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Abstract  

An extruded polypropylene (PP) sheet in which both the chain-axes of the PP 

molecules and the crystalline lamellae are oriented perpendicular to the flow direction is 

obtained via row-nucleation on a specific needle-shaped nucleating agent, 

N,N’-dicyclohexyl-2,6-naphthalenedicarboxamide. The sheet shows anomalous 

anisotropy in dynamic tensile modulus, in which, at lower temperatures, the storage 

modulus in the machine direction (MD) is lower than that in the transverse direction 

(TD), and this behavior reverses at high temperature. Tensile tests reveal that the 

Young’s modulus and yield stress in the MD are higher than those in the TD. At high 

strain rate, the strain at break in the TD is, in contrast, markedly larger than that in the 

MD. 
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Introduction 

 

It is of great technological importance to control the crystalline structure of 

semi-crystalline polymers because it dominates the physical and chemical properties of 

the final products. In case of isotactic polypropylene (PP), the crystalline form must be 

examined in detail because PP is a polymorphic material with several modifications 

including  monoclinic,  trigonal, and  orthorhombic forms. In terms of mechanical 

properties, it is widely accepted that a high content of  form crystals is desired to 

achieve pronounced toughness,1-6 which is one of the most important properties for PP. 

Therefore, substantial scientific and industrial effort has been directed towards 

increasing the content of  form crystals. In general, high content of  form crystals is 

obtained only through adopting suitable conditions such as addition of β nucleating 

agents and controlled processing conditions.5-8 As well as the crystalline form, 

molecular orientation has a strong impact on the mechanical properties. It has been 

recognized that oriented semi-crystalline polymers show unique anisotropy in their 

dynamic mechanical properties,6,9-11 as firstly demonstrated by Takayanagi et al.,11 who 

found that the tensile modulus in the machine, i.e., oriented direction (MD) is higher 

than that in the transverse direction (TD) in the low temperature region, and that this 

behavior reverses at high temperature. Moreover, the mechanical responses including 

tensile anisotropy under large deformation depend strongly on both the molecular 

orientation as well as the crystalline form.  

The deformation mechanism of  form PP has been studied, with a particular 

focus on the mechanical toughness. The most famous concept discussed was the idea of 

an energy dissipation process at the phase transformation from  to  form crystals 
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during yielding; this concept successfully explained the ductile properties of form 

PP.2-4 

Chu et al. revealed that microvoid (crazes and/or small cracks) formation is 

dominant during plastic deformation of  form PP.12,13 They discussed the mechanism 

based on the phase transformation. Since the density of  form crystals or smectic form 

is higher than that of  form crystals, a volume contraction of the crystalline phase 

occurs during yielding, which leads to microvoid formation. Recently, a similar 

phenomenon was reported in  form PP after removal of impurities and low molecular 

weight fraction; this was explained by the large amount of free volume in the 

amorphous region.14 Li et al. examined the morphology of deformed PP by electron 

microscopy and found that unzipping deformation of lamellar stacks accompanied with 

microvoid formation occurred in  form PP.15,16 Besides the void-opening process, 

lamellar fragmentation also occurs during yielding. According to rheo-optical studies by 

Huy et al.,17 interlamellar slip and lamellar twisting are the major deformation 

mechanisms for  form PP. Lezak et al. demonstrated that interlamellar slip occurs in  

form PP, using X-ray diffraction (XRD) measurements.18 Finally, Luo et al. 

