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GRAPHICAL ABSTRACT  11 

 12 

ABSTRACT 13 

 When polymer melt is subjected to stress, molecular chains become aligned along the elongation 14 

direction. However, when polyethylene film crystallizes under stress, molecular chains 15 

frequently align perpendicular to the elongation direction. In this paper we investigate why this 16 

happens. Evaluating metallocene LLDPE film we show that under the stress lamellae rotate to 17 

accommodate geometrical changes. Quantitative analysis of SAXS data explains the mechanism 18 

of this rotation. The lamellae rotation presents an opportunity to reexamine the strain-induced 19 

structure and crystallization mechanism. For the first time we apply 3D visualization to shish-20 

kebab like structure in bulk samples and support visualization with Fourier analysis to relate the 21 
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microscopy data to large body of evidence reported earlier by SAXS. Obtained evidence reveals 22 

that our samples do not contain extended chain precursors. Reevaluation of the equatorial streak, 23 

frequently interpreted as evidence of extended chain precursors or voids, suggest that in our 24 

sample streak originates on rotated lamellae. Our findings indicate that strain-induced 25 

crystallization does not have to rely on the existence of extended chains precursors, as it is 26 

widely assumed. While major focus of this work is microscopy investigations we supplement it 27 

with limited amount of SAXS and WAXS experiments to reveal rotation mechanism and 28 

crystalline orientation. Obtained insight reconciles seemingly contradictory SAXS, WAXS, TEM 29 

and optical microscopy data collected from polyethylene film.  30 

 31 

INTRODUCTION 32 

It has been known since 1953 that strain-induced crystallization of polyethylene can produce 33 

crystals with molecular chains oriented perpendicular to the elongation axis (1). A number of 34 

experiments involving collecting complete X-ray pole figures have been published lately that 35 

provides additional evidence of this behavior (2-6). The behavior of polyethylene contrasts with 36 

the behavior of some other polymeric systems, e.g. natural rubber that, similar to polyethylene, 37 

crystallizes into an orthorhombic lattice (7, 8). External stress aligns rubber’s molecular chains 38 

along the stretch direction, and this alignment remains preserved during crystallization. The 39 

anomalous orientation observed in polyethylene by WAXS is usually explained by twist of 40 

lamellae (9). When crystal nucleates with molecular chain along stretch direction, the growth 41 

direction (b-axis direction) is confined in perpendicular plane and lamellae twist concentrates 42 
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both a-axis and c-axis along the stretch direction (9). This model, however, contradict to 43 

orientation observed by infra-red absorption (1). 44 

Current understanding of stress induced crystallization is based on raw nucleation model (9,10) 45 

that assumes formation of oriented crystalline precursors (shish) out of high molecular weight 46 

fraction of chain. Precursors initiate epixial growth of lamellae (kebab) defining crystalline 47 

orientation (11,12). However, due to small size, exact structure of precursors has not been 48 

directly identified. In case of narrow molecular weight distribution polymers, our understanding 49 

is even more limited because such polymers do not have high molecular weight fraction to create 50 

extended chain precursors. 51 

Strain-induced crystallization is typically viewed as a two-step process. First deformation orients 52 

the melt, and in the next step crystallization occur.  Crystallization increases the rigidity of the 53 

material and immediately stops the deformation. This scenario is explicitly assumed in the row 54 

nucleation model. However certain types of semi-crystalline structures may deform as easily as 55 

fully amorphous materials do. An important example is shear deformation of parallel lamellar 56 

stacks. In such system deformation may continue for some time after crystallization.  57 

 The purpose of this work is to investigate effects of deformation by examining the behavior of 58 

polyethylene under strain. We concentrate our efforts on movement of already formed crystals 59 

during the cold drawing and try to apply obtained knowledge to late stages of film 60 

manufacturing. Our experiments are performed on commercial metallocene LLDPE (Linear Low 61 

Density Polyethylene, random copolymer of ethylene and hexane) with narrow molecular weight 62 

and comonomer distributions. LLDPE most likely will not form extended chain precursors due to 63 

lack of high molecular weight fraction usually associated with precursor formation. Our 64 
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morphological investigation starts with zero stretched sample and continues to sample subjected 65 

to higher values of elongation. After establishing the effect of deformation on lamellae we return 66 

to as blown film to evaluate crystalline orientation and obtain an insight on crystallization 67 

process. 68 

 69 

MATERIALS AND METHODS:  70 

 71 

Materials 72 

Metallocene linear low density polyethylene film made by ExxonMobil Chemical 73 

Company with thickness of 0.75 mil was used in this study. The film was produced on a blown 74 

film line with die gap of 60 mil and blow up ratio of 2.5. Melt temperature was 410 F. 75 

