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Synopsis

Low-density polyethylene was thermo-oxidatively degraded at 170 �C, i.e., degraded in the

presence of air, by a one thermal cycle (1C) treatment during times between 30 and 90 min, and by

a two thermal cycles (2C) treatment, i.e., after storage at room temperature, an already previously

degraded sample was further degraded during times between 15 and 45 min. Characterization

methods include gel permeation chromatography (GPC), Fourier transform infrared (FTIR)

spectroscopy, as well as linear and nonlinear rheology. A reduction of molar mass was detected for

all degraded samples by GPC, as well as an increase of the high molar mass fraction of the 1C

sample degraded for the longest time. Intrinsic viscosity measurements indicate also a reduction of

molar mass with increasing degradation times for both 1C and 2C samples. Thermo-oxidation is

confirmed for 1C and 2C samples by analyzing specific indices in FTIR. Linear viscoelasticity

seems to be in general only marginally affected by thermo-oxidative exposure, while the enhanced

strain-hardening effect observed in uniaxial extension experiments presents a clear evidence for an

increased long-chain branching (LCB) content in both 1C and 2C samples. Elongational viscosity

data were analyzed by the molecular stress function (MSF) model as well as the Wagner-I model,

and for both models, quantitative description of the experimental data for all samples was achieved

by fit of only one nonlinear model parameter. Time-deformation separability was confirmed for all

samples degraded, 1C as well as 2C, for cumulative degradation times of up to 90 min. The

characterization by GPC was confronted with the characterization obtained from nonlinear

rheology. It can be stated that elongational rheology is a powerful method to detect structural
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changes due to thermo-oxidative degradation, especially the formation of enhanced LCB. It has the

further advantage that experimental data can be quantified by a single nonlinear model parameter

of constitutive equations like the MSF or the Wagner-I model. VC 2013 The Society of Rheology.
[http://dx.doi.org/10.1122/1.4763567]

I. INTRODUCTION

The term “thermo-oxidative degradation” is usually associated with the undesired

change of properties of a material submitted to an external source of heat and in presence

of oxygen. Polyethylene is one of the important commodity polymers in the market, and

it is therefore not surprising that many efforts were focused on understanding the thermo-

oxidative degradation of polyethylene, since degradation is of crucial relevance for proc-

essing [Hinsken et al. (1991); Johnston and Morrison (1996); Epacher et al. (2000)], for

performance under service conditions [Gijsman (2008)], and for recycling [Hakkarainen

and Albertsson (2004); Roy et al. (2011)]. Chain scission and cross-linking [Arnett and

Stacy (1966); Meltzer and Supnik (1964)] as well as long-chain branching (LCB)

[Holmstr€om and S€orvik (1974)] have been identified as the main structural modifications

in polyethylene as a consequence of thermal degradation. Details on the chemical reac-

tions occurring during thermo-oxidative degradation can be found, e.g., in Holmstr€om

and S€orvik (1978), T€udos and Iring (1988), and Gugumus (2002).

Methods to quantify the change of properties of polyethylene due to thermal degrada-

tion include measurements of activation energies by thermogravimetry [Cho et al. (1998);

Peterson et al. (2001)] and comparison with results obtained by chemiluminescence

[Rychly et al. (2011)], measurements of elongation at break by mechanical tests in solid

state [Budrugeac and Segal (1998)], measurements of reaction and free activation enthal-

pies by pyrolysis [Koc et al. (2009)], and determination of chemical group variations by

spectroscopic methods like fluorescence [Konar and Ghosh (1990)] or Fourier transform

infrared (FTIR) data [Cho et al. (1998); Peterson et al. (2001)]. In fact, models have been

developed describing thermal degradation as obtained by FTIR spectroscopy [Gugumus

(1996b); Salvalaggio et al. (2006)]. In this context, differential scanning calorimetry

(DSC) has been applied to obtain the heat of fusion and the melting points [Holmstr€om and

S€orvik (1978); Volke-Sep�ulveda et al. (1999)], and gel permeation chromatography (GPC)

to identify the variations in structure and molecular weight distribution (MWD)

[Holmstr€om and S€orvik (1978); Iring et al. (1980); Kumar et al. (2002)].

Rheology is well known to detect with high sensitivity variations of the polymer structure

[Gahleitner (2001); M€unstedt (2011)], although as far as the influence of thermo-oxidative

degradation is concerned, the studies have been focused mainly on the linear-viscoelastic re-

gime both experimentally [Mariani et al. (2002); Shangguan et al. (2010)] and theoretically

[Drozdov (2007)]. In the context of the present contribution, low-density polyethylene

(LDPE) was treated thermally and thermo-oxidatively, and it was reported recently that

strain hardening in uniaxial elongation is the stronger, the longer the oxidative time is, which

was explained as the effect of an enhanced LCB content induced by thermo-oxidative degra-

dation [Rol�on-Garrido et al. (2011a)]. For samples thermally degraded in the absence of ox-

ygen, this effect was not so significant. The experimental data were analyzed in the

framework of the molecular stress function (MSF) model for polydisperse branched polymer

melts. To the best of our knowledge, there exists only one earlier report on enhanced strain

hardening due to formation of branched molecules by thermo-mechanical degradation [La

Mantia et al. (1989)], but this concerns high density polyethylene.

