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Abstract

The morphological features of a series of high-density polyethylene (HDPE) blown ®lms were studied using transmission electron

microscopy, small-angle X-ray scattering and infrared dichroism. An orthogonally-oriented, dual crystalline texture was found in these

HDPE ®lms. This structure appears to consist of two superimposed row-oriented textures. In one row-oriented texture, the lamellae are

stacked along the machine direction; while in the other, the lamellae are stacked along the transverse direction. The lamellar populations in

the two textures are greatly affected by the neck height of the ®lm blowing process. The mechanical properties of the ®lms correlate well with

the observed dual crystalline texture. q 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polyethylene (PE) blown ®lm is one of the most impor-

tant polymeric products consumed today. PE ®lm manufac-

turers have been aggressive in improving ®lm properties and

reducing production cost so that they can be more compe-

titive in the global market. Information concerning blown

®lm structure and structure±property relationship is impor-

tant to PE ®lm manufacturers. The study of ®lm structure

can provide the knowledge about the structural formation

process during ®lm blowing and, in turn, the effect of

processing conditions on ®lm properties. Moreover, blown

®lm is a good candidate for studying crystallization

processes of polymers under stress. Therefore, investigation

of the structure of PE blown ®lms has been the focus of

signi®cant research efforts.

The study of the structure of extruded PE ®lms started in

the 1950s. Holmes et al. [1] studied the structures of melt-

extruded low-density polyethylene (LDPE) blown ®lms

using a Statton X-ray camera, and concluded that the a-

axis of the crystal unit cell lies along the extrusion direction.

This ®nding was con®rmed by Aggarwal et al. [2], who

concluded that the crystallographic a-axis in PE blown

®lm is oriented along the machine direction (MD), while

the b- and c-axes are randomly distributed in the plane

perpendicular to the a-axis. In 1954, Keller [3,4] proposed

that the crystal b-axis in PE blown ®lms has a preferred

orientation perpendicular to the MD while the a- and c-

axes are randomly distributed with cylindrical symmetry.

He also introduced the concept of row orientation in

which the crystalline lamellar overgrowth occurs epitaxially

from the c-axis oriented ®brils with radial growth in the b-

direction and the a- and c-axes rotating about that growth

direction. Using the method of pole ®gures for high-density

polyethylene (HDPE) extruded ®lms, Lindenmeyer and

Lustig [5] found support for the row structure.

In 1967 Keller and Machin [6] further modi®ed the model

of `row nuclei' based on the level of stress for both LDPE

and HDPE extruded ®lms. According to the modi®ed

model, two major crystallization processes take place

depending upon the magnitude of the stress in the melt,

namely `low-stress' and `high-stress' crystallizations.

Under low-stress conditions, the lamellae grow radially

outward in the form of twisted ribbons, with the crystallo-

graphic b-axis parallel to their growth axis. As a result of

this lamellar growth process, the a-axis of the crystal unit

cell is oriented preferentially along the MD of the blown

®lm. This texture is referred to as the Keller/Machin I

morphology or a-texture. Under high-stress conditions, the

radially grown lamellae extend directly outward without
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twisting. The folded chains (c-axis) within the lamellae

remain parallel to the extended micro®bers, resulting in

the c-axis oriented preferentially along the MD. This is

referred to as the Keller/Machin II morphology or c-texture.

Intermediate stresses will lead to an incomplete twisting of

the ribbons. This row nuclei model has been commonly used

in the literature to describe the structures of PE blown ®lms.

The Keller/Machin I morphology is the most commonly

observed morphology in PE blown ®lms [5,7±13]. The

Keller/Machin II morphology has been observed only in

HDPE blown ®lms [13±15].

In the 1970s, Maddams and Preedy published a series of

papers based on an extensive texture investigation of very

different HDPE blown ®lms [12±14]. The orientation

maxima of the crystallographic a-, b-, and c-axes were

related to the stress levels at crystallization. Notably, they

found an additional orientation maximum of the b-axis in

the normal direction (ND) connected with the transcrystal-

line portion of the material.