Small- and Wide-Angle X-ray Scattering (SAXS/WAXS) 76 

For the in-situ stretching data reported here, SAXS measurements were performed on 77 

beamline 5-ID(D) at the Advanced Photon Source of Argonne National Laboratory (Argonne, 78 

IL). This particular beam line was chosen due to the high flux of X-rays and detector technology 79 

that enables fast read out times. These coupled technologies permit data collection at time frames 80 

of 100 ms allowing truly continuous in-situ deformation experiments to be performed. The 81 

incident X-ray beam was 18 keV, corresponding to a wavelength, λ = 0.7293 Å.  The SAXS 82 

detector was placed 7.5 m from the sample.  83 

A dual head Instron 8500 MTS extensometer was used for all in-situ deformation 84 

experiments using dual servo hydraulic actuators permitting a total travel distance of 406.4 mm 85 

and delivering up to 2.5 MN of force. The deformation rate was set at level of 1.0 inch/min.   86 
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SAXS experiments after stress relaxation were performed using an in-house SAXSLAB 87 

Ganesha 300XL+.  Minimal sample preparation was performed. Each sample was placed in a 48 88 

position multiple sample holder, which was aligned to the X-ray beam. The incident wavelength 89 

was 0.154 nm from a CuKα microfocus sealed tube source (Xenocs). All samples were held at 90 

room temperature in a vacuum to minimize air scatter. The SAXS pattern was recorded using a 91 

Dectris Pilatus 300K detector, held approximately 1.0 m from the sample. Sample to detector 92 

distance was calibrated using a silver behenate standard.   93 

Pole figures were constructed with data collected on a Bruker D8 Discover using Cu 94 

radiation with a point source and 2D area detector. It should be noted that these samples had to 95 

be “stacked” for data collection, since they were very thin and produced a very weak diffraction 96 

image when run as a single layer. 97 

Transmission electron microscopy 98 

Transmission electron microscopy (TEM) was used to directly image the morphology of 99 

the films. To enhance the contrast, samples were stained by exposure to ruthenium tetroxide 100 

vapor for 3 hours at room temperature. Samples were glued with epoxy resin to allow sectioning 101 

parallel to MD-TD plane. This allowed microscopy and SAXS investigation to be performed at 102 

the same sample orientation. The samples were cut at room temperature with a diamond knife at 103 

nominal thickness of 75 nm onto the water surface and then collected on copper TEM grids 104 

covered with a carbon support film. Conventional electron microscopy imaging was performed 105 

on a FEI Tecnai F20 TEM/STEM field emission transmission electron microscope at 106 

accelerating voltage of 200 keV. Images were collected in scanning transmission electron 107 

microscopy (STEM) mode using high angular annular dark field (HAADF) detector. In this 108 

mode, bright intensity in the image corresponds to the strong scattering that is associated with 109 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 6

large atomic number element, namely, ruthenium. Crystalline regions accept less Ruthenium 110 

than amorphous regions and appear darker.  A relatively large camera length of 300 mm was 111 

used to increase the number of collected electrons and improve the signal to noise ratio. Stained 112 

samples appeared stable to irradiation and no irradiation-induced changes were detected. 113 

Electron tomography data were collected on a JEOL-3100SFF operated at 300 kV and 114 

using an in-column energy filter with a 30 eV window.  Images for dual tilt tomography were 115 

collected on a Gatan K2 Summit camera, over a tilt range ~+/- 65 degrees with 1.5 degree 116 

increments, using SerialEM (19) to control the microscope. Low dose technique was used for 117 

focusing and position tracking to minimize exposure of sample to electron irradiation. 118 

 119 

RESULTS AND DISCUSSION 120 

In an attempt to explain the crystalline orientation, we performed small angle X-ray scattering 121 

