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ABSTRACT: Polyethylene (PE)/carbon nanochip fibers (CNCF) fibrillar crystals were grown under shear flow. The fibrillar crystals

ranged from 25 to 200 nm in diameter and bundled to form PE/CNCF macro-fibers. The PE/CNCF fibers were further processed by

hot-drawing near the PE melting temperature. On the basis of small-angle X-ray analysis, it was found that during drawing the pres-

ence of CNCF led to continuous extended-chain PE crystal growth. DSC melting peaks associated with transformation of the ortho-

rhombic to a hexagonal lattice phase in the PE crystal structure (i.e., increased ordering and extension of the polymer chain along

the fiber axis) was also observed for drawn hybrid PE/CNCF fibrillar crystals. The orientation factor for the extended-chain (i.e.,

shish) crystals in the hybrid as compared to the control fibers improved from 0.88 to 0.93. This work shows the direct evidence that

these nanocarbon fillers can promote extended-chain polymer crystal growth under shear. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2014, 131, 40763.
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INTRODUCTION

Polymer crystallization plays a large role in the physical and

chemical properties of a polymer. As such, manipulating poly-

mer crystal growth during the processing of materials has

important implications for building specific polymer architec-

tures. Morphological registry and design is important for the

processing of polymer nanocomposites in order to control the

properties, and this may be accomplished by understanding

crystallization in these systems. Nanofillers have been found to

influence polymer crystallization,1–4 in particular carbon nano-

tubes (CNT) have been shown to template polymer crystalliza-

tion and orientation.5,6 A number of mechanisms currently

exist for controlling the polymer crystal structure including

nucleation,7,8 solidification9,10 solution crystallization,11,13 and

crystallization in the presence of nanofillers.14–16

This study is focused on understanding the mechanism for

inducing extended-chain polymer crystal growth in polymer/

nanocarbon composite fibers. Polyethylene (PE) is a benchmark

polymer for understanding polymer crystallization.17–19 The

observation of shish (i.e., extended-chain) crystals was first

characterized in this system.11,20 It has also been shown that

highly oriented, extended-chain polymers can be achieved under

shear flow.20,21 The resultant crystal morphology obtained

through shear flow of PE solution is a shish-kebab structure as

evidenced previously.12,13,22 Extended-chain PE crystals formed

under shear-flow make up the shish portion, whereas the kebab

portion is made-up of folded-chain PE crystals. In more recent

work, shear flow has been used to template PE extended-chain

crystals on CNT.5

Nanofillers including CNT have received much attention over

the past decade due to their superior properties.23–25 This atten-

tion has led to the development of many polymer-

nanocomposite materials aimed at utilizing the properties of

these fillers. Fundamental understanding of how polymers and

nanofillers interact is vital for fabrication of composites with

tailored structure and properties. These interactions also pro-

vide insight toward interfacial properties in the nanocomposites.

Polymer crystallization provides one pathway to understanding

these interactions and the potential of influence by the nano-

component on the polymer.26–28

It is now well known that CNT can nucleate the growth of

polymer crystals.7,29,30 In polymer systems with CNT present, a

nanohybrid shish-kebab structure has been observed where the

CNT act as the shish and induce growth of polymer (i.e., PE or

nylon) crystal lamellae (kebabs), which periodically pattern the

CNT.7,30 In studies where PE/CNT hybrid crystals were grown
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under shear-flow, an additional ordered or extended-chain layer

