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Abstract 

Effect of electron beam (EB) irradiation is analyzed in low and high density 

polyethylenes (LDPE and HDPE, respectively) at different doses. Parameters as 

important as degree of crystallinity, melting or crystallization temperatures are 

dependent on the initial PE molecular architecture, which also controls the gel content 

developed by action of EB irradiation and the EB dose applied. Thus, this gel amount, 

ascribed to formation of chain crosslinkings, is raised as irradiation dose increases, 

being larger in the HDPE than in the LDPE. In both, a plateau value is reached at the 

highest doses. The molecular changes that take place in both PEs during EB irradiation 

lead to a hindrance in their crystallization capacity, once macrochains are molten, and, 

accordingly, to a reduction in crystallinity and to formation of thinner crystallites. 

Variation with temperature of rigid and soft fractions together with their respective 

relaxation times is followed in the irradiated LDPE and HDPE specimens by pulse 

mixed magic-sandwich echo nuclear magnetic resonance (MSE-NMR) measurements. 

The network structure promoted in these PEs is evaluated by using the multiple-

quantum nuclear magnetic resonance (MQ-NMR) approach, showing important 

differences caused by EB irradiation due to their intrinsic molecular characteristics. 

Keywords: LDPE and HDPE, crystallinity, Low field NMR, rigid and soft phases, 

crosslink density, network structure. 
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Introduction 

Polyethylene (PE) is a thermoplastic polymer that consists of long-range chains 

of hydrocarbons. Nowadays, PE plays a key position in the manufacture of plastics for 

uses in agriculture, packaging and medical devices1, among other application fields. 

There are three main types of PE: high density (HDPE), low density (LDPE) and linear 

low density (LLDPE). Each class shows different characteristics. Hence, HDPE 

provides barrier properties, chemical resistance and stiffness while LDPE offers an 

excellent impact response and resistance to stress cracking2. The use of PE is, however, 

restricted in certain applications because of its low melting temperature, its solubility or 

swelling in hydrocarbons and its trend to crack when subjected to stresses. Different 

processes have been employed to optimize and maximize its final performance. A 

significant work on crosslinking of PE was done in the late 1950s, finding that PE 

properties could be enhanced by means of chemical crosslinking through irradiation3. 

Irradiated crosslinked PE was the starting point for many jacketing compounds in cables 

and wires as well as for tubing and heat-shrinkable films. Crosslinked PE shows an 

enlarged dimensional stability during its exposure to heat due to the formation of a 

three-dimensional network. This network also provides a higher resistance towards 

stress cracking and chemicals leading to a more durable material2,4. 

Electron beam (EB) irradiation by means of accelerated electrons is currently the 

most used approach. Upon irradiation, some chemical changes are boosted in the PE4,5, 

all of them including formation of free radicals: recombination and chain branching, 

scission of bonds, crosslinking of chains and different oxidation reactions (in presence 

of air). The dose applied, the environment surrounding during radiation, the post-

irradiation treatment, the initial molecular weight and other molecular characteristics 

have been described to affect the extent of these mechanisms6–10, since all of these 

numerous and simultaneous irradiation-induced defects compete between them. 

Nevertheless, PE primarily undergoes crosslinking in the amorphous regions or at the 

boundaries of crystallites2,4 at intermediate and high doses. Thus, EB irradiation 

provides an easy protocol to induce this crosslinking in PEs through a manufacturing 

process that implies short times and it is performed at room temperature and under 

normal pressure. 

A thorough knowledge of these changes in the PE structure requires a 

quantitative characterization of phases composition and of molecular mobility11. In this 

sense, solid-state NMR is a powerful tool to study polymer networks12–20. On one hand, 
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multiple-quantum nuclear magnetic resonance (MQ-NMR) method allows the direct 

access to residual dipolar coupling constants that persist because of the existence of 

cross-links and other topological constrains15,16,19–21. This experimental procedure is, 

therefore, an effective means for quantifying the microstructure17 in addition to evaluate 

the dynamics of polymeric chain11, providing a complete picture of the network 

structure. On the other hand, pulsed mixed magic-sandwich echo (MSE) method offers 

a near-quantitative refocusing of the rigid contribution to the initial part of the free 

induction decay (FID)15,19,22, which supplies an essentially quantitative determination of 

phases composition of these complex polymer structures.  

