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ABSTRACT: Polymer processing methods generally play a crucial role in determining the development of microstructure in the fabri-

cated product. In this study, isotactic polypropylene (iPP) melt containing 0.05 wt % b-nucleating agent (b-NA) was extruded via a

melt flow rate indicator. The molten extrudate was stretched into a fiber upon various take-up velocities (TVs). The microstructures

of the fiber were investigated by differential scanning calorimeter, two-dimensional wide-angle X-ray diffraction, and small-angle X-

ray scattering. Also, its tensile properties (including tensile strength, modulus, elongation at break, and toughness) were measured by

tensile test. Interestingly, the tensile strength (135.0 MPa) of a melt-spun b-nucleated iPP fiber fabricated at 400 cm/min was

enhanced by 115.2%, compared with that (62.7 MPa) prepared at 100 cm/min, with a considerable increment in toughness (from

661 to 853 MJ/m3). The enhancement mechanism for tensile properties was discussed based on the microstructures. This work offers

a simple approach to prepare b-nucleated iPP fibers with excellent strength and toughness. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2016, 133, 43454.
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INTRODUCTION

Isotactic polypropylene (iPP) is a widely used and versatile

commodity polymer, owing to its numerous advantages, such as

low density, easy processing, recyclability, and excellent mechan-

ical performances. It is a typical polymorphic plastic with at

least three basic crystalline forms,1,2 such as a-crystal (mono-

clinic), b-crystal (trigonal),3,4 or c-crystal (orthorhombic).5 It

can also form a mesomorphic structure,6 which is often

described as a smectic or paracrystalline phase. Among them,

compared with common a-crystal, the b-crystal shows some

unique characteristics such as improved toughness, so it has

received considerable attention for academic interests and

industrial applications.7–10 Nevertheless, it is thermodynamically

metastable and difficult to be obtained under common crystalli-

zation conditions.9,11,12 Generally, the addition of b-nucleating

agent (b-NA) is the most effective and accessible method to

obtain a high content of b-crystal.13,14 The mechanisms of b
nucleation is as follows: it is reported that b-NA has strong

nucleation ability and can present the solid state at 200 8C,14,15

while the iPP has been completely molten at that temperature.

Therefore, the b-NA can act as heterogeneous nuclei in the iPP

melt. When the iPP melt containing b-NA was cooled from

the molten state, the iPP can crystallize on such surface of

heterogeneous nuclei, thus leading to the formation of b-crystal.

In other words, b-crystal grows epitaxially on the b-NA.16

It is well known that shear and stretching generally exist in

common polymer processing (i.e., injection molding, film blow-

ing, and fiber spinning). Although stretching has an effect simi-

lar to that of shear on the promotion of crystallization, there

are some differences, for example, stretching is much more

effective in inducing chain extension.17 Moreover, it has been

established that stretching can not only facilitate the orientation

and crystallization process of semi-crystalline polymers but also

induce some interesting crystalline morphologies (e.g., shish-

kebab) which can profoundly enhance final properties of the

shaped products.11,18,19

As for the iPP fibers fabricated by melt-spinning, it has been

studied since the early 1930s and it still continues to be of inter-

est up to now.1,20–25 It has been reported that the crystalline

structure and resulting properties of melt-spun fibers are highly

dependent on the spinning conditions, for example, take-up

velocity (TV) and extrusion temperature.20,21 Moreover, Lu and

Spruiell22 and Misra et al.1 demonstrated that spinnability,

resulting microstructures and properties are affected by both

weight average molecular weight and polydispersity of iPP. It

was found that, at given spinning conditions and resin MFR,
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broadening the molecular weight distribution (increasing the

polydispersity) produces an increase in crystallinity, tensile

modulus, and elongation-to-break. Furthermore, Lu and

Spruiell23 also found that, when PP filaments are spun under

relatively low stress and TV conditions, changing the crystalliza-

tion kinetics can produce profound effects on the structure and

properties of them. The structure–property relationship of the

melt-spun polypropylene/whisker composite fibers was recently

investigated by Gao et al.25 The results showed that two differ-

ent interfacial crystalline structures were observed by adopting

two drawn ratios: shish-calabash structure at low drawn ratio

and transcrystalline structure at high one. Meanwhile, compared

with composite fibers obtained at low drawn ratio, remarkable

reinforcement of that prepared at high drawn ratio was realized.