of PE is templated by the CNT, and the PE chains are oriented

in the fiber direction.5,6 These unique nucleating and templating

abilities of CNT may be exploited through crystallization in

order to achieve specific polymer morphological structures. Up

to now, mostly low concentration CNT-polymer systems have

been primarily studied. Relatively new work has begun to focus

on other nanofiller systems including graphene nanoplatelets31

and graphene nanochips.26 In general, higher concentration

nanofiller/polymer systems have been shown to retard crystalli-

zation.31,32 Comparatively, low concentration polymer/carbon

nanochip fibers have been shown to enable polymer crystalliza-

tion and chain alignment through a sliding mechanism.26

In this work, shear crystallization of PE in the presence of carbon

nanochip fibers (CNCF) will be investigated. The effect of CNCF

on PE crystallization under shear flow and hot-drawing will be

investigated in order to understand the crystal structure created

and how the CNCF sliding mechanism can promote PE chain

alignment and orientation. In terms of producing polymer nano-

composite fibers with high-mechanical properties along the axial

direction, understanding how to form extended-chain crystal

structure is key.33 High performance fibers with extended-chain

morphology are limited to only a few systems, for rod-like poly-

mers34 and PE.35,36 As mentioned, several studies have high-

lighted the ability of various nanocarbons to template polymer

crystal growth. This study is aimed at understanding the mecha-

nism for using nanocarbons to promote extended-chain polymer

crystal growth.

EXPERIMENTAL

Materials

All reagents were used without further purification. Xylenes (Certi-

fied ACS) and ultra-high molecular weight polyethylene

(UHMWPE) (Mw 3,000,000–6,000,000 g/mol) were purchased from

Sigma-Aldrich. Carbon Nanochip Fibers (CNCF) (purity >99 wt %

C; batch H700) were purchased from Catalytic Materials.

Sample Characterization

Scanning electron microscopy (SEM) images were taken on a

Zeiss Supra 25 Field Scanning SEM (operation voltage 5 kV).

Samples were coated with chromium for imaging. Wide-Angle

X-ray diffraction (WAXD) data was obtained using a Rigaku

RAPID II curved detector system with a 3 kW sealed tube

source (operating voltage 40 kV, current 30 mA, wavelength

0.1541 nm). WAXD data was analyzed using PDXL software

from Rigaku and curve fitting for crystallinity measurements

was performed in Origin 6.1. Small-Angle X-ray scattering

(SAXS) diffraction was performed on a Rigaku MicroMax-

007HF system with CuKa radiation (operation voltage 40 kV

and current 30 mA). Differential scanning calorimetry (DSC)

was performed on a Q200 differential scanning calorimeter

Figure 1. Scanning electron microscopy images of the PE and PE/CNCF fibrillar structures: (a1) as-spun PE fiber (a2) excess PE coating the fiber surface,

(a3) crack in the coating showing fibrils, (b1) PE/CNCF as-spun fiber, (b2) and (b3) show coated and cracked surfaces of (b1), (c1) low, and (c2) high-

magnification images of drawn PE fiber showing fibrillar structure, (d1) low and (d2) high-magnification images of drawn PE/CNCF fiber showing fibril-

lar structure, (e) PE/CNCF fibrillar bundle showing a crust of CNCF surrounding PE fibrillar crystals (f) high magnification of the boxed region in (e)

also showing the PE-rich and CNCF-rich regions. Arrows indicate the direction of the fiber axis. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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(manufactured by TA instruments). The heating rate was 10�C/

min from room temperature (25�C) to 250�C. DSC data per-

taining to the 1st heating curves is provided for all drawn PE

and PE/CNCF fibers. The thermal history for fibers used in

both DSC and X-ray diffraction/scattering analysis is the same.

Tensile tests for the fibers were done using a RSA-G2 analyzer

(TA Instruments). The sample gauge length was 10 mm and the

strain rate was 0.02 mm/s. Thermogravimetric analysis (TGA)

was performed in air using a Q50 thermogravimetric analyzer

(manufactured by TA instruments). For TGA measurements

samples were heated from room temperature (25�C) to 800�C
at a heating rate of 10�C/min.

