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Abstract

Decrosslinking of peroxide crosslinked high-density polyethylene (XHDPE) of different
degrees of crosslinking by means of an ultrasonic single-screw extruder (SSE) is investigated.
Barrel pressure and ultrasonic power consumption during extrusion are recorded. Swelling test,
rheological test, infrared spectroscopy, thermal analysis and tensile test are used to elucidate the
structure-property relationship of decrosslinked XHDPE. It was found that a more intensive
rupture of the crosslinked network occurs in XHDPE of higher degree of crosslinking. Analysis
based on the Horikx function shows that the type of preferential bond breakage during
decrosslinking of XHDPE of various degrees of crosslinking is not determined by the bond
energy alone but also influenced by structural characteristics of the network. The activation
energy of viscous flow of sols extracted from various decrosslinked XHDPEs supports the
analysis based on the Horikx function. The dynamic, thermal and tensile properties of the
decrosslinked XHDPE are greatly affected by the type of preferential bond breakage. A
significant improvement in the processibility and mechanical properties of decrosslinked 2%
peroxide cured XHDPE is achieved due to the occurrence of a highly preferential breakage of

crosslinks during ultrasonic decrosslinking.

Page 2 of 43



Page 3 of 43

RSC Advances

Introduction

Recycling of crosslinked PE (XPE) is a challenge for the plastic industry due to the
presence of the crosslinked three dimensional network. An ideal method to reprocess the XPE is
to preferentially break crosslinks without breaking main chains in order to maintain the
mechanical properties of the decrosslinked XPE. In the peroxide and irradiation crosslinked PE,
the crosslinks and main chains are all carbon-carbon bonds. Therefore, the preferential breakage
of crosslinks is difficult [1]. Thus, in the present context the decrosslinking or partial
decrosslinking of peroxide and irradiation crosslinked PE is considered as a process to obtain a
melt processible polymer exhibiting the desirable rheological behavior and mechanical
performance. Various studies [1-7] are dedicated to decrosslinking of XPE. However, most of
them [2-7] have not discussed the issue related to the type of bond breakage during
decrosslinking of XPE.

The ultrasonic batch reactor and ultrasonic extruder were used to devulcanize various
rubber vulcanizates [8-13] and decrosslink XHDPE [14, 15]. The analysis of the gel fraction-
crosslink density relationship of various ultrasonically devulcanized rubbers showed that the
ultrasound may induce a preferential breakage of crosslinks [10-13]. This is due to the difference
in bond energy of the chemical bonds in the main chains and the crosslinks. Therefore, the
preferential breakage of crosslinks cannot be achieved during decrosslinking of the peroxide and

irradiation crosslinked PE, since the crosslinks and main chains are all carbon-carbon bonds.

The present study is aimed to investigate the effect of the degree of crosslinking of
XHDPE on its ultrasonic decrosslinking using SSE. The process characteristics, structural,
rheological and mechanical properties of these decrosslinked XHDPEs are studied. The type of
bond breakage during the ultrasonic decrosslinking of XHDPE is revealed and structural factors
governing this process are found. These findings provide fundamental understanding of the
ultrasonic decrosslinking process of XHDPE leading to a possibility to obtain the decrosslinked

XHDPE with superior mechanical properties.

Experimental
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Materials

HDPE used was a rotational molding grade, 35 mesh powder (Paxon 7004, Exxon Mobil,
Baytown, TX). Crosslinking agent was dicumyl peroxide in the pellet form (DC-40, Akrochem,
Akron, OH). It contains 40 wt% peroxide and 60 wt% calcium carbonate as a carrier. Tetrakis
[methylene (3,5-di-tert-butyl-4-hydroxyhydro cinnamate)] methane (Antioxidant 1010,
Akrochem, Akron, OH) was used as a stabilizer during the rheological test. Xylene (mixture of
isomers, ACS Reagent Grade, Sigma-Aldrich, WI) was used as a solvent for the swelling test.
Hexane (ACS Reagent Grade, J.T. Baker, Pittsburgh, PA) was used to precipitate the dissolved

sol from xylene. The sol was the soluble fraction of samples in the swelling test.

Three concentrations of peroxide DC-40 (2.5, 5.0 and 10.0 wt%) were used to prepare
XHDPE of different degrees of crosslinking corresponding to active peroxide contents of 1.0, 2.0
and 4.0 wt%, respectively. Accordingly, these samples are called 1%, 2% and 4% XHDPE. The
mixture of HDPE powder and DC-40 pellets are homogenized by a high speed mixer using the

procedure employed earlier [15].

XHDPE slabs of three levels of crosslink density of dimensions of 26 cm x 26 cm x 1.25
cm were produced by a compression molding press (Carver, Wabash, IN) at a hydraulic pressure
of 50 MPa and a temperature of 180°C for 30 min, 20 min and 15 min, respectively. The reaction
time was determined by performing the curing test by means of the Advanced Polymer Analyzer
(APA 2000, Alpha Technology, Akron, OH). The obtained XHDPE slabs were crushed by a
grinder (WSL180/180, Weima, Fort Mill, SC) with sieve having holes of a diameter of 4.5 mm.
It was confirmed that the grinding process has no effect on the gel fraction of XHDPE.

Ultrasonic decrosslinking of the XHDPE

A 25.4 mm ultrasonic SSE (KL 100, L/D=33, Killion Corporation, Riviera Beach, FL)
equipped with a circular die of a diameter of 2 mm and a length of 60.5 mm was employed. The
schematic design of the ultrasonic SSE and the photograph of the screw are given in Figure 1 (a)
and Figure 1 (b), respectively. The SSE was equipped with two boosters and converters
connected to two water-cooled ultrasonic horns operating at a frequency of 20 kHz. Screw

contains two mixing sections including the Union Carbide Mixer (UCM) and the melt star mixer

4

Page 4 of 43



Page 5 of 43

RSC Advances

as shown in Figure 1b. More details about the extruder can be found from the previous study
[15]. Ultrasonic decrosslinking of the 1% and 2% XHDPE by means of SSE with the die was
performed at a flow rate of 7.5 g/min and ultrasonic amplitudes of 5, 7.5 and 10 pm. The mean
residence time in the ultrasonic treatment zone at this flow rate was 15.5 s. Also, decrosslinking
of the 1% and 2% XHDPE without imposition of ultrasound was performed on the same SSE.
The extrusion of the 4% XHDPE at this flow rate without and with ultrasonic treatment at
amplitudes of 5 and 7.5 pm cannot be performed due to an excessive torque. Thus, the ultrasonic
decrosslinking of 4% XHDPE was carried out using the SSE without die at these processing
conditions. Also, ultrasonic decrosslinking at an amplitude of 10 pum was carried out on the SSE
with and without the die. The temperature of barrel and die are set up at 200°C and temperature
of feed port zone is 180°C. The barrel pressure before the ultrasonic treatment zone and the
ultrasonic power consumption were recorded. All other procedures and equipments were same as

in earlier study [15].