demonstrated that sufficient connection between crystallites, i.e., a large amount of tie 

molecules, is required for marked toughness to be exhibited, even in  form PP.19 

Meanwhile, our research group successfully employed a new type of  

nucleating agent, N,N’-dicyclohexyl-2,6-naphthalenedicarboxamide, to prepare PP 

sheets in which the chain axis (c-axis) of PP is oriented perpendicular to the flow 

direction.7,8,20,21 The nucleating agent exists as needle-shaped crystals in molten PP; 

these crystals are oriented to the flow direction during extrusion processing by the 

hydrodynamic force. Then, PP molecules crystallize on the surface of the nucleating 
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agent; the growth direction of lamellae is perpendicular to the long axis of the 

needle-shaped nucleating agent. Furthermore, the c-axis of the PP crystals also orients 

perpendicular to the long axis of the needle crystals, as verified by infra-red dichroism 

and XRD.7,8 A schematic illustration of the crystalline structure of PP on the 

needle-shaped nucleating agent is shown in Fig. 1. Although there are a lot of nucleating 

agents with fibrous or needle shapes,21-26 this type of crystal growth has not yet been 

reported to the best of our knowledge. For blends with other anisotropic nucleating 

agents, a high level of molecular orientation to the flow direction has always been 

observed.21-26 

[Fig. 1] 

Since the direction of the molecular orientation is anomalous, it is expected 

that the mechanical anisotropy will also be different from that of a conventional 

extruded sheet, in which molecules orient to the flow direction. 

In this study, the anisotropy of dynamic mechanical properties and tensile 

properties of an extruded sheet with anomalous molecular orientation is investigated in 

detail. The results obtained are discussed in terms of a mechanical model. 

 

Experimental 

 

Materials 

A commercially available propylene homopolymer (SunAllomer, PM600A, 

Mn=63,000 and Mw=360,000) was used as the PP in this study. Further, 

N,N’-dicyclohexyl-2,6-naphthalenedicarboxamide (New Japan Chemical, NJ StarTR 

NU-100) was employed as a β nucleating agent. Mixing of PP with 0.1 wt% of the 
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nucleating agent was performed at 260 °C by a counter-rotating twin-screw extruder 

(Technovel, KZW 15TW-45 MG-NH rotation) at a screw rotation speed of 250 rpm. 

The pellets obtained were fed into a single-screw extruder equipped with a T-die 

(Tanabe-plastics, US25-28), 220 mm wide and with a 0.35 mm die lip. The out-put rate 

was 2 kg h-1. Then the sheet was stretched at 0.86 m min-1 in the air gap between the die 

lip and the chill roll to adjust the thickness, 200 μm. The temperature of the die was 

controlled at 200 °C and the chill roll at 120 °C. A sheet of pure PP without the 

nucleating agent was also prepared using the same conditions as a reference sample.  

The shear rate ( ) in the rectangular die was calculated to be 160 s-1 by the 

following equation:27 

WH

Q
2

6
                              (1)                      

where Q is the volumetric flow rate, and H and W are the channel height and width, 

respectively. Furthermore, an average value of elongational strain rate was calculated by 

the following relation:  

G

vv 21                                          (2) 

where v1 and v2 are the average velocities of the sheet at the die exit and the chill roll, 

respectively, and G is the length of the air gap (30 mm). The elongational strain rate was 

roughly estimated to be 0.27 s-1.  

 

Measurements  

The density of extruded sheet samples was measured with a top-loading 

electronic balance, using a flotation method.  
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Thermal analysis was conducted with a differential scanning calorimeter 

(Mettler, DSC820) under a nitrogen atmosphere to avoid thermal-oxidative degradation. 

Samples of approximately 10 mg in weight were sealed in aluminum pans. Melting 

profiles were recorded at a heating rate of 10 °C min-1. 

 XRD measurements were carried out in reflection mode at room temperature 

using an X-ray diffractometer (Rigaku, Rint2500). The sheets were mounted directly 

into the diffractometer, such that the machine direction of the samples coincided with 

the main X-ray apparatus axis. The experiments were carried out using Cu-K radiation 

operating at 40 kV and 30 mA at a scanning rate of 1o min-1 over the diffraction angle 

2 (Bragg angle) range from 10o to 30o. 