Since the crystalline textures of tubular blown ®lms are

formed by different parallel crystallization and orientation

processes, it is possible that a multiple-texture crystalline

phase is formed in blown ®lms. Choi et al. [16] used wide-

angle X-ray scattering (WAXS), small-angle X-ray scat-

tering (SAXS) and birefringence to characterize ®lms

fabricated under conditions ranging from uniaxial to biaxial

extension, with concurrent measurements of the MD and TD

stresses at the frost line. They proposed morphologies that

consist of local lamellar stacks. The distribution of stack

orientations is determined by the MD/TD stress balance at

crystallization. Kwack and Han [17] found that the biaxial

stress ratio is the determining factor in the distribution of

®brillous nuclei and crystalline texture, as well as ®lm

anisotropy. Later, Dormier et al. [18] presented their ®nding

of a dual crystalline texture in high molecular weight HDPE

blown ®lms. However, not much work has been done so far

to address in detail the effect of the local lamellar stacks and

their orientation distribution on mechanical properties of

blown ®lms.

Recently, Wilkes et al. investigated the molecular orien-

tation and processing±structure±property (P±S±P) rela-

tionships in uniaxially melt-extruded HDPE ®lms

possessing a well-de®ned, stacked lamellar morphology

[15,19]. Their work greatly contributed to the understanding

of the micro-mechanical deformation mechanisms and

orientation-dependent mechanical properties of PE blown

®lms. However, most commercial PE ®lms are made by

blowing processes with biaxial extension. Films with biaxial

orientation need to be considered in greater detail.

As part of a continuing effort toward a better understand-

ing of P±S±P relationships in PE blown ®lms, a series of

HDPE blown ®lms were studied. This paper will present our

experimental ®ndings regarding the morphology of HDPE

blown ®lms and their correlation with mechanical proper-

ties. The effect of processing conditions on morphological

characteristics will be discussed as well.

2. Experimental

2.1. Materials

Five HDPE blown ®lms were provided by the Polyole®ns

Film Consortium at Texas A & M University. They were

blown from three different HDPE resins. Films A-1, A-2 and
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Fig. 1. Schematic of the ®lm blowing process.

Table 1

Resin properties and processing parameters for the HDPE blown ®lms studied

Films A-1 A-2 A-3 B-1 C-1

Density (g/cm3) 0.949 0.949 0.949 0.949 0.949

Melt index (g/10 min) 0.05 0.05 0.05 0.06 0.02

Thickness (mm) 12 12 12 12 12

Mn 7500 7500 7500 7500 6300

Mw 148,000 148,000 148,000 158,000 175,000

Die diameter (mm) 160 160 160 160 160

Die gap (mm) 1.5 1.5 1.5 1.5 1.5

Melt temperature (8C) 193 193 193 189 196

Draw up ratio 31 31 31 31 31

Blow up ratio 4/1 4/1 4/1 4/1 4/1

Neck height (DD) 6 8 10 8 8



A-3 were blown from resin A with the same processing

parameters, except for variation in neck heights (Fig. 1).

The neck heights for A-1, A-2 and A-3 are 6, 8 and 10 die

diameters (DD), respectively. Films B-1 and C-1 were

produced from resins B and C, respectively. The neck height

used for ®lms B-1 and C-1 was the same as that used for ®lm

A-2, i.e. 8 DD. For convenience, ®lms A-1, A-2 and A-3 are

called Series I and ®lms A-2, B-1 and C-1 are called Series

II. Information about the resin properties and the blown ®lm

processing conditions is given in Table 1.

2.2. Infrared dichroism

A Nicolet Avatar 360 Fourier Transform Infrared (FTIR)

Spectrometer equipped with a polarizer was used to deter-

mine IR dichroism of the ®lms. The absorption bands at 730

and 719 cm21 were employed to evaluate the orientations of

the crystal a-axis and b-axis, respectively. The spectral

separation procedure described by Kissin [20] was used to

obtain the real absorbance from the measured absorbance of

the bands. Dichroic ratio (D) was taken as the ratio of the

absorbance measured with radiation polarized in the MD to

that measured with radiation polarized in the TD. The

method developed by Read and Stein [21] was used to

calculate the orientation functions of crystal axes fa, fb and fc.