Preparation of Specimens and Their Characterization

The compression molded sheets of decrosslinked XHDPE of 34 cm x 16 cm x 0.185 cm
were prepared at a temperature of 200°C and a pressure of 50 MPa for 20 mins. However, the
decrosslinked 4% XHDPE without ultrasonic treatment cannot be molded into a sheet due to its

insufficient flowability.

Swelling test of XHDPE and decrosslinked XHDPE was performed by following ASTM
D 2765, test method C. The crosslink density of XHDPE and decrosslinked XHDPE was
determined by Flory-Rehner equation [16].

A Fourier Transform Infrared Spectrometer (Nicolet 380, Thermo Scientific Corporation,
Waltham, MA) was employed to obtain the FTIR spectra in the range of 525-4000 cm™ with 32
consecutive scans at a resolution of 2 cm™ in the reflective mode. The spectra of the compression
molded sheets of the XHDPE and decrosslinked XHDPE obtained at an amplitude of 10 um is

obtained to investigate their chemical structure.

Small amplitude oscillatory shear (SAOS) test of XHDPE and decrosslinked XHDPE at a

temperature of 160°C was performed by using a stress controlled Discover Hybrid Rheometer

5
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(DHR-2, TA Instruments, New Castle, DE) equipped with 25 mm parallel plates. A circular disk
of a diameter of 25 mm was cut from the compression molded sheet. A gap of 2 mm was used
for the test. By measuring dynamic properties at different gaps (2 mm and 1.5 mm), it was
proven that no slippage occurred during the test [17]. The frequency sweep was in the range
from 0.1 to 100 rad/s at a stress amplitude of 500 Pa. SAOS test of HDPE, the sol of XHDPE
and decrosslinked XHDPE at temperatures of 140, 150 and 160°C was also performed to
calculate the activation energy for flow. Due to the limited amount of sol, a 25 mm circular disk
of a thickness of 0.3 mm was used. For HDPE and sols of decrosslinked 1% and 2% XHDPE,
the frequency sweep was in the range from 0.5 to 79 rad/s at a shear stress amplitude of 250 Pa.
Due to the low viscosity of sol of decrosslinked 4% XHDPE, the frequency sweep was in the
same frequency range but at a stress amplitude of 20 Pa. It was confirmed that these stress
amplitudes were within the linear region. All the SAOS tests were repeated twice with the

difference being less than 5%.

Differential Scanning Calorimetry (DSC, Model Q200, TA Instruments, New Castle, DE)
was used to investigate the thermal behavior of HDPE, XHDPE and decrosslinked XHDPE.
Samples were cut from tensile specimens by a stainless steel one sided razor blade. The cut
samples of about 10 mg were sealed into the DSC hermetic pans (PS 1007, PS 1010, Instrument
Specialist Inc., Twin Lakes, WI). To remove the thermal history, the heating-cooling-heating
cycle at a rate of 10°C/min was applied in nitrogen environment. Samples were heated from 40
to 200°C, maintained at 200°C for 10 min, cooled from 200 to 40°C and equilibrated at 40°C,
and finally heated from 40 to 200°C. The melting temperature and enthalpy were calculated from
the second heating. The melting enthalpy of 282 J/mol of the perfect linear PE crystal [18] was
used to evaluate the crystallinity. The reported crystallinity and melting temperature are the

average value of at least two measurements.

Tensile test was performed by using an Instron tensile tester (Mode 5567, Instron,
Canton, MA) at a crosshead speed of 25 mm/min without an extensometer. Dumbbell shape
tensile test specimens were cut from the compression molded sheet by using a cutting die of a
width of 5 mm and a gauge length of 23 mm. The stress-strain curves were recorded by a
computer and used to calculate the Young’s modulus, yield stress, stress and strain at break. The

error bars were calculated as the standard deviation of at least 5 test results.
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Results and Discussions

Barrel pressure and ultrasonic power consumption

Figure 2 shows the barrel pressure before ultrasonic treatment zone (a) and the ultrasonic
power consumption (b) as a function of the ultrasonic amplitude during extrusion of XHDPE of
various degrees of crosslinking at a flow rate of 7.5 g/min with or without the die. It is seen from
Figure 1a that the barrel pressure with the die decreases with the amplitude and increases with
the degree of crosslinking. The increase of the barrel pressure with the degree of crosslinking is
a result of the increase of viscosity, as shown later. The decrease of the barrel pressure with the
ultrasonic amplitude is due to both the thixotropic effect such as the shear thining and permanent
effect including the decrease of the viscosity caused by the decrease of the gel fraction and
crosslink density [10, 12, 15]. During extrusion of 4% XHDPE, the barrel pressure is
significantly higher with the die than that without the die. This is due to the fact that the die
increases the flow resistance during extrusion. Accordingly, a higher barrel pressure is needed in

order for the screw to push the material through the die orifice.

It is seen from Figure 2b that the ultrasonic power consumption increases with the
ultrasonic amplitude but shows a weak dependence on the degree of crosslinking during
extrusion with the die. Also, the ultrasonic power consumption is lower without the die than that
with the die during extrusion of 4% XHDPE. According to the simulation study of ultrasonic
devulcanization of rubbers, the ultrasound can induce formation of bubbles [19] and cause their
oscillation [20]. Therefore, the ultrasonic power consumption is a function of the hydrostatic
pressure, acoustic pressure, sound velocity, loss tangent of material at an ultrasonic frequency of
20 kHz [20]. Clearly, the increase of the ultrasonic power consumption with the ultrasonic
amplitude is due to the fact that the ultrasonic power consumption is proportional to the acoustic
pressure which in turn is proportional to the amplitude. The weak dependence of the ultrasonic
power consumption on the degree of crosslinking of XHDPE is most likely due to the sound
velocity and loss tangent of XHDPE at the ultrasonic frequency is not significantly affected by
the degree of crosslinking. The ultrasonic frequency used is within the rubbery plateau of
HDPE. The study [21] showed that the dynamic properties of the uncrosslinked and crosslinked

polybutadiene within its rubbery plateau were insignificantly affected by its degree of
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crosslinking. Accordingly, the sound velocity and loss tangent of the XHDPE at the ultrasonic
frequency is very likely insignificantly affected by the degree of crosslinking. Thus, it is not
surprising to find a weak dependence of the ultrasonic power consumption on the degree of
crosslinking of XHDPE. The lower ultrasonic power consumption during the ultrasonic extrusion
of 4% XHDPE without the die than that with the die is due to the fact that the hydrostatic
pressure (the barrel pressure in this case) is lower in the absence of the die. From the simulation
studies, it is known that the ultrasonic power consumption decreases with the volume fraction of
bubbles which is reduced with the hydrostatic pressure [20]. Thus, the ultrasonic power

consumption increases with the barrel pressure.

