-

ceeds, by unfolding of the polymer chains and their

recrystallization followed by the micro- and macrofibril forma-

tion.37,38 The microfibrils consisting of alternating crystalline

and disordered regions are well seen in SEM images at higher

magnification [Figure 6(b)]. No residuals of the original spheru-

litic and cross-hatched structures were found in the investigated

fibers after hot drawing. It is worthy to note that the presence

of the VGCF did not prevent the structural transformation in

the iPP matrix, presumably because of the weak adhesion

between VGCF and the iPP matrix. We assume that such a

weak adhesion can also play a positive role when drawing a

composite fiber. A stronger adhesion could certainly provide a

much better stress transfer between the filler and the matrix

during stretching in the undrawn state and, therefore, result in

higher rbr values. However, drawing of the composite fibers

with stronger filler-matrix adhesion would be rather

complicated.

As mentioned above, the composite fibers with 3 wt %

VGCF were drawn up to DR 5 12. We assume that in this

case the VGCF could be regarded as defects similar to voids

leading to easier slippage of the fully formed fibrils along

each other. Such slippage does not improve the inner struc-

ture of the microfibrils themselves that results in the absence

of the fiber strength enhancement at DR 5 12 comparing to

DR 5 8 (Figure 2).

Figure 3. SEM micrographs of the surface structure of the undrawn pure iPP (a) and composite (b, c) fibers.

Figure 4. SEM micrographs of the cross-sections of the undrawn composite (3 wt % and 20 wt % VGCF) fibers.
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In the pure iPP fiber the fibrillar slippage is inhibited, therefore,

it could only be drawn up to DR 5 8.

X-ray Diffraction Studies

As described above, the iPP matrix in all investigated fibers

crystallized in the a-modification that was also confirmed by

our WAXS data. The a-phase has a monoclinic unit cell with

the following constants: a 5 6.65 Å, b 5 20.78 Å, c 5 6.5 Å,

b 5 99.6�.39 The a-c plane is the plane of the iPP chain

folding.

Figure 7 demonstrates 2D WAXS patterns recorded from

undrawn (DR 5 1 – left part) and drawn (DR 5 8 – right part)

fibers. The typical Debye rings are revealed in the WAXS pattern

of the pure iPP fiber in the undrawn state (DR 5 1) (their

pseudo-elliptical shape is due to the cylindrical shape of the

detector). Addition of 1 wt % VGCF produces no strong effect

on the textural properties. Starting from 3 wt % VGCF changes

in the crystallite preferred orientation in undrawn fibers become

detectable, i.e. the symmetric Debye rings partly transform in

arcs. This implies an appearance of preferential orientation of

iPP crystallites.

Addition of 20 wt % VGCF makes the texture more pro-

nounced (especially it concerns the peak (002) of VGCF and the

peaks (040), (111), and (13-1) of the iPP matrix). All these

results confirm the idea that the presence of the VGCF nanofib-

ers in the iPP matrix and their alignment along the main fiber

axes lead to the appearance of the iPP crystallites, which are ori-

ented in certain directions.

Figure 5. SEM micrographs of the internal structure of the undrawn composite fibers (3 wt % and 20 wt % VGCF) revealed after cryo-tearing of the

fibers along their axes. The micrographs are presented at low (a, b) and higher (c, d) magnifications; a sketch of different lamellae orientation in the

cross-hatched morphology (e). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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It should be noted that the 002 peaks of graphite (the only dif-

fraction feature of VGCF visible in experimental WAXS patterns)

display maxima in the equatorial direction confirming the prefer-

ential orientation of VGCF along the fiber axis. This agrees well

with the results obtained by SEM and discussed above.

It is worthy to note that in the composite fibers containing 3 wt

% VGCF and more the 110 Debye rings are split into two

reflections: one of them is on the equator and the second is

near the meridian. This phenomenon was intensively investi-

gated and described in the literature.40,41 It is proved that the

equatorial 110 maxima correspond to the c-crystallites, which

have their c-axes oriented along the fiber direction—these are

the "mother" transcrystallites starting to grow from the VGCF

surface. The meridional 110 maxima are produced by the a-

crystallites whose a-axes are oriented along the fiber direction—

these are the "daughter" iPP crystallites which epitaxially grow

on the "mother" transcrystallites. The b-axes of both kinds of

crystallites are oriented in the same direction—perpendicularly

to the VGCF axes. This is in line with the relatively weak change

in the 040 reflections with increasing VGCF content.

Looking at the right parts of the WAXS patterns in Figure 7

one can conclude that the iPP matrix was totally recrystallized

during hot drawing and newly formed crystallites are rather

well oriented in the fiber direction (as it was previously shown

in SEM micrographs in Figure 6). The 1D WAXS diffraction

patterns taken in the equatorial direction allow estimation of

the sizes of the iPP crystallites (coherently diffracting domains).