Moreover, in the b-nucleated iPP samples prepared by melt-

stretching, the change tendency of b-crystal structure upon

stretching ratio has been systematically investigated in our pre-

vious study.10 Unfortunately, the relationship between crystalline

structure and mechanical properties was not further discussed

in our aforementioned works. In a word, many studies have

investigated the crystalline structures of melt-spun iPP fibers,

but few of them systematically investigated the combined effect

of various TVs and b-NA on crystalline structure and the rele-

vant mechanical properties.

The objective of this study is to investigate the relationship

between microstructures and tensile properties of the melt-spun

b-nucleated iPP fibers prepared upon various TVs. It is very

interesting to find that the combined effects of increasing TV

and addition of b-NA simultaneously enhance the tensile

strength and toughness in melt-spun b-nucleated iPP fibers.

EXPERIMENTAL

Materials

Commercial iPP (T30S) was bought from Dushanzi Petroleum

Chemical Co. (Xinjiang, China), with a melt flow index (MFI)

of 3.0 g/10 min (230 8C, 2.16 kg). Its �M w , �M n, and �M w=Mn are

39.9 3 104 g/mol, 8.67 3 104 g/mol and 4.6, respectively. The

rare earth b-NA was kindly supplied by Guangdong Winner

Functional Materials Co., Ltd. b-NA is a heteronuclear dimetal

complex of lanthanum and calcium with some specific ligands.

Its general formula is CaxLa12xðLIG1ÞmðLIG2Þn, where x and 1

2x are the proportions of Ca21 and La31 ions in the complex,

while LIG1 and LIG2 are, respectively, a dicarboxylic acid and

amide-type ligand with coordination number of m and n.26 The

diameter of a single raw b-NA crystal is tens of nanometers,

and the length is generally less than 1 mm. The detailed mor-

phology of b-NA is shown in Figure 1.

Sample Preparation

The b-NA (0.05 wt %) was dry mixed with iPP in a valve bag

and then melt mixed in a Haake internal mixer (Haake Polylab

System-Rheomex 252P series). After pelletizing and drying, the

mixture was melt-spun into fibers at 200 8C using a melt flow

rate indicator with a die diameter 2.095 6 0.005 mm. All the

melt-spun b-nucleated iPP fibers were air-cooled and collected

under tension by a home-made take-up device (see Figure 2).

Four TVs (i.e., the linear speed of the take-up roller) were

adopted: 100, 200, 300, and 400 cm/min.

Characterizations

Single-Fiber Tensile Test. The tensile experiments were carried

out on a SUNS Universal tensile testing machine (UTM2203,

Shenzhen Suns Technology Stock Co., Ltd, China) with a 100N

load cell. The crosshead speed was 50 mm/min and the temper-

ature was about 25 8C. All fibers were tested with a gauge length

of 20 mm. The reported values were calculated as averages of at

least five specimens for the fiber fabricated at a given TV.

Differential Scanning Calorimetry (DSC). The melting charac-

teristics of the melt-spun b-nucleated iPP fibers were studied by

DSC (TA Instruments, DSC-2920). The DSC furnace was

purged with nitrogen during the measurement. The weight of

each specimen was about 5–10 mg. The samples were heated

from room temperature to 200 8C at a heating rate of 10 8C/

min.

Figure 1. SEM micrograph for raw rare earth b-NA.

Figure 2. Schematic diagram for the melt-spinning of b-nucleated iPP

fibers using melt flow rate indicator. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Two-Dimensional (2D) Wide Angle X-Ray Diffraction

(WAXD) and Small Angle X-ray Scattering (SAXS) Measure-

ment. The 2D-WAXD measurements were carried out using the

U7B beam line of the National Synchrotron Radiation Labora-

tory (NSRL), University of Science and Technology of China,

Hefei, China. The chosen X-ray wavelength k was 0.154 nm and

the distance from sample to detector was 375 mm. A Mar345

image-plate detector (by MAR Research Co. Ltd., Germany) was

used to collect all 2D-WAXD images at room temperature.