Gel Fraction and Crosslink Density

Figure 3 shows gel fraction (a) and crosslink density (b) of decrosslinked XHDPE as a
function of the ultrasonic amplitude. The gel fraction and crosslink density of XHDPE are also
indicated. It is seen from Figure 3 that the gel fraction and crosslink density of XHDPE and
decrosslinked XHDPE increases with the degree of crosslinking. The gel fraction and crosslink
density of decrosslinked XHDPE without ultrasonic treatment is significantly lower than those of
the corresponding XHDPE. This indicates that there is a substantial decrosslinking of XHDPE
caused by stresses arising from screw rotation during extrusion of XHDPE. The ultrasonic
treatment leads to a further decrease of the gel fraction and crosslink density of decrosslinked
XHDPE with the effect increasing with the ultrasonic amplitude. It is also seen from Figure 3
that the gel fraction of the decrosslinked 4% XHDPE during extrusion with the die at an
amplitude of 10 um exhibits a lower gel fraction but a higher crosslink density than that without
the die at the same amplitude. This is due to the higher barrel pressure with the die. However, the
gel fraction and crosslink density of the decrosslinked 2% XHDPE obtained at an amplitude of 5
um is slightly higher than that without ultrasonic treatment. This is possibly due to the nonlinear

interaction between the mechanical and ultrasonic decrosslinking of XHDPE.

Since bonds in the crosslinks and main chains of XHDPE are all carbon-carbon bonds,
the spectroscopic characterization can hardly distinguish their difference. Therefore, it is difficult
to determine the type of preferential bond breakage during decrosslinking of XHDPE. Another

method to determine the type of bond breakage is to apply certain statistical theories to analyze
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the relationship between the gel fraction and crosslink density of decrosslinked XHDPE. Two
theories are available. The first one is known as Horikx function [22] which is derived from the
statistical theory dealing with the gel fraction-crosslink density relationship of the crosslinked
linear polymers. The second one is Yashin and Isayev theory derived for the gel fraction-
crosslink density relationship based on the rubber statistics theory [13] as proposed by Dobson
and Gordon. However, the second theory can only be applied to highly crosslinked polymers and
not applicable to 1% XHDPE of this study. Therefore, the following Horikx functions are used

for the analysis in the present study:

1 — V pxupPE =1- (1 — (1 - é/DXHDPE )1/2)2

Y xtippE (1 - (1 — & xuprE )1/2)2
(1)
( 1/2)Z
1 V pxrppE _ _ 1— (M n X Vopxuppe T 2)1 ~ (l — & pxuprE )
Y xuipE (Mn XV yuppe T 2)(1 - (1 - gXHDPE )1/2
(2)

where v, and v, ... are, respectively, the crosslink density of XHDPE and decrosslinked

XHDPE, ¢ ;0 and &, 0pe are, respectively, the gel fraction of XHDPE and decrosslinked
XHDPE, M, is the number average molecular weight of the uncrosslinked HDPE. Since the

value of M, is not available, the weight average molecular weight, M , of HDPE is used in

calculation of Eq. (2). The M, of HDPE is 5.2x10* g/mole [15]. Eq. (1) is used to describe the

relationship between the normalized gel fraction and the normalized crosslink density of
decrosslinked XHDPE in the case when only the breakage of main chains occurs. Eq. (2) is used
in case when only crosslinks are broken. Therefore, the type of preferential bond breakage during
decrosslinking of XHDPE can be identified by using Horikx functions. Figure 4 shows the
normalized gel fraction versus the normalized crosslink density of decrosslinked 1% (a), 2% (b)
and 4% (c) XHDPE. The normalized gel fraction and crosslink density of decrosslinked XHDPE
are defined with respect to the values of XHDPE. The dotted and dashed lines in Figure 4 are
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drawn for cases when only the breakage of main chains and crosslinks occur according to Egs.
(1) and (2), respectively. It is seen from Figure 4 that all decrosslinked XHDPEs obtained from
the same XHDPE at different processing conditions indicates a similar type of bond breakage. It
can be inferred that the gel fraction and crosslink density of XHDPE is a dominating factor in the
type of bond breakage during decrosslinking of XHDPE. Also, it is seen from Figure 4 that a
separation of curves related to the main chain breakage (curve 1) and crosslink breakage (curve
2) increases with the degree of crosslinking. This indicates that the gel fraction of decrosslinked
XHDPE becomes more sensitive to the type of preferential bond breakage when the degree of
crosslinking of XHDPE increases. It is seen from Figure 4a that the data for decrosslinked 1 %
XHDPE lie below the main chain breakage curve. This indicates that the main chain breakage is
due to both the thermal and mechanical degradation. At the same time it is seen from Figures 4b
and 4c that the results for decrosslinked 2% and 4% XHDPE lie between the main chain
breakage and crosslink breakage curves and more close to the crosslink breakage curve. It is very
likely that more breakage of crosslinks than main chains takes place during decrosslinking of 2%
and 4% XHDPE. Obviously, decrosslinking of 2% and 4% XHDPE exhibits a higher preference
to the breakage of crosslinks than that of 1% XHDPE. Since the data for decrosslinked 2%
XHDPE is more close to the corresponding crosslink breakage curve than the data for
decrosslinked 4% XHDPE, it is very likely that decrosslinking of 2% XHDPE exhibits a higher
preference of the breakage of crosslinks than decrosslinking of 4% XHDPE. Besides, the
difference in the barrel pressure may also affect the type of preferential bond breakage during
decrosslinking of 4% XHDPE. More breakage of main chains during decrosslinking of 4%

XHDPE occurs when the barrel pressure is higher, as seen from Figure 4c.

In order to discuss the effect of the degree of crosslinking on decrosslinking of XHDPE,
the decrease of the crosslink density rather than the decrease of the gel fraction is chosen as the
measure of this effect. Decrosslinking of XHDPE is a process of cleavage of the main chain and
crosslink. To characterize decrosslinking one needs to specify the number of the broken bonds.
Neglecting the radical initiated chemical reaction and assuming the crosslink network in XHDPE
is an ideal tetrafunctional crosslink network, a relationship between the decrease of the crosslink

density and the number of the broken main chains and crosslinks per unit volume becomes:

10



Page 11 of 43 RSC Advances

Av = Vxupre ~ Vopxuppe = Mpe T anl
(3)

where Av is the decrease of the crosslink density, 7, and n, are the number of broken main

chains and crosslinks per unit volume, respectively. The maximum and minimum values of Av
of decrosslinked 1%, 2% and 4% XHDPE are tabulated in Table 1. As shown in Table 1, the
maximum and minimum values of Av of decrosslinked XHDPE increase with the degree of
crosslinking of XHDPE. The value of Av of decrosslinked 4% XHDPE is about 4 times of that
of decrosslinked 2% XHDPE. Therefore, according to Eq. (3), the number of the broken bonds
per unit volume during decrosslinking of 4% XHDPE is higher than that during decrosslinking of
2% XHDPE, regardless of the type of bond broken. Similarly, the number of the broken
chemical bonds per unit volume during decrosslinking of 2% XHDPE is higher than that during
decrosslinking of 1% XHDPE. Thus, it can be concluded that the number of broken chemical
bonds increases with the degree of crosslinking of XHDPE. In other word, a more intensive

rupture of the crosslink network happens in XHDPE of the higher crosslink density.