2.3. Transmission electron microscopy

Samples for the transmission electron microscopy (TEM)

study were embedded in an epoxy and cured overnight at

room temperature. The blocks were trimmed, faced-off, and

then stained with RuO4 vapor (RuCl3 1 aqueous sodium

hypochlorite). Ultra-thin sections, ranging from 60 to

80 nm, were obtained using a Reichert±Jung Ultracut E

microtome with a diamond knife. The thin sections were

placed on 100-mesh Formvar-coated copper grids and

examined using a Zeiss-10C TEM operating at an acceler-

ating voltage of 100 kV.

2.4. Small angle X-ray scattering

The SAXS measurements were carried out at the Univer-

sity of New Mexico/Sandia National Laboratories SAXS

laboratory [22]. Samples and backgrounds were run on the

5-m pinhole instrument in both long and short geometry

con®gurations with sample to detector distances of 248

and 31 cm, respectively. When combined, the data sets

span a q-range of 0:003 , q , 0:7 �A21
; where q �

4p=l sin�2u=2�: Here, l is the wavelength of the radiation,

and u is the radial scattering angle. SAXS samples were

prepared by carefully folding the blown ®lms into eight

layers, and maintaining the MD of each layer parallel to

every other. This produced samples with 0.12 mm in thick-

ness. The samples were mounted on a sample changer such

that the incident X-ray beam was normal to the plane of the

®lms and that the MD was oriented in the beam with the

same direction for all samples.

2.5. Tensile tests

The engineering stress±strain curves and Young's moduli

of the blown ®lms were obtained using a screw-driven

mechanical testing machine (Instron, Model 1125) at ambi-

ent conditions. To obtain engineering stress±strain curves,

specimens with dimensions of 50 mm £ 12:7 mm �2 00 £
0:5 00� were stretched at a cross-head speed of 50 mm/min

(2 00/min) either to breaking or to the limit of the instrument.

The Young's moduli were determined by straining

specimens with dimensions of 254 mm £ 12:7 mm �10 00 £
0:5 00� at a cross-head speed of 25 mm/min (1 00/min), follow-

ing the ASTM D882-95a method.

3. Results and discussion

3.1. Morphological investigation

Fig. 2 shows the as-collected two-dimensional (2D)

SAXS pattern of ®lm A-1, taken in long geometry. The

presence of a preferred orientation of the lamellae within

this sample is immediately evident from the anisotropic

scattering pattern. In such a 2D image, the scattering

angle 2u is zero at the center and increases with radius.

The azimuthal angle, X locates the scattering features

around the detector. X is set to zero at the 6 o'clock position
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Fig. 2. Two-dimensional SAXS image taken in long geometry for ®lm A-1.

The ®lm is oriented perpendicular to the incident X-ray beam. Therefore,

the image shows preferred orientation in the MD±TD plane of the sample.



of the detector plane and increases counter-clockwise.

Regions of interest can be integrated over X or 2u to

produce intensity vs. 2u or X data sets, respectively. The

MD intercepts the detector at X ù 258 and at 205 ^ 58; i.e.

along the line of scattering seen in Fig. 2. The intensity vs. X

plots for the three ®lms in Series I are shown in Fig. 3. It

is obvious that all three ®lms possess preferred lamellar

orientations. Two strong peaks, 1808 apart from each

other, are observed for ®lm A-1 (Fig. 3). The position of

the peaks reveals that the long period in ®lm A-1 lies along

the MD, i.e. the crystalline lamellae are stacked preferen-

tially along the MD. If examined closely, the intensity vs. X

plot for ®lm A-1 also shows two weak peaks, which are 908
from the two strong peaks, corresponding to the long period

along the TD. Note that ®lm A-1 was blown by the process

with the lowest neck height. When the neck height is

increased in Series I, as in the case of ®lms A-2 and A-3,

all four peaks are clearly visible (Fig. 3). The relative inten-

sities of SAXS peaks indicate that for ®lm A-2, which was

blown using the intermediate neck height, the majority of

lamellae are stacked along the MD. However, for the ®lm

made by the longest neck height, i.e. ®lm A-3, the majority

of lamellae are stacked along the TD. These observations

suggest that ®lms A-1, A-2 and A-3 have two preferred

orientations of lamellae. One set of peaks corresponds to

the lamellae stacked along the MD, while the other

corresponds to the lamellae stacked along the TD.