Fabrication of PE/CNCF Fibrillar Crystals

Xylenes were used to both dissolve PE and disperse CNCF. CNCF

are nanofibers, which consist of flattened stacked few-wall nano-

tubes. These flattened nanotubes are able to slide with respect to

one another during sonication, mixing, as well as the fiber spin-

ning processes. The morphological features of these CNCF has

been discussed and illustrated in detail previously by the

authors.26 PE was dissolved in xylenes between 130 and 140�C at

a concentration of 0.02 wt %. CNCF were sonicated in xylenes at

a concentration of 1.7 mg/mL in a bath sonicator (Fisher FS30

bath sonicator, frequency 43 kHz, power 50 W) for 24 h at

�55�C. Fibrillar crystallization (i.e., the formation of extended-

chain crystals with growth front along the chain axis) was per-

formed in several steps. To form control PE fibrillar crystals, the

dilute PE solution is subjected to shear flow. The shear flow is

created using a concentric cylinder set-up, which was previously

used in other work by the authors.5 The stir rod is composed of a

shaft fitted with a cylindrical stirrer comprised of Teflon. An over-

head mechanical stirrer (Eurostar power-b IKAVR WERKE stirrer)

is used to produce a rotation speed of 800 rpm. After the PE is

fully dissolved at the dissolution temperature, the solution tem-

perature is reduced to the crystallization temperature of �90�C.

The flow is maintained constant during crystal formation. The

fibrillar crystals were subsequently collected on the Teflon cylin-

drical stirrer. The crystals are removed from the stirrer after the

PE solution is cooled to room temperature (25�C). During cool-

ing the PE fibrillar crystals are coated with excess PE still present

in the solution. This coating phenomenon is well known to occur

after the formation of PE fibrillar crystal structures.5,17 A subse-

quent washing step can be used to reveal the PE fibrillar struc-

ture. The fibrillar crystals are also known to form bundles or

macro-fibers.17

To form the hybrid PE/CNCF fibrillar crystals and subsequent

macro-fibers, CNCF is injected into the dilute PE solution

under shear flow at the onset of the PE crystallization tempera-

ture (i.e., �90�C). Before injection of the CNCF, the dispersion

was resonicated for �5 to 10 min to ensure uniform dispersion.

A glass syringe with a 26-gauge blunt tip needle was used to

inject 1 mL of CNCF dispersion into the PE solution in order

to achieve a final weight concentration of 25 wt % CNCF to PE

solid content in the solution. All fibrillar crystals in the form of

macro-fibers were removed for subsequent analysis and no

washing step was used. Hot-drawing of the fibers was per-

formed on a hot plate maintained at 130�C. The unwashed as-

spun fibers were drawn between 1.5 and 3 times their original

length.

RESULTS AND DISCUSSION

PE control and PE/CNCF fibrillar crystals were fabricated using

the shear flow set-up outlined in the experimental section. Both

control and composite resultant macro-fibers consist of bundled

fibrillar crystals, which exhibit a shish-kebab structure (Figure 1).

Each macro-fiber (i.e., diameter �80–100 lm before hot draw-

ing) consists of bundles of fibrillar crystals ranging in diameter

from 25 to 200 nm. This characteristic shish-kebab (SK) structure

has been observed previously for PE and PE composite fibrils

grown under shear.5,12,37 In this work, the presence of the SK

structure is not very obvious on the surface of the as-spun PE

and PE/CNCF fibers due to excess (i.e., nonfibrillar) PE coating

[Figure 1(a,b)]. This coating occurs once the shear crystallization

experiment is halted (i.e., stopping the rotation of the stir bar) to

remove the fibers for observation. Before removing the macro-

fibers from the stir bar, the PE fibers are cooled to room tempera-

ture (25�C), and for this reason excess PE in the solution can

Figure 2. Diffraction patterns from both wide-angle X-ray diffraction

(upper block) and small-angle X-ray scattering (lower block) for (a) con-

trol polyethylene and (b) hybrid polyethylene/CNCF fibrillar structures as

a function of draw ratio. The draw ratio increases from 0 to 3 from left

to right. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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form a thin coating on the fibers. As mentioned, a subsequent

washing step may be performed to remove the excess PE coating

and reveal the fibrillar structure. However, washing was not per-

formed in this work since this process compromises the mechani-

cal integrity of the fiber and as a result the as-spun fibers cannot

be hot-drawn. For both fiber samples, the bundle of fibrillar crys-

tals and SK structure can be observed at cracked regions in the

fiber surface [Figure 1(a33,b33)]. As expected, an increase in over-

all fibrillar alignment occurs during hot-drawing [Figure 1(c,d)].