The aim of this work is, therefore, to study the effect that EB irradiation 

provokes in the structure and phases composition of two rather different polyethylenes: 

a low density LDPE and a high density HDPE. Accordingly, different doses of ionizing 

EB irradiation were applied on PE films at room temperature. Then, gel content, which 

is mainly related to formation of chain crosslinkings, and location of the thermal 

transitions were determined for these PEs. Furthermore, a comprehensive analysis of the 

network structure was performed by low-field NMR. An isotactic polypropylene, iPP, 

was also analyzed for a better understanding of some of the results. 

Experimental part 

Materials 

Two types of polyethylene (PE), both supplied by Repsol, have been analyzed: a 

low density grade, named as LDPE, with a density of 0.9280 g/cm3; and, a high-density 

one, referred as HDPE with a density2 of 0.9499 g/cm3. 

A commercially available metallocene isotactic polypropylene, labeled as iPP, 

with trade name of Purell HM671T, kindly supplied by Basell, has been also used in the 

present research6. Its density was 0.90 g/cm3. 

Preparation of films 

Multilayer LDPE films, with five layers of identical PE composition, were 

obtained by extrusion-blowing in a machine Extrusion Lab GAA 5 layers. 

Compression molded HDPE and iPP films were prepared in a Collin press 

between hot plates at 170º and 190 ºC, respectively, at a pressure of 1.5 MPa for 4 min. 

A fast cooling from the melt was applied between plates of the press refrigerated with 

cold water, at an approximate rate of 80 ºC/min. Thickness for all of these films is 

around 100 μm. 
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Irradiation of specimens 

EB irradiation was carried out at IONMED (an industrial installation) in 

atmospheric air at ambient temperature using a 10 MeV Rhodotron accelerator. All 

polymeric films were irradiated using a current of 5 mA. Several passes under these 

conditions were required for changing irradiation doses, which are reported in Table 1 

for the different polymers. 

Table 1.EB irradiation doses used in the different polymers analyzed. 

Polymer EB irradiation doses (kGy) 

LDPE 27, 83, 109, 137, 193, 221 

HDPE 33, 67, 133, 233 

iPP 34, 67, 134, 235 

 

The different specimens were labeled as LDPE_x or HDPE_x, where x refers to 

the EB dose applied (kGy). Non-irradiated samples were simply designated as LDPE 

and HDPE, respectively. 

Gel content determination 

The gel content (insoluble fraction) of the various specimens was determined 

gravimetrically, according to ASTM D 2765, using a 16 h Soxhlet extraction cycle, with 

p-xylene as solvent, at 140ºC. The polymeric samples were cut into small pieces and 

placed in a pre-weighed stainless steel fine wire mesh. After the extraction cycle, 

samples were washed with acetone and vacuum-dried to constant weight. The gel 

content was calculated as the percentage ratio of the final weight of the insoluble 

polymeric fraction to its initial weight prior to extraction. 

Differential scanning calorimetry 

Calorimetric analyses were carried out using a Perkin Elmer DSC 7 calorimeter, 

connected to a cooling system and calibrated with various standards. The sample 

weights ranged from 6 to 8 mg. A temperature interval from -50 to 180 ºC was studied 

and the different runs were carried out at a heating rate of 10 ºC/min. For crystallinity 

determination, a value of 290 J/g was taken as the enthalpy of fusion of perfectly 

crystalline material for PE23,24and 165 J/g for iPP25,26. 

1H-NMR experiments 

Time-domain 1H NMR experiments were performed on a low-field Bruker 

Minispec mq20 spectrometer at 20 MHz proton resonance frequency, operating at 0.5 T, 

with 90º pulses of 3.1 µs length and a dead time of 12 µs. The sample temperature was 
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controlled with a BVT3000 heater working with air. In order to avoid degradation, 

samples were flamed-sealed in 8 mm NMR tubes under vacuum conditions. Two 

approaches: magic sandwich echo (MSE) and double-quantum (DQ) experiments were 

used for characterizing the complex structure of these materials. On one hand, the 

former is useful for determination of mobility in the different fractions present in these 

polymers and their dependence on temperature. In this sense, MSE measurements were 

carried out from 40 to 140ºC. On the other hand, DQ experiments provide information 

about the restriction of chains mobility as a consequence of entanglements and 

crosslinks. Measurements were performed at 150 º and 180 ºC. 

