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Abstract

Structure formation during flow, a common phenomenon driving polymer processing, can have a major

effect on the rheological behaviour of a polymer melt. This can cause large increases of the pressure and

thus large changes in thermodynamical properties which, in turn, will strongly influence the structure

formation. Consequently a complex, mutual, self influencing process, occuring at rather short times,

arises. This process is investigated with combined in-situ small angle X-ray scattering and wide angle

X-Ray diffraction at high acquisition frequency (30 Hz) in a piston driven slit flow device using linear

low density polyethylene as a model material. A decrease of crystallinity is observed immediately after

flow and related to an unusual melting of part of the oriented crystals. The experimental observation

are explained in terms of pressure dependency of the undercooling. The undercooling first increases

during flow because of the pressure rise and then drops when pressure relaxes to equilibrium values; as a

consequence the critical stable lamellar thickness is not constant in time, although the experiments are

conducted in isothermal conditions. A mechanism is proposed and validated using a structural model

to fit SAXS data: the increase of undercooling during flow promotes nucleation of gradually thinner

lamellae on the pre existing kebab nucleated from shish cores that relax back to the melt state after

depressurization. Our results show that in modelling real-life processes involving combination of flow

and high pressures, like injection moulding, the effect of pressure on the shear layer formation cannot

be neglected.
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1 Introduction

Conditions experienced by polymeric materials during most common production processes, such as

injection moulding, film blowing and fiber spinning, are often extreme; the crystallizing polymer melt

is subjected to different cooling rates, high pressures and high flow rates. The understanding of their

influence on the resulting structure is of vital importance for both industry and academy since their

effect on the ultimate properties of the product is relevant1,2. Among these factors flow plays a key

role especially at the early stages of crystallization: the induced molecular orientation and therefore the

subsequent structures produced often dictate the resulting crystallization kinetics and the final polymer

morphology; the most common and fascinating being shish-kebabs, where shish are extended chains

crystals aligned along the flow direction and kebabs are folded chain lamellae growing perpendicularly

to shish cores.

At the very beginning of crystallization, precursors induced by flow with a degree of order (positional

and orientational) in between the amorphous and the crystalline state can either transform in stable

nuclei, able of triggering the growth of oriented crystals, or relax back to the melt state depending

on their thermal stability at a given undercooling. Remarkable work has been performed in the last

decades to gain understanding on the early stages of flow induced crystallization (i.e. precursors/nuclei

formation and stability) mostly interpreting the subsequent crystallization process using advanced real

time technique as Rheo-Optical measurements3,4 , Rheo-SAXS (Small Angle X-ray Scattering)5–7 and

Rheo-WAXD (Wide Angle X-ray Diffraction)8–10.

It is well known that the formation and growth of structures during flow can increase the melt viscosity

causing a self-enhancing effect in crystallization kinetics since relaxation dynamics are slowed down. A

valuable approach has been proposed by Janeschitz-Kriegl and co-workers with the short-term shearing

protocol 11 where the shear duration is intended to be short enough not to influence the rheology of

the material and to prevent the self-enhancing mechanism of structure formation. Several works3,12–14

focused on the study of flow during a short term shear pulse, i.e. to verify the applicability of this

approach, and in most of the cases the experimental observations lead to the conclusion that it is

nearly impossible to prevent the formation of crystalline structures during flow in the regime of high

flow rates, even if the flow time is much shorter than the crystallization time scale. Balzano et al.15

observed the appearance of wide-angle X-ray diffraction peaks during flows shorter than 1 s, indicating

the formation of crystalline structures. Ma et al.16 studied the rheological and structural evolution

during and after short-term flow of 0.25 s combining slit flow and in-situ X-ray scattering technique.

They found that beyond a critical apparent shear rate the viscosity rose deviating from the regular

viscoelastic response. This viscosity increase was related to crystalline shish formation during flow

confirmed by X-ray scattering data.

In a slit flow geometry, additionally from the already discussed effect on crystallization kinetics, the

rise of viscosity due to structure formation implies an increase of stress which scales directly with

the pressure. It is widely known that pressure can have a huge influence on crystallization: it can

promote formation of different crystal phases as the hexagonal phase of polyethylene17,18 and the γ-

phase of isotactic polypropylene19–22. Moreover, pressure can shift the equilibrium melting temperature,

according to the Clausius-Clapeyron relation, and with that the undercooling influencing both nucleation

density and growth rates23. Nevertheless the effect of the pressure rise during flow on the stability

and development of crystalline structures has always been neglected and approximately it was assumed
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that most of the crystals were formed at ambient pressure.