The MSF model is a single tube segment integral constitutive equation, with the main fea-

ture of including the stretch as a relative quantity inside the history integral. Considering the

interchain tube pressure effect in the evolution equation for the stretch, elongational rheology
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of monodisperse linear polymer melts could be modeled successfully [Rol�on-Garrido et al.
(2006)]. Further development of the MSF model showed that nonlinear viscoelastic experi-

ments in shear and elongation of linear mono and bidisperse polymer systems can be

described by a tube diameter relaxation time related to the Rouse stretch relaxation time. For

bidisperse polymers, the role of dynamic dilution was elucidated [Wagner and Rol�on-

Garrido (2010); Wagner (2011)]. Model branched structures have also been analyzed by the

MSF approach like H-polymers in uniaxial elongation [Wagner and Rol�on-Garrido (2008)]

and comb polymers in medium amplitude oscillatory shear flow [Wagner et al. (2011)].

In the case of polydisperse branched polymer melts, the original MSF model [Wagner

et al. (2001)] has the advantage that the nonlinear parameters have a specific physical

meaning associated with the structure of the polymer [Wagner et al. (2001); Wagner

et al. (2004); Rol�on-Garrido and Wagner (2007); Abbasi et al. (2012)]. This version of

the MSF model has been applied to describe quantitatively and simultaneously nonlinear

shear and elongational flows of LDPE with a minimum number of parameters [Rol�on-

Garrido et al. (2009)]. It has been also used in numerical simulations of planar contrac-

tion flow [Olley and Wagner (2006)], and in numerical simulations of polymer processes

like compression molding [Eriksson and Rasmussen (2005)], inflation of a flat plate [Ras-

mussen and Bach (2005); Rasmussen and Yu (2008)], and gas displacement of polymer

melts in a cylinder [Rasmussen and Eriksson (2007)].

The objective of this contribution is to present new and compelling experimental evi-

dence that thermo-oxidative treatment induces structural modifications in LDPE by

increasing the LCB content. Characterization methods include GPC, FTIR spectroscopy,

as well as rheometry. Elongational viscosity data are analyzed in the framework of the

MSF and Wagner-I models.

II. EXPERIMENTS

A. Sample preparation

LDPE Lupolen 1840D, previously characterized rheologically by Rasmussen et al.
(2005), Resch (2010), and Rol�on-Garrido et al. (2011b), was employed as test material.

The polymer is supplied as granules and was used as received. The LDPE granules were

homogenized first in a single screw extruder at 160 �C, and afterwards the polymer melts

were pressed to plates of roughly 200 mm in diameter and approximately 0.7 mm in

thickness in a hot press and immediately cooled down. The extrusion conditions were

carefully kept low enough to avoid degradation as far as possible. The sample thus

obtained is denoted in the following as reference (nondegraded) sample LDPE-T0.

Later, these samples were put in an oven at 170 �C under air reflux during exposure times

from 30 to 90 min with 15 min increments in between. In this way, the samples denoted in

the following as “thermo-oxidized in one thermal cycle” (1C) were prepared. The notation

of the samples is based on the treatment time. Thus, LDPE-O60 means that the sample was

oxidatively degraded during 60 min. For comparative purposes, sample preparation was

kept similar to the one applied earlier to LDPE 3020D [Rol�on-Garrido et al. (2011a)].

To determine the stability of the thermo-oxidative degradation, one sample LDPE

O45 was kept for 3 months at room temperature and at atmospheric conditions. After-

wards, the plate was cut into 4 pieces. One piece, denoted as LDPE O45þ0, was charac-

terized as it was, while the other pieces were further degraded for 15, 30, and 45 min,

respectively. The samples thus produced by two cycles of thermo-oxidative degradation

(2C) are denoted as LDPE O45þ15, LDPE O45þ30, and LDPE O45þ45.

A crucial issue needing consideration is the homogeneity of the degraded films. In poly-

ethylene at atmospheric pressure, degradation is dominated by oxidation [Colin et al.
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(2004)]. At elevated temperatures, the consumption rate of oxygen in nonstabilized poly-

ethylene is larger than the resupply of oxygen by diffusion, leading to diffusion-limited oxi-

dation effects [Gillen et al. (1995)] which may be described by first-order kinetics

[Audouin et al. (1994)]. On the other hand, the commercial polyethylene investigated here

contains antioxidant. Also, the characteristic diffusion time tD [Crank and Park (1968)],

tD ¼
d2

6D
; (1)

with the sample thickness d¼ 0.7 mm and the diffusion coefficient D ¼ 9 � 10�9 m2=s

of oxygen in polyethylene at 170 �C [van Krevelen and te Nijenhuis (2009)] turns out to

be tD ¼ 9s. Comparing this to oxidation times of 15 min and longer, we may conclude

that the films are homogeneously degraded.