Results and discussion 

Gel content and phase transitions 

Figure 1 shows the gel content determined for the LDPE and HDPE in the 

interval of irradiation doses used. A zero gel amount is observed in the non-irradiated 

samples2, fact that indicates that the whole sample is completely soluble in p-xylene at 

140 ºC or that density of the crosslinks formed, in relation to other defects, is not 

sufficient to induce the formation of a gel fraction. Obtainment of a small fraction of 

crosslinked chains, which is associated with the development of an insoluble gel, is 

noted at around 30 kGy, either for the LDPE or the HDPE specimens. The little amount 

of free radicals developed at this low dose leads, in majority, to scission or branching 

within chains. This gel content increases as irradiation dose does, although the rise is in 

HDPE greater than in LDPE. Therefore, it could be said looking at Figure 1 that 

crosslinking is not preferentially favored at doses smaller than 100 kGy, although the 

formation of a network in the amorphous regions is boosted at higher doses in a larger 

extent in HDPE than in LDPE. 

Differences between HDPE and LDPE can be associated with the specific 

molecular details existing in their architectures, since branching content is much larger 

in LDPE than in HPDE. These branches imply presence of larger amounts of tertiary 

carbons in the LDPE macrochains that promote other mechanisms (scission, branching 

or oxidation) different to crosslinking by the action of EB irradiation. Accordingly, gel 

content, which is associated with the crosslinked fraction within the amorphous phase, 

is in LDPE lower than that in the highly crosslinkable HDPE. Importance of presence in 

tertiary carbons for preventing chemical network formation has been described in 

literature27 and it was also deduced from soxhlet extraction results achieved in iPP 

samples that revealed total solubility in p-xylene at 140 ºC in the different specimens 
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analyzed, independently of the dose applied. Thus, EB irradiation did not trigger 

development of crosslinks between iPP macrochains within the dose range analyzed, or 

their density, relative to other defects, was not enough to induce the formation of a gel 

fraction. The mechanisms described for iPP after its exposure to EB radiation are 

mainly scission, branching and oxidation, when it is irradiated under an oxygen 

atmosphere, but not formation of crosslinks6. Content of tertiary carbons within the iPP 

architecture is much higher than in LDPE and a full hindrance of crosslinks 

development is achieved within this range of EB doses. 

 

Figure 1. Effect of the irradiation doses on the gel content of the samples LDPE and HDPE. 

 

Figure 2 shows the phase transitions found in the crystalline regions of the non-

irradiated LDPE and HDPE specimens together with those observed in some of the 

irradiated samples. Effect of molecular architecture is clearly evident between LDPE 

and HDPE by comparison of these figures. Presence of branches in LDPE macrochains 

breaks its regularity and, thus, its crystallization capability is reduced compared with 

that existing in the linear HDPE macromolecules. These features imply lower degree of 

crystallinity and smaller crystals in LDPE than in HDPE. Accordingly, crystallinity is 

around 0.64 for HDPE and 0.52 for LDPE while melting temperature (Tm) is 133 ºC in 

the former and 115 ºC in the latest. Crystallization temperature (Tc) is also affected, 

appearing at 112 ºC for the HDPE and at around 105 ºC in LDPE. As aforementioned, 

these distinct characteristics are ascribed to their molecular differences. 
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Figure 2. Phase transitions found in the crystalline regions of either pristine or irradiated 

LDPE and HDPE specimens obtained by DSC experiments performed at a scanning rate of 10 

°C/min: (a and d) first melting; (b and e) crystallization; and, (c and f) subsequent melting after 

crystallization at 10 °C/min. 

 

The global effect of EB irradiation in the thermal transitions is, however, rather 

similar for these two types of PEs. A slight displacement of Tm to lower temperature is 

observed with irradiation dose along the first melting process after irradiation at room 

temperature: from 115.5 ºC to 114 ºC between the non-irradiated LDPE and the 

LDPE_221, respectively; and, from 133 ºC to 131 ºC between the pristine HDPE and 

the irradiated HDPE_233. Furthermore, degree of crystallinity remains unchanged 
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during the first heating experiment (see Table 2). Irradiation leads, above a specific 

dose, to formation of crosslinks between the chains located in the amorphous regions, in 

more extent in the HDPE than in LDPE, as deduced from its higher gel content values. 

This process competes with other simultaneous mechanisms induced by the free radicals 

produced, but crystallites, which were developed in a previous stage during film 

processing, are practically unaffected. 