The 2D-SAXS experiments were performed using a NanoSTAR-U

(Bruker AXS Inc.) with a Cu Ka radiation source (k 5 0.154 nm).

The generator was operated at 40 kV and 650mA. The 2D-SAXS

intensity was collected with a 2D detector (Bruker Hi-star). The

distance from sample to detector was 1058 mm. It should be

noted that, for X-ray measurements, to obtain the maximum dif-

fraction/scattering intensity, a bundle of melt-spun b-nucleated

iPP fibers rather than a single fiber are characterized.

The orientation degree is calculated using Herman’s orientation

parameter f by the following equations27:

f 5
3hcos 2ui21

2
(1)

hcos 2ui5

ðp=2

0

I uð Þcos2 u sin udu

ðp=2

0

I uð Þsin udu

(2)

where u is the angle between the normal of a given hklð Þ crystal

plane and the flow direction, and I is the intensity.

To get more insight into crystalline characteristics, one-

dimensional wide-angle X-ray diffraction (1D-WAXD) curves

are obtained from circularly integrated intensities of 2D-WAXD

patterns, which are shown in Figure 6(a). Subsequently, through

deconvoluting the peaks of 1D-WAXD curves [see Figure 6(b)],

the overall crystallinity (Xc) is calculated according to the fol-

lowing equation:

Xc5

X
AcrystX

Acryst1
X

Aamorp

3100% (3)

where Aamorp and Acryst are the fitted area of the amorphous

and crystalline peaks, respectively. The relative content of b-

crystal (Kb-WAXD) is evaluated via the following equation28:

Kb-WAXD5
Ab 300ð Þ

Aa 110ð Þ1Aa 040ð Þ1Aa 130ð Þ1Ab 300ð Þ
3100% (4)

here, Abð300Þ is the area of the (300) reflection peak; Aað110Þ,

Aað040Þ, and Aað130Þ are the areas of the (110)a, (040)a, and

(130)a reflection peaks, respectively.

RESULTS

Tensile Properties

The typical stress–strain curves of melt-spun b-nucleated iPP

fibers prepared upon different TVs are shown in Figure 3. In

order to quantitatively estimate tensile properties, the average

values of tensile properties, that is, ultimate tensile strength (r),

tensile modulus (E), elongation at break (e), and strain energy

density at break (Wb) are determined from the stress–strain

curves and summarized in Table I.

Obviously, both tensile strength and modulus of melt-spun b-

nucleated iPP fibers show substantial increases with increasing

TV. For example, the tensile strength gradually improves from

62.7 MPa at TV 5 100 cm/min to 109.0 MPa at TV 5 400 cm/

min; therefore, an increase of 74% is obtained. Correspondingly,

the tensile modulus (calculated from the slope of the curves) of

melt-spun b-nucleated iPP fibers enhances from 1.3 to 1.9 GPa.

Clearly, the melt-spun b-nucleated iPP fiber prepared at higher

TV (400 cm/min) has higher tensile strength and modulus com-

pared with that prepared at lower one (100 cm/min). In addi-

tion, it is also seen that the elongation at break of melt-spun b-

nucleated iPP fibers gradually decreases with increasing TV

from 100 to 400 cm/min, which is attributed to the decrease of

relative content of b-crystal, as shown later.

Furthermore, Wb, the total mechanical energy per unit volume

consumed by the material when straining it to break is usually

used as a measure for the toughness of a material.29 Materials

showing better toughness are generally those with higher Wb. It

Figure 3. Typical stress–strain curves of melt-spun b-nucleated iPP fibers.

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

wileyonlinelibrary.com.]