For both PE and PE/CNCF fibers, the fibrillar bundles visually

become much more aligned post hot-drawing [Figure

1(c22,d22)]. This change in PE chain orientation as a function of

drawing is quantified using WAXD analysis.

As mentioned in the experimental section, in order to form the

PE/CNCF hybrid crystals a CNCF dispersion was injected into

the sheared PE solution at the crystallization temperature of

�90�C. In this study the solid CNCF concentration was �25 wt

% with respect to the PE. The injection speed of the CNCF dis-

persion was controlled at �0.25 mL/min. It has been estimated

in previous work that the growth rate of the PE crystals forma-

tion under shear ranges from 2 to 40 cm/min.17 Similar fibrillar

crystallization conditions are used in this work, therefore, a

comparable growth rate is assumed. Because of the potential

mismatch between the growth rate of the PE crystal and injec-

tion rate of the CNCF into the solution, in some cases the

CNCF are only partially incorporated into the fibrillar crystals,17

while the remaining CNCF adhered to the surface of the hybrid

fibrillar structure. TGA was used to examine the concentration

of CNCF in the composite fibers based on degradation behav-

ior. The onset of PE degradation was observed at �225�C and

rapid weight lost occurred after �285�C. It was also found that

for the PE used in this work, complete charring occurred at

�465�C. The onset of CNCF degradation occurred at �548�C
with rapid loss beginning at �595�C, and complete charring at

�700�C. Using this TGA analysis the overall residual CNCF

content (i.e., material exhibiting degradation at >550�C) was

found to range from 19 to 25 wt % for the various composite

samples. For this reason, the weight content of CNCF incorpo-

rated into the composite fibers is considered to be a significant

portion of the original amount added to the crystallizing solu-

tion for fibrillar formation.

Under the aforementioned spinning approach, typically a

crusted fiber structure is observed for the PE/CNCF hybrids

[Figure 1(e)]. The crust is a CNCF-rich region intermingled

with only a small amount of polymer [Figure 1(f)]. It was

found that the crystallization temperature at which the CNCF

are introduced and the CNCF injection rate played a significant

role on the overall final structure of the PE/CNCF fibrillar crys-

tal morphology. If the solution temperature was too high

(>90�C) upon injection, no crystals formed and the CNCF

Figure 3. Wide-angle X-ray diffraction azimuthal intensity scans of control polyethylene (top row) and composite polyethylene/CNCF (bottom row)

fibers at each drawing stage for both the predominant (110) (left column) and (200) (right column) reflections. A distinct shoulder in the azimuthal

scans is observed as drawing increases. Each inset shows a magnified view of the azimuthal curves between 0� and 30� where this shoulder can be clearly

observed. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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formed large aggregates immediately upon injection. On the

other hand, if the solution temperature was too low, PE crys-

tals formed prior to CNCF being injected causing the PE crys-

tals to be CNCF deficient. Therefore, in this work an in depth

analyses of only the 90�C formed PE/CNCF macrofibers are

discussed as they compare to the control PE samples.

For the as-spun fibers three major wide-angle X-ray reflections

(110), (200), and (010) are observed, and each are inherent to

the PE orthorhombic [(110) and (200) reflections] and triclinic

[(110) reflection] crystal structures [Figure 2(a)].20 For the

composite fibers, an additional diffraction ring representing the

CNCF layer spacing (002) is also observed [Figure 2(b)]. Wide-

angle X-ray patterns show that for both the control and com-

posite fibers as the draw ratio increases from 1.5 to 3 the poly-

mer chain orientation also improves (Figure 2). The CNCF

orientation [i.e., (002) peak] does not show any obvious orien-

tation changes owing to its inherent layered platelet structure.26

PE chain orientation factor values (f) with respect to the fiber

axis for each fibrillar structure were calculated using both the

(110) and (200) reflection peaks by Wilchinsky’s method38

(Table I). An orientation factor of f 5 1 would represent fully

oriented PE fibrils along the fiber axis, while an orientation fac-

tor of 0 represents fibrils randomly aligned along the fiber axis.