Table 2. Degree of crystallinity determined by DSC estimated from the first and second 

heating runs (fc
m1, and fc

m2, respectively) 

sample fc
m1 fc

m2 sample fc
m1 fc

m2 

HDPE_0 0.64 0.67 LDPE_0 0.52 0.50 

HDPE_33 0.64 0.66 LDPE_27 0.52 0.50 

HDPE_67 0.64 0.65 LDPE_83 0.52 0.50 

   LDPE_109 0.52 0.49 

HDPE_133 0.64 0.62 LDPE_137 0.52 0.49 

   LDPE_193 0.52 0.49 

HDPE_233 0.64 0.62 LDPE_221 0.52 0.49 

Once the polymer is completely molten, this isotropic state is, however, different 

from the initial one, from where films were manufactured, because of the formation of 

amorphous chain networks in the amorphous regions during EB irradiation. In addition, 

this molten state is now also dependent on the irradiation dose. Thus, it is very 

interesting and mandatory to analyze how the PE crystallization is affected by EB 

irradiation as well as the subsequent melting process. Concerning the former, location 

of Tc does not change much, going down from 105.5 ºC to 103.5 ºC, respectively for the 

neat LDPE and for LDPE_200, while it appears at 112 ºC in the pristine HPDE and at 

111 ºC for the irradiated HDPE_233. Nevertheless, degree of crystallinity is reduced, 

more significantly in HDPE than in LDPE samples, being the values analogous to those 

defined as fc
m2 in Table 2. This feature can be ascribed to the hindrance imposed by the 

crosslinked and the branched chains within this new molten state existing after solid 

state irradiation. 

This decrease in crystallinity as well as the development of thinner crystallites is 

also noticeable in the second heating run where the area under melting curve is 

diminished and the Tm is shifted to lower temperatures as dose is increased. This effect 
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has been analyzed in detail in the literature28 . In the samples under analysis, the 

influence is more remarkable in the HDPE than in LDPE because the amount of 

crosslinks at the highest doses is larger in the former, as deduced from the gel content 

related to the initial chains located in the amorphous regions, as aforementioned. 

Therefore, variations in LDPE are from 0.50 to 0.49 for the crystallinity and from 116 

ºC to 113 ºC for the Tm between the neat and that subjected to a dose of 221 kGy 

whereas differences are in the HDPE: 0.67 and 0.62 for degree of crystallinity and 134 

ºC and 127 ºC for Tm between the pristine specimen and that subjected to a dose of 233 

kGy29. 

 

Quantitative phase composition and evolution of different phases with the 

temperature 

PE is a semicrystalline polymer. Accordingly, it is composed of domains with 

widely different chain mobility. Chains are highly ordered in the crystalline domain and 

can reorient only very slowly30. PE crystallizes in an orthorhombic lattice under the 

common processing conditions31 and its crystallites have usually a lamellar 

morphology. Only methyl branches can be included in the crystalline cell to a 

substantial degree32–36 and a small proportion of ethyl ones has been also found in 

crystalline environments37,38. The excluded branches form an interfacial region that is 

more ordered than the amorphous one39.The PE chains in the non-crystalline domains 

are the most mobile. Degree of chains mobility in the interlamellar non-crystalline 

regions depends on the distance to lamellar crystalline surfaces in such a way that the 

chains next to crystals are somewhat ordered and only moderately mobile while those 

that are further away from crystals are amorphous30. 

A quantitative characterization of the phases composition and the molecular 

mobility has a huge importance11. The former is probably one of the most important 

morphological parameters, mainly because the amorphous and crystalline phases exhibit 

vastly different behavior and their relative contributions to the material properties 

should be accurately known2,11,30,40. 

Solid-state NMR is a useful method for characterizing phase composition in 

these systems. The rigid fraction usually decays in the first 20 µs of the free-induction 

decay, thus the signal detected after the dead time (<12 µs in the case of the used 

spectrometer) partially conceals this information, which is a key issue in order to 

quantify the fraction of protons in rigid environments with restricted mobility. In this 

Jo
urn

al 
Pre-

pro
of

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



10 

sense, pulse mixed magic-sandwich echo (MSE-NMR) measurements are a robust 

method to investigate polymer mobility22,41,42. They were performed using a pulse 

sequence detailed elsewhere22,41,42 at different temperatures from 40 º to 140 ºC. 