TEM was performed in order to observe the arrangement

of lamellae in the ®lms directly. The TEM micrographs of

the three ®lms in Series I are shown in Figs. 4±6. As

expected, a row-oriented crystalline structure is clearly

observed with the lamellae stacked along the MD in all

three ®lms (Figs. 4a, 5a and 6a). Interestingly, when the

TD±ND plane of these ®lms is inspected using TEM, the

row-oriented crystalline structure is also observed (Figs. 4b,

5b and 6b). The lamellae observed in this plane are stacked

along the TD. The frequency by which the row-oriented

structure can be found in the TD±ND plane varies from

®lm to ®lm. Film A-3 shows the highest frequency of this

structure and ®lm A-1 the lowest.

Based on the TEM and SAXS results, it is evident that an

orthogonally-oriented, row-nucleated structure exists in the

HDPE blown ®lms. This structure consists of two super-

imposed row-oriented textures. In one texture, the lamellae

are coherently stacked along the MD, i.e. the lamellar

normal is oriented along the MD. In the other texture, the

lamellar normal is oriented along the TD. This morphologi-

cal feature is similar to that found by Dormier et al. [18].

The IR dichroic ratios and the calculated orientation func-

tions are listed in Table 2. Note that the orientation functions

determined here are uniaxial orientation functions.

Although they are not suf®cient to describe the biaxially-

oriented crystalline textures in blown ®lms, they can be used

to quantify the overall orientation of the axes of the crystal

unit cells with respect to a reference direction (the MD in

this case). This overall crystallographic orientation is the

result of the superimposition of the two row-oriented crys-

talline textures. For the three ®lms in Series I, IR dichroism

results show that the c-axis is preferentially oriented along

the MD, and the a- and b-axes lie toward the TD±ND plane.

The c-axis orientation along the MD increases in the order

of A-3, A-2 and A-1. This result is consistent with both

TEM and SAXS results.

In these HDPE ®lms, the numbers of lamellae distributed

in the two textures are not equal, but vary with processing

conditions. There is an increasing tendency toward a single

MD-stacked lamellar texture as the neck height decreases.

For ®lm A-1, which is blown under the lowest neck height

condition, the crystalline texture is very close to a single

MD-stacked texture. IR dichroism study shows that c-axis is

preferentially oriented along the MD, and a- and b-axes lie

toward the TD±ND plane in ®lm A-1. This implies that the

MD-stacked texture is a c-texture (Keller/Machin II

morphology). For ®lm A-3, although the majority of lamel-

lae are oriented perpendicular to the TD, IR dichroism still

shows a preferred c-axis orientation in the MD. This implies

that either the orientation in MD-stacked texture is more
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Fig. 3. SAXS intensity vs. X plots of the ®ve HDPE blown ®lms. The plots

are generated by integrating 2D SAXS data over 2u .



coherent, or the TD-stacked texture is not a c-texture in

nature. At this stage, we cannot de®nitely determine the

type (Keller/Machin I or II) of the TD-stacked texture in

these HDPE ®lms.

In Series II, ®lms A-2, B-1 and C-1 were blown from

different resins but using the same neck height and similar

processing conditions. The SAXS patterns of ®lms B-1 and

C-1 are also shown in Fig. 3. The same transition can be

observed from the dominance of the MD-stacked texture to

the dominance of the TD-stacked texture as in Series I. TEM

micrographs (Figs. 7 and 8) and IR dichroism data (Table 2)

also support this trend. In ®lm B-1, the MD-stacked texture

dominates. In ®lm A-2, the MD-stacked and TD-stacked

textures are more balanced with the MD-stacked texture

still dominant. Film C-1 has a dominant TD-stacked texture.

This means that a particular ®lm morphology can be

achieved either by adjusting processing conditions or

changing resin properties.