 The molecular orientation of the extruded sheets was evaluated by infrared (IR) 

dichroism using a Fourier-transform infrared spectrometer (JASCO, FT-IR 6100) 

equipped with a polarizer. The absorbances of the bands at 841 and 973 cm-1 were 

measured using a linearly polarized IR beam; the electric vector of the beam was 

positioned either parallel A or perpendicular A
┴
 to the flow direction.10,28-30 The 841 

cm-1 band is associated with the CH3 rocking mode coupled with the C-CH3 stretching 

mode in the crystalline phase. The 973 cm-1 band is related to the rocking mode of CH3 

coupled with stretching of C–C in helical sequences, 5 units in length, in the amorphous 

phase.  

The steady-state shear viscosity was measured using a cone-and-plate rheometer 

(Rheometric Scientific, Dynamic Stress Rheometer AR-2000) at 200 °C as a function of 

shear rate under a nitrogen atmosphere.  

The temperature dependence of the dynamic tensile moduli was measured from 

-100 to 165 °C using a dynamic mechanical analyzer (UBM, DVE V-4). The frequency 
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used was 10 Hz, and the heating rate was 2 °C min-1. Rectangular specimens, 5 mm 

wide and 20 mm long, were cut out from the extruded sheet. In order to examine the 

mechanical anisotropy, two types of samples were prepared: one was parallel to the 

flow direction (MD sample) and the other was perpendicular to the flow direction (TD 

sample). Therefore, in the case of the MD sample, the direction of the oscillatory strain 

applied coincides with the flow direction. 

Stress-strain behavior in uniaxial tension was measured using a tensile machine 

(Tokyo testing machine, SBR-500N) following ASTM D638 at room temperature. The 

sample specimens were cut out from the sheets with a razor blade following ASTM D- 

1822L. The initial distance between the gauges was 10 mm and one of them was moved 

at a constant speed of either 10 or 100 mm min-1. All measurements were performed at 

least ten times, and the average values were calculated. The elongation at the break 

point was evaluated by measuring the final gauge length of the narrow part of the 

dumbbell.  

 

Results and Discussion 

 

Characterization of extruded sheet  

Fig. 2 shows XRD patterns for the extruded sheets of PP and PP containing 0.1 

wt% of the nucleating agent. In agreement with the results obtained in previous studies 

on sheets containing 0.05 wt% of the nucleating agent,7,8 strong peaks are detected at 2 

= 16.1° and 21.0°, and ascribed to  form crystals. The K values of PP and PP 

containing the nucleating agent are 0.18 and 0.97, respectively.  

[Fig. 2] 



 
 

Phulkerd et al., 9

The melting behavior of the sheets is shown in Fig. 3. As seen in the figure, the 

sheet of pure PP shows a distinct melting peak at 163 °C ascribed to  form crystals 

with a weak shoulder peak at 143 °C from a small amount of  form crystals. In contrast, 

the extruded sheet containing the nucleating agent has intense double peaks at 150 and 

169 °C, which were also detected in the previous paper.7 Although the peak due to  

form crystals is detected in the DSC curve for the sheet containing the nucleating agent, 

they will be formed during the measurement after the form crystals have melted. In 

general, the melting peak of α form crystals obtained by rapid cooling appears at 

approximately 165 °C; the exact temperature depends on the melting and 

recrystallization processes during heating, along with the recrystallization rate and the 

scanning rate.31 The high melting point of  form crystals, detected in the present 

experiment, may be attributed to their crystallization from an ordered melt (i.e., the 

melting of  form crystals). As well known for PP, the lamellar thickness of  form 

crystals is much larger than that of  form crystals,32,33 which means that large regions 

of ordered melt will result from form crystal melting. Consequently, thick lamellae of 

 form crystals are generated during the heating process for the present sample. Similar 

phenomena have been reported by Cho et al.34 and Liu et al.35 

[Fig. 3] 

Table 1 summarizes the heat of fusion for  and  form crystals, along with the 

density data measured by the flotation method at room temperature. Because the crystal 

density of  form crystals is lower,1 the sheet containing the nucleating agent shows 

slightly lower density.  