B. Characterization methods

MWD was measured by a high-temperature gel permeation chromatograph (PL-GPC

220, Varian Inc.) equipped with a refractive index and a viscosity detectors. The meas-

urements were performed at 160 �C using 1,2,4-trichlorbenzene as solvent and 0.025 wt.

% of Santonox R as antioxidant to prevent further degradation during the measurement.

To verify reproducibility, two measurements were performed for each sample.

A Nicolet 380 (Thermo Electron Corporation) was employed to obtain FTIR spectra

in the range of 400–4000 cm�1 with 40 consecutive scans at a resolution of 0.96 cm�1.

The spectra were recorded in reflective mode of the sample plates used for the rheologi-

cal characterization. In evaluating the spectra, special attention was paid to the absorption

peaks at 1715 cm�1 associated with ketone carbonyl, 1640 cm�1 related to C-C double

bonds, and 1465 cm�1 related to methylene groups. The carbonyl index (k ¼ 1715=1465)

and the double bond index (k ¼ 1640=1465) are a measure of the concentration of car-

bonyl and double bonds, respectively [Albertsson et al. (1987)]. The advantage of the

normalization of the adsorption peaks with an invariant absorbance band of the polymer

is the compensation for differences in the thickness of the samples [Albertsson et al.
(1987)]. The carboxylic groups are related to the amount of oxygen consumed by the

polyethylene in the oxidation [Fodor et al. (1991)], therefore playing a crucial role in the

study of thermo-oxidative degradation of polyethylene [Iring et al. (1980); Gugumus

(1996a); Volke-Sep�ulveda et al. (1999)]. The changes in the double bond index have

been interpreted as a possible result of splitting of hydroperoxyde and formation of car-

boxylic acid [Albertsson et al. (1987)], and consequently was also used together with the

carbonyl index in the study of thermo-oxidized LDPE [Volke-Sep�ulveda et al. (1999)].

Other bands analyzed are those used to evaluate crystallinity (peaks at 720, 730, 1474,

and 1464 cm�1), and attention was also paid to those related to chain branching (bands

between 909 and 1653 cm�1) [Pages et al. (1996); Carrasco et al. (2001)]. It should be

mentioned that the spectra measured by FTIR were taken from the side of the film, which

was not in contact with oxidative atmosphere, indicating that the structural modification

has occurred throughout the whole sample.

Additionally, DSC and mechanical tests in solid state were performed without any sig-

nificant differences in the quantities measured between degraded and reference samples.

Therefore, these results are not presented here.

Rheological measurements were carried out by use of a Physica MCR301 rheometer

equipped with a CTD450 convection oven (Anton Paar). In oscillatory shear flow, plate-

plate geometry with a diameter of 25 mm and a gap of roughly 0.75 mm was used to
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characterize the reference sample under nitrogen atmosphere to avoid degradation. From

frequency sweep test performed to LDPE-T0 in the linear-viscoelastic region at 170 �C, a

discrete relaxation spectrum was calculated using the IRIS software.1 Partial relaxation

moduli gi and relaxation times ki as well as the zero-shear viscosity g0 are presented in

Table I. The experimentally obtained storage G0 and loss G00 moduli as well as the fit by

the relaxation spectrum are presented in Fig. 1. Due to the lack of thermal stability of the

degraded samples, oscillatory shear measurements could not be performed. However, it

was observed earlier that the linear-viscoelastic regime is not strongly affected by thermo-

oxidative treatment [Rol�on-Garrido et al. (2011a)], and therefore the discrete relaxation

spectrum of the reference sample was also used to model the nonlinear rheology of the

degraded specimens. Only in the case of LDPE O90 we found that this method was not

applicable since the zero-elongation-rate viscosity l0ðtÞ is indeed strongly affected by

degradation. Thus, in this case, the relaxation spectrum was determined from the linear-

viscoelastic start-up curve by use of a Levenberg–Marquardt technique.

To measure the elongational viscosity, a Sentmanat Extensional Rheometer (model SER2-

P universal testing platform from Xpansion Instruments) was used, which is a dual windup

extensional rheometer operating at constant elongation rate and tailored to the MCR301 rhe-

ometer [Sentmanat (2004)]. The protocol to correct the effects of thermal expansion and of

prestretch for minimal sagging is described elsewhere [Rol�on-Garrido et al. (2011a)].

III. THEORY

Attention is restricted here to constitutive equations, which obey the principle of time-

deformation separability (K-BKZ separable), e.g., constitutive equations of the form

rðtÞ ¼
ðt

�1
m
� ðt� t0ÞSmðt; t0Þdt0; (2)

TABLE I. Relaxation spectrum of LDPE-T0 obtained from the measurement at 170 �C and for LDPE-O90

obtained through the Levenberg–Marquardt technique based on the experimental data of the start-up of elonga-

tional flow.