The present paper deals with the structure formation during short term shear in the regime of high flow

stress when crystallization has a huge effect on the viscosity, and focus on the effect of the pressure

rise on the genesis and development of oriented crystals during the early stages of crystallization. To

highlight the effect of pressure, linear low density polyethylene (LLDPE) is selected as material since it

exhibits rather slow crystallization kinetics in quiescent conditions and ambient pressure at the chosen

temperature (above the nominal melting point) but has a strong dependence of the undercooling on

pressure. The following discussion is based on the interpretation of time resolved X-ray scattering data

acquired during a set of well-defined slit flow experiments.

2 Experimental

2.1 Material

The polymer sample used in this work is a commercial linear low density polyethylene (Enable 2010©)

supplied by Exxon Mobil Co. It was produced by a random metallocene copolymerization of ethylene

with 1-hexene and has a weight-average molecular weight, Mw, of 94,000 g/mol, a polydisperisity of

3.9 and 1.2 % mol butyl branching24,25. The nominal melting and crystallization points (determined

from DSC at 20◦C/min) are 115◦C and 103◦C respectively.

2.2 Methods

Slit flow

Flow induced crystallization behaviour was investigated performing controlled shear experiments in a

confined slit geometry within a modified Multi-Pass Rheometer26. The advantage of using such a

device are the high shear rates, comparable to processing conditions, that can be obtained and that

control over the initial pressure and, therefore, over pressure dependent thermodynamic properties

such as the melting temperature. Shear flow was applied by simultaneously moving the two pistons,

between which the polymer melt is confined, at constant velocity for a given time. This experimental

setup permits to combine rheology measurements, via pressure transducers placed near each piston,

and real-time structural analysis by mean of diamond windows placed in the middle of the slit which

allow in-situ X-ray scattering measurements. A more detailed description of the experimental setup

was already given elsewhere10,16.

Prior to each experiment the sample was heated up to 190◦C and kept at this temperature for 10 min

to erase any previous thermo-mechanical history. After annealing of the melt, the sample was cooled

down to the flow temperature of 117◦C where shear flow was applied using 4 different piston speeds

(8, 12, 15 and 17 mm/s) for a fixed time of 1.5 s. Prior to flow, pressure was kept constant at 50 bar

to obtain a optimal filling of the slit and prevent wall slippage during flow .

In slit flow geometries the shear rate γ̇ and the shear stress τ increase from the center line (where

γ̇ = τ = 0) to the wall during the displacement of the pistons. Assuming a stationary flow and a shear

thinning behaviour of the polymer melt that can be described with a power law for the viscosity:

η = kγ̇
n−1 (1)
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where k=65936 Pa.s and n=0.38 are fitting parameters at 117◦C for the complex viscosity in the region

of the high shear rates (Cox-Merz rule was applied and shear dependent viscosity was taken equal to

dynamic viscosity)27.

Known the rheological parameters of the materials and the dimensions of the slit (width w=6 mm,

thickness t=1.5 mm and length L=120 mm) the pressure drop ∆P can be calculated from:

Q =
2n

2n+1
w
( t

2

)2n+1/n
(

∆P
kL

)1/n

(2)

where the volumetric flow rate Q = Apvp is evaluated from the area Ap and the velocity vp of the

pistons. The calculated values of ∆P for the 4 flow conditions are shown in Table 1. The shear rate

piston speed 8 mm/s 12 mm/s 15 mm/s 17 mm/s
∆P 464 bar 541 bar 600 bar 670 bar

Table 1: Pressure differences for stationary flow, calculated from Equation 2 for the 4 different piston
speeds.

profile along the slit can be obtained differentiating the velocity profile equation with respect to the

distance from the centerline x:27

γ̇(x) =
(

∆P
kL

)1/n

x1/n (3)

The shear stress profile is obtained by simple application of Newton´s law:

τ(x) = ηγ̇ == kγ̇
n =

(
∆P
L

)
x (4)