(SAXS) and transmission electron microscopy (TEM) experiments on blown films, which have 122 

an anisotropic structure due to stretching during manufacture. We stretched the film further and 123 

evaluated the changes in morphology and orientation. SAXS data were collected in situ, during 124 

continuous film stretching at room temperature at rate of 1.0 inch/min, while TEM experiments 125 

were performed ex situ, after relaxation in the film. Figure 1 shows SAXS patterns and some 126 

TEM images (more images are presented in supplementary materials Figure S1) collected from 127 

films stretched to various degrees along both the machine direction (MD, direction of film 128 

movement in the manufacturing line, which is also the main elongation direction) and the 129 

transverse direction (TD). To ensure direct comparison between scattering and microscopy data, 130 

TEM samples were prepared to have the same orientation as samples for X-ray experiments. 131 
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 132 

Figure 1. SAXS patterns collected in situ from films stretched in the vertical direction to 133 

specified elongations. A) First row is stretched along MD while the second is stretched along 134 

TD; B) TEM image and Fourier transform of an undeformed film, C) TEM image and Fourier 135 

transform of film stretched along TD axis to 250% elongation (MD and TD directions are 136 

indicated with arrows); D) SAXS pattern of the film stretched along TD (vertical direction) to 137 

250% and relaxed. TEM samples were stained with RuO4 to increase the contrast. 138 

 139 

The SAXS pattern from the undeformed sample shows two strong maxima on the meridian 140 

indicating presence of lamellae stacked perpendicular to MD (see Figure 1). There is also a 141 

weaker ring that suggests the presence of lamellae stacked in all directions in the MD-TD plane. 142 
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The ring is slightly elliptical with lamellar spacing smaller in the MD direction [13,14].  A 143 

typical TEM image collected from the same film (Figure 1B) shows a large number of curved 144 

lamellae, about 12 nm thick. While these lamellae appear disordered and uncorrelated, the 145 

Fourier transform of this image shows an anisotropic pattern similar to the SAXS pattern (see 146 

inset to Figure 1B). Closer inspection of the TEM image reveals a weak texture that gives rise to 147 

the peaks in the Fourier transform. We conclude that texture originates from stacks of crystalline 148 

lamellae ordered perpendicular to the MD direction. The inter-lamellae spacing of these stacks 149 

was measured to be 16 nm, which agrees with the SAXS spacing for the two strong maxima. 150 

The texture seen in the TEM images can be more clearly visualized in three dimensions using 151 

Low Dose Electron Tomography, which reveals stacks of lamellae perpendicular to MD.  Figure 152 

2A shows thin sections through a tomographic reconstruction of the unstretched film in which 153 

this texture is well resolved.  (See also Movie M1, which shows the full reconstruction). While 154 

the stacks show some disorder, there is no doubt that they are responsible for the two major 155 

peaks in the SAXS pattern.  156 
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 157 

Figure 2.  TEM characterization of LLDPE films. A) Slices (8 nm thick) through tomographic 158 

reconstruction of unstretched, as-manufactured film.  Vertical lines in each slice represent region 159 

from which the other slice was taken.  B) FFT from mosaic images of an area of ~300 µm2 of 160 

the unstretched film.  C) Tomographic reconstruction of film stretched 250% in TD.  D) A 161 

thicker slice (40 nm) of a small area of the same tomogram shows thin lamellae and lamellar 162 

stacks in chevron patterns, and its FFT (below) shows both the quadrilobe pattern and central 163 

streak.  E) FFT from mosaic images of stretched film.  Arrows indicate MD direction in A and B, 164 

TD in C and E.  Scale bars in A and C are 100 nm. 165 

Although SAXS analysis is very informative, it only provides information averaged over 166 

hundreds of microns that may mask finer details. Optical microscopy reveals that the sample 167 

consists of micron-sized birefringent regions with average optical axes pointing in various 168 
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directions (Figures 3 and S2). Blue and yellow regions in image indicate combined alignment of 169 

crystalline and amorphous phases along and perpendicular to MD. While most regions are 170 

oriented in MD, perpendicularly oriented areas are also visible. Because amorphous phase 171 

usually does not align chains perpendicular to stretch direction, the crystalline phase has to be 172 

responsible for anomalous orientation. This orientation is unlikely to be due to the lamellae twist 173 

because the twist period in this material is less than 400 nm, much smaller than the size of 174 

observed regions. 175 

 176 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 11

Figure 3.  Polarized Light Microscopy images of LLDPE film in two orientations with respect to 177 