LDPE-T0 LDPE-O90

g0 ¼ 2:133� 105Pa � s g0 ¼ 2:006� 106Pa � s

gi(Pa) ki(s) gi(Pa) ki(s)

1.819� 105 7.922� 10�4 5.614 � 104 4.295� 10�2

6.192� 104 5.241� 10�3 1.942� 103 1.977� 100

3.968� 104 2.446� 10�2 1.805� 104 0.698� 100

2.437� 104 1.132� 10�1 6.451� 103 2.821� 102

1.438� 104 5.190� 10�1 2.328� 103 1.383� 101

7.518� 103 2.455� 100 1.564� 103 8.457� 101

3.665� 103 1.170� 101 8.682� 102 1.106� 100

1.347� 103 1.041� 102 1.127� 103 1.668� 101

1Winter, H. H., and M. Mours, IRIS Developments, http://rheology.tripod.com/ (2003).
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where rðtÞ is the extra stress tensor, and m
� ðt� t0Þ is the linear-viscoelastic memory func-

tion related to the linear relaxation modulus G
�
ðt� t0Þ, which will be represented in the

following by a sum of the discrete relaxation modes:

m
�

t� t0ð Þ ¼ dG
�
ðt� t0Þ
dt0

¼
XN

i¼1

gi

ki

� �
e
�ðt�t0 Þ

ki : (3)

Smðt; t0Þ is a general strain measure and might be considered as the deformation mea-

sure of the material [Rol�on-Garrido and Wagner (2009)]. The Wagner-I model is

obtained for [Wagner (1976)]

Smðt; t0Þ ¼ hðI1; I2ÞCt
�1ðt0Þ: (4)

The Finger tensor Ct
�1ðt0Þ takes into account affine deformations of material lines. The

damping function hðI1; I2Þ, which depends on the first and second invariants I1 and I2 of

the Finger tensor, takes into account the loss of connectivity in the structure of the tempo-

rary polymer network due to deformation [Wagner (1976)]. For a review on the concept

of damping functions in rheology, see Rol�on-Garrido and Wagner (2009). In uniaxial

extension and based on experimental data of a LDPE melt, the damping function can be

expressed as [Wagner (1978)]

huðeÞ ¼ ½a expð2eÞ þ ð1� aÞexpðmeÞ��1; (5)

where a and m are free model parameters.

The MSF model can be recovered from Eq. (2) by

Smðt; t0Þ ¼ f 2 SIA
DEðt; t0Þ: (6)

SIA
DEðt; t0Þ is the strain measure representing the affine rotation of tube segments

and corresponds to the so-called “independent alignment (IA)” assumption in the

FIG. 1. Linear-viscoelastic data of LDPE T0 at 170 �C. Continuous lines indicate the fit by use of discrete relax-

ation spectrum of Table I.
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Doi–Edwards model [Doi and Edwards (1978)]. The square of the relative tension in the

chain segments, f 2, is related to the strain energy stored in the polymeric system and is

therefore strongly dependent on the molecular structure of the polymer. It is determined as

solution of an evolution equation derived from an energy balance argument [Wagner et al.
(2001)]. By considering the change of free energy for polydisperse randomly branched

polymer melts, the evolution equation for f 2 was found to be in uniaxial extension [Wagner

et al. (2003)]:

@f 2

@t
¼ e
� bf 2

1þ b�1
f 4

S11 � S33 �
f 2 � 1

f 2
max � 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S11 þ

1

2
S33

r !
: (7)

e
�

is the elongation rate in the direction of the 1-coordinate, and S11 and S33 are the corre-

sponding components of the orientation tensor S ¼ 1=5SIA
DE in the directions parallel and

perpendicular to the stretch, respectively. For extensional deformations, the MSF model

contains only two parameters, b and fmax. The nonlinear parameter b is directly related to

the molecular structure of the polymer and represents the ratio of the molar mass of the

(branched) polymer chain to the molar mass of the backbone alone. It therefore takes the

value of 1 for linear polymers [Wagner et al. (2003)]. According to the model, the side

chains are compressed due to deformation [Wagner et al. (2003); Wagner et al. (2004)].

This hypothesis influences the prefactor of Eq. (7). However, no significant difference

was found by assuming that the side chains are rather oriented, but not stretched, due to

the flow [Rol�on-Garrido and Wagner (2007)]. In the Gaussian approximation considered

here, fmax represents the maximum reduction in the tube diameter corresponding to the

maximum stretch of chain segments, and equivalently f 2
max represents the maximum strain

energy which can be stored in the polymeric system in nonlinear deformation. For more

details about the derivation of the MSF model for polydisperse branched random polymer

melts, see Wagner et al. (2001, 2003, 2004)

IV. RESULTS

A. Gel permeation chromatography

In Fig. 2, the changes in the MWD are illustrated for both 1C and 2C degraded sam-

ples. For 1C samples [Fig. 2(a)], an increase in the degradation time leads to a shift of the

MWD toward lower molecular weights as a result of chain scission, with the exception of

LDPE O60 and LDPE O75, where the MWDs seem to overlap. For LDPE O90, not only

the strongest increase in the low molecular weight population is observed, indicating the

intensity of the chain scission effect, but also a significant increase of the high molecular

weight tail.