The shear rate and shear stress profiles are shown in Figure 1, it is worth noting that although the shear

rates are not extremely high, the shear stresses reach values between 0.4 and 0.25 MPa, comparable

to the one experienced in real processing conditions.
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Figure 1: Calculated shear stress (a) and shear rate (b) profiles as a function of the distance from the
centerline for the 4 different piston speeds chosen for the experiments.
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In-situ X-Ray scattering

Time resolved Small Angle X-ray Scattering and Wide Angle X-ray Diffraction (SAXS and WAXD)

measurements were carried out at beamline BM26B28 at the European Synchrotron Radiation Facility

(ESRF) in Grenoble with a wavelength λ =1.033 Å. Acquisition of simultaneously SAXS and WAXD

patterns was performed using a Pilatus 1M detector (981×1043 pixels of 172 µm×172 µm placed

at a distance of 3.079 m) and a Pilatus 300K detector (1472×195 pixels of 172µm×172 µm placed

at a distance of 0.28 m), respectively. The detectors were triggered by an electric TTL pulse at the

start of the displacement of pistons. The first 6 seconds from the start of flow were monitored at an

acquisition rate of 30 frames/s, the following 900 s of isothermal crystallization were recorded using a

slower acquisition mode (exposure time of 4.9 s and total acquisition period of 6 s). Since the Pilatus

300K detector is able to monitor WAXD only in the equatorial region (not sufficient for samples which

show lamellar twisting) experiments were repeated using a Frelon detector (2048×2048 pixels of 48.8

µm×48.8 µm distance of 0.18 m) to monitor the isothermal crystallization using an exposure time of

3.2 resulting in a total acquisition period of 3.9 s.

The distance and tilt angle of the SAXS and WAXD detectors were calibrated using AgBe (silver

behenate) and α-Al2O3 (α-aluminium oxide) standard powder, respectively. After correction for the

background and air scattering all X-ray images were normalized for synchrotron beam fluctuations using

an ionization chamber placed before the sample, and for the exposure time. In addition, X-ray images

of a completely molten sample at 117◦C were collected and used as an isotropic amorphous scattering

patterns.

SAXS data analysis

Since (the expected) shish-kebab morphology will show anisotropic scattering, three azimuthal regions

were defined to separate the intensity scattered by rod like structures (shish) parallel to flow direc-

tion (equatorial region) from the one scattered by stacks of lamellae (kebab) oriented in the direction

perpendicular to flow (meridional region). A diagonal region between them was also defined for back-

ground correction.

The integrated intensities in the three different azimuthal regions can be calculated as:

ISAXS =
∫ smax

smin

∫
φmax

φmin

I(φ ,s)dφds (5)

where s = (2/λ )sin(θ) is the scattering vector, θ half of the scattering angle, φ the azimuthal angle,

smin and smax are the minimum and the maximum values of s experimentally accessible and φmin and

φmax the minimum and the maximum values of the azimuthal angle for the chosen region.

When a polymer melt is compressed its structure, and thus the scattered intensity, is expected to change

due to densification. Since we are interested only in the pressure induced changes on the crystalline

structures, any other undesired change has been removed by subtracting the intensity scattered in the

diagonal region to the scattered intensities in the meridional and equatorial regions. The corrected

equatorial Icorr
eq and meridional Icorr

mer intensities during flow are then defined as:

Icorr
eq = Ieq− Idiag =

∫ smax

smin

∫ 20◦

−20◦
Inorm(φ ,s)dφds−

∫ smax

smin

∫ 30◦

20◦
Inorm(φ ,s)dφds (6)

Icorr
mer = Imer− Idiag =

∫ smax

smin

∫ 150◦

30◦
Inorm(φ ,s)dφds−

∫ smax

smin

∫ 30◦

20◦
Inorm(φ ,s)dφds (7)
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Where Inorm is the scattered intensity normalized for the azimuthal range of integration.The definitions

adopted in this work are given in Figure 2.

equatorial

meridional

diagonal

ϕ=0

Figure 2: Anisotropic two dimensional SAXS image with the definitions of the three azimuthal regions
and the zero reference value of the azimuthal angle. Flow direction is vertical.

The values of s corresponding to the maximum of the scattering peaks of the integrated meridional

intensities (s∗) were determined after application of Lorentz correction29 and background subtraction.

The long period between the adjacent kebab stacks, LP, was evaluated by simply applying Bragg's law,

LP = 1/s∗.