[Table 1] 

The molecular orientation of the extruded sheets is characterized by the 
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dichroic ratio D (≡ A///A┴) of the infrared absorption peaks at 841 and 973 cm-1. The 

absorption peaks are ascribed to the crystalline (841 cm-1) and amorphous (973 cm-1) 

regions, respectively. The values of Hermans orientation function, F, were evaluated for 

both peaks assuming the electric vector is parallel to the MD,8,24 and are shown in Table 

1. Both orientation functions are almost unity for pure PP, indicating no molecular 

orientation. On the other hand, the orientation functions of the sheet containing the 

nucleating agent are -0.053 (crystal) and 0.007 (amorphous). This result demonstrates 

that PP chains in the crystals have oriented perpendicular to the flow direction. In 

contrast, the orientation function of amorphous chains is close to zero, i.e., their 

orientation is random, on average. However, the orientation condition of the amorphous 

chains must be able to be roughly classified into two types. Some amorphous parts will 

orient perpendicular to the flow direction, in accordance with the molecules in the 

crystals, because of their connection to crystals. The other parts, which are separated 

from the crystals, can adopt an orientation independent of the crystalline phase. 

Considering that the former chains must have a negative orientation function (similar to 

the chains in the crystals), the other independent amorphous chains must possess a 

positive orientation function, presumably due to the hydrodynamic force during 

processing. In fact, PP employed in this study shows shear thinning behavior even at 0.1 

s-1 at 200 °C, suggesting that a high level of molecular orientation is attained at the die 

exit (160 s-1). The prompt solidification by the nucleating agent could fix the amorphous 

chains in this deformed state. As a result, the orientation of the amorphous chain is, on 

average, cancelled out.  

[Table 1] 
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Dynamic mechanical properties  

As demonstrated in our preceding papers,7,8 MD and TD samples show almost 

the same dynamic mechanical spectra for pure PP. Therefore, the crossing behavior of 

dynamic moduli is not observed. This is reasonable because pure PP shows weak or no 

molecular orientation owing to its slow crystallization, which allows orientational 

relaxation. However, for the sheet containing the nucleating agents, the magnitude of E’ 

in the MD is lower than that in the TD in the low temperature region, and reverses at 

high temperature, as seen in Fig. 4. A similar phenomenon was reported for 

injection-molded PP,29,30,36,37 although the order of the modulus was completely 

opposite to the present result. Moreover, it should be noted that the crossing behavior 

for the present sample is more pronounced than that for injection-molded products with 

high level of molecular orientation.29,37 

[Fig. 4] 

The crossing behavior was explained by a mechanical model, the Takayanagi 

model, as illustrated in Fig. 5, in which the oriented crystalline phase shows strong 

anisotropy in modulus.11,36,38 The parameters  and  represent the degrees of 

connection of the crystalline phase in direction 2 and direction 1, respectively. Therefore, 

the value of (1-)(1-) is the volume fraction of amorphous phase. For a product 

obtained by a conventional processing operation, direction 1 is the flow direction, i.e., 

MD. In this case, the crossing behavior is detected when  is considerably larger than . 

It is generally recognized that the skin layer in injection-molded PP is composed of 

“shish-kebab” structures, in which the axis of the “shish” aligns parallel to the flow 

direction. The shish acts as nucleating templates, leading to folded-chain lamellae, the 

“kebab”, oriented perpendicular to the flow direction.10,38 The crossing behavior in the 
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dynamic moduli can be explained by a shish-kebab structure with a large amount of 

kebab.   

In the present sample, direction 2 is the flow direction. Therefore, the crossing 

behavior in Fig. 4 demonstrates that  is larger than . Moreover, Fig. 4 shows that the 

peak area of E”, ascribed to the glass-to-rubber transition, is smaller in the MD than that 

in the TD. This result is consistent with > Considering that both lamellae and chains 

in crystals do not orient to the flow direction, a lot of amorphous chains deformed by 

hydrodynamic force during extrusion will act as tie molecules between crystallites in 

the flow direction as suggested by the orientation function. In other words, the 

anisotropy of the tie molecule fraction is responsible for the peculiar dynamic 

mechanical properties. This is reasonable because tie molecules, defined as amorphous 

chains which connect neighboring crystals, greatly affect the mechanical properties in 

the solid state.19,29,39-42 In the current experiment, the amount of series connections in 

the lamellae aligned to the flow direction increases presumably owing to the deformed 

amorphous molecules after extrusion from the die.  