The superimposition of the two row-oriented crystalline
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(b) TD±ND plane.



textures in the HDPE blown ®lms suggests that two

distinct crystallization processes exist during the blow-

ing of the HDPE ®lms. Before the bubble expansion

region (Fig. 1), some polymer chains are suf®ciently

extended along the MD to nucleate stress-induced crys-

tallization [18]. The resulting row-oriented lamellae are

stacked along the MD. In the bubble expansion region,

a signi®cant number of polymer chains are still suf®-

ciently mobile to allow TD stretching to nucleate

another stage of stress crystallization, which gives the

second row-oriented crystalline texture.

The region between the die face and the bubble expansion

zone provides a region of low elongation rate in which a

portion of the MD chain orientation introduced in the die

can relax [23±26]. The higher the neck height, the longer

the time available for the MD chain orientation introduced

in the die to relax, and thus fewer extended chains remain

for nucleating the crystallization that forms the MD-

oriented lamellar stacks. Of course, once the melt exits

from the die, the extensional strain imposed by the drawing

in the MD causes additional MD chain orientation. Both the

extension process and the relaxation process take place in

the stalk region. Since the three ®lms in Series I were blown
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using the same draw ratio and line speed, the effect of the

drawing in the MD is more or less equal for the three ®lms.

In this case, the neck height plays the major role in causing

different morphologies in the resultant ®lms. Moreover, in

the ®lm blowing process, the neck height is directly related

to the cooling rate. As the neck height increases, the cooling

rate of the polymer melt decreases. Consequently, for a

lower neck height, a higher cooling rate and a larger number

of nucleation sites lead to a larger portion of crystallization

occurring in the stalk region. This gives rise to a dominant

MD-stacked crystalline texture. When the neck height is

increased, an increased portion of crystallization occurs in

and beyond the bubble expansion region and a larger

number of TD-stacked lamellae are formed. In the case

where the neck height is suf®ciently high, the TD-stacked

crystalline texture can become dominant.

In Series II, the cause for the variation of crystalline

texture is more complicated. The three ®lms were blown

from different resins. Different resins require somewhat

different processing parameters for stable bubble formation.

Thus, the processing conditions for the three ®lms are not

exactly same. Since the relaxation of polymer chain orienta-

tion during the ®lm blowing process plays an important role

in the structure formation of blown ®lms, the resin melt

relaxation time should have a signi®cant in¯uence on the

crystalline texture of blown ®lms. The melt relaxation time

is dictated by melt temperature and the nature of resin [27±

30], both of which vary in Series II. Therefore, it is dif®cult

to unambiguously identify the cause(s) for the formation of

the different morphologies found in Series II.

3.2. Structure±property relationship

Semicrystalline polymers can be considered to consist of

crystalline lamellae held together by tie chains and sepa-

rated by an amorphous phase. When stressed, what occurs

®rst is the deformation at the crystalline lamella and amor-

phous layer level. Three deformation modes, namely lamel-

lar separation, lamellar shear and lamellar rotation, can be

postulated at this structural level [31]. Since the lamellae are

held together by tie chains, these lamellar dislocations are

restricted to small magnitudes before the disruption of the

lamellae at the crystallographic level occurs. The deforma-

tion mechanisms at the crystallographic level involve chain

slip and transverse slip, mechanical twinning, martenistic

phase transformation, decrystallization and recrystallization

processes [31±34].

If the crystalline lamellae in a ®lm are uniaxially-oriented

perpendicular to the MD, the ®lm can be viewed as a `lami-

nated composite' of a hard crystalline phase and a soft

amorphous phase stacked along the MD [19]. When

stretched in the MD, the `composite' can be considered as

being deformed in an iso-stress pattern. Therefore, the

modulus is dominated by that of the soft, amorphous

phase. Furthermore, lamellar separation is the dominant

deformation mechanism at ®rst. The extent of separation

is limited because of the existence of tie chains. Upon

further stretching, the crystalline lamellae have to deform

to allow higher straining. This results in the yielding of the

®lm. On the other hand, when stretched in the TD, the

composite can be considered as being deformed in an iso-

strain pattern; therefore, the modulus is dominated by that of

the hard, crystalline phase. When the ®lm is stretched along

the TD, deformation at the level of the crystalline lamella

and amorphous layer, i.e. lamellar separation, lamellar shear

and lamellar rotation, is largely restricted. Consequently,

the ®lm yields at a small magnitude of strain. In the MD

stretching, chain slip is the dominant deformation mode of

the crystalline phase following yielding. Conversely, the
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Table 2