In the case of 2C samples [Fig. 2(b)], the MWDs of LDPE O45þ15 and LDPE

O45þ30 almost overlap with LDPE O45þ0, as if almost no further structural modifica-

tion occurs during the second cycle. However, a clear reduction in molar mass is

observed in the case of LDPE O45þ45. In contrast to the 1C samples, all 2C samples

show the same high molecular weight tail, which also agrees with the high molecular

weight tail of LDPE-T0 measured after storage of 3 months.

The contrast between the 1C and the 2C samples is presented in Fig. 2(c). The overlap

of LDPE T0 and LDPE T0 measured after storage of 3 months is expected, the small

deviation observed may be considered as being within experimental uncertainty. In the

case of the LDPE O45 and LDPE O45þ0, a small but significant difference in the MWD
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FIG. 2. Change in MWD for thermo-oxidative degraded samples in (a) one thermal cycle and (b) two thermal

cycles. (c) Contrast between one and two cycle degraded samples.
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is observed, which indicates that the polymer after the first degradation (LDPE O45) con-

tains already enough free radicals, which continue reacting at room temperature during

the next 3 months (LDPE O45þ0). The contrast in the MWDs of LDPE O90 and LDPE

O45þ45, both of which were degraded for 90 min in total, leads to the conclusion that

thermo-oxidation is not an additive process.

The molecular characteristics Mw and Mw/Mn as well as the intrinsic viscosity (iV)

obtained from the chromatographic experiments are summarized in Fig. 3. In the case of

1C samples, Mw and Mw/Mn decrease as the degradation time increases up to a degrada-

tion time of 75 min, but for LDPE O90 a drastic increase is observed. For 2C samples,

the tendencies are not as clear as for the 1C samples. The iV indicates also a reduction of

molar mass with increasing degradation time. The higher iV of LDPE O45þ45 in con-

trast to LDPE O90 is in agreement with the lack of a clear tendency as observed in

Figs. 3(a) and 3(b).

B. FTIR Spectroscopy

The FTIR spectra obtained for both groups of samples are presented in Fig. 4. For 1C

samples [Fig. 4(a)], there are regions where marked differences are noticed as the degra-

dation time is increased. This effect is exemplified for the 1720–800 cm�1 region in

Fig. 4(b), which has been amplified since here it is where structural differences due to

branching can be observed [Pages et al. (1996); Carrasco et al. (2001)]. It is worth men-

tioning that although FTIR allows detecting the formation of branches, it does not permit

to establish if the branches created are long or not. Differences can also be observed

around 3400 cm�1, the region of absorption bands of hydroperoxides, which together

with carbonyl groups are the typical oxidation products from thermo-oxidative degrada-

tion of polyethylene [Gugumus (1996a)]. This effect is stronger for the 1C samples

[Fig. 4(a)] than for the 2C ones [Fig. 4(c)]. In fact, the spectra of the 2C samples show

almost no difference at first glance but a closer look at the region from 1720 to 800 cm�1

[Fig. 4(d)] demonstrates that as in the case of the 1C samples, the absorption is enhanced

at longer the degradation times.

Figure 5 presents the data of carbonyl index and the double bond index, as described in

Sec. II B. Both indices are of the same order of magnitude and increase for both groups of

samples. Although this tendency is less clear for the 1C samples, when comparing the ratios

of the absorption bands measured for LDPE O90 to LDPE T0, and of LDPE O45þ45 to

LDPE O45, we notice that the double bond index does not change as dramatic as the car-

bonyl index, which changes more than 2.5 times more for the 1C than the 2C samples. This

confirms the effectiveness of thermo-oxidative treatment for both groups of samples.

To discuss the differences observed between the 1C and the 2C samples in more

detail, it should be stressed that the thermo-oxidative degradation is an autocatalytic free

radical reaction [Schnabel (1981); Gugumus (1996a)], where the term autocatalytic

should be understood as a reaction that starts slowly and accelerates with increasing con-

centration of the resulting peroxides [Kriston (2010)]. This may explain why it takes

45 min before an increase in the carbonyl index is observed in the 1C samples, and why

the magnitude of increment, when comparing the increase from LDPE T0 to LDPE O45

is close to the increase seen between LDPE O45þ0 and LDPE O45þ45. In other words,

the magnitude of the carbonyl index in LDPE O90 is higher than in LDPE O45þ45,

because while in LDPE O90 the autocatalytic effect is active, in the case of the LDPE

O45þ45 sample the autocatalytic reaction has not yet started effectively.

The bands related to chain branching present the same tendencies as in Fig. 5 with the

growth being less marked for the 2C samples than for 1C group. The bands associated
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FIG. 3. Change in (a) weight average molecular weight, (b) polydispersity, and (c) intrinsic viscosity as a func-

tion of the total degradation time for the samples thermo-oxidativelly treated in one (closed symbols) and two

(open symbols) thermal cycles. The results are presented as a function of the cumulative thermo-oxidative deg-

radation time.
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with vinyl groups (909 and 990 cm�1) and secondary alkyl group (1177 cm�1) were more

affected than the tertiary alkyl group (1368 cm�1) or methyl group (1375 cm�1). The

strongest increment was observed in the isolated hydroperoxides (3550 cm�1) and associ-

ated hydroperoxides (3410 cm�1), which are crucial in causing chain branching degener-

ation [Fodor et al. (1991)]. Furthermore, the autocatalytic effect has been shown before

for the 909 and 3410 cm�1 bands in LDPE [Broska and Rychl�y (2001)] and for 3550 and

3410 cm�1 in high density and linear low-density poleythylenes [Corrales et al. (2002)].