Therefore, MSE-FID curves were employed to quantify the rigid and soft fractions in 

PE samples. The first fast decay is ascribed to the rigid polymer fraction in the MSE-

FID whereas the slower signal decay is assigned to a soft fraction. Hence, the first 140 

µs of the normalized MSE-FID curves (unity signal for zero time) were fitted according 

to equation 1: 

𝐼𝑀𝑆𝐸−𝐹𝐼𝐷 = 𝐴 exp ⌊− (
𝜏

𝑇2𝑟𝑖𝑔𝑖𝑑
)⌋

𝑛1

+ (1 − 𝐴) exp ⌊− (
𝜏

𝑇2𝑠𝑜𝑓𝑡
)⌋

𝑛2

 

(1) 

In this expression, A is the fraction of detectable rigid phase in the sample and n1 

and n2 are two adjustable parameters for a better fit of the fast decay shape. 

At temperatures well above glass transition (Tg), which is characteristic of the 

amorphous phase, the T2-relaxation decay for PE can be usually decomposed into three 

components, which come from the crystalline phase, from a semi-rigid crystal-

amorphous interface and from the soft fraction involved in amorphous phase. The 

intermediate one has distinct dynamic properties and may not be considered as a true 

thermo-dynamic phase. Apparently, the definition of an interface or a semi-rigid 

fraction of the amorphous phase is more appropriate for this phase11. Taking into 

account this fact, MSE-FIDs were fitted according the following expression: 

𝐼𝑀𝑆𝐸−𝐹𝐼𝐷 = 𝐴 exp ⌊− (
𝜏

𝑇2𝑟𝑖𝑔𝑖𝑑
)⌋

𝑛1

+ 𝐵 exp ⌊− (
𝜏

𝑇2𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
)⌋

𝑛2

+ (1 − 𝐴 − 𝐵) exp ⌊− (
𝜏

𝑇2𝑠𝑜𝑓𝑡
)⌋

𝑛3

 

(2) 

In equation 2, B is the detectable fraction of semi-rigid phase in the sample. In 

all cases, n1 ≈ 2 (i.e., the crystalline fraction is described by a Gaussian function) and n3 

remains constant and equal to n2 of the equation 1. The rigid, semi-rigid and soft 

fractions, as well as n2 and T2 were calculated by using the equation 2 at different 

temperatures. 

First of all, two phases are considered, rigid and soft fractions, because a two-

phase model is traditionally11 used to describe morphology in non-deformable melt-

crystallized PE as well as in other semicrystalline polymers. As mentioned, MSE-NMR 
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method is based on decomposition of the FID signal into components assigned to phases 

with different mobility41,42. Figure 3a shows the rigid and soft fractions, calculated from 

the normalized MSE-FID curves according to equation 1, in the raw LDPE polymer 

together with those achieved at the irradiation doses of 109 and 221 kGy, i.e., 

LDPE_109 and LDPE_221. In Figure 3b, evolution of the T2 transverse relaxation time 

with the temperature is shown for these rigid and soft fractions. 

 

 
Figure 3. (a) Variation of the rigid and soft polymer fractions, deduced from MSE-FID curves 

as a function of the temperature, for neat and irradiated LDPE. (b) Temperature dependence of 

the T2 relaxation times components: T2
r (black symbols) and T2

s (red symbols), which are 

assigned to the rigid and soft fractions, respectively. 

 

Results of Figure 3a indicate that the rigid fraction is around 90% at 40 °C for all 

the LDPE specimens. As temperature increases, a continuous drop of the detected rigid 

phase proportion is observed until 100 °C temperature where an abrupt fall is noted. 

Finally, the rigid polymer phase proportion is near zero at 140 °C. These results are 

qualitatively consistent with those attained from DSC experiments for the first melting, 

although the amount of crystallites, which are the rigid components, determined by 
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DSC is around 52% and not 90%. The continuous decrease up to 100 °C corresponds to 

the loss with temperature of that rigid fraction since crystals of smallest size can start to 

melt from 40 °C because LDPE contains in its architecture a high proportion of long 

side chains43. The main melting process takes place in the interval ranging from 100 ° to 

120 ºC, as deduced from DSC curves represented in Figure 2. EB irradiation might 

incorporate some small differences in this rigid fraction since the changes (formation of 

crosslinkings, scission of chains, their oxidation and their branching) occurring in the 

amorphous regions may somehow reduce the mobility of polymeric chains. 

On the other hand, samples increase slightly their temperature for a short time 

during the EB irradiation process at room temperature, fact that can affect to some 

extent the population and perfection of the thinner crystals. Thus, small melting peaks 

can be observed at temperatures lower than that for the primary process, as seen for 

LDPE in Figure 2. 

Figure 3b clearly shows two different behaviors in relation to T2 transverse 

relaxation times. At low temperature, relaxation times exhibited by the rigid phase are 

around few microseconds while the soft phase shows relaxation times around hundreds 

of microseconds. As temperature increases, rather linear trends in T2 are observed until 

100 ºC. At higher temperatures, dependence is not linear and varies with irradiation. 