The anomalous dynamic mechanical properties could be pronounced at high 

out-put rate, because the deformation of the PP chains towards the flow direction will be 

greater. The small lateral size and large lamellar thickness of  form crystals, as 

demonstrated by Kotek et al.,33 could be also responsible for the anisotropy in the tie 

molecule fraction.  

[Fig. 5] 

The effect of the tensile direction on the stress-strain curves at room 

temperature is shown in Figs. 6 and 7 at strain rates of 0.017 s-1 and 0.17 s-1. The tensile 
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properties of the extruded sheets, such as yield stress, strain at the yield point, stress at 

break, and strain at break at low and high strain rates, are summarized in Table 2.  

[Table 2] 

Stress-strain curves of PP with  form crystals have been widely studied by 

means of rheo-optical measurements,17 XRD measurements,18,42-22 electron microscope 

observations12-16 and so on, and clarified in detail as summarized in the introduction. 

Moreover, the tensile properties of oriented  form PP (mainly prepared by 

injection-molding) have been studied and marked toughness has been found.33,44-50 

However, the anisotropy in the stress-strain curves has not been studied in these 

previous reports. 

As seen in the figures, the PP sheet shows brittle behavior irrespective of the 

tensile direction and the strain rate in our experimental range. The highest yield stress is 

detected in MD stretching at 0.17 s-1. Compared to the pure PP, ductile behavior is 

clearly detected for PP containing the nucleating agent. This result has been reported by 

many researchers.33,44-50  

[Fig. 6] 

Distinct differences in the tensile behavior between MD and TD samples are 

detected for the sheet containing the nucleating agent, especially at the high strain rate 

(Fig.7). At the low strain rate, the initial slope of the stress, i.e., Young’s modulus, for 

the TD sample is comparatively lower than that for the MD sample, although both 

lamellae and chains in crystals are oriented perpendicular to the flow direction. This is a 

similar phenomenon to that observed in the dynamic mechanical properties. Since the 

strains at the yield point are almost the same, the yield stress in MD stretching is higher. 

Moreover, the strain at break in TD is obviously larger than that in MD at the high 
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strain rate. Even at the low strain rate, approximately one-third of the samples showed 

brittle behavior in MD stretching (more than 10 specimens were stretched at the same 

conditions for each sample), whereas ductile deformation was always detected in TD 

stretching. 

[Fig. 7] 

For the sample containing the nucleating agent, it was expected that the yield 

stress in the TD would be higher than that in the MD, because fragmentation of the 

lamellae cannot be avoided in TD stretching even under a small strain. However, higher 

yield stress was detected in MD stretching, although both lamellae and chains in the 

crystals do not exist continuously in this direction. These tensile results can be 

explained by the large number of amorphous chains connecting neighboring lamellae 

along the flow direction, i.e., the tie molecules. This is reasonable considering the recent 

work by Luo et al. on the relation between tie molecules and the deformation 

mechanism of  form PP.19 

Fig. 8 shows stress-whitening behavior during stretching. It should be noted that 

inhomogeneous localized deformation occurs with intense stress-whitening during MD 

stretching of the sheet containing the nucleating agent. Considering the structure of the 

extruded sheet, unzipping of lamellar stacks accompanied with generation of 

microvoids would dominate the deformation. The localized deformation develops into a 

necking band, which can be clearly detected beyond the yield point. After the necking 

region extends to most of the narrow parts of the dumbbell, the stress increases again 

with strain, probably due to the formation of fibril structure, until final rupture. In 

contrast, the necking deformation is not detected in TD stretching and stress-whitening 

appears homogeneously in the narrow part of the dumbbell specimens. Homogeneous 
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stress-whitening is also detected for the PP sheet in both MD and TD stretchings.  