Subsequently, fibrils aligned perpendicular to the fiber axis

would have an orientation factor of 20.5. The parameters used

for the orientation calculations are also provided in Table I,

where qhkl is the angle between the plane normal and c-axis of

the PE unit cell, cos 2/hkl is the orientation of each (hkl) plane

determined from the X-ray azimuthal data using Wilchinsky’s

equation, and cos 2hc is the overall orientation of the polymer

chain with respect to the fiber axis used to determine the orien-

tation factor.

On the basis of these WAXD results, composite fibers show

higher degrees of orientation for both as-spun and drawn

fibers as compared to the control samples (Table I). Compos-

ite fibers drawn three times have a maximum overall average

orientation value of 0.847, while for the control fibers it is

only 0.786 (note: draw ratio for maximum orientation in the

control fiber is 2.5 times). Greater orientation for the PE/

CNCF hybrid fibrillar structures is attributed to both the

sliding effect or lubricating ability of the CNCF26 and the

ability of the nanocarbon to template polymer orientation

and alignment.6,39

Further analysis of the WAXD azimuthal curves for the (110)

and (200) PE peaks indicate that the overall orientation of the

polymer chains represent two distinct populations. The raw azi-

muthal curves for the fibers as a function of draw ratio are

shown in Figure 3. The azimuthal curves are fitted by two

curves [Figure 4(a,b)]. The broader peak represents more disor-

dered PE associated with kebab orientation, while the narrow

peak is representative of more ordered chains consistent with

shish orientation. As the draw ratio increases the shoulder in

the azimuthal curves begins to diminish, which is consistent

with the increase in the overall chain orientation. During draw-

ing there is a pullout or unfolding of PE chains from the kebabs

(folded-chain) into shish (extended-chain) structures as theT
ab
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alignment increases/improves. The hybrid PE/CNCF fibers in

general show narrower intensity peaks indicating higher orienta-

tion than the control fibers. In addition, the curves for the PE/

CNCF fibers show a less pronounced shoulder before drawing

indicating that the orientation of the kebabs and shish crystals

are more closely related. As mentioned, the calculated average

orientation values as well as those associated with the kebab

and shish crystal growth are all listed in Table I. It was found

that regardless of the draw ratio, PE/CNCF fibers always showed

greater overall orientation values as compared to the control

fibers [Figure 4(c)].

In addition to WAXD, SAXS measurements were also used to

look at the long-range order and morphological structure of the

PE and PE/CNCF fibers. The SAXS patterns for both sets of sam-

ples are shown in Figure 2(a,b). It is clear that an equatorial

streak consistent with shish crystal growth10,40 becomes more

pronounced as the draw ratio increases for the fibers. Simultane-

ously, a meridional lobe consistent with kebab/lamellar develop-

ment10 is also observed. However, this is only obvious in the

control fibers. These results show that as the draw ratio increases,

more extended-chain crystals are formed. As compared to the

control, the hybrid fibers exhibit a much more pronounced equa-

torial steak indicating a larger population of extended-chain crys-

tals. The control fibers show a well-defined meridional lobe, and

the lamellar thickness calculated from SAXS is �48 nm [Figure

5(a)]. Meridional lobes are less pronounced and more diffused in

the PE/CNCF samples. The SAXS peak intensity profiles for both

samples show that development of the meridional intensity is

more obvious for the control PE as compared to the PE/CNCF

fibers [Figure 5(b)]. These weak and undefined meridional lobes

associated with the PE/CNCF crystals illustrate that kebab devel-

opment is very inconsistent in these samples. This may also indi-

cate that the CNCF play a role in disrupting the development of

regular kebab periodicity during shear crystallization and subse-

quent drawing. In terms of the control samples, the kebab growth

is more uniform. However, the large lamellar thickness and dif-

fused scattering of the meridional lobe suggests a loose kebab

structure.