polarizer.  Film was cryo-sectioned to thickness of 500 nm. MD-ND plane with the first order 178 

retardation plate oriented Northwest-Southeast.  To improve contrast, some color values were 179 

uniformly subtracted from red, green and blue channels to produce gray background.  Original, 180 

unprocessed images are shown in Figure S2.  Both images show yellow and blue regions within 181 

the section indicating coexistence of areas with majority of chains oriented in MD and ND.  At 182 

the same time the left image shows an abundance of yellow while the right image an abundance 183 

of blue, indicating preferential orientation along the MD axis.  Polarizer and analyzer are 184 

oriented vertically and horizontally;  185 

 186 

To better understand optical microscopy data we examined mosaic TEM images collected from 187 

areas encompassing tens of micrometers that can be related to the optical images (they are cut in 188 

the same ND-MD plane) and found coexistence of regions with various amount of disorder. 189 

Morphology that appears disordered in TEM probably produces some net orientation observed in 190 

PLM images. At the same time majority of individual images revealed texture related to lamellae 191 

stacks and peaks in Fourier transform.  The Fourier transform from the whole dataset is provided 192 

in Figure 2B.  193 

Stretching in the MD direction initially increases the lamellar spacing in the MD direction and 194 

reduces it in TD [15]. The elliptical ring in the SAXS pattern becomes more round. This change, 195 

which appears affine, continues under elastic deformation. As soon as elongation reaches the 196 

yield point (stress strain curves are shown in supplementary materials, Figure S3), the maxima 197 

initially seen in the SAXS pattern split and form a quadrilobe pattern. With increasing stretching, 198 

the angle between the lobes increases [13]. As the lobes move apart their intensity decreases, and 199 
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this decrease appears to be stronger than expected from the reduction in the film’s thickness. 200 

When the angle between the lobes approaches 180°, the quadrilobe pattern almost disappears. 201 

This behavior illustrates two major effects: 1) the original stacks of lamellae are divided into two 202 

populations, one that rotates clockwise and the other - counterclockwise. In this process lamellae 203 

may be broken into parts rotating in different direction or may just simply rotate while 204 

maintaining their integrity; 2) during rotation, scattering from stacks of lamellae slowly 205 

decreases due to either destruction of some lamellae or leveling of contrast between the 206 

crystalline and amorphous layers.  207 

The evolution of the quadrilobe pattern provides insight into the nature of the strain-induced 208 

transformations. We quantify the changes in the SAXS pattern by measuring the angle between 209 

the lobes as a function of strain. Experimental data are shown in Figure 4. One important 210 

observation from this graph is that the tilt angle changes smoothly, which supports the 211 

interpretation of rotating lamellae stacks. Quantitative values of the rotation angle have an 212 

extreme importance that becomes clear when we compare the experimental angles with 213 

calculations based on a structure model. 214 

 215 

 216 
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Figure 4. Graph of the angle between quadrilobes in SAXS patterns as a function of the 217 

stretching beyond the elastic limit. Red line shows experimental data and blue line shows 218 

calculations. 219 

 220 

Rigidity of lamellae quantitatively explains rotation: 221 

In real space, features that produce a quadrilobe scattering pattern are typically referred to as 222 

chevron patterns and are encountered in a number of contexts. Although the forces producing the 223 

chevrons from the simple layered structure are not yet fully understood, there are several 224 

publications offering insight into the process. Most of our knowledge originates from the field of 225 

geology, where there is a well-developed theory that allows prediction of chevron parameters 226 

based on the viscosities and thicknesses of alternating layers. An attempt to extend the theory to 227 

semicrystalline polymers was offered (16), but quantitative description remains difficult because 228 

the viscosity of single crystalline lamella is hard to define. Experimental SAXS data containing 229 

quadrilobe patterns from polyethylene have been presented (17) but no mathematical description 230 

was attempted. Chevrons in non-crystalline polymers present an easier system to describe. For 231 

the styrene-butadiene-styrene (SBS) block copolymer system, conservation of lamellar spacing 232 

was suggested as the most viable mechanism of lamellar rotation (18). Quantitative description 233 

of lamellar rotation in SBS was well supported with experimental data. The mechanism of 234 

lamellar rotation in amorphous material, however, cannot be extended to semi-crystalline 235 

materials without certain caveats. In particular, conservation of lamellar spacing does not 236 

necessarily hold in semi-crystalline polymers. Various processes such as recrystallization, shear 237 
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and even void formation were suggested as structural evolution mechanism (17). Our SAXS data 238 

shows that the spacing between lamellae can change in response to deformation. 239 