Table I. Tensile Properties of Melt-Spun b-Nucleated iPP Fibers

TV (cm/min) 100 200 300 400

r (MPa) 62.7 6 0.1 83.1 6 0.3 93.8 6 0.3 109.0 6 0.5

e (%) 1704 6 16 1404 6 13 1207 6 8 1110 6 5

E (GPa) 1.3 6 0.1 1.6 6 0.2 1.8 6 0.2 1.9 6 0.4

Wb (MJ/m3) 661 6 19 713 6 23 765 6 26 853 6 32
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can be obtained by integrating the area under the stress-strain

curves by the following equation29: Wb5
Ð e

0
rde. In this article,

toughness is characterized according to this method. The corre-

sponding data in Table I show a considerable increment in

toughness with increasing TV. It can be concluded that the

melt-spun b-nucleated iPP fibers prepared at higher TV success-

fully realize simultaneous enhancement of strength and

toughness.

Since the microstructure is an important factor determining the

tensile properties, a systematic characterization will be per-

formed to furthermore explore the relationship between micro-

structure and tensile properties in the following section.

Thermal Behaviors

The melting curves for all melt-spun b-nucleated iPP fibers are

shown in Figure 4(a). Clearly, for the melt-spun b-nucleated

iPP fibers, there is a dominant peak around 167 8C, which is

attributed to the melting of a-crystals. In addition, two addi-

tional melting peaks appear at around 144 8C and 150 8C,

respectively. In our case, smaller peak located at 144 8C is

believed to be the fusion of initial b-crystals, whereas endo-

therm located at 150 8C is related to the fusion of perfected or

thickened lamellae formed by partial melting and recrystalliza-

tion of initially formed crystals upon heating.30 However, it can

be obviously seen that the two small peaks become more indis-

tinct with elevating TV, indicating that TV hinders the forma-

tion of b-crystal. In order to quantitatively estimate the

variation of relative content of b-crystal (Kb) upon increasing

TV, the Kb-DSC is evaluated from the DSC melting curves

according to the following equations:

Kb-DSC5
Xb

Xa1Xb
3100% (5)

where Xa and Xb are the crystallinity of the a- and b-crystal,

respectively, which can be calculated separately according to

Xi5
DHi

DH0
i

(6)

where DHi is the enthalpy of fusion of either a- or b-crystal

and DH0
i is the enthalpy of fusion of 100% crystalline iPP of

either a- or b-crystal. As reported elsewhere,31 a value of 177 J/

g for a-crystal and that of 168.5 J/g for b-crystal are used. The

values of Kb-DSC are presented in Figure 4(b). Obviously, Kb-DSC

value decreases with increasing TV, which are in agreement with

our previous studies and its mechanism has been extensively

discussed in detail.32,33

WAXD and SAXS Results

The 2D-WAXD and 2D-SAXS measurements were carried out

to investigate the orientation and crystalline characteristics. The

results are presented in Figure 5. As shown in 2D-WAXD pat-

terns, the reflection arcs, respectively, originate from the a(110),

b(300), a(040), a(130), a(111), and a(2131) from inner to

Figure 4. The DSC melting curves and the relative content of b-crystal (Kb-DSC) of melt-spun b-nucleated iPP fibers. [Color figure can be viewed in the

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

Figure 5. The 2D-WAXD patterns of melt-spun b-nucleated iPP fibers. The inset shows the corresponding 2D-SAXS patterns. The direction of stretching

is vertical. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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outer. In addition, it can be clearly seen that, the diffraction

arcs become sharper in the diffraction patterns upon increasing

TV, which is indicative of higher degree of orientation (fWAXD)

in the a-crystal [see Figure 7(a)]. The fWAXD can be calculated

using Herman’s orientation parameter from the measured 2D-

WAXD (040) reflection. According to 2D-SAXS images, all

images show a pair of scattering spots at the meridional direc-

tion, originating from the lamellae perpendicular to the flow

direction.34 If TV is raised, the scattering intensity along the

meridional direction obviously increases. This is also indicative

of higher level of lamellar orientation (fSAXS) [see Figure 7(a)].