It has been also reported that alkyl radical can add to vinyl groups leading to branched

FIG. 4. Differences in the IR absorption spectrum for the treated samples in (a) one thermal cycle and (b) the

region influenced by branching; and (c) two thermal cycles and (d) the region influenced by branching.
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and later to cross-linked molecules [Hinsken et al. (1991)]. Cross-linking is discarded

here based on the linear-viscoelastic information.

Nevertheless, we do not compare the absolute values of every index and specific bands

between the both groups, because the specific content of the short and long-chain

branches is not known, and it is not known how this content is changed by a second deg-

radation cycle.

Furthermore, the absorption bands associated with crystallinity, i.e., at 720, 730, 1474,

and 1464 cm�1, or the ratio of the bands 730/720 [Pages et al. (1996); Carrasco et al.
(2001)] do not show any clear tendency and therefore they are not presented here. This is

FIG. 4. (Continued).
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in agreement with the similarity of the DSC results of degraded and reference samples as

already mentioned in Sec. II B.

C. Characterization by elongational rheology

Elongational viscosities of the thermo-oxidatively degraded samples are presented in

Figs. 6 and 7 for 1C and 2C samples, respectively. At each elongation rate, generally at

least three measurements are reported, and excellent agreement is seen demonstrating the

FIG. 5. Carbonyl (squares) and double bond (circles) indices for samples with (a) one and (b) two thermal

cycles. The results are presented as a function of the cumulative thermo-oxidative degradation time.
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FIG. 6. Comparison between experimentally determined transient uniaxial elongational viscosity data of

thermo-oxidatively degraded samples and predictions of MSF (continuous lines) and Wagner-I (dashed lines)

models for the group treated in one thermal cycle at 170 �C. (a) LDPE T0, (b) LDPE O30, (c) LDPE O45, (d)

LDPE O60, (e) LDPE O75, and (f) LDPE O90. The linear-viscoelastic start up is respresented by the l0ðtÞ
lines.
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FIG. 6. (Continued).
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FIG. 7. Comparison between experimentally determined transient uniaxial elongational viscosity data of

thermo-oxidatively degraded samples and predictions of MSF (continuous lines) and Wagner-I (dashed lines)

models for the group treated in two thermal cycles at 170 �C. (a) LDPE O45þ0, (b) LDPE O45þ15, (c) LDPE

O45þ30, (d) LDPE O45þ45. The linear-viscoelastic start up is respresented by the l0ðtÞ lines.
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reproducibility achieved with the SER-2 platform. Good agreement is observed between

the experimental data of the start-up of elongational flow and the zero-rate elongational

viscosity l0ðtÞ, calculated from the viscoelastic spectral data of the reference sample,

except for sample LDPE O90. This is in accordance with the results obtained previously

with another LDPE grade, where we demonstrated that the thermo-oxidative process

affects mainly the nonlinear rheological response while the linear-viscoelastic regime

remains almost unaffected [Rol�on-Garrido et al. (2011a)]. For LDPE O90, we noticed

that the experimental start-up viscosity differs indeed significantly from the other sam-

ples. However, the zero-rate elongational viscosity l0ðtÞ of LDPE O90 can be modeled

with a relaxation spectrum obtained by using a Levenberg–Marquardt routine (see

Sec. II B and Table I).

Considering the results in the nonlinear regime, the modeling was carried out in such

a way that first the nonlinear parameters of the MSF model were fitted to the experimen-

tal data, and then the free parameters of the Wagner-I model were chosen to overlap, as

much as possible, the MSF predictions. Since the LDPE analyzed here is produced by tu-

bular reactor technology [Resch (2010)], a value of b ¼ 2:0 was found for LDPE T0 in

accordance with previous MSF model results [Wagner et al. (2003)]. Indeed also for all

degraded samples the parameter b turned out to be equal to 2, which can be interpreted as

an indication that chain scission and LCB formation occur in such a way that more but

shorter long-chain branches are obtained or, in other words, that the mass of the

entangled branches remains on average equal to the mass of the effective backbone, and

consequently the type of random branching structure remains unchanged by thermal deg-

radation [Rol�on-Garrido et al. (2011a)]. The MSF model parameter b determines the

slope of the time-dependent elongational viscosity after the beginning of strain hardening

[Wagner et al. (2003)]. In the Wagner-I model, this role is played by the parameter m:

The smaller or larger the value of m is, the stronger or weaker is the strain hardening pre-

dicted. A value of m ¼ 0:038 was found to be optimal for all samples. Therefore for each

model, only one nonlinear parameter remains to describe the differences in the strain-

hardening potential seen for the different samples, f 2
max (MSF model) and a (Wagner-I

model). The nonlinear parameters used for the simulations presented in Figs. 6 and 7 are

summarized in Table II.