WAXD data analysis

The time evolution during the first 6 s, from the beginning of the shear pulse, of the WAXD radial

integrations relative to the experiment with the fastest piston speed (where the highest pressure is

recorded) is presented in Figure 3. It clearly shows the presence of two reflections centered at values

of 2θ of 14.36◦ and 15.4◦ related to interplanar distances of 4.1 Å and 3.8 Å, characteristic for the

(110) and (200) planes of the orthorhombic form of polyethylene30, respectively. Knowing that the

orthorhombic form of polyethylene is the only crystalline modification observed in our experiments, the

evolution of crystallinity in time can be obtained from the azimuthal integration of the most intense

reflection, namely the (110). The formation of an oriented structure in polyethylene melts subjected

to flow can be described by the model proposed by Keller and Machin31. According to this model, the

resulting morphology is strongly dependent on the applied stresses: at low stresses the Keller-Machin

Type I (KM I) structure develops and the lamellae, growing perpendicular from the shish nucleating

template, twist around the b-axis as they do in spherulites. At higher stresses, kebabs form regularly

folded chains lamellae, with the c-axis parallel to flow direction; a structure which is known as Type

II (KM II). The lamellar twisting in Type I structures results in a wide angle diffraction pattern which

consist in the splitting of the (110) reflection around the equator and in a (200) reflection polarized

around the meridian; the Type II structures have a WAXD pattern with both the (110) and the (200)

reflections centered in the equatorial region. During our experiments mostly Type II structures were

observed except for the slowest piston speed (8 mm/s) experiment which showed lamellar twisting (KM

I structures) during the 900 s isothermal crystallization after flow.
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Figure 3: Real-time WAXD evolution for the experiment performed with the piston speed of 17 mm/s.

A single or two Lorentzians were used to fit the (110) diffraction peak in case of KM II and KMI

structures respectively, see Figure 4a and b. In both cases the contribution of the amorphous scattering

was subtracted and the values of the fitting area, A110 was used as measures for the amount of crystals.
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Figure 4: Azimuthal scan of the (110) diffraction peak with inserted WAXD patterns in the case of
KM II (a) and KM I structures (b). The full red line represent the fit obtained with 1 and 2 Lorentzian
functions, respectively. Flow direction is vertical.

Finally, to combine result acquired with the two different detectors, which do not have the same

resolution and sensitivity, the values of fitted areas in a mutual time range (from 5 s to 20 s) were used

to normalize the absolute intensities.

8



3 Results and Discussion

3.1 Rheological response

The pressure drop (∆P) measured between the two transducers during shear flow is presented in Figure

5. The rheology of a polymer melt subjected to start-up shear flow with a constant shear rate should

first show an overshoot and, for well developed flow, approach a steady-state level in which the values

of ∆P are the ones calculated according to Equation 2.

Clearly, this is not the case: the pressure differences do not show any steady state and present an upturn

immediately after the first overshoot for all flow conditions. The viscosity rise is more pronounced and

happens at shorter times with increasing the piston speed. For the experiment performed with the

slowest piston speed, the pressure drop shows only a small deviation. This deviation from the ideal

rheological behaviour of a polymer melt is evidence for the formation of structures during flow and,

from now on, experiments are identified solely according to the piston speeds since the crystallization

during flow makes impossible a characterization using rheological quantities as shear stress and shear

rates.

0 1 20

3 0 0

6 0 0

9 0 0

1 2 0 0   8  m m / s  
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ar]
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Figure 5: Measured pressure drop between the pressure transducers for the 4 different piston speeds.
The horizontal dashed lines represent the calculate steady-state values of ∆P evaluated using Equation
2 Flow time is 1.5 s.

A plausible explanation for the viscosity upturn during flow in confined slit geometries has been re-

cently proposed in our group by Roozemond et al. on the basis of experimental observations32 and

simulations33: shortly after the start of flow, high shear rates are experienced close to the walls and

nuclei are formed. As the material is continuosly being sheared shish form and can grow in length

incorporating stretched chain segments. At a certain point shish density reaches a critical value and

influences macroscopically the rheology of the material, causing the upturn in viscosity, and thus in

the pressure difference, and a decrease in the deformation rate close to the wall. When deformation

rate in the shear layer approaches zero shish structures stop growing but, since the volumetric flow

remains constant, the material close to the already formed shear layer undergoes higher shear rates and

the shear layer thickens until flow stops. From a molecular point of view the deviation from regular

viscoelastic behaviour can be explained using the concept of hairdressing shish structure introduced by

Keller34,35: shish structures are composed by bundle-like crystals connected by fringe-like amorphous

regions. The chains spreading out from these regions (hairs) are entangled with the surrounding melt

9



and hence strongly influence the flow field around the shish causing the effect observed in rheology.