Moreover, as shown in 2D-SAXS patterns, strong intensity

streak in equatorial direction appears for all samples. This streak

indicates the existence of shish-like structures containing fibril-

lar crystals.34,35 In light of this, a conclusion can be safely

obtained that shish-kebab structures will be formed, which can

be explained based on the coil–stretch theory: as described in

the Introduction section, elongational (stretching) flow is rela-

tively strong compared with shear flow in melt-spinning, thus

powerfully inducing the transformation from coiled chains to

extended ones. When polymer melt is subjected to elongational

flow, long coiled chains (longer than a critical length) of the

polymer melt can be easily stretched to form the shish, on

which the folded chain lamellae (kebabs) epitaxially grow.36,37

Furthermore, the b-NA could lower the free energy barrier for

the formation of shish or secondary nucleation,38 which exactly

promotes the formation of perpendicular lamellae.

According to eqs. (3) and (4), the crystallinity and the relative

content of b-crystal can be calculated and the results are shown

in Figure 7(b). From Figure 7(b), three important conclusions

can be drawn: (1) on the whole, Xc generally keeps almost con-

stant over the entire range of TV; (2) Kb-WAXD gradually

decreases with the increase of TV, indicating that increasing TV

hinders the formation of b-crystal. It should be noted that there

are some discrepancy between the results assessed by 2D-WAXD

and those estimated by DSC as mentioned above. Such diver-

gence can be explained as follows: some of the unstable b-

crystals with thinner crystalline lamellae are transformed to a-

crystals during the DSC heating program, which has been

reported in other work.39,40 In addition, since the 2D-WAXD is

performed under room temperature, the b–a phase transforma-

tion can be excluded. However, the variation tendency of Kb

calculated by 2D-WAXD is consistent with that of DSC result;

Figure 6. The 1D-WAXD profiles obtained from 2D-WAXD patterns of melt-spun b-nucleated iPP fibers and selected samples prepared at TV 5 300 as

a typical profile for calculating the crystallinity. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Orientation parameters and the crystallinity and relative content of b-crystal of melt-spun b-nucleated iPP fibers. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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(3) both fWAXD and fSAXS elevate with increasing TV, suggesting

that melt-spinning is indeed favorable for orientation. Note that

fSAXS is closely associated with the restriction of the neighboring

shish-kebab structures, that is, denser shish-kebab structures

lead to higher level of lamellar orientation.41,42 In light of this,

it is deduced that the amount of shish-kebabs formed in the

samples prepared at higher TV (400 cm/min) is larger than that

prepared at lower TV (100 cm/min), which can explain the dra-

matically enhanced tensile strength in this study.

With respect to lamellar arrangement of melt-spun b-nucleated

iPP fibers, the long period (L), lamellae thickness (Lc ), and

crystallite size (D hklð Þ) are estimated. From the 1D-SAXS scatter-

ing peak position of qm (see Figure 8), the long period, denoted

as LB , is calculated from the peak using Bragg’s

law(LB52p=qm). Meanwhile, the long period, denoted as Lcor, is

also obtained from a correlation function given by19

KðzÞ5 1

2p2

ð1
0

IðqÞq2cosðqzÞdq (7)

where q is the scattering vector and is defined as q54p sin h=k,

h denotes the Bragg angle. Figure 9(b) presents the curve of 1D

electron density correlation function for the sample prepared at

200 cm/min. As indicated by the arrows, the curve gives various

structural parameters,43 for example, the crystalline long period

(Lcor), lamellar thickness (Lc), and the thickness of rigid amor-

phous fraction (Lra) between crystalline lamellae and amor-

phous phases. The amorphous thickness (La) can be obtained

by subtracting Lc and 2Lra from Lcor. In addition, the D hklð Þ of

each plane can be calculated from diffraction peaks of 1D-

WAXD using the Scherrer equation44:

D hklð Þ5
Kk

bhklcos hhkl

(8)

where D hklð Þ is the crystallite diameter hklð Þ, k is the wave length

of the X-ray, K is crystallite shape factor (K50.89), hhkl is the

Bragg angle and bhkl full width of the diffraction line at half-

maximum intensity measured in radians. The calculated results

are listed in Table II. Obviously, the long period (LB and Lcor)

and Lc show a significant increase with increasing TV, indicating

that the crystalline structure becomes more perfection. However,

the volume of rigid amorphous fraction (VRAF), Dð040Þ and

Dð300Þ decrease with elevating TV, which contribute to the

enhancement of toughness for samples.