Figure 4 shows the rigid and soft fractions as well as the evolution of the 

transverse relaxation time (T2) with temperature now for the pristine HDPE and its 

specimens subjected to irradiation doses of 67, 133 and 233 kGy. The rigid fraction 

reaches a value of around 85% at 40 °C in the case of the non-irradiated HDPE. As 

temperature increases, a progressive decrease is observed with temperature until 120 ºC 

in this rigid phase. Again, these results are qualitatively in agreement with those from 

DSC experiments where maximum melting temperatures from the first and second 

heating runs are 133 ºC and 134 ºC, respectively. In addition, these results agree with 

the values obtained by SAXS in the literature2. 

This rigid phase is somehow different in the irradiated HDPE specimens, 

increasing its proportion at a given temperature compared with that in the pristine 

polymer. Irradiation has promoted high degree of crosslinkings in the amorphous HDPE 

regions, mainly at the two highest doses, as deduced from Figure 1, and this amorphous 

network also contributes to raise the overall rigidity. 
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Figure 4. (a) Variation of the rigid and soft polymer fractions, deduced from MSE-FID curves 

as a function of the temperature, for neat and irradiated HDPE. (b) Temperature dependence of 

the T2 relaxation times components: T2
r (black symbols) and T2

s (red symbols), which are 

assigned to the rigid and soft fractions, respectively. 

 

Differences related to T2 transverse relaxation times are also observed in HDPE, 

as already commented for LDPE: the rigid phase showing relaxation times about few 

microseconds while the soft component displays relaxation times around hundreds of 

microseconds at low temperatures. As temperature increases, a smooth almost linear 

dependence of T2 upon temperature is observed until 120 ºC. At higher temperatures, a 

more remarkable increase is noticed. 

As noted in LDPE, the values obtained in HDPE samples for the rigid 

component are also much higher than its degree of crystallinity. This remark can be 

associated with the fact that this model is too simple, taking into account that there is a 

fraction of polymer showing a gradient of mobility, starting at the rigid limit up to the 

core of the mobile phase, which is called interface or interphase, in the case of 

semicrystalline polymers as PE11,41,44,45. Contribution of this fraction seems to be rather 
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important46 since without its consideration the rigid fraction obtained is as high as 90 % 

for the LDPE and 85 % for the HDPE, as aforementioned. For this reason, MSE has 

been decomposed into three components with different mobility, the rigid, T2
r, the semi-

rigid, T2
sr, and the soft, T2

s, fractions, respectively. Results achieved from application of 

this three-phase model are represented in Figure 5 for LDPE and in Figure 6 for HDPE. 

 

 
Figure 5. (a) Variation of the rigid, semi-rigid (sr) and soft polymer fractions, deduced from 

MSE-FID curves as a function of temperature, for neat and irradiated LDPE. (b) Temperature 

dependence of the T2 relaxation time components: T2
rigid (olive symbols), T2

sr (magenta symbols) 

and T2
soft (royal symbols), which are assigned to the rigid, semi-rigid (interphase) and soft, 

respectively. 

 

Content in the rigid component is significantly reduced compared with that 

attained using a two-phase model, getting closer to the degree of crystallinity derived 

from DSC measurements for both PEs, although the rigid fraction estimated from MSE-

FID curves is higher than crystallinity. As temperature increases, amount of the rigid 

component is progressively reduced as expected. The semi-rigid fraction is maintained 

almost constant up to 80 ºC in LDPE, temperature at which starts to decrease, while the 
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soft component raises its content along the whole temperature interval analyzed. Only 

soft polymeric phase remains at 140 °C. 

 

 

Figure 6. (a) Variation of the rigid, semi-rigid (sr) and soft polymer fractions, deduced from 

MSE-FID curves as a function of temperature, for neat and irradiated HDPE. (b) Temperature 

dependence of the T2 relaxation time components: T2
rigid (olive symbols), T2

sr (magenta symbols) 

and T2
soft (royal symbols), which are assigned to the rigid, semi-rigid (interphase) and soft, 

respectively. 