FIG. 7. (Continued).
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The f 2
max parameters observed would correspond to a maximum stretch of 4.89 for

LDPE T0, of 22.36 for LDPE O90, and of 20 for LDPE O45þ45 based on Gaussian

chain statistics. A similar trend was observed for thermo-oxidatively degraded samples

reported earlier [Rol�on-Garrido et al. (2011a)].

In general, the agreement of experimental data and model predictions is excellent. The

discrepancy noticed at the lowest elongational rate in the case of LDPE O45þ45 [Fig.

7(d)] may be an indication that the use of the relaxation spectrum of LDPE T0 to describe

the linear-viscoelasticity of the thermo-oxidativly degraded samples has its limitations in

this case. In fact, the deviation has its origin in the lack of longer relaxation times than

the one included in the spectrum of LDPE T0, due to a higher LCB content of LDPE

O45þ45 in contrast to LDPE T0.

As seen from Figs. 6 and 7, there is no doubt that thermo-oxidative degradation modi-

fies the molecular structure in a stronger way, the higher the exposure time is. As far as

the modelling is concerned, it can be stated that both models are capable of describing

quantitatively the experimental results. While f 2
max increases the stronger the strain hard-

ening is, the nonlinear parameter a decreases. f 2
max and a are presented as a function of

the cumulative thermal oxidation time in Fig. 8.

Figure 8(a) also includes ealier results of the effect of thermo-oxidative degradation of

LDPE 3020D in 1C [Rol�on-Garrido et al. (2011a)]. Since both LDPE grades are pro-

duced by the same tubular technology, it is expected that both samples possess a similar

comb-type branched structure. Nevertheless, the density values given by the producer of

919 kg=m3 for LDPE 1840D and 926 kg=m3 for LDPE 3020D indicate a higher LCB con-

tent in LDPE 1840D than in LDPE 3020D. Therefore, LDPE 1840D shows a higher

strain-hardening potential, reflected by higher values of f 2
max already in the reference sam-

ple LDPE 1840D, than that of LDPE 3020D. We also notice a difference in the change of

f 2
max with increasing degradation time: While an extreme increase in f 2

max is observed for

LDPE O90 based on LDPE 1840D, a decrease was found for LDPE 3020D after a degra-

dation time of 90 min, when the effect of chain scission overcomes the creation of addi-

tional LCB. This difference may have its origin in the fact that LDPE 1840D contains

more branch points than LDPE 3020D, and branch points of polyethylene are considered

as one of the weak link structures, from which thermally induced chain scission and radi-

cal formation can start [Peterson et al. (2001)]. Therefore under the condition of thermo-

oxidative degradation, LDPE 1840D is more reactive than LDPE 3020D, and LCB for-

mation dominates chain scission. The strong strain hardening observed for LDPE O90 is

also in agreement with the increase in the content of high molecular weight species as

measured by GPC, since it has been reported that high molar mass components can influ-

ence strongly the elongational viscosity [M€unstedt (1980)].

TABLE II. Nonlinear parameters used for the simulations performed.

Group sample

One thermal cycle

Group sample

Two thermal cycles

f 2
max

b ¼ 2:0

a
m ¼ 0:038

f 2
max

b ¼ 2:0

a
m ¼ 0:038

LDPE T0 24 0.0076

LDPE 030 32 0.0059

LDPE 045 45 0.0042 LDPE 045þ0 77 0.0024

LDPE 060 51 0.0037 LDPE 045þ15 110 0.0017

LDPE 075 110 0.0017 LDPE 045þ30 180 0.0010

LDPE 090 500 3.8� 10�4 LDPE 045þ45 400 4.5� 10�4
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FIG. 8. Nonlinear parameter of the (a) MSF model including the result obtained for LDPE 3020D in Rol�on-

Garrido et al. (2011a) and (b) Wagner-I constitutive equation as a function of the cumulative thermo-oxidative

degradation time.
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Figure 8(a) also presents the f 2
max values obtained for the 2C samples. It is worth

remembering that the second thermal treatment was done after 3 months of the first ther-

mal cycle. The first point to stress is the considerable higher value of f 2
max of LDPE

O45þ0 than that of LDPE O45. Taking into account the reproducibitly obtained with the

FIG. 9. Nonlinear parameter of the (a) MSF model and (b) Wagner-I constitutive equation as a function of the

measured intrinsic viscosity.
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SER-2, this difference can be considered to be outside experimental uncertainties. The

increase in strain-hardening potential may be due to active radicals produced during

the first thermal cycle, which caused further structural modifications during the 3 months

of storage of the sample at room temperature conditions. LDPE O45þ15 features the

same f 2
max value as LDPE O75, while more than a 50% difference in f 2

max is observed

between LDPE O75 and the 2C sample with the same cumulative degradation time,

LDPE O45þ30. However, the level of f 2
max for LDPE O45þ45 is lower than for LDPE

O90, which is in agreement with the carbonyl index as determined by FTIR. This shows

that thermal-oxidative degradation is not a linearly additive process if it is performed in

two steps, and that the kinetics of chain scission and LCB formation initiated by thermo-

oxidative treatment is complex, as also confirmed by the GPC results [see Fig. 2(c)].