Dichroic ratios, orientation functions and crystallinities of the HDPE blown ®lms studied

Samples A-1 A-2 A-3 B-1 C-1

D730 0.873 0.883 0.918 0.738 0.906

D720 0.627 0.795 0.886 0.475 1.132

fa 20.0438 20.0407 20.0282 20.0956 20.0325

fb 20.1536 20.0732 20.0396 20.2120 0.0420

fc 0.1974 0.1139 0.0678 0.3076 20.0096

Crystallinitya (%) 57.5 55.5 58.6 61.4 55.5

a Measured by the ®lm manufacturers using density column.
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Fig. 9. Engineering stress±strain curves of: (a) ®lm A-1, (b) ®lm A-2, (c) ®lm A-3, (d) ®lm B-1, and (e) ®lm C-1.



break-up of the crystalline lamellae, the pull-out of

the chains from the lamellae and the transverse slip are the

major deformation mechanisms of the crystallites in the TD

stretching. The pull-out of polymer chains in this case is

perpendicular to the lamellar normal. It is clear that the

pull-out of chains in this direction is much easier than the

chain slip, and is basically a cold-drawing process.

The engineering stress±strain curves of the ®ve HDPE

®lms are shown in Fig. 9. In Series I, the TD stress±strain

curve for ®lm A-1 shows a yield peak and a horizontal

plateau before strain hardening (Fig. 9a). This is due to

the fact that the MD-stacked texture is the dominant texture,

and the overall morphology is close to a unimodal orienta-

tion. In the MD tensile test of ®lm A-1, strain hardening

occurs soon after yielding, and the stress level of the MD

stress±strain curve is higher than that of the TD stress±

strain curve. For ®lm A-2, the stress±strain curves for the

MD and TD stretches get closer (Fig. 9b). This can be

correlated to increased bimodal crystalline orientation

feature in this ®lm. Since the MD-stacked texture is still

dominant in ®lm A-2, the stress level of the MD stress±

strain curve is higher than that of the TD stress±strain

curve. The TD-stacked texture becomes dominant in ®lm

A-3. As a result, the stress level of the TD stress±strain

curve exceeds that of the MD stress±strain curve (Fig.

9c). In Series II, a trend in tensile behavior similar to that

in Series I can be observed. Films A-1 and B-1 have similar

tensile behaviors because of the structural similarity

between them. For the same reason, ®lms A-3 and C-1

have similar tensile behaviors.

The mechanical properties of the ®ve HDPE blown

®lms are listed in Table 3. As illustrated by the lami-

nated composite model, the trend in tensile modulus for

the HDPE ®lms can be easily correlated to their crystal

orientation features. For ®lms A-1 and B-1, the TD

tensile modulus is higher than the MD tensile modulus,

because the majority of the lamellae are stacked perpen-

dicular to the MD. With its lamellae more biaxially-

oriented, ®lm A-2 possesses similar moduli in the MD

and TD. Films A-3 and C-1 have higher moduli in the

MD, because more lamellae are stacked along the TD in

these ®lms.

The trend in tear strength can also be correlated to the

feature of dual crystalline texture. In ®lms A-1 and B-1, the

MD-stacked crystalline texture is dominant, giving a much

higher Elmendorf tear strength in the TD than in the MD.

Conversely, in ®lms A-3 and C-1 the TD-stacked crystalline

texture is dominant. As a result, the MD Elmendorf tear

strength is much higher than the TD tear strength. In ®lm

A-2, the MD- and TD-stacked crystalline texture are more

balanced. This results in more balanced tear strengths in the

MD and TD.