Dynamic Properties

Figures 5 to 8 shows, respectively, the frequency dependences of the storage modulus,
loss modulus, complex viscosity and loss tangent of decrosslinked 1% (a), 2% (b) and 4% (c)
XHDPE obtained without and with ultrasonic treatment at various amplitudes at a temperature of
160°C. The frequency dependences of the dynamic properties of XHDPE are also indicated in
Figures 5 to 8. It is seen from Figures 5 to 7 that the storage and loss moduli and complex
viscosity of XHDPE and decrosslinked XHDPE exhibit almost a power law dependence on the
frequency. Also, the loss tangent of XHDPE and decrosslinked XHDPE exhibits weak frequency
dependence. Such dynamic rheological behavior is similar to a typical behavior of so-called
“critical gel” [21-27] and “post critical gel” [21, 28] within the frequency range below the
rubbery plateau. The storage modulus of XHDPE and decrosslinked XHDPE is below the
plateau modulus of HDPE. Thus, the dynamic rheological behavior of the XHDPE and
decrosslinked XHDPE can be considered as the typical behavior of the critical gel and post

critical gel.

11
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It is seen from Figures 5 to 8 that the storage modulus and complex viscosity of XHDPE
increase with the degree of crosslinking of XHDPE, whereas the loss modulus and loss tangent
decrease with the degree of crosslinking of XHDPE. The frequency dependence of the storage
modulus of XHDPE becomes weaker as the degree of crosslinking of XHDPE increases. For 4%
XHDPE, its storage modulus is virtually independent of the frequency. These phenomena are
clearly due to the fact that XHDPE of the higher degree of crosslinking is comprised of a more
rigid crosslink network of a higher elasticity. Also, it is seen from Figures 5, 7 and 8 that
decrosslinked XHDPE exhibits a lower storage modulus and complex viscosity and a higher loss
tangent than those of XHDPE with the effect being larger at higher ultrasonic amplitudes. The
loss modulus of decrosslinked XHDPE decreases with the ultrasonic amplitude, as seen from
Figure 6. It is seen that there are crossovers between the loss modulus of XHDPE and
decrosslinked XHDPE obtained at some processing conditions. The decrosslinked XHDPE
consists of gel and sol. Relaxation of the gel occurs due to the presence of the dangling chains.
Relaxation of the sol is the process which is typical for uncrosslinked polymers. Thus, the
difference in the relaxation time of the dangling chains in the network and the polymer chains in

the sol may lead to such a crossover.

The study on decrosslinking of 1% XHDPEs obtained at different processing conditions
[15] indicates that their dynamic properties can be well correlated with the gel fraction and
crosslink density. However, such a relationship between the dynamic properties of 2 and 4 %
decrosslinked XHDPE and their gel fraction and crosslink density is invalid. For example, as
seen from a comparison of Figures 5 to 8 with Figure 3, the storage and loss moduli and complex
viscosity of decrosslinked XHDPE obtained from XHDPE of different degrees of crosslinking at
the same processing conditions does not correlate with the gel fraction and crosslink density of
decrosslinked XHDPE. Only the loss tangent of decrosslinked XHDPE obtained from XHDPE
of different degrees of crosslinking at the same processing conditions correlates with these
quantities. Namely, it decreases with an increase of the gel fraction and crosslink density.
However, the previous study [15] indicated the existence of correlation of the storage modulus,
complex viscosity and loss tangent of decrosslinked XHDPE with the gel fraction and crosslink
density. To understand this phenomenon, it is important to note that decrosslinked XHDPE is
comprised of the gel and sol. In fact, the decrosslinked XHDPE of the present study contains at

least 29% sol fraction (see Figure 3). This indicates that the dynamic properties of decrosslinked

12
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XHDPE is not only related to its gel fraction and crosslink density but also influenced by the
molecular structure of its sol. As will be shown later, the lower storage and loss moduli and
complex viscosity of decrosslinked 2% and 4% XHDPEs are caused by the lower molecular

weight of the sol.

As mentioned earlier, the molecular structure of sol of decrosslinked XHDPE not only
influences the dynamic properties of decrosslinked XHDPE, but also provides information about
the type of bonds broken during decrosslinking of XHDPE. It should be noted that the sol of
decrosslinked XHDPE is not only generated by the decrosslinking process but also inherently
present in XHDPE. For example, the 1% XHDPE contains 19.5 wt% of sol. By neglecting
possible radical initiated reaction during decrosslinking of XHDPE, one can find that in
decrosslinked 1% XHDPE without ultrasonic treatment 59 wt% of the sol is generated by
decrosslinking and 41 wt% of the sol is inherited. It is impossible to physically separate the
generated and inherited sols of decrosslinked XHDPE. To reduce the effect of the inherited sol,
the decrosslinked XHDPE obtained at an amplitude of 10 um is selected for further discussion.
The amount of generated and inherited sols of decrosslinked XHDPE obtained with the die at an
amplitude of 10 um are, respectively, 64.5 wt% and 35.5 wt% for decrosslinked 1% XHDPE,
86.4 wt% and 13.6 wt% for decrosslinked 2% XHDPE and 97.5 wt% and 2.5 wt% for
decrosslinked 4% XHDPE. By doing so, the influence of the inherited sol on dynamic properties
of the total sol of decrosslinked XHDPE is minimized, especially for the case of decrosslinked

2% and 4% XHDPE.

Figure 9 shows the frequency dependence of the complex viscosity of the HDPE (a), sol
of 1% XHDPE (b), sol of decrosslinked 1% (c) and 2% (d) XHDPE obtained with the die, and
sol of decrosslinked 4% XHDPE obtained without (e) and with (f) the die at an amplitude of 9
um at temperatures of 140, 150 and 160°C. Cross model [29] fits are also indicated in Figure 9.

The following two equations are used for this fitting:

7,(T)
. {77: (T)co} K

T

[n* = (4)

13
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7(T) = dexp(-2) = Aexp(-) 5

where, A4, Ty, 7 and n are fitting parameters. The function of 7 (T) is the temperature

dependency of the zero-frequency viscosity by the Arrhenius equation where 7' is the

temperature, E is the activation energy for flow and R is the gas constant.

It is seen from Figure 9 that HDPE exhibits a typical terminal behavior with a Newtonian
viscosity region, whereas sols of 1% XHDPE and decrosslinked XHDPE exhibit a strong non-
Newtonian behavior. The viscosity of the sol of 1% XHDPE is lower than that of HDPE. This is
due to the fact that the low molecular fraction of HDPE has a lower probability to be
incorporated into the crosslink network during crosslinking of HDPE. The viscosity of the sol of
decrosslinked XHDPE decreases with the degree of crosslinking of XHDPE and a substantial
difference (about one order of the magnitude) is seen from Figure 9c to 9f. This indicates that the
molecular weight of the sol of decrosslinked XHDPE decreases with the degree of crosslinking
of XHDPE. This observation can be correlated with the number of broken chemical bonds per
unit volume in decrosslinked XHDPE which is shown to significantly increase with the degree of
crosslinking of XHDPE. Since the generated sol of decrosslinked XHDPE is produced by the
cleavage of the main chains and crosslinks of XHDPE, the sol of a lower molecular weight is
obtained from decrosslinking process of XHDPE with the number of broken chemical bonds per
unit volume being significantly higher. The decrease of the complex viscosity of sol with the
degree of crosslinking of XHDPE also explains why the complex viscosity of decrosslinked
XHDPE does not correlate with the gel fraction and crosslink density. It is due to the fact that the
decrosslinked XHDPE also contains the sol whose molecular weight decreases with the degree
of crosslinking, though the gel fraction and crosslink density of decrosslinked XHDPE increases
with the degree of crosslinking of XHDPE.