3.2 Structural evolution

Wide angle X-ray diffraction

The evolution during the first 900 s from the beginning of flow of the area underneath the (110) diffrac-

tion peak, A110, for all flow conditions is shown in Figure 6. As expected, crystalline structures are

formed during flow and their amount increases with increasing the piston speed. For the slowest piston

speed (8 mm/s) a relatively low level of crystallinity is detected, perfectly in line with the rheological

observations.

Surprisingly, around 0.3 s after the cessation of the shear pulse A110 starts to decrease, suggesting a

substantial melting of the crystalline structures developed during flow. The decrease in crystallinity

then stops and a slow increase is observed again after approximately 10 s from the start of flow. It

is worth notice that after 900 s the crystallinity level for the highest piston speeds (15 and 17 mm/s)

does not reach the values recorded immediately after the end of flow.

It is this rather unusual behaviour for which we wanted to know the reason and the mechanism behind

it and, therefore, this paper will focus on the crystallization and melting behaviour during and imme-

diately after flow.
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Figure 6: Time evolution of the area underneath the (110) diffraction peak during the first 20 min
after the beginning of the shear pulse for all flow conditions. The vertical dashed line indicates the end
of flow.

Time evolutions of the azimuthal diffraction profiles during the first 6 s from the start of flow presented

in Figure 7 show that the (110) reflection is polarized at the equator (φ=180◦) for all flow conditions

from its appearance to the end of the time observation window. This indicates that orthorhombic

polyethylene crystals formed during flow and partially melting immediately after the shear pulse are

part of highly oriented structures, either constituting extended chain crystals forming shish or folded

untwisted lamellae making part of kebabs, according to a Keller-Machin II mechanism31,35.

10



Figure 7: Azimuthal profiles of the (110) reflection during the first 6 s from the start of flow for the
four different flow conditions.

Small angle X-ray scattering

To gain a better understanding on the nature of the melting behaviour and correlating it to changes

in the morphology of the crystalline structures, analysis of the intensity scattered at small angle was

carried out.

2D SAXS patterns for all flow conditions collected at different times during and after flow are shown

in Figure 8. A visual examination of the selected patterns during the shear pulse (t=0.6 s) reveals that

the experiments performed with higher piston speeds (12, 15, 17 mm/s) show a detectable equatorial

streak indicating density fluctuations in the direction perpendicular to flow, i.e. formation of shish,

and a weak intensity scattered in the meridional region which can be ascribed to nucleation of small

lamellae (kebabs) on shish cores. At the end of flow (t=1.5 s) a clear meridional scattering lobe due

to formation of lamellar stacks is present, pointing out that kebabs can already grow during flow. The

experiment performed with the lowest piston speed (8mm/s) does not show a clear pattern and only

weak equatorial streaks can be detected, however this does not imply that shish-kebab structures are

not present since their concentration could be below the experimental detection limit. The SAXS

patterns corresponding to the maximum in crystallinity as obtained from WAXD (t=1.8 s) show a

further increase in the intensity scattered both in the equatorial and meridional regions, that could be

related either to the growth of shish-kebab structures or to an increase in their number. Finally, the

patterns collected after 6 s from the beginning of flow still show the characteristic pattern of shish

kebab structures but major changes can be observed in the meridional lobes which appear to be weaker
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and more diffuse.

piston speed 8 mm/s 12 mm/s 15 mm/s 17 mm/s

t=0.6 s

t=1.5 s (end of flow)

t=1.8 s

t=6 s

Figure 8: Selected SAXS patterns collected at different times (reported in the left column) during and
after the shear pulse for all flow conditions. Flow direction is vertical.

Integrated values of SAXS equatorial and meridional intensities calculated according to Equations 6 and

7 are displayed in Figure 9a. All the experiments show an increase of both equatorial and meridional

intensities during the first 1.8 s after the start of the flow, confirming the crystallization in shish kebab

structures. For all the experiments except the one performed with the slowest piston speeds the trends

of equatorial and meridional intensity become completely different after this first increase: equatorial

intensity, related to shish, reaches a plateau value whereas meridional intensity, correlated to scattering

of kebabs, shows a decrease which can be unambiguously correlated to the decrease in crystallinity

previously observed in WAXD. The SAXS meridional intensities and A110 superpose almost perfectly

in the time interval when relaxation is observed as evident in Figure 9b.