To avoid overloading this paper with figures, we do not present

here the experimental 1D WAXS patterns and only report the

values of the transverse crystallite sizes D110 (along the direction

normal to the 110 planes), estimated with the use of the Scher-

rer formula. These sizes for both undrawn and drawn fibers

depend on the VGCF content [Figure 8(a,b)] in a nonmono-

tonic way: in both cases (DR 5 1 and 8) the maxima at 3 wt %

VGCF are clearly observed. It should also be noted that for the

undrawn fibers, the D110 versus %VGCF curve is very similar to

that of rbr versus %VGCF for the drawn fibers in Figure 1(b).

The similar behavior of the functions D110 (%VGCF) for

DR 5 1 and rbr (%VGCF) for DR 5 8 indicates that the

mechanical properties (i.e. tensile strength) of the final drawn

Figure 6. SEM micrographs of the inner structure of the drawn composite fiber (3 wt % VGCF) revealed after cryo-tearing along its axis. The micro-

graphs are presented at low (a) and high (b) magnifications.

Figure 7. Two-dimensional WAXS diffraction pattern of the pure iPP (a) and composite (b, c) fibers. The fibers were studied in undrawn (left side) and

drawn (right side) states. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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fibers are strongly affected in this region by the orientation and

sizes of the crystallites in the original undrawn iPP matrix.

At DR 5 8 the value of D110 also displays a maximum at 3 wt

% VGCF. One can conclude that the largest crystalline regions

inside iPP microfibrils can be obtained during drawing of the

composite iPP 1 3%VGCF fibers. Therefore, the presence of

large crystallites surely must lead to significant changes in the

mechanical properties. In the fibers with the highest content of

the filler (iPP 1 20%VGCF) the crystallite sizes in both the

undrawn (DR 5 1) and drawn (DR 5 8) states have the lowest

values compared with all other fibers. It can be explained so

that the high content of the VGCF in the undrawn fiber reduces

the iPP lamellae length due to a decrease in the average distance

between VGCF nanofibers and, therefore, the crystallization of

Figure 8. The dependence of the crystalline size D110 on the VGCF content of undrawn (a) and drawn (b) fibers.

Figure 9. Azimuthal profiles of the 110 WAXS reflections of the pure iPP and composite iPP 1 VGCF fibers: (a) DR 5 1; (b) DR 5 8. The azimuthal

angle scale corresponds to the marks seen in Figure 7(a) (meridional direction: 0�, 180�; equatorial direction: 90�, 270�). The intensity was measured in

two-dimensional WAXS patterns shown in Figure 7. The color coding is the same in both (a) and (b). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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the iPP matrix occurs in confined conditions. Another impor-

tant factor is the orientation of the VGCF, which is far from

being perfect [see Figure 5(b)]. This means that many lamellae

are located in the positions unsuitable for unfolding and recrys-

tallization during further drawing process.

Coming back to the original two-dimensional WAXS results

(Figure 7), it would be very desirable to quantitatively estimate

the degree of the overall orientation of a-crystallites in all inves-

tigated fibers. This is possible to do using azimuthal scans of

the diffraction rings or arcs—in this case the arcs appear as

peaks. Figure 9 demonstrates the WAXS azimuthal profiles

(along the Debye rings) recorded from the undrawn DR 5 1

fibers [Figure 9(a)] and from the drawn DR 5 8 ones [Figure

9(b)]. The strong dependence of the azimuthal distribution of

the scattered intensity of the 110 iPP reflection on the VGCF

content is clearly seen. At the fraction of VGCF 3 wt % or more

the ordered splitting of the 110 reflection is observed (as it was

discussed earlier). It should be noted that the broad peaks at

180� correspond to the meridional 110 reflections, which, in

turn, answer the "daughter" iPP lamellae oriented with their

basal planes (110) along the fiber direction. Certain amount of

the oriented "daughter" lamellae is also found in the neat iPP

fibers indicating the presence of small orientation of iPP crystal-

lites after the fiber extrusion. As for the oriented fibers, their

azimuthal 110 profiles are very similar: they display two equato-

rial peaks with the full widths at half-maximum (FWHM)

dependent on the content of VGCF.

The peaks of azimuthal intensity distribution (texture maxima)

have been fitted with pseudo-Voigt functions and their FWHMs

have been measured to quantify the sharpness of the corre-

sponding texture. This value can be interpreted as a mean angle

u of the crystallite misorientation (deviation of the correspond-

ing crystallographic direction from the direction along or nor-

mal to the fiber axis).42 The broader the azimuthal peak (i.e.

the higher value of misorientation angle u), the smaller the ori-

entation degree of the crystallites with respect to the fiber axis.