The presence of branching in polymers can be detected by comparing the activation
energy for flow of linear and branched polymers. It is seen from Table 2 that the activation
energy of HDPE and the sol of 1% XHDPE are, respectively, lowest and highest among all the
studied samples. Since HDPE is a linear polymer, it has the lowest activation energy. The

peroxide initiated crosslinking of HDPE is a radical reaction with the interlink reaction between

14
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the HDPE molecules occurring before the gel formation. Accordingly, the branched structure is
certainly created during the interlink reaction, as evidenced by a high value of the activation
energy of the sol of 1% XHDPE. It is possible that the interlink reaction may occur between the
two chains whose radicals at the chain ends. However, since the interlink reaction is a statistical
random process, the possibility of two chains whose radicals at the chain ends combine together
is very low. Thus, the branched structure of the sol of 1% XHDPE is a result of the interlink
reaction. It is also seen from Table 2 that the activation energy of the sol of decrosslinked 1%
XHDPE is very close to that of the sol of 1% XHDPE. As mentioned earlier, 64.5 wt% of the sol
is generated. The activation energy of this sol is close to that of the sol of 1% XHDPE. Thus, the
activation energy of the sol generated during decrosslinking of 1% XHDPE can be approximated
as that of the total sol of decrosslinked 1% XHDPE. Furthermore, the activation energy of the sol
of decrosslinked 4% XHDPE is lower than that of the sol of decrosslinked 2% XHDPE which in
turn is lower than that of decrosslinked 1% XHDPE. Clearly, the activation energy of the sol of
decrosslinked XHDPE decreases with the degree of crosslinking of XHDPE. In particular, the
activation energy of PE is solely dictated by its branched structure as long as its molecular
weight is higher than the critical molecular weight [30]. It is usually considered that a higher
activation energy for flow corresponds to a more branched structure [31-36]. Crosslinks in the
peroxide crosslinked XHDPE are carbon-carbon bonds and their breakage alone should not
generate branches during decrosslinking of XHDPE. Only the breakage of main chains would
generate branches. According to the above analysis, the preferential breakage of crosslinks
increases with the degree of crosslinking of XHDPE. This conclusion seems to contradict with
the observation made from the analysis based on the Horikx function. However, it should be
pointed out that the activation energy for flow is not only influenced by the number and length of
branches [31-36]. The activation energy of PE significantly increases with the molecular weight
of branches in case when its molecular weight is higher than the molecular weight between
entanglement ( M ,). The exact topology of the sol of decrosslinked XHDPE is difficult to
determine in the presence of the multi-level branched structure generated during decrosslinking
of XHDPE. The length of branches can be approximated by assuming that the breakage of main
chains takes place at the middle of polymer chains. The average molecular weight between

crosslinks (M ) in XHDPE is defined as
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M =£ (6)
1%

where p is the density and v is the crosslink density of XHDPE. According to Eq. 6, the M of
the 1%, 2% and 4% XHDPE are, respectively, 5.4><104, 6.7%10° , 1.9%10° g/mole. Thus, if one

neglects the presence of the multi-level branched structure, the average molecular weight of

chain branches in the sol of decrosslinked 1%, 2% and 4% XHDPE is, respectively, 2.7><104,
3.4x10°, 9.5x 10> g/mole. The value of M, for PE is about 1.0x 10° g/mole [35, 37].

Consequently, the chain branches in the sol of decrosslinked 4% XHDPE are not well-entangled,
while they are entangled in the sol of decrosslinked 1% and 2% XHDPE. This leads to a higher
activation energy of the sol of decrosslinked 2% XHDPE than that of the sol of decrosslinked 4%
XHDPE.

The effect of the barrel pressure on the type of preferential bond breakage during
decrosslinking of 4% XHDPE is also revealed through a comparison of the activation energy of
the sol of decrosslinked 4% XHDPE without and with the die. As seen from Table 2, the former
exhibits a lower activation energy than the latter indicating a more breakage of crosslinks in the
case of lower barrel pressure. This is in agreement with the analysis of Horikx function (see

Figure 4c).

FTIR study

Figure 10 shows the FTIR spectra of the 1%, 2% and 4% XHDPE (a) and decrosslinked
1%, 2% and 4% XHDPE obtained at an amplitude of 10 pm from SSE with die (b). These three
decrosslinked XHDPE samples are selected because the changes of their molecular structure are
most significant among the decrosslinked XHDPE. Identification of the peaks in FTIR spectra is
based on IR Library. The strong absorption peaks at 2850 cm™ and 2914 cm™ correspond to the
CH, symmetrical and asymmetrical stretching mode, respectively. The peak at 1462 cm’
corresponds to the C-H bending mode. Also, a weak peak at 730 cm™ corresponds to the rocking
deformation of CH,. These peaks indicate that the XHDPE and decrosslinked XHDPE exhibits a
typical chemical structure of PE. During decrosslinking of the XHDPE, the radicals can be
generated as a result of the breakage of the main chains and crosslinks. Thus, in the presence of

oxygen, it is possible that the thermooxidative degradation of the decrosslinked XHDPE may
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occur. As seen from Figure 10, no absorption peak corresponding to thermooxidative species
including ester group (1743 cm™), aldehyde (1733 cm™), ketone (1720 cm™) and acid (1712 cm’
'Y groups [28] is seen on the FITR spectra of the decrosslinked 1%, 2% and 4% XHDPE. Also,
there is no new peak present in the FTIR spectra of the decrosslinked XHDPE in comparison
with that of the XHDPE. Thus, it is concluded that there is no evidence of appreciable
thermooxidative degradation of the decrosslinked XHDPE. This is due to the fact that the
decrosslinking of XHDPE occurs in the fully filled region of the extruder where the oxygen
concentration is insignificant. However, one can see the presence of a weak peak at 875 cm™ for
all the samples in Figure 10. This peak is the characteristic peak of calcium carbonate which is

the carrier of dicumyl peroxide.

DSC Analysis

Figure 11 shows melting temperature (a) and crystallinity (b) of decrosslinked XHDPE as
a function of the ultrasonic amplitude. The values for HDPE and XHDPE are also indicated. As
seen from Figure 11, the melting temperature and crystallinity of XHDPE is lower than those of
HDPE and decreases with the degree of crosslinking. This is due to the presence of crosslinks in
the gel and the branched structure in the sol of XHDPE hindering the formation of the PE crystal
[37]. It is also seen from Figure 11 that the melting temperature and crystallinity of decrosslinked
2% and 4% XHDPE are higher than those of the corresponding XHDPE. This is the result of a
significant decrease of the crosslink density during decrosslinking of 2% and 4% XHDPE.
Meanwhile, the crystallinity and melting temperature of decrosslinked 1% XHDPE are,
respectively, higher and slightly lower than those of 1% XHDPE. The increase of the
crystallinity of decrosslinked 1% XHDPE is clearly the result of a reduction of the crosslink
density and gel fraction. However, a slight decrease of the melting temperature of decrosslinked
1% XHDPE is likely due to the presence of high molecular weight chain branches hindering the

growth of the lamellar structure.