DISCUSSION

The experimental results show that both the tensile properties

and microstructures depend on TV. The macroscopic properties

of iPP depend on their microstructures. Therefore, it is desira-

ble to investigate the relationships between the microstructures

and mechanical properties of the samples. Usually, improved

strength is at the expense of the deterioration of toughness; vice

versa, the enhancement of toughness is at the sacrifice of

strength.46 However, the results reported in this study indicate

that simultaneously reinforcing and toughening melt-spun b-

nucleated iPP fibers has been successfully achieved. Hereinafter,

Figure 8. Lorentz-corrected 1D-SAXS intensity profiles. Solid lines are fit-

ted data using the Lorentz method. [Color figure can be viewed in the

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

Figure 9. One dimensional correlation function K zð Þ obtained from 1D-SAXS curves for samples and example of the period (Lcor), the thickness of rigid

amorphous fraction (Lra), and lamellar thickness (Lc ) obtained from the correlation function. [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. 2016, DOI: 10.1002/APP.4345443454 (6 of 9)

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


we will study the relationships between microstructures and the

improvement of tensile properties.

Mechanism for the Enhanced Tensile Strength

What causes such a dramatic increase in tensile strength of the

melt-spun b-nucleated iPP fibers upon increasing TV? Generally

speaking, tensile strength of semi-crystalline polymers is influ-

enced by the following factors18,25,46–49: (1) total crystallinity;

(2) orientation structure (i.e., shish-kebab); (3) orientation

degree; and (4) crystalline morphology (lamellae thickness and

crystalline forms). In the following section, the effect of these

factors on tensile strength will be discussed in detail.

From Figure 7(b), the calculated results show almost the same

Xc in all melt-spun b-nucleated iPP fibers. Thus, it can be

deduced that Xc does not contribute to improvement of tensile

strength. Therefore, the improvement of tensile strength is

mainly governed by other factors. From a “microstructure–

property” relation perspective, the enhancement of tensile

strength can be explained based on shish-kebabs as a self-

reinforced structure of iPP.25,48,49 As shown in the 2D-SAXS

results section, more shish-kebab structures will be formed in

melt-spun b-nucleated iPP fibers prepared at higher TV, leading

to the enhancement of tensile strength. Second, the orientation

degree in semi-crystalline polymers (such as iPP) can remark-

ably enhance the tensile strength.18,50 As shown in Figure 7(a),

fWAXD and fSAXS of samples tend to increase with elevating TV,

contributing to the improvement of tensile strength. Third, the

larger L and Lc lead to the enhancement of molecular chain

interactions, namely, elevating the fracture resistance. From

Table II, it can be seen that the L and Lc gradually increase with

TV. Thus, the increase of L and Lc must be an important factor

for the improvement of tensile strength.47 Finally, a-crystal con-

tent (crystalline forms) also plays an important role in the

improvement of tensile strength for the films.25,47 From Figures

4(b) and 7(b), it is easily found that Kb decreases with increas-

ing TV, indicating the relative content of a-crystal increases at

the cost of b-crystal. So it can be concluded that the large

enhancements in tensile strength observed with increasing TV is

as a result of the formation of shish-kebab structure, the pro-

gressive increase of the orientation degree, the increases of L

and Lc as well as the enhancement of relative content of a-

crystal.