 

In the neat HDPE, interphase fraction is close to the amorphous one at low 

temperatures. As it increases, the amount of semi-rigid fraction keeps under 20% while 

rising the amount of soft fraction and decreasing that for rigid fraction, due to the less 

constrained chain fragments in the amorphous phase and possibly by melting of thin 

lamellae that are inserted into the primary stack of crystallites11. This three phase model 

improves the description of the phase structure in HDPE, as showed in Figure 6a and 

6b. At 140ºC, only soft phase remains in these four HDPE specimens studied in this 

work. 
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Network structure-properties relationships 

Double-Quantum (DQ) NMR experiments were performed to determine the 

evolution of non-coupled network defects and the molecular weight between cross-

links, Mc. Concerning the former, DQ NMR experiments allow quantifying the fraction 

of non-coupled defects as chain segments with isotropic motions that show slower 

relaxations from the polymer network, i.e., segments that are dipolar coupled due to the 

presence of permanent constraints triggering non-isotropic segmental motions16. This 

fraction of non-coupled network defects shows a significant dependence on cross-link 

density and on temperature similar to stress relaxation experiments20. Hence, selection 

of the temperature for these experiments is a key parameter and also for the Rouse 

relaxation time of the longest chains between topological restrictions, which roughly 

corresponds to the entanglement length at low crosslink density, since it is of the same 

order as that shown by the segmental relaxation time, which in turn is related to Tg
20. 

Thus, temperature range for these measurements must be performed far above Tg to 

allow dynamics being sufficient to complete segmental averaging over all possible 

chain conformations on the time scale of the NMR experiment. In this way, the proper 

order parameter from the plateau range, which is proportional to cross-link density, 

could be achieved. 

Assignment of the glass transition for PE has been, however, a matter of 

continued intensive study as well as widespread disagreement47. On one hand, some 

authors, based on experiments of 13C Nuclear Magnetic Resonance, concluded that the β 

relaxation process could not be identified with the glass transition in either branched or 

linear polyethylene48. On the other hand, the relative lack of sensitivity to 

morphological factors (presence or absence of crystalline fraction) and the magnitude of 

the activation parameters have suggested that the γ relaxation has its origin in relatively 

localized molecular motions49. Thus, Tg of the amorphous phase for both PEs, LDPE 

and HDPE, will be considered of being located within the interval ranging from -130 ° 

to -100 ºC in this work50. 

Other important aspect to take into account in semicrystalline polymers is that 

the choice of temperature interval must be sufficient to avoid effect of crystals in the 

measurements. As deduced from the DSC results represented in Figure 2, temperatures 

above 140 ºC for the two types of PE would be suitable since both polymers are in an 

isotropic amorphous state. In addition, MSE results (see Figure 5a and 6a) confirm this 

result, where only soft phase are shown at 140 ºC. Furthermore, temperature interval 
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must not be extremely elevated with respect of the Tm to avoid the beginning of 

degradation11. 

The usual procedure for these experiments is based on the application of an 

improved Baum and Pines pulse sequence16. As a result, two experimental signals are 

obtained: reference (Iref) and DQ intensities (IDQ) as a function of the DQ evolution 

time, DQ. In order to analyze the network structure of polymeric samples, the raw 

experimental data need to be normalized in such a way that the temperature-independent 

network structure effect can be separated from the temperature-dependent segmental 

dynamics. The sum of the two components (IDQ + Iref) provides the full magnetization of 

the sample, which includes signals from segments between constrains or dipolar 

coupled networks segments and uncoupled isotropic mobile protons. As coupled 

network segments typically relax faster than non-coupled protons, the identification of 

both contributions is quite easy. Following the data analysis procedure explained 

elsewhere16, the contributions of the isotropically mobile parts is calculated using the 

following fitting function:  

𝐼𝑟𝑒𝑓 − 𝐼𝐷𝑄 = 𝐴 × 𝑒
−(

𝜏𝐷𝑄

𝑇2
)
  

(3) 

where A is the fraction of sample with this behavior and T2 is the transverse relaxation 

time. This sample fraction is related to polymer network defects (A), which is mainly 

composed by the sol fraction of extractable polymer chain segments and non-extractable 

dangling chain ends from the polymer network because of the recycle delay time 

applied in these experiments. The subtraction of the polymeric network defects allows 

discriminating information coming from the constraints to the movement of the chains 

(i.e., cross-links and entanglements)15 and quantifying the corresponding residual 

dipolar coupling distributions according a numerical inversion procedure explained 

elsewhere51. 

Hence, it is possible to measure the effect relies on the orientation dependence of 

the (fluctuating) dipolar coupling tensor with respect to the magnetic field which can be 

described by an orientation autocorrelation function (OACF) of the chain segments18,52. 