To further compare shish versus kebab growth, the Halo

method41 was used to determine the change in SAXS intensity

along the equatorial and meridional directions [Figure 5(c,d)].

Azimuthal scans were taken as a function of u, for each pattern,

and plotted against q (the diffraction vector q54p=ksinh, where

k is the wavelength of the X-ray beam and h is the Bragg angle

at which the scattering peak is observed). The azimuthal inten-

sities for the undrawn samples were used as baseline measure-

ments for the initial existence of the kebab and shish in the as-

prepared fibers. The changes in equatorial and meridional

intensities were determined by subtracting the SAXS azimuthal

intensity profiles of each sample at increasing draw ratio from

the baseline intensity. On the basis of this analysis, it is shown

that up to about a draw ratio of two, the shish and kebab crys-

tals grow at a relatively even rate [Figure 5(c,d)]. At this point

there is a change where the shish growth becomes more domi-

nant in both samples as the draw ratio is further increased to

2.5 times. Upon further drawing, for the control fibers the shish

growth reaches a plateau and kebab growth becomes most dom-

inant. This may be related to the self-seeding of PE kebab

growth on shish in the SK structure.42 On the other hand for

the PE/CNCF fibers, shish growth continues to be most pre-

dominant indicating that the presence of the nanocarbon helps

to promote extended-chain formation.

In addition to the orientation calculations, the WAXD data also

shows that both PE and PE/CNCF fibers produced are highly

crystalline. Both crystallinity of the fibers and crystal size for each

(hkl) peak were measured. Figure 6(a) shows the typical fitted

WAXD curves for both PE and PE/CNCF fibers to obtain the

overall percent crystallinity (XWAXD). It is observed that the crys-

tallinity for the both sets of fiber samples is very high (Table II),

and this is expected since both the control and PE/CNCF fibers

are grown using shear crystallization procedures.37 There is also

no significant change in the overall crystallinity as a function of

drawing. In general the PE/CNCF fibers exhibit a slightly lower

overall percent crystallinity as compared to the control samples.

This lower composite crystallinity is thought to be due to some

retardation of polymer crystallization due to the injection of

Figure 4. Wide-angle X-ray diffraction azimuthal intensity scans for the (110) reflection and their corresponding fitting for both populations of PE ori-

entation (associated with the shish (i.e., narrow) and kebab (i.e., broad) structures): (a) control PE-drawn 33, (b) PE/CNCF-drawn 2.53. (c) Graph

showing the change in orientation factor as a function of drawing ratio for both PE and PE/CNCF fibrillar structures. The average orientation factors as

well as those associated with the kebab and shish crystal population are also shown. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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undispersed CNCF, which has been previously observed.43 PE

crystal sizes for both as-spun and drawn control and hybrid fibers

are also provided in Table II. For both fibers, the crystal size

remains similar as the draw ratio increases. The fibers are drawn

near the melting temperature at 130�C, therefore, it is expected

that rearrangement of the polymer chains during drawing will

cause slight variations in the crystal size. The weaker (010) peak,

which is associated with a PE triclinic phase/modification17

diminishes as the drawing increases. In this study, to increase the

draw ratio the fibers drawn are exposed to the hot plate (at

130�C) for longer duration times. The presence of the triclinic

phase is indicated by the (010) peak and is known to disappear

around 130�C.37 Therefore, the diminishment of this peak

becomes more pronounced at higher draw ratios.