Further we present a model that explains the chevron formation based on simple geometric 240 

considerations. The model is based on two well-founded assumptions: 1) The system is 241 

incompressible so that its total volume is preserved; 2) The mechanical properties of the 242 

crystalline and amorphous regions are different: the lamellae crystals are much harder than the 243 

matrix and do not bend or deform. Beyond the weak elastic deformation crystals can only 244 

fracture. By contrast, amorphous material deforms easily to accommodate the deformation. With 245 

these assumptions we can describe the lamellar rotation angle as a function of the strain. Because 246 

we do not aim on building a comprehensive description of polymer behavior but only 247 

understanding of basic mechanism, the exact parameters such as molecule weight, temperature 248 

and even type of polyethylene will not be considered. 249 

 At first, we only consider a two-dimensional system that consists of stacked crystals oriented 250 

perpendicular to the stretch direction as shown in Figure 5. Stretching this system causes an 251 

increase in length quantified by its extension ratio, λ, and a reduction in the width by a factor λ. 252 

To accommodate the macroscopic change in dimensions while maintaining crystal integrity, the 253 

lamellae have to shear and rotate. The rotation angle is directly related to the width change:    254 

 � = arccos � �	

 = arccos 1 �
   255 

where α is the rotation angle, d is the width of the sample, d0 is the width of the undeformed 256 

sample when all crystals are oriented perpendicular to the strain direction, and λ is the 257 

elongation. 258 
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 259 

Figure 5. As the samples thins lamellae within a stack rotate to conserve their length. Rotation 260 

happen either clockwise or counterclockwise producing two populations of tilted lamellar stacks 261 

 262 

In a three-dimensional system the modeling is more complicated because the direction of the 263 

rotation axis is not always pre-determined. However, all lamellae in a particular stack should 264 

rotate around the same axis. The size of this stack along the rotational axis does not change 265 

during rotation, therefore the size change along the stretch direction will be inversely 266 

proportional to the size change in the direction perpendicular to the rotation and stretching axes. 267 

Thus, the equation for lamellar rotations will be directly applicable.  268 

Real polyethylene film samples contain a large number of lamellae stacks, which may rotate 269 

around various axes oriented perpendicular to MD.  Lamellae rotating around an axis parallel to 270 

the X-ray beam produces the strongest diffraction that will dominate scattering pattern. 271 

 A variant of the chevron formation model involves breaking of lamellae integrity. As tension is 272 

built on any lamellar stack, one of the lamellae may fracture putting additional tension on 273 

neighboring lamellae, causing the whole stack to break and fold to release the tension. Rotation 274 

of lamellar segments can be described with the same equation. 275 

The predicted rotational angles are compared to the experimental data in Figure 4. The 276 

remarkable similarity between the curves supports the rotation model. The calculated angle, 277 
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however, appears slightly lower than the experimental. This difference can be explained by the 278 

fact that the major assumption in our model – conservation of the total volume – is only 279 

approximately correct. Under strain, the density of the polyethylene amorphous phase has been 280 

shown to increase (19), producing an increase in the lamellar rotation angle.  281 

 282 

Recrystallization during stretching shapes the nanostructure: 283 

As the angle between the quadrilobes increases, the rate of lamellae rotation decreases. At some 284 

point in the deformation process our model will no longer describe lamellar rotation because 285 

lamellae tilted to high angles will be subject to extension along their basal planes, not 286 

compression perpendicular to them, as the model assumes. For lamellae oriented parallel to the 287 

stretch direction there is no driving force for rotation, and they would therefore be expected to 288 

preserve their orientation.  289 

When the angle between the quadrilobe approaches 180 degrees, lobes fade and analysis of the 290 

SAXS pattern becomes more difficult.  To test the response of lamellae oriented along the draw 291 

direction, we stretch the blown film along TD. As seen in Figure 1, no quadrilobe is formed in 292 

this case. Initially the original two-lobe pattern stretches in MD indicating a decrease in the 293 

lamellar spacing in MD and an increase in TD. Subsequently the intensity of the two lobes starts 294 

to decay.  When elongation reaches ~250% the primary pattern evolves into an equatorial streak.  295 