Figure 11 also shows that the melting temperature and crystallinity of decrosslinked
XHDPE exhibits different trend with the ultrasonic amplitude. The previous study [15] on
decrosslinking of 1% XHDPE revealed that the crystallinity and melting temperature does not

always increase with the amplitude, even though the gel fraction and crosslink density decrease

17



RSC Advances Page 18 of 43

substantially. It is due to the fact that the melting temperature and crystallinity of decrosslinked
XHDPE are affected by the gel fraction and crosslink density of decrosslinked XHDPE and the
molecular structure in its sol. The decrease of the gel fraction and crosslink density certainly
increases the melting temperature and crystallinity. This is a natural result of the reduced
hindrance during the growth of the PE lamellar structure. However, the presence of branched
structure in the sol also decreases the melting temperature and crystallinity of decrosslinked
XHDPE. Thus, the melting temperature and crystallinity of decrosslinked XHDPE are dependent
on these two competing effects and, therefore, significantly influenced by the type of bond
breakage during decrosslinking of XHDPE. The melting temperature and crystallinity of
decrosslinked 2% XHDPE show a slight decrease at an amplitude of 5 um but exhibits a
significant increase at amplitudes of 7.5 and 10 um. This trend is reverse to that of the gel
fraction and crosslink density of decrosslinked 2% XHDPE on the amplitude (Figure 3)
indicating a higher preference to the breakage of crosslinks during decrosslinking of 2%
XHDPE. In contrast, decrosslinking of 1% and 4% XHDPE exhibits a lower preference to the
breakage of crosslinks than decrosslinking of 2% XHDPE. Hence, the melting temperature and
crystallinity of the ultrasonically decrosslinked 1% and 4% XHDPE show no correlation with the

ultrasonic amplitude.

The effect of the different type of preferential bond breakage can be further elaborated by
comparing the melting temperature and crystallinity of decrosslinked XHDPE obtained at the
same processing conditions on XHDPE of different degree of crosslinking. For instance, the gel
fraction and crosslink density of decrosslinked 2% XHDPE obtained at amplitudes of 7.5 and 10
um are higher than those of decrosslinked 1% XHDPE at same amplitudes. However, the
melting temperature and crystallinity of decrosslinked 2% XHDPE are virtually same as those of
decrosslinked 1% XHDPE. This is attributed to a higher preference to the breakage of crosslinks
during decrosslinking of 2% XHDPE than decrosslinking of 1% XHDPE. Also, the melting
temperature and crystallinity of decrosslinked 4% XHDPE obtained at an amplitude of 10 pm
without the die are virtually same as those with the die. Although the gel fraction of former is
higher than that of latter and the sol of the former is less branched than that of the latter, as

indicated by the activation energy.

Tensile Properties
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Figure 12 shows the stress-strain curves of XHDPE, decrosslinked 1% and 2% XHDPE
with the die and decrosslinked 4% XHDPE without the die at an amplitude of 10 um. The stress-
strain behavior of decrosslinked XHDPEs without and with the ultrasonic treatment at other
amplitudes and decrosslinked 4% XHDPE with the die at amplitude of 10 um exhibits similar
features, as indicated in Figure 12. It is seen from Figure 12 that an increase of the degree of
crosslinking of XHDPE leads to a decrease of the yield stress, strain at break and stress at break.
Decrosslinked 1% and 2% XHDPE yields ductile materials with a well-developed necking
plateau at intermediate strains and strain hardening behavior at high strains, whereas
decrosslinked 4% XHDPE yields a brittle material without necking and strain hardening. The
slope of stress-strain curves of decrosslinked 1% and 2% XHDPE in the strain hardening region

is lower than that of the corresponding XHDPE.

Figure 13 shows the Young’s modulus (a), yield stress (b), strain at break (c) and stress at
break (d) of various decrosslinked XHDPE as a function of the ultrasonic amplitude. The values
for HDPE and XHDPE are also indicated in Figure 13. HDPE exhibits the highest Young’s
modulus of 1.4 GPa among all the studied samples due to its high crystallinity. The Young’s
modulus of XHDPE decreases with the degree of crosslinking, as a result of a decrease of the
crystallinity. As seen from Figure 13a, decrosslinked 1% and 2% XHDPE exhibits a higher
Young’s modulus than XHDPE, as a result of an increase of the crystallinity caused by
decrosslinking. An increase of the ultrasonic amplitude does not significantly increase the
Young’s modulus of decrosslinked 1% and 2% XHDPE, except for decrosslinked 1% XHDPE
obtained at an amplitude of 10 um which exhibits a higher Young’s modulus. The previous study
[15] revealed that the Young’s modulus increases with a decrease of the gel fraction and
crosslink density of decrosslinked 1% XHDPE due to a change of its lamellar morphology. Thus,
the increase of the Young’s modulus of decrosslinked 1% XHDPE obtained at an amplitude of
10 um is due to a significant decrease of the gel fraction and crosslink density [15]. It is also seen
from Figure 13a that decrosslinked 4% XHDPE obtained at an amplitude of 5 um exhibits a
lower Young’s modulus than that of 4% XHDPE. As previously shown [15], decrosslinked
XHDPE consists of gel particles and sol matrix. Since the polymer chains in the gel particle are
less mobile, they cannot entangle with the polymer chains in other gel particles. Therefore, the
load transfer between the gel particles relies on the polymer chains in the sol matrix. Since the

molecular weight of the sol of decrosslinked 4% XHDPE is low, it cannot effectively bridge the
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gel particles when the gel fraction is high. Hence, the Young’s modulus of decrosslinked 4%
XHDPE obtained at an amplitude of 5 pm exhibits a lower Young’s modulus than that of 4%
XHDPE. An increase of the amplitude leads to a substantial increase of the Young’s modulus of

decrosslinked 4% XHDPE, as a result of a decrease of the gel fraction.

As shown in Figure 13b, among all the samples HDPE exhibits the highest yield stress
due to its high crystallinity. The yield stress of XHDPE decreases with the degree of crosslinking
as a result of a decrease of the crystallinity. It is also seen from Figure 13b that decrosslinked
XHDPE exhibits a higher yield stress than the corresponding XHDPE due to an increase of the
crystallinity. The increase of the amplitude does not change the yield stress of decrosslinked
XHDPE significantly, even though there is an increase of the crystallinity of decrosslinked 2%
XHDPE with the amplitude. It is known that the yield stress of PE is not solely dependent on its
crystallinity. In fact, the structure-yield stress relationship of PE is still an unresolved issue [38-
42]. Two competing models, namely, the screw dislocation model [43] and the mechanical
melting model [44], are used to describe the tensile yielding of PE. The former considers the
yield stress is a function of the lamella thickness and the latter considers that it is a function of
the crystallinity. Both the models are supported by extensive experimental studies but none can
successfully describe the structure-yield stress relationship of PE of various molecular structures
within a unified framework [38-42]. It seems that these models cannot provide a satisfactory
description on this relationship for PE having a complex molecular structure. The study [42]
tried to reconcile these two competing models with some success. In our opinion, the structure-
yield relationship of PE is very complicated due to the fact that the semicrystalline morphology
of PE is sensitive to its molecular structure. Therefore, an insignificant effect of processing
conditions on the yield stress of decrosslinked XHDPE is caused by its complex molecular
structure. It should be noted that decrosslinked 4% XHDPE without and with the ultrasonic

treatment at an amplitude of 5 um breaks even before it reaches yielding.