Thermal analysis using DSC was also performed on both the PE

and PE/CNCF fiber samples. DSC analysis of the as-received PE

powders shows a single melting endotherm for the uncon-

strained crystals. For the PE and PE/CNCF fibers the melting

endotherms observed are associated with melting of the uncon-

strained PE crystals [Figure 6(b,c)]. It should be noted that the

samples for both WAXD and DSC analysis are the same. As

mentioned, only the 1st heating curve is analyzed for DSC, to

ensure that the data is comparable in terms of the thermal his-

tory of the fiber samples. The percent crystallinity (XDSC) deter-

mined using the enthalpy of melting (DHm) from the DSC

analysis is significantly lower than the values from WAXD. In

addition, it is observed that the overall enthalpy of melting for

the PE/CNCF fibers is much lower as compared to the control

fibers (Table II). The reason for the disparity between XWAXD

and XDSC is related to the confinement of the PE crystals due to

the fibrillar formation and restriction as a result of the presence

of the CNCF. Confinement of the PE crystal leads to incomplete

melting of the crystals, which is reflected in the 1st heating

Figure 5. (a, b) Small-angle X-ray scattering intensity profiles for (a) PE and (b) PE/CNCF fibers. Iq2 as a function of q(q54p=ksinh) shows the development

of the meridional intensity (kebabs) for the control polyethylene fibrillar crystals. (c, d) Plots of the small-angle scattering intensity along the equatorial (i.e.,

extended-chain) and meridional (i.e., folded-chain) directions as a function of draw ratio for both the control (c) and hybrid PE/CNCF (d) fibers showing an

increase in extended-chain crystal growth at draw ratios over two. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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curves. Comparing the DHm from the control fibers to the com-

posites provides evidence that the interaction between the

CNCF and PE in the hybrid fibrillar crystals results in more

confinement of the polymer chains. Figure 6(d) compares the

crystallinity (X) values obtained from both WAXD and DSC

and also shows the percent of constrained crystals for the con-

trol and composite. The trend shows that the constrained crys-

tal content is much higher in the composite as compared to the

control fibers.

For the control PE samples, there is a larger percentage of

unconstrained fibrillar crystals (i.e., higher DHm). However,

there is a noticeable shift in the melting temperature for the

unconstrained fibrillar crystals as a function of drawing. This is

due to the increase of order/alignment in the crystals as evi-

denced by both WAXD and SAXS studies discussed earlier. Fig-

ure 6(d) also shows that the constrained crystal content first

decreases then increases with draw ratio. During the hot-

drawing process the fibers are exposed to the hot plate at

130�C. In other words, the higher draw ratios correspond to a

longer duration time on the hot-plate. Therefore, remelting and

reformation of the PE crystals occur during this time. However,

as chain alignment increases, the PE crystals become more con-

fined and the constrained percentage again increases.

For PE/CNCF samples a new melting peak at �150�C, is also

observed post drawing (i.e., draw ratio 2.5 and 3) [Figure

6(b,c)], and this is not found in the control fiber samples. This

high order peak is attributed to a transformation of the ortho-

rhombic PE to a hexagonal lattice.19 This transition is often

observed in constrained fibrillar crystal samples.19 These hexag-

onally packed crystals are known to be the most ordered PE

crystals and consist of chains in the extended conformation.

The evidence of this peak in the hybrid PE/CNCF structures

suggests that the presence of CNCF can aid in inducing this

most ordered crystal structure growth. Prior work has also

Figure 6. (a) WAXD intensity profiles fitted to show crystalline and amorphous regions of the PE fibrillar structure. (b, c) Differential scanning calorim-

etry curves showing the melting transition for both control PE (b) and hybrid PE/CNCF (c) fibers at each draw ratio. (d) Graphical comparison of the

overall, constrained, and unconstrained fiber crystallinity calculated from WAXD and DSC measurements. [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. 2014, DOI: 10.1002/APP.4076340763 (8 of 11)

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


shown the ability of these unique nanocarbons to act as lubri-

cating agents to facilitate polymer chain extension.26 During

drawing the CNCF are able to template highly ordered

extended-chain PE. This increase in chain order and templating

may also contribute to total content of constrained crystals

[Figure 6(d)] as well as only small variation in its content as a

function of drawing.