We also observe formation of a new feature consisting of two horizontal stripes perpendicular to 296 

the meridian.  The new pattern does not noticeably change up to elongation of more than 600%, 297 

when the film fails. Interestingly, this pattern is observed with both TD and MD elongations.  298 
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The equatorial streak appears to be a remnant of the primary pattern.  In the case of TD 299 

elongation, the streak evolves from the two major lobes. During MD elongation two pairs of 300 

lobes merge into the streak. Because of incomplete merging the streak looks slightly split. 301 

Equatorial streaks in SAXS data have been reported many times in both cold drawn and flow 302 

nucleated samples. Steaks are frequently interpreted as a fingerprint of a shish-kebab structure 303 

e.g. (20,21), or sometimes as a signature of void formation [22]. None of these interpretations 304 

can be applied to our system  because of following  arguments: 1) In a large number of TEM 305 

experiments performed on either stained or unstained films we have never observed shish or 306 

voids. Below we show that lamellae crystals, not shish, generate the equatorial streak. 2) Both 307 

SAXS and TEM provide some indications that the streak is a remnant of the original diffraction 308 

lobes, so the features producing the streak most likely are remnants of the original lamellae, 309 

deformed or changed in some way by deformation. 3) Formation of the shish-kebab at room 310 

temperature in an already crystalline sample seems unlikely. It can be expected that at room 311 

temperature small crystals would form well before long shish can be generated. SAXS data 312 

indicate a relatively small changes in crystallinity during the stretch (crystallinity stays in the 313 

range between 29 and 37 percent), which implies that molecular chains released by crystal 314 

destruction recrystallize quickly.  Under these conditions, the material does not have a large 315 

continuous amorphous phase to produce the extended chains needed to nucleate the “shish”. The 316 

magnitude of elongation also seems low to produce significant chain extension. 4) Void 317 

formation can be discounted because it would affect the optical properties by making the film 318 

look white or hazy, which we did not observe. Based on these arguments, we conclude that the 319 

equatorial streak is generated by lamellae oriented along the stretch axis, in the case of MD 320 

elongation at the final stage of lamellar rotation (when the rotation angle approaches 90 degrees) 321 
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and for TD elongation from remnants of the lamellae initially stacked perpendicular to the stretch 322 

axis. In both orientations, it is the crystals (or stacks of crystals) nucleated and grown before the 323 

stretching that contributes to the streak formation. 324 

TEM images collected from a film stretched to 250% along TD and then allowed to relax (Figure 325 

1C) show a number of lamellae oriented parallel to TD that can be related to the equatorial streak 326 

in both the SAXS pattern and the TEM image Fourier transform. These lamellae could be 327 

mistaken for a “shish” structure in a 2D image, but the 3D view obtained by tomography makes 328 

it clear that these are sheets, not cylinders as in the shish model. Figures 2C and 2D and Movie 329 

M2 show clearly that all the linear structures seen in projection images are, in fact, sheets that 330 

run more or less perpendicular to the plane of the section. In Movie M2 they are only visible at 331 

certain angles.  FFTs from large areas of the sample (Figure 2E) as well as from the tomographic 332 

reconstruction (Figure 2D) show that these sheets produce an equatorial streak. Considering the 333 

history of the sample we note that these are lamellae that have survived the deformation. We 334 

speculate that the orientation along the stretch direction gives these lamellae a high likelihood of 335 

surviving the deformation. It is noteworthy that these lamellae appear to be the thickest, most 336 

stable crystals, most likely composed of molecular chains with the longest crystallizable 337 

segments. It is thus not surprising that they survive the deformation while thinner lamellae are 338 

continuously destroyed and regenerated during deformation. 339 

The two horizontal stripes on top and bottom of the SAXS pattern are related to the perhaps 340 

surprising observation of a clearly detectable chevron patterns in the TEM image (Figure 1C). 341 