Mechanism for the Enhanced Toughness

The increment of toughness derived from the stress-strain dia-

grams will be discussed in detail. It is widely reported that b-

crystals in iPP are favorable and effective for toughening.51,52 In

our case, even though the Kb of melt-spun b-nucleated iPP

fibers prepared at lower TV (100 cm/min) is higher than those

prepared at larger TV (400 cm/min), they still exhibit not so

high toughness (see Table I). The iPP fibers with high Kb even

show rather lower toughness than those with low Kb. Therefore,

we can conclude that the main factor for the improvement in

toughness is not the variation of Kb. It should be noted that the

elongation at break of melt-spun b-nucleated iPP fibers is pro-

portional to the variation of Kb. As for the improved toughness,

three main aspects will be considered in the following section:

(1) The influence of decreased crystallite size (D hklð Þ). It has

been proposed that the decreased D hklð Þ lead to more tie mole-

cules between the inter-lamellae, which would improve fracture

toughness of iPP.53,54 As listed in Table II, both Dð040Þ and

Dð300Þ exhibit gradual decrease with elevating TV. Therefore, the

decrease of Dð040Þ and Dð300Þ is one of the reason for improve-

ment of toughness. (2) The role of crystalline structure. It has

been reported that thin fiber-like crystallites will increase the

number of spacing that can participate in energy dissipation,

indicating the improvement of toughness.50 Therefore, it can be

naturally deduced that shish-like structures containing fibrillar

crystals could also increase the number of spacing, leading to

higher toughness. Since there are more shish-kebab structures

for melt-spun b-nucleated iPP fibers prepared at higher TV

than those prepared at lower TV, the former exhibit higher

toughness than the latter. (3) The effect of rigid amorphous

fraction (RAF). As well-known, there exists a RAF in numerous

semi-crystalline polymers,45 which is located at the interface

between the crystalline and amorphous phases. The RAF is

non-crystalline and originates from the continuation of the par-

tially crystallized macromolecules across the phase boundaries.

Moreover, it has been reported that the decrease of VRAF leads

to the enhanced molecular mobility in the amorphous phase for

iPP samples, thus it promotes remarkable energy absorption.55

According to aforementioned results of VRAF listed in Table II,

VRAF shows a significant decrease with increasing TV, thus con-

suming a considerable amount of energy, that is, the notable

enhancement of fracture toughness.

CONCLUSIONS

This study investigated the effect of microstructures on simulta-

neous strengthening and toughening of melt-spun b-nucleated

iPP fibers. With increasing TV, tensile strength of melt-spun b-

nucleated iPP fibers shows a 115.2% increment (from 62.7 to

135.0 MPa), in parallel with a considerable increment in tough-

ness. Through thorough analysis of various structural character-

istics, the notable improvement of tensile strength in melt-spun

b-nucleated iPP fibers prepared at higher TV is ascribed to the

combined effects of the formation of shish-kebab structure, the

progressive increase of the orientation degree and lamellae

thickness as well as the increment of relative content of a-

Table II. The Long Periods (LB and Lcor), Thicknesses of Crystalline

Lamellae (Lc ), and Amorphous Layer (La), Rigid Amorphous Fraction

(Lra), Volume Fraction of Rigid Amorphous Fraction (VRAF) and Crystal-

lite Size (DðhklÞ) of Melt-Spun b-Nucleated iPP Fibers

TV (cm/min) 100 200 300 400

LB (nm) 9.72 10.91 14.34 14.72

Lcor (nm) 8.78 8.81 11.59 12.83

Lra (nm) 1.31 1.20 1.58 1.70

Lc (nm) 3.76 3.77 4.80 5.73

La (nm) 2.40 2.64 3.63 3.70

VRAF (%) 29.8 27.2 27.3 26.5

D(040) (nm) 26.2 25.1 24.6 23.1

D(300) (nm) 36.3 33.8 30.8 27.2

VRAF is given by the ratio of 2Lra to L according to Ref. 45.
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crystal. Meanwhile, compared with the melt-spun b-nucleated

iPP fibers prepared at lower TV (100 cm/min), the decrease of

crystal size and the formation of the more shish-like structures

as well as the decrease of VRAF could contribute to the improve-

ment of toughness for those prepared at higher one (400 cm/

min). It is worth stressing that the exploration herein gives

more insights into the microstructures of b-nucleated iPP parts

formed during intense stretching flow, which might open a

promising door to optimizing the properties of melt-spun b-

nucleated iPP fibers.
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