Among all the samples, as seen from Figure 13c, the strain at break of virgin HDPE is
highest due to its linear molecular structure. The strain at break of XHDPE decreases with the
degree of crosslinking as a result of an increase of the gel fraction and crosslink density. It is due
to the fact that the presence of crosslinks hinders the slippage of chains during the deformation.

It is also seen from Figure 13c that the strain at break of decrosslinked 1% and 2% XHDPE are,
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respectively, lower and higher than that of the corresponding XHDPE. The difference in the
effect of decrosslinking of 1% and 2% XHDPE on the strain at break is caused by the different
preference to the type of broken bonds during decrosslinking. Due to the occurrence of the
preferential breakage of crosslinks during decrosslinking of 2% XHDPE, decrosslinking can be
viewed as the reverse reaction to crosslinking of HDPE. Since the strain at break of XHDPE
decreases with the gel fraction and crosslink density, decrosslinking of 2% XHDPE leads to an
increase of the strain at break of decrosslinked 2% XHDPE, due to a decrease of the gel fraction
and crosslink density with the amplitude. However, a slight decrease of the strain at break of
decrosslinked 2% XHDPE obtained at an amplitude of 10 pum, as seen in Figure 13c, is attributed
to an increase of the branched sol. The strain at break of decrosslinked 1% XHDPE is lower than
that of 1% XHDPE. This is due to the fact that a less preferential breakage of crosslinks occurs
during decrosslinking of 1% XHDPE. An increase of the amplitude insignificantly affects the
strain at break of decrosslinked 1% XHDPE. The latter is due to two competing effects on the
strain at break of decrosslinked 1% XHDPE. Specifically, a decrease of the gel fraction and
crosslink density leads to a higher mobility of chains increasing the strain at break of
decrosslinked 1% XHDPE. However, the branched structure of the sol of decrosslinked 1%
XHDPE generated during its decrosslinking decreases the strain at break. Thus, no significant
differences in the strain at break of decrosslinked 1% XHDPE obtained at different amplitudes
are observed. The strain at break of decrosslinked 4% XHDPE containing a sol of the low
molecular weight is lower than that of 4% XHDPE. The strain at break of decrosslinked 4%

XHDPE increases with the amplitude, as a result of a decrease of the gel fraction.

The stress at break of ductile PE is determined by the strain at break and the slope of
strain-stress curve at high strains. As shown in Figure 13d, the stress at break of XHDPE
decreases with the degree of crosslinking, as a result of a decrease of the strain at break with the
degree of crosslinking. The stress at break of HDPE is lower than that of 1% XHDPE but higher
than that of 2% XHDPE. This is due to a high strain at break and a low slope of the strain-stress
curve at high strains. The stress at break of decrosslinked 2% XHDPE, due to its higher strain at
break, is higher than that of 2% XHDPE. The stress at break of decrosslinked 2% XHDPE is
insignificantly affected by the amplitude, since an increase of the amplitude leads to an increase
of the strain at break and to a decrease of the slope of stress-strain curves at high strains. Due to

these two competing effects, the stress at break of decrosslinked 2% XHDPE is insignificantly
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affected by the ultrasonic amplitude. Similarly, the lower stress at break of decrosslinked 1%
XHDPE than that of 1% XHDPE is due to a similar consideration. It is seen in Figure 13d that
the stress at break of decrosslinked 4% XHDPE without the die is higher than that of 4%
XHDPE. This is because this sample breaks before reaching the necking plateau. The stress at
break of decrosslinked 4% XHDPE obtained with the die at an amplitude of 10 pum is lower than
that of 4% XHDPE. Due to the presence of the sol of a low molecular weight in decrosslinked
4% XHDPE with die at an amplitude of 10 um, its breakage occurs at necking plateau region
without exhibing a strain-hardening behavior. Since 4% XHDPE exhibits a strain-hardening
behavior, its stress at break is higher than that of decrosslinked 4% XHDPE obtained with die at

an amplitude of 10 um.

Conclusions

Extrusion of XHDPE of various degrees of crosslinking is performed by means of an
ultrasonic SSE without and with ultrasonic treatment. The barrel pressure and ultrasonic power
consumption are recorded during the extrusion. Swelling test, SAOS, thermal analysis and
tensile test are employed to determine the gel fraction, crosslink density, dynamic properties,
melting temperature, crystallinity and tensile properties of HDPE, XHDPE and decrosslinked
XHDPE.

The barrel pressure decreases and ultrasonic power consumption increases with the
amplitude. The barrel pressure increases with the degree of crosslinking of XHDPE. The
ultrasonic power consumption is insignificantly affected by the degree of crosslinking of

XHDPE and increases with the barrel pressure.

The mechanical shear during the extrusion of XHDPE leads to a substantial decrease of
the gel fraction and crosslink density of decrosslinked XHDPE. The ultrasonic treatment further
decreases the gel fraction and crosslink density of decrosslinked XHDPE. The analysis based on
the Horikx function indicates type of the preferential bond breakage which is significantly
affected by the degree of crosslinking of XHDPE. Also, it is found that a more intensive rupture
of the crosslink network occurs in XHDPE of higher degree of crosslinking. In particular, the
crosslink density of the decrosslinked 1%, 2% and 4% XHDPE obtained at an amplitude of 10
um is, respectively, reduced by 69%, 94% and 98% in comparison to that of XHDPE. This
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decrosslinking occurs without appreciable thermooxidative degradation as indicated by the FTIR

spectra.

The dynamic properties of XHDPE and decrosslinked XHDPE are not only affected by
the gel fraction and crosslink density but also by the molecular structure of the sol. The
activation energy of various sols of decrosslinked XHDPE indicates the type of preferential bond
breakage during decrosslinking of XHDPE of various degree of crosslinking. The melting
temperature, crystallinity and tensile properties of decrosslinked XHDPE is significantly affected
by the type of preferential bond breakage during decrosslinking of XHDPE. The tensile
properties of the decrosslinked 2% XHDPE are superior to those of the 2% XHDPE and to the

best of our knowledge, not reported in earlier studies.

It is interesting to point out that most studies on the type of preferential bond breakage
during decrosslinking of crosslinked polymers and devulcanization of rubbers are related to the
bond energy. Since the chemical bonds in the main chains and crosslinks in XHDPE are same,
the difference in the type of preferential bond breakage during decrosslinking of XHDPE of
different degree of crosslinking cannot be explained by the bond energy alone. Instead, the
preferential bond breakage seems to be a function of the structural characteristics of the crosslink
network. Considering the importance of the type of preferential bond breakage in decrosslinking
of crosslinked polymers and devulcanization of rubber vulcanizates, more efforts needed to be
directed toward further understanding of the relationship between the type of preferential bond

breakage and structure of the network.
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Figure Captions

Figure 1. Schematic of the ultrasonic single screw extruder (a) and the photograph of its screw

(b).