The normalization of equatorial and meridional intensities with respect to the values at 1.8 s provides

additional informations to the formation and melting of shish-kebabs. As shown in Figure 10a time

evolution of equatorial intensities superimpose (within experimental error) in the entire interval pro-

viding that the crystallization kinetics of shish are the same for all piston speed and the differences in

the absolute measured values can be ascribed only to different thickness of the shear layer. From the
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Figure 9: (a)Time evolution of SAXS integrated equatorial (full lines) and meridional (dotted lines)
intensities during the first 6 s after start of flow. (b) Comparison between time evolution of SAXS
meridional intensities (full lines) and area underneath (110) reflection (open symbols).

analysis of the normalized meridional intensities presented in Figure 10b it appears clear that kebab can

start to nucleate from the beginning of shish generation and their growth continues until shish cores

stop to develop. Both shish and kebab continue their growth for a relatively short time (0.3 s) after

flow stops, this can be ascribed to the fact that stretched portions of chains can still be incorporated

in these structures before they relax back to the coiled state.

After flow, when the relaxation process of kebabs happens, the relative amount of kebab melting in-

creases with increasing piston speed, as evident in Figure 10b.

Surprisingly, a decrease as high as 50% of the maximum value is observed for the 17 mm/s piston

speed experiment.
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Figure 10: Time evolution of normalized SAXS equatorial (a) and meridional (b) intensities.
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3.3 Discussion

It is well known that the melting temperature of flow-induced shish structures can be much higher

than lamellar crystals present in ’ordinary’ spherulites and kebabs.36,37While the former are reported to

be unstable in isothermal conditions,15,38 the latter should show thermal stability at a fixed temper-

ature. Our experimental observation of the partial relaxation of lamellar crystalline structures formed

during flow in isothermal conditions below equilibrium melting temperature, confirmed by both SAXS

and WAXD, is therefore very unusual, and raises several questions: why should crystals formed under

isothermal conditions melt? And why this melting is more pronounced at higher flow rates?

In a previous work of our group, Ma et al.10 used the pressure quench to investigate the formation

of flow induced structures in a bimodal polyethylene blend sheared at high temperatures (134◦C).

The method consisted in isothermally pressurize the sample after flow was applied, in this way the

equilibrium melting temperature was shifted (according to the Clausius-Clapeyron relation) and con-

sequently the undercooling was increased without actually change the temperature of the sample. As

soon as the maximum pressure was approached they were able to lighten up precursors and isothermal

crystallization of orthorhombic polyethylene crystals could be followed in time. Returning to the lower

pressure values eliminated the increase in undercooling and partial melting of the formed structures

was observed. They stated that during the isothermal crystallization polyethylene crystals formed early

in time had thicker lamellae compared to the ones created later. After depressurization the more stable

(thicker) crystals could survive while the thinner ones melted.

Our experimental observation is in a way related to the same phenomenon. In our case the pressure

was not increased intentionally but it was an unavoidable consequence of structure formation during

flow, as discussed previously in this work. During flow the fraction of material not yet crystallized

within the shear layer experiences very high pressures for short times; this has always been neglected

but our results show that the influence of pressure appears to play a key role.

An estimation of the undercooling evolution during and after flow can be obtained from the pressure re-

sponse using the Clausius-Clapeyron relation. The equilibrium melting temperature for this polyethylene

grade at ambient pressure is 139◦C24 and it shifts at higher values with increasing pressure according

to: T 0
m(P) = T 0

m +(dT p
m/dP)(Paverage−Pamb), where (dT p

m /dP)=35.2◦K/kbar39 and Paverage is the aver-

age pressure in the middle of the slit (where the X-Ray observation window is placed).

We can assume that the pressure profile inside the slit is about linear therefore the average pressure in

the middle can be simply calculated as Paverage= 1/2∆P with ∆P the pressure drop measured between

the pressure transducers.

The time evolution of the undercooling, ∆T =T 0
m(P)-Texp, evaluated using the Clausius-Clapeyron equa-

tion is plotted together with the A110 for all flow conditions in Figure 11.