Some preliminary mechanical analysis shows that the fiber

strength improves significantly with increased drawing. After a

maximum draw ratio of three, the PE fibrillar structures

increased in tensile strength by 231%, while PE/CNCF fibrils

increased by 435% as compared to the undrawn samples. A

similar trend in the tensile modulus is also observed (i.e., 457%

for PE and 1155% for PE/CNCF fibrillar structures). This large

increase in strength and modulus further supports the evidence

showing an overall increase in orientation for the fibrillar struc-

tures during drawing. In addition, the overall modulus increase

for the PE/CNCF hybrid is much more pronounced than that

for the PE fibers, and this may be due to the large degree of

orientation and population of shish crystals as compared to the

drawn control structures.

It is also interesting to note that the best mechanical perform-

ance for each sample set (i.e., control and composite) occurs at

a draw ratio of two (Figure 7). At this draw ratio the SAXS

data shows that both kebab and shish crystal growth is very

similar in each of the fibers [Figure 5(c,d)]. This may contribute

to a more uniform fibrillar morphology and subsequent macro-

fiber structure in each fiber. Comparing both the control and

composite fiber at draw ratio 2, it is found that the PE/CNCF

samples exhibit lower average mechanical properties as com-

pared to the control fibers. The presence of CNCF aggregates in

the composite fibers, which act as defects, may contribute to

the lower average values as well as the fluctuation in the proper-

ties measured as compared to the control (Figure 7).
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Figure 7. Young’s modulus (red-dashed) and tensile strength (black-solid)

of control PE and hybrid PE/CNCF fibers plotted as a function of the

draw ratio. The modulus and tensile strength increases by 457% and

231% for the control and 1155% and 435% for the hybrid at a draw ratio

of three, respectively. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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The overall mechanical properties for the fibers in this work are

fairly low as compared to high-strength composite fibers cur-

rently being manufactured today (e.g., SpectraVR
35 and

DyneemaVR
36), and this may be due to the presence of many

voids in the macrofibers due to the bundling of the fibrillar

crystals (Figure 1) to form the macrofibers. These voids greatly

diminish the mechanical properties of the macrofibers, as both

decreased load transfer and imperfections considerably reduce

overall fiber strength.

Initial studies on PE shish-kebab crystal growth under shear, has

shown that it is possible to grow highly ordered (i.e., shish) poly-

mer phases. However, this work shows direct evidence of the abil-

ity to use nanocarbons as a template for highly ordered polymer

phase formation in hybrid materials. This study also provides the

evidence that the rigidity, size, and sliding mechanism of the

nanocarbon within the polymer matrix can play a significant role

in the formation of a specific type of polymer architecture. These

fundamental studies provide insight toward developing process-

ing methods to use nanocarbon fillers as templating materials as

well as reinforcements in polymer matrices.

CONCLUSIONS

It is important to understand polymer crystallization in order

to comprehend and control polymer structures and their result-

ant properties. In this study PE/CNCF composite fibers were

fabricated under shear flow. Subsequent hot drawing took place

to further align and orient the polymer chains. The unique

interactions between PE and CNCF through crystallization

under shear yielded composite fibers in which hybrid shish-

kebab PE/CNCF crystals were formed. The presence of CNCF

was determined through WAXD analysis to increase the orienta-

tion of the polymer chains. SAXS analysis also showed

extended-chain crystallization was more pronounced in the

presence of CNCF. In addition, DSC supported the SAXS evi-

dence of extended-chain crystal structure, and showed that these

highly ordered PE crystals are confined by the CNCF. This work

adds to the literature which shows the ability for nanocarbons

to template extended-chain polymer structures in a composite.

These fundamental scientific understandings provide insight

into the underpinnings that affect tailoring specific polymer

morphology and properties for various nanocarbon/polymer

composite applications.
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