The resulting dependencies of the misorientation angle u on

the VGCF content for the undrawn (DR 5 1) and drawn

(DR 5 8) fibers are presented in Figure 10(a,b). In both figures

very strong effects of the filler content and of the drawing on

the orientation degree of the crystallites can be observed.

From Figure 10 it can be concluded that the orientation of the

VGCF themselves is also dependent on their amount. In fact, as

Figure 10. The dependence of the misorientation angle u on the VGCF

content of undrawn (a) and drawn (b) composite fibers. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Scheme of the drawing process of the composite iPP 1 VGCF

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

wileyonlinelibrary.com.]
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it was observed by SEM [Figure 3(c)], at high concentration of

the filler (i.e. 20 wt % VGCF) the orientation of the nanofibers

becomes less ordered during extrusion. The most significant

impact of the VGCF on the crystallite orientation is observed at

3 wt % VGCF. A further increase in VGCF amount (�5 wt %

VGCF) leads to increased misorientation of the crystallites as a

result of the lowering orientation degree of the VGCF inside the

main fiber.

A similar situation is found in the drawn pure and composite

fibers in Figure 10(b). It is necessary to note that the drawing

process produces the fibers with much lower values of misorien-

tation angle u, i.e. with much higher orientation degree of the

iPP crystallites and VGCF. However, in contrast to the undrawn

case, the misorientation in the fibers with DR 5 8 increases

drastically when the VGCF content exceeds 5 wt %. As dis-

cussed earlier, a large number of VGCF and their imperfect ori-

entation in the original undrawn state hampers further drawing

and orientation of the recrystallized iPP matrix.

Summing up all the experimental data described above, we pro-

pose the following scheme of the composite sample structure

(Figure 11). It should be kept in mind, however, that one-

dimensional-WAXS diffraction profiles recorded in the equato-

rial plane were used to estimate the crystallite sizes in the direc-

tion normal to the (110) crystallographic planes. Therefore,

Figure 9 shows the distribution of the crystallite sizes mostly for

the “mother” lamellae which grew perpendicularly to the VGCF.

However, since such lamellae are located in a very unsuitable

position for the further hot drawing and polymer chain unfold-

ing, they cannot be easily unfolded and recrystallized. From this

point of view, the largest crystallite sizes D110 observed for the

composite fibers with 3 wt % VGCF should not play any posi-

tive role in the specimen strengthening. During drawing process

such long lamellae will break in smaller pieces which could be

able to rotate and to re-orient themselves in a position suitable

for chain unfolding (i.e. along the fiber axis) as described in

Ref. 37. The breakage and rotation of the lamellae is associated

with microvoid formation. In this case the strength of the com-

posite fibers should drop.

On the other hand, in Figure 1 an opposite effect is observed at

3 wt % VGCF. The scheme presented here can easily explain

this experimental fact as follows: the longer the “mother” trans-

crystallites have formed, the larger number of the “daughter”

lamellae can epitaxially grow on their surface. These “daughter”

lamellae have their a–c planes (i.e. the planes of their macro-

molecule folding) parallel to the drawing direction. Therefore,

the polymer chains in these lamellae can easily and simultane-

ously straighten with following recrystallization and formation

of well-oriented microfibrils consisting of extended chains with

low amount of defects. In this case we assume that the amor-

phous parts of the microfibrils, which are responsible for the

tensile strength of the investigated fibers, should also be less

defective. The influence of the microvoids formed from the

“mother” lamellae will be overcompensated by the orientation

of the microfibrils. If the resulting oriented fiber has such a

well-arranged microfibrillar structure, then its strength will be

considerably increased. Therefore, a very important conclusion

can be drawn: the improvement in the mechanical properties

(i.e. the tensile strength) of the composite fibers is attributed

not to the VGCF reinforcing effect, but mainly to the specially

oriented crystalline structure (both in the undrawn and drawn

states) induced by the presence of the VGCF filler.

CONCLUSIONS

From the data presented above the following conclusions can be

drawn:

1. The VGCF filler evidently affects the crystalline structure of

the iPP 1 VGCF composite fibers leading to considerable

changes in their mechanical properties.

2. The lamellae nucleation process determines the degree of the

crystallite orientation in both undrawn and drawn states.

3. The overall orientation degree of the a-crystallites is strongly

effected by the VGCF content and drawing.

4. All the mechanical improvements are dependent on the VGCF

content in the composite fibers and ascribed mainly to the

changes in the crystalline microstructure of the iPP matrix

rather than to a reinforcement role of VGCF, which is negligible

due to very low adhesion between the filler and the iPP matrix.

It is planned to prolong the work and investigate in more detail

an effect of the orientational drawing on the fine structure of

the composite fibers.
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