The undercooling increases rapidly during the shear pulse and its values at the end of flow range from

45◦C for the fastest piston speed to 30◦C for the slowest and relaxes back to the equilibrium values of

22◦C in a time range which is almost the same observed for the melting of kebabs. It is clear that the

sharp changes in undercooling experienced from the crystallizing polymer melt during and after flow

have a remarkable influence on the crystallization/melting behaviour observed in our experiments.
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Figure 11: Time evolution of undercooling evaluated according to Clausius-Clapeyron equation (full
lines) and of the area underneath the (110) reflection (dots) for all flow conditions.

According to secondary nucleation theory40, the fold length and thus the lamellar thickness lc
dependence of polymer crystals as a function of the undercooling, ∆T , can be expressed as:

lc =
2σe

∆Gv
+

kT
b0σ

=
2σeT 0

m

∆Hm∆T
+δ l (8)

Where σe is the surface free energy of a crystal stem, ∆Gv is the bulk free energy difference between

the supercooled liquid and the crystal, k Boltzmann’s constant, b0 the mono-molecular layer thickness,

σ the lateral surface free energy and ∆Hm the heat of fusion.

For fairly low undercooling the term δ l can be neglected and the general effect of undercooling on

lamellar thickness can be simplified as:

lc =
2σe

∆Gv
=

2σeT 0
m

∆Hm∆T
(9)

The pressure induced changes in undercooling can promote the nucleation of shorter stems, leading to

the crystallization of metastable thinner lamellae which can re-enter into the melt when pressure and

undercooling decrease and their thermodynamic stability is compromised. This observation is coherent

with the behaviour shown in Figure 10b: higher pressure and consequently higher undercooling result

in the formation of a larger fraction of metastable crystals constituting kebabs, therefore once the

pressure decrease to equilibrium values the relative amount of kebabs melting will be larger for faster

piston speeds, where the bigger drop in undercooling is observed.

Figure 12 shows the time evolution of the average long period for the three faster piston speeds (for 8

mm/s the peak relative to the long period was not clear enough to evaluate it) calculated with Bragg´s

analysis. One expects that if nucleation of kebabs happens on shish templates and part of them melts

after flow, the long period of lamellar stacks along the shish axis should increase. Surprisingly, exactly

the opposite behaviour is observed.

Moreover, the decrease in long period is more pronounced for faster piston speeds and after relaxation

it reaches values of about 26 nm independently of the flow condition. Clearly the nucleation and

melting mechanism behind our observations is more complicated and deserves a deeper understanding.

Therefore, the scattered meridional intensity of the experiment performed with the fastest piston speed

(17 mm/s) is examined in more detail, using SAXS modeling.

Time evolution of the average dimensions of kebabs can be obtained by using a structural model to
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Figure 12: Time evolution of the long period evaluated with Bragg´s analysis for piston speeds of 12,
15 and 17 mm/s.

describe SAXS data as proposed by the group of Hsiao41,42. The model is based on the assumption

that shish-kebab are composed of stacks of perfectly aligned disks having cylindrical symmetry around

the shish axis with average diameter D, thickness T, and spacing L, each dimension having a certain

distribution statistically independent from each other. The scattered intensity in the meridional region

can then be expressed as:

I(s12,s3) = K[〈|A(s12,s3)|2〉D,T −|〈A(s12,s3)〉D,T |2 + |〈A(s12,s3)〉D,T |2|ZL(s3)|2] (10)

where K is a proportionality factor, s12 and s3 the components of the scattering vector in equatorial

and meridional direction, A(s12,s3) the Fourier transform of the electron density distribution of a single

disk and ZL(s3) the structure factor.

Using generalized Γ-distributions to describe the distribution functions of diameter, thickness and long

period, the equation has analytical expression and can be used to fit a set of three different meridional

intensity slices along s3 at different s12. An example of intensity profiles extraction and of the rather

good agreement between fitted model and experimental data are shown in Figure 13. The average

over ten frames was used to fit the data since the patterns collected with the fast acquisition mode

did not have a high enough resolution to permit a good fitting procedure.