Li et al. suggested that the separation of neighboring lamellae mainly occurs 

when the lamellae orient perpendicular to the loading direction, leading to the 

deformation bands.51 On further loading, these deformation bands develop into crazes 

and cracks. In the current experiments, numerous cracks oriented perpendicular to the 

stretching direction appear on the surface in MD stretching for PP containing the 

nucleating agent (not shown here). Because of the distinct yield point, along with the 

perpendicular cracks, some samples show brittle fracture in MD stretching, which could 

be explained by Considѐre’s construction.38 On the contrary, there are no cracks on the 

surface of TD samples containing the nucleating agent during the formation of a 

necking region. Consequently, samples produce a stable necking band in TD stretching, 

whereas one-third of the samples exhibited brittle behavior in MD stretching. Once the 

stress-whitening region extends, even the MD sample shows ductile deformation.  

[Fig. 8] 

 

Conclusion 

The relationship between the structure and the mechanical properties of 

extruded sheets of PP containing N,N’-dicyclohexyl-2,6-naphthalenedicarboxamide as a 

β nucleating agent is studied. The sheet is found to contain a large amount of β form 

crystals. During DSC measurements, after the β form crystals have melted,  form 

crystals with extraordinarily high melting point appear, as a result of recrystallization 

from a highly ordered melt.  

PP molecules orient perpendicular to the flow direction in the sheet containing 

the nucleating agent. The crossing behavior of E’ in MD and TD samples is detected 
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clearly around the glass transition temperature in spite of the low level of molecular 

orientation. Moreover, it is found from the tensile testing that the Young’s modulus and 

yield stress in MD stretching are higher than those in TD. However, the sample shows 

brittle behavior in MD stretching especially at high strain rate, because of the generation 

of localized microvoids and surface cracks (voids without fibrils) with a distinct yield 

point. In contrast, ductile deformation with homogeneous stress-whitening is always 

detected in TD stretching.  

The infrared dichroic ratios reveal that the Hermans orientation function of the 

amorphous phase is close to zero, whereas it has a negative value for PP chains in 

crystals in the sheet containing the nucleating agent. The low level of orientation 

function in the amorphous region is explained by the existence of molecules deformed 

to the flow direction by hydrodynamic force, which will connect the crystals along the 

flow direction, i.e., tie molecules. In other words, the anisotropy of the tie molecule 

fraction is responsible for the peculiar mechanical anisotropy in our PP samples 

containing the  nucleating agent. 
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Figure Captions 

Figure 1    Schematic illustration of PP crystals on a needle-shaped nucleating agent. 

Figure 2    XRD patterns of the extruded sheets for pure PP and PP with the 

nucleating agent (NA). 

Figure 3    DSC heating curves of the extruded sheet samples at a heating rate of    

10 °C min-1.  

Figure 4    Temperature dependence of tensile modulus such as E’ (circles) and E” 

(diamonds) for an extruded sheet in MD (closed symbols) and TD (open 

symbols) directions for PP containing the nucleating agent. 

Figure 5   Mechanical model of oriented crystalline polymers. The dashed region 

represents crystalline phase in which the c-axis orients to the direction of 

the lines. The white region denotes amorphous phase. 

Figure 6    Stress-strain curves of pure PP in MD (black line) and TD (gray line) 

directions at different strain rates; (a) 0.017 s-1 and (b) 0.17 s-1.  

Figure 7   Stress-strain curves of PP containing the nucleating agent i in MD (black 

line) and TD (gray line) directions at different strain rates; (a) 0.017 s-1 and 

(b) 0.17 s-1. 

Figure 8   Optical photographs of sample specimens after removal of the stress at 

various strains; (a) MD stretching for PP (b) TD stretching for PP, (c) MD 

stretching for PP containing the nucleating agent, and (d) TD stretching for 

PP containing the nucleating agent. The stretching rate was 0.017 s-1. 
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