Futhermore, the bands associated with chain branching measured by FTIR also agree

with a smaller value of f 2
max for LDPE O45þ45 than for LDPE O90. It is worth mention-

ing that the rate of oxygen absorption and the rate of formation of chemical reaction

products increase overproportionally with exposure time due to the expected autocata-

lytic effect [de Bruijn (1996)]. A long induction time for a drastic increase of f 2
max is

observed in Fig. 8(a) for the 1C samples probably due to the presence of antioxidants in

the commercial LDPE investigated here. Although the rate of change is more pronounced

for the 2C samples, probably a second oxidation cycle of only 45 min is not long enough

in LDPE O45þ45 for producing the same structural changes as in LDPE O90, due to the

induction time required to start the reaction in agreement with the discussion of the FTIR

results. This is also in agreement with the fact that the linear-viscoelastic properties of

LDPE O45þ45 are similar to the reference sample, but not to those of LDPE O90. The

model parameter a of the Wagner-I model shows a more or less linear decrease with

increasing degradation time for both 1C and 2C samples [Fig. 8(b)].

Since the nonlinear parameters f 2
max and a are directly related to the structure of the

sample, their magnitude can be compared with other characteristic quantities also related

to the structure and measured by other techniques such as GPC (Fig. 9). We find clear

correlations between the iV and the model paramters f 2
max [Fig. 9(a)] and a [Fig. 9(b)],

with a decreasing iV being correlated to an increasing strain-hardening potential. This

correlation has been observed before by considering the coil contraction factor and its

effect on iV in the case of model comb polystyrene samples [Rol�on-Garrido and Wagner

(2007)].

Since FTIR does not allow distinguishing between long and short chain branches, no

comparison is performed between f 2
max and specific bands.

V. CONCLUSIONS

LDPE 1840D was thermo-oxidatively degraded at 170 �C in the presence of air in so-

called 1C experiments for times between 30 and 90 min, and also during 2C experiments,

i.e., an already previously for 45 min degraded sample plate was further degraded after 3

months of storage at room temperature and pressure during times between 15 and 45 min.

Samples were then characterized by GPC, FTIR spectroscopy, and rheology. The elonga-

tional viscosities measured were analyzed in the framework of the MSF and the Wagner-

I models. Thermo-oxidative treatment leads first to continuous reduction of molar mass

Mw as determined by GPC, followed by an increase at the longest degradation time. iV

measurements indicate also a reduction of molar mass with increasing degradation times

for both 1C and 2C samples. Thermo-oxidative treatment is associated with an increase

of the carboxyl and double bond indices as determined from FTIR measurements, and
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the additional formation of branches as indicated by the absorption enhancement at lon-

ger the degradation times in the region between 909 and 1653 cm�1 for 1C and 2C sam-

ples. Uniaxial extension experiments show a strong increase in the strain-hardening

potential for both 1C and 2C samples, which is indicative of a strong increase in LCB

content. Linear viscoelasticity seems to be hardly affected by the thermo-oxidative expo-

sure, with the exception of the longest degradation time for the 1C sample. The nonlinear

parameter b of the MSF model was found to be b ¼ 2 for all samples, indicating that the

general type of the random branching structure remains the same under all degradation

conditions. Equally, the nonlinear parameter m of the Wagner-I model was constant for

all samples. Therefore, only one nonlinear parameter per model was necessary to

describe the elongational viscosity data quantitatively. While the f 2
max parameter of the

MSF model increases overproportionally for both 1C and 2C samples with increasing

degradation times, the parameter a of the Wagner-I model decreases linearly. By compar-

ing the results for 1C and 2C samples, we notice that the thermo-oxidative degradation is

not a linearly additive process. This may be due to the autocatalytic character of the reac-

tion which is confirmed by both FTIR and elongational rheology. An induction time

seems to be necessary to start the degradation process.

Considering the different experimental techniques applied, GPC confirms chain scis-

sion and a change of the MWD which is not proportional to the time of thermo-oxidative

degradation. FTIR results point to the autocatalytic character of the thermo-oxidative pro-

cess, explaining the differences in LCB content as observed by the rheology results and

quantified by the parameters f 2
max and a of the MSF and Wagner-I model, respectively.

Additionally, FTIR results confirm that the thermo-oxidation occurs through the whole

sample and not only on the surface in contact to air.

Therefore, although all techniques applied indicate that modifications occur in the

samples, it can be concluded that elongational rheology is a very sensitive and powerful

method to detect structural changes due to thermo-oxidative degradation, especially the

formation of enhanced LCB. It has the further advantage that experimental data can be

quantified by one nonlinear model parameter of constitutive equations like the MSF or

the Wagner-I model.
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