(a)
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Figure 13: Shish-kebab model: (a) schematic drawing of intensity profiles extraction at different values
of s12, (b) experimental data (dots) and fitted profiles using the shish-kebab model (full lines), (c) 2D
comparison between experimental (left) and fitted meridional SAXS intensities profile (right).
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The time evolution of the average dimensions of kebabs evaluated with the shish kebab model for

the fastest piston speed are shown in Figure 14. Two time regions, separated by a dotted line in the

figures, can be defined: a first one (I) corresponding to the increase in the meridional intensity and

consequentely to kebab growth and a second one (II) relative to their partial melting.

The trend of the long period evolution calculated with the shish-kebab model is the same observed

using Bragg´s analysis: a drastic decrease in the region II where partial melting of kebabs is observed.

Interestingly, also the average kebab diameter and thickness undergo sharp changes passing from region

I to region II: the former first increases of about 10 nm in region I and then drops from 37 nm to about

20 nm in region II where the latter slightly increases from 12 nm to 15 nm. The small differences found

in the absolute values of the long period are related to the fact that in the last case Lorentz correction

was performed.
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Figure 14: Time evolution of average thickness (triangles), long period (stars) and diameter (circles)
of kebabs evaluated using the shish-kebab model for the piston speed of 17 mm/s, lines are to guide
the eyes. The inset shows the evolution of the SAXS meridional intensity for the same experiment.
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Based on these observations, we propose a mechanism to describe the formation and melting

behavior of the kebab structures in presence of combined shear and high pressures (illustrated in Figure

15). In region I (”pressure quench”), the increase in undercooling due to pressure promotes nucleation

of thinner lamellae on pre-existing crystals; the nucleation does not happen on shish cores but on pre-

existing kebabs. Consequently a decrease of their average thickness and an increase of their average

diameter and long period is observed. When flow stops and pressure relaxes back to equilibrium values

(region II) the thinner lamellae formed in region I lose their thermodynamical stability and relax back

to the coiled state.

"pressure quench"

undercooling 

lc

pressure relaxation

undercooling 

lc

I II

Figure 15: Schematic representation of kebab crystallization and melting under the influence of sharp
pressure changes during and after flow.

Our results are in agreement with the existence of two types of kebabs reported by Keller and Kolnaar35.

One type of kebab cannot be flushed away even with a strong solvent or melted away from the shish

also at high temperatures. These kebabs were referred to as ”microkebabs” and were thought to be

originated from the ”hair” of the shish structure and then permanently attached to it. On the other

hand, another type of kebab, named ”macrokebabs”, could grow on microkebabs template and showed

a lower stability to solvents and temperature increase.

Our hypothesis is that at the very beginning of shish development microkebabs can start to grow

immediately and have hence a larger thickness since they form at a lower undercooling. The increase

in undercooling due to changes in pressure combined with the orientation of portions of chain close to

the shish, catalyses the nucleation of new lamellae on microkebabs template, their resulting thickness

will be gradually decreasing along kebab radius leading to formation of metastable structures that

can survive until the pressure, and thus the undercooling, decrease to equilibrium values. Since the

nucleation of thinner lamellae happens in a sort of random fashion, some kebabs will grow faster than

other and this will lead to a final shish-kebab morphology with different diameters during the ”pressure

quench”. Consequentely, the average long period of these structures will be higher than the one after

relaxation when all kebab have similar diameter and thicknesses.

4 Conclusion

The effect of pressure increase due to structure formation during flow induced crystallization of linear

low density polyethylene in confined slit geometry was investigated by utilizing synchrotron rheo-WAXD
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and rheo-SAXS techniques. An unusual decrease in crystallinity was observed during the early stages of

crystallization immediately after flow,which SAXS confirmed to be related to partial melting of kebabs.

The magnitude of the decrease was found directly related to the pressure changes experienced by the

crystallizing polymer melt.

The use of a structural model to fit SAXS data permitted us to observe a decrease of kebabs diameter

and an increase of kebabs thickness after flow. This observations were rationalized using the dependence

of the critical lamellar thickness on the undercooling which is ,in turn, dependent on pressure: the

increase of pressure/undercooling during flow promotes the nucleation of gradually thinner lamellae on

growing kebabs. Depressurization after flow returns this metastable crystals to the melt state.

It was shown that, although very short in terms of time, the viscosity rise during flow in confined

geometries can have a dominating influence in crystallization of materials like polyethylene which show

a strong dependecy of the undercooling on pressure changes. Our results show that this phenomenon

is of importance for understanding real-life processing such as injection moulding, extrusion and fiber

spinning.
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