Figure 2. Barrel pressure before ultrasonic treatment zone (a) and ultrasonic power consumption
(b) as a function of the ultrasonic amplitude during the extrusion of XHDPE of various degree of
crosslinking at a flow rate of 7.5 g/min for SSE with (open symbols) and without (filled
symbols) the die.

Figure 3. Gel fraction (a) and crosslink density (b) of the decrosslinked XHDPE from SSE with
(open symbols) and without (filled symbols) the die as a function of the ultrasonic amplitude.
The gel fraction and crosslink density of the XHDPE are also indicated.

Figure 4. The normalized gel fraction versus the normalized crosslink density of the
decrosslinked 1% (a), 2% (b) and 4% (c) XHDPE. Dotted and dashed lines represent Horikx
function fits to Egs. (1) and (2), respectively.

Figure 5. Frequency dependence of the storage modulus of XHDPE and decrosslinked 1% (a),
2% (b) and 4% (c) XHDPE obtained from SSE with (open symbols) and without die (filled
symbols) without and with ultrasonic treatment at various amplitudes at a temperature of 160°C.

Figure 6. Frequency dependence of the loss modulus of XHDPE and decrosslinked 1% (a), 2%
(b) and 4% (c) XHDPE obtained from SSE with (open symbols) and without (filled symbols) die
without and with ultrasonic treatment at various amplitudes at a temperature of 160°C.

Figure 7. Frequency dependence of the complex viscosity of XHDPE and decrosslinked 1% (a),
2% (b) and 4% (c) XHDPE obtained from SSE with (open symbols) and without (filled symbols)
die without and with ultrasonic treatment at various amplitudes at a temperature of 160°C.

Figure 8. Frequency dependence of the loss tangent of XHDPE and decrosslinked 1% (a), 2% (b)
and 4% (c) XHDPE obtained from SSE with (open symbols) and without (filled symbols) the die
without and with ultrasonic treatment at various amplitudes at a temperature of 160°C.

Figure 9. Frequency dependence of the complex viscosity of the virgin HDPE (a), sol of 1%
XHDPE (b), sol of the decrosslinked 1% (c) and 2% (d) XHDPE from SSE with die, and sol of
decrosslinked 4% XHDPE from SSE without (e) and with (f) the die obtained at an amplitude of
10 um at temperatures of 140, 150 and 160°C. Dashed lines represent Cross model fits to Egs.
(4) and (5).

Figure 10. FTIR spectra of the 1%, 2% and 4% XHDPE (a) and decrosslinked 1%, 2% and 4%
XHDPE from SSE with die at an amplitude of 10 um (b).

Figure 11. Melting temperature (a) and crystallinity (b) of the decrosslinked XHDPE from SSE

with (open symbols) or without (filled symbols) die as a function of the ultrasonic amplitude.
Values for the virgin HDPE and XHDPE are also indicated.
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Figure 12. Stress-strain curves of the XHDPE, decrosslinked 1% and 2% XHDPE from SSE with
die and decrosslinked 4% XHDPE from SSE without die obtained at an amplitude of 10 um.

Figure 13. Young’s modulus (a), yield stress (b), strain at break (c), and stress at break (d) of the

decrosslinked XHDPE from SSE with (open symbols) and without (filled symbols) die as a
function of the ultrasonic amplitude. Values of the HDPE and XHDPE are also indicated.

Table captions

Table 1. Maximum and minimum value of decrease of the crosslink density of decrosslinked 1%,
2% and 4% XHDPE.

Table 2. Cross model parameters and activation energy for flow of HDPE and sols of
decrosslinked XHDPE
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Table 1. Maximum and minimum value of decrease of the crosslink density of decrosslinked 1%,

2% and 4% XHDPE.

Material Av_.,Kmole/m’ | Av,., Kmole/ m’
Decrosslinked 1 %XHDPE 1.02x 107 6.46x 107
Decrosslinked 2 %XHDPE 1.13x 10™ 1.06x 10™
Decrosslinked 4 %XHDPE 4.17x 10 4.05% 10

Table 2. Cross model parameters and activation energy for flow of HDPE and sols of

decrosslinked XHDPE
) Die ) x
Material attatched Amplitude, um | A, Pa*s | T}, K T, Pa n | E, kJ/mol
HDPE No No 0.3823 | 3259 [ 3.15x10° | 028 | 27.1
Sol of 1% XHDPE No No 0.0029 | 4864 | 6.60x10° | 0.56 40.4
Sol of decrosslinked 1 3
o, XHDPE Yes 10 0.5350 | 4652 | 3.61x10° | 0.42 38.7
Sol of decrosslinked 3
2% XHDPE Yes 10 0.0562 | 4128 | 3.71x10° | 0.51 34.3
Sol of decrosslinked 3
4% XHDPE No 10 0.0075 | 3764 | 6.43%x10° | 0.67 31.3
Sol of decrosslinked 3
4% XHDPE Yes 10 0.0038 | 4092 | 4.0x10° | 0.59 34.02
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Figure 1. Schematic of the ultrasonic single screw extruder (a) and the photograph of its screw (b).
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Figure 2. Barrel pressure before ultrasonic treatment zone (a) and ultrasonic power consumption (b) as a
function of the ultrasonic amplitude during the extrusion of XHDPE of various degree of crosslinking at a flow
rate of 7.5 g/min for SSE with (open symbols) and without (filled symbols) the die.
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Figure 3. Gel fraction (a) and crosslink density (b) of the decrosslinked XHDPE from SSE with (open
symbols) and without (filled symbols) the die as a function of the ultrasonic amplitude. The gel fraction and
crosslink density of the XHDPE are also indicated.
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Figure 7. Frequency dependence of the complex viscosity of XHDPE and decrosslinked 1% (a), 2% (b) and
4% (c) XHDPE obtained from SSE with (open symbols) and without (filled symbols) die without and with
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Figure 9. Frequency dependence of the complex viscosity of the virgin HDPE (a), sol of 1% XHDPE (b), sol
of the decrosslinked 1% (c¢) and 2% (d) XHDPE from SSE with die, and sol of decrosslinked 4% XHDPE from
SSE without (e) and with (f) the die obtained at an amplitude of 10 um at temperatures of 140, 150 and
1600C. Dashed lines represent Cross model fits to Egs. (4) and (5).
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Figure 11. Melting temperature (a) and crystallinity (b) of the decrosslinked XHDPE from SSE with (open
symbols) or without (filled symbols) die as a function of the ultrasonic amplitude. Values for the virgin HDPE
and XHDPE are also indicated.
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Figure 13. Young’s modulus (a), yield stress (b), strain at break (c), and stress at break (d) of the
decrosslinked XHDPE from SSE with (open symbols) and without (filled symbols) die as a function of the
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