The dart drop impact resistance of blown ®lms is

commonly considered to be related to the anisotropic char-

acteristics of both their structure and mechanical properties
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Table 3

Mechanical properties of the HDPE blown ®lms studied

Samples A-1 A-2 A-3 B-1 C-1

MD Young's modulus (MPa) 830 ^ 50 830 ^ 80 920 ^ 50 770 ^ 50 870 ^ 50

TD Young's modulus (MPa) 1020 ^ 40 850 ^ 40 860 ^ 70 890 ^ 70 730 ^ 20

MD Elmendorf teara (g) 11.0 16.6 23.1 14.0 24.0

TD Elmendorf teara (g) 36.4 19.9 13.6 42.3 14.1

Dart impact resistancea (g) 330 290 220 400 240

a Provided by the ®lm manufacturers.
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Fig. 10. Dart drop impact resistance plotted as a function of: (a) Elmendorf

tear strength, and (b) Young's modulus.



[35]. A good balance in structure and mechanical properties

between the MD and TD usually give a high dart drop

impact strength. However, this is not true for the ®lms in

this study. The dart drop impact strength is plotted as a

function of the MD/TD Elmendorf tear strength ratio

(Fig. 10a) and the tensile modulus ratio (Fig. 10b) for the

®ve ®lms. Good tear and modulus balances do not give

a high dart drop impact resistance. The dart drop impact

strength increases with increasing TD Elmendorf tear

strength for these ®lms (Table 3). In terms of morphology,

®lms A-1 and B-1 are the least balanced, but they have the

highest dart drop impact strength. Films A-2, A-3 and C-1

are more balanced structurally, but their dart drop impact

strengths are lower. It appears that the larger the MD-

stacked crystalline component, the higher the dart drop

impact resistance.

As discussed in the previous section, the formation of the

MD-stacked crystalline texture starts earlier than that of the

TD-stacked crystalline texture. At an earlier stage, the melt

temperature is higher, thus the mobility of polymer chains is

higher and a polymer chain has a better chance to fold into

the same lamella. It can be speculated that the tie chain

density in the TD-stacked texture is higher than that in the

MD-stacked texture. Consequently, the TD-stacked texture
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Fig. 11. Photographs of the failed specimens in dart drop impact test of: (a) ®lm A-1, (b) ®lm A-2, (c) ®lm A-3, (d) ®lm B-1, and (e) ®lm C-1.



can withstand more load than the MD-stacked texture. The

dart drop impact is basically a biaxial stretching process. If

there are an equal number of MD- and TD-oriented lamellar

stacks, the MD will be the weak direction for dart impact.

To verify this, the failed dart impact test specimens were

examined. It was observed that most specimens failed in the

MD (the cracks propagate along the TD), except for ®lm A-

1 (Fig. 11). For ®lm A-1, the specimens seemed to have

failed simultaneously in the MD and TD. Note that ®lm

A-1 is a highly structurally unbalanced ®lm, and many

more lamellae are stacked along the MD than along the

TD in this ®lm. Therefore, the MD-oriented lamellar

stacks are indeed relatively weak in dart impact compared

to the TD-oriented lamellar stacks. A larger number of

MD-oriented stacks are needed to gain the same strength as

a small number of TD-oriented stacks. Therefore, in these

HDPE ®lms, the number of the MD-oriented stacks is more

important for the dart drop impact resistance.

The orthogonally-oriented, dual crystalline texture is an

important morphological feature in HDPE blown ®lms. The

assessment of this structure can greatly help interpret the

orientation-dependent mechanical properties of the ®lms.

There is still a need to analyze each individual component

texture in detail. The characteristics of the orientation in

each texture, as well as the type of the TD-stacked texture,

should be addressed. Further investigation of this aspect is

still underway.

4. Conclusion

The morphological features of selected HDPE blown

®lms have been carefully studied. In these ®lms, an ortho-

gonally-oriented, dual crystalline texture is found. This

structure consists of two superimposed row-oriented

crystalline textures, i.e. an MD-stacked texture and a TD-

stacked texture. The lamellar populations in the two

structures are affected greatly by the neck height of the

®lm blowing process. The MD-stacked crystalline texture

is found to be a c-texture. The trends in the mechanical

properties of the HDPE ®lms can be interpreted well in

terms of the feature of the dual crystalline texture. The

dart impact resistance appears to depend more on the

MD-stacked row crystalline structure.
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