This pattern however is different from the typical chevron in which the lamellae are tilted 342 

clockwise and counterclockwise at the same angle. Instead we observe a range of tilt angles, 343 

which produces the two horizontal stripes in the Fourier transform, rather than a quadrilobe 344 
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pattern.  We argue that the lamellae producing these features are formed during recrystallization 345 

caused by strain. Indeed, deformation continuously destroys some crystals and simultaneously 346 

aligns molecular chains within the amorphous phase promoting continuous nucleation of new 347 

lamellae with their c-axes parallel to the stretch direction.  As soon as crystals form, they start to 348 

rotate. Normally, such rotation would produce arcs in the diffraction pattern, but changes in 349 

lamellar spacing transform arcs into the observed horizontal stripes. The reason for lamellae 350 

spacing change is not fully understood.  It may be a result of shear associated with lamellar 351 

rotation that puts additional strain on molecular chains tying adjacent lamellae (so called tie 352 

chains) or nucleation of new lamellae in the strained amorphous phase (as discussed in the next 353 

paragraph).  354 

Results from in situ SAXS appear somewhat different from the Fourier transforms of TEM 355 

images and SAXS of the sample after extended relaxation. In situ the horizontal stripes appear 356 

straight pointing to curious phenomena: the lamellar spacing decreases during rotation and the 357 

distance between lamellae measured along the stretch direction remains constant. More 358 

specifically spacing change inversely proportional to cosine of rotation angle. This behavior 359 

contrasts with rotation of primary lamellae discussed earlier. After relaxation, the horizontal 360 

stripes gain more contrast and transform into a chevron shape (Fourier transform of TEM image, 361 

Figure 1C, and SAXS pattern in Figure 1D). This transformation shows an even stronger 362 

reduction in lamellar spacing after rotation of lamellae. We speculate that relaxation is associated 363 

with growth of new crystals between rotated lamellae effectively reducing the inter-lamellar 364 

spacing.  Formation of new crystals is accompanied by relaxation of the amorphous phase, which 365 

becomes less dense increasing contrast in SAXS. 366 
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Because the TEM analysis presented here shows visualization of only a small area, we 367 

supplemented our work with collection of mosaic TEM images from a large area encompassing 368 

tens of micrometers. The large datasets show that after stretching the film becomes very uniform 369 

and that the tomogram gives a good representation of the sample. The FFT pattern calculated 370 

from this large dataset (Figure 2D) shows that the equatorial streak is very narrow, similar to the 371 

streak in SAXS patterns. Similarity between the streak in FFT and the streak in SAXS evidences 372 

that SAXS streak is produced by features directly observed in images and tomograms. As 373 

discussed earlier, those features are not voids or shishes but lamellae. The FFT calculated from 374 

the large dataset also shows that horizontal lines of intensity observed on top and bottom of 375 

SAXS patterns have evolved into a quadrilobe pattern indicating significant relaxation of sample 376 

investigated by TEM. 377 

Rotation of lamellae can explain structure observed in blown film: 378 

We now turn our attention back to unstretched blown films and examine the crystallographic 379 

orientation of lamellae by WAXS. WAXS experiments can be viewed as more direct than SAXS 380 

because they are not as sensitive to the state of the amorphous phase.  381 

Figure 6 shows pole figures collected from as-blown film used in our TEM and SAXS 382 

experiments. Orientation functions for the major axis are presented in supplementary materials 383 

(Table S1). The pole figures are similar to the pole figures published earlier but there are two 384 

important differences. First, the b-axes in our sample (Figure 6 (020)) are concentrated in an 385 

almost circular spot that is normal to the film surface (b-axes parallel to ND). This orientation 386 

contrasts to the Keller-Machin row nucleation structure I model according to which the b-axes 387 

are expected to be uniformly distributed in the ND–TD plane. While most published data from 388 
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LLDPE films have intermedial configuration with b axes showing some spread in ND-TD plane 389 

(2-6), orientation of b-axes in ND was presented at least once [23]. ND orientation was attributed 390 

to trans-crystalline layer, although the layer was not independently investigated. From PLM 391 

images it is clear that our film does not have trans-crystalline layers. Second the a-axes (Figure 6 392 

(200)) are not distributed symmetrically around the MD direction. There is a clearly visible area 393 

within some angle around the MD – ND plane where the density of a-axes is relatively low.  394 

 395 

Figure 6. Pole figures for crystallographic axis on orthorhombic PE. Sample of blown LLDPE 396 

film of 0.75 mil that was examined by TEM optical microscopy and SAXS. Left to right: (200), 397 

(020) and (110) axes. Vertical direction corresponds to MD, horizontal direction corresponds to 398 

TD and perpendicular to image direction corresponds to ND. 399 

 400 

Concentration of b-axes in ND makes it difficult to explain a-axes orientation by lamellae twist. 401 

Following the twist argument, b-axes maximum in ND must produce a high density of a-axes in 402 

the MD-TD plane (the edge of a-axis pole figure). At certain manufacturing conditions, 403 

particularly those with low draw ratio, such pattern can indeed be observed as a ring along 404 

perimeter of pole figure. The film investigated here does not show this feature. Analyzing the 405 

pole figures, it is important to remember that not all the b-axes are oriented exactly along ND. It 406 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 22

is typical for blown film and for polymers in general to have a high amount of disordered 407 

crystals and complex orientation distributions. However a maximum of b-axis distribution along 408 

ND has to produce some local maximum of a-axis distribution in MD-TD plane.  409 

More general argument against the row nucleation model is based on the appearance of the 410 

lamellar crystals. TEM images clearly show that the thickest lamellae always appear disordered 411 

and curvy in comparison to thinner lamellae, which create ordered stacks. It is safe to conclude 412 

that the thicker crystals consist of molecules with the smallest amount of side-chains and longest 413 

backbone segments. These form at the initial stages of crystallization when the temperature is 414 

high and relaxation is fast, so the orientation is difficult to sustain. As the melt cools, relaxation 415 

becomes slower and orientation increases.  Molecules still remaining in the amorphous phase 416 

crystallize, producing thinner, oriented crystals arranged in stacks. As the sample continues to be 417 

deformed, stacks are rotated while the isolated lamellae just follow the changes in the matrix. It 418 

should be noted that direction of rotation is counterintuitive. Material is compressed most along 419 

ND axis and rotation may be expected around TD. However, rotation we observe is around ND. 420 

We attribute this discrepancy to the geometry of lamellae that, as evidenced by pole figures, 421 

prefers to grow with b-axis along ND. Because rotation around the b-axis is much easier than 422 

around the a-axis (size of crystals is smaller along a-axis), a-axes end up rotated towards the MD 423 

direction. The thickness of films changes by movement of stacks and slipping of the stacks along 424 

each other. As stacks are rotated parallel to MD, they may remain in this position for some time, 425 

until they are eventually destroyed. It is not clear if lamellae stacks are formed and destroyed 426 

many times or they are just formed and rotated once. In any case large fraction of lamellae are 427 

oriented along MD direction establishing the orientation we observe. Disordered lamellae do not 428 

have any preferential orientation and lamellae formed after stress ceased show c-axis orientation 429 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 23

along MD. This process can give an explanation to the nature of a-axis orientation observed in 430 

LLDPE. It should be noted, that during rotation of stacks, the amorphous phase becomes dense 431 

and we lose the contrast in both SAXS and TEM. The final structure may consist of a-oriented 432 

rotated stacks invisible in SAXS and TEM and well visible lamellae stacked in MD that we have 433 

visualized in this work. 434 

CONCLUSIONS 435 

Our experiments demonstrate that strain-induced crystallization in thermoplastic polymers 436 

should be understood within the context of the deformation tresulting from the strain.  This is 437 

especially important for polymers that have a broad melting temperature distribution. When the 438 

stress is maintained during crystallization, lamellae that crystallize early ( at high temperature), 439 

may be fully rotated before the sample cools enough for the low crystallization temperature 440 

fraction to start crystallizing. This process may be responsible for the complexity of 441 

morphological structures observed in polyethylene crystallized under strain.  442 

Finally, we note that our experiments do not completely dismiss lamellae twist that may also 443 

contribute to a-axis orientation along MD. While twist by itself cannot fully explain pole figures 444 

observed here, it might coexist with the lamellae stacks rotation producing even more complex 445 

structures. At the same time our observations show beyond any doubt that samples we examined 446 

do not contain crystalline shish. 447 
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Highlights 

 

Deformation of oriented semi crystalline polyethylene causes rotation of lamellae stacks  

Equatorial streak frequently observed in SAXS patterns may originate on rotated reminds of lamellae 

stack and does not indicate presence of extended chain precursors or voids 

Deformation, causing stress induced crystallization, can rotate newly crystalized lamellae to orient 

molecular chain perpendicular to stretch direction 