At short times, fast segmental dynamics occur in the range of nanoseconds to 

microseconds and the OACF of the polymer segments decays quickly, due to the fast 

local fluctuations between the accessible spatial conformations, until a plateau value is 

reached in the case of polymer network, independently of the nature of cross-
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links14,19,20. In that region the measurable weak residual dipolar coupling Dres is directly 

proportional to a local dynamic order parameter of the polymer backbone, Sb, giving 

information about the network structure16:  

𝑆𝑏 = 𝑘
𝐷𝑟𝑒𝑠

𝐷𝑠𝑡𝑎𝑡
=

3

5
×

𝑟2

𝑁
 

(4) 

where 𝑘 is a parameter that represents the local coupling topology and intra-segmental 

motions. This parameter should be used to rescale the static coupling constant, Dstat, 

determined by the fixed proton-proton distances, in order to account for averaging 

effects that occur on the level below the segmental (Kuhn) length. The term r2 is 

referred to the ratio of the end-to-end vector to its average unperturbed melt state and N 

represents the number of statistical (Kuhn) segments between constraints. 

Two different contributions of the isotropically mobile parts are observed into 

these samples, and for this reason, two types of “defects” are calculated as A1 and A2 

according to the following equation: 

𝐼𝑟𝑒𝑓 − 𝐼𝐷𝑄 = 𝐴1 × 𝑒
−(

𝜏𝐷𝑄

𝑇2
)

+ 𝐴2 × 𝑒
−(

𝜏𝐷𝑄

𝑇2
′ )

 

(5) 

where A1 is the fraction of defects with T2 as the transverse relaxation time, A2 is the 

other fraction of defects with T2
′ as the transverse relaxation time. Finally, A is the sum 

of A1 and A2, i.e., the total amount of defects. Hence, Table 3 shows the values obtained 

for A1, A2 and A, together with those attained for T2 and T2
′. An amount of around 34% 

of irradiated LDPE chains are coupled while the rest are elastically inactive (66% in 

LDPE_109 and 67% in LDPE_221). This latest fraction is mainly composed by the sol 

fraction of extractable polymer chain segments and non-extractable dangling chain ends 

from the polymer network. Accordingly, values for LDPE are higher than those 

exhibited by HDPE since in the former the insoluble content is inferior. In irradiated 

LDPE, an almost constancy of this fraction is noted with dose while a clear decrease is 

observed in HDPE due to the increase of PE incorporated into the network, as the dose 

is raised. 
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Table 3.Values of A1, T2, A2, T2´ and A at 150ºC derived from equation 5. 

Sample 
EB dose 

(kGy) 

A1 

(%) 

A2 

(%) 

A (A1+ A2) 

(%) 

T2 

(ms) 

T2´ 

(ms) 
 

LDPE 0 35 39 74 37 4 0.998 

LDPE_109 109 26 40 66 47 5 0.999 

LDPE_221 221 28 39 67 66 5 0.999 

HDPE 0 13 47 61 35 3 0.999 

HDPE_67 67 23 29 52 64 6 0.999 

HDPE_133 133 22 25 48 68 6 0.998 

HDPE_233 233 16 27 43 54 5 0.999 

 

A possible explanation for the results achieved from irradiated LDPE could be 

given, taking into account the following facts. On one hand, overall LDPE crystallinity 

is lower than that in HDPE at room temperature (temperature at which EB irradiation 

took place). Accordingly, a superior amorphous content is developed in LDPE, being 

the amorphous regions those where EB irradiation exerts, initially, more effects. On the 

other hand, LDPE contains more tertiary carbons than HDPE, whose involve less 

energy than primary or secondary carbons. Therefore, free radicals appear more easily 

and in a larger extent in LDPE because its molecular structure contains a higher amount 

of tertiary bonds with lower energy and because its amorphous fraction is greater. These 

radicals can undergo recombination leading to either crosslinks or chain branching in 

addition to scission of chains and oxidation reactions by incorporation of distinct 

oxidative species, among others. The sum for isotropically mobile parts (elastically 

inactive fraction) is around 66% for LDPE, as indicate the A values reported in Table 3, 

and this fraction is mainly composed by sol fraction of extractable polymer chain 

segments and non-extractable dangling chain ends from the polymer network. Thus, 

only around the 34% of the whole LDPE chains are involved in the polymer network. 

Hence, results from DQ NMR might indicate that the crosslinking is not the main 

process at 150ºC in the case of LDPE, because only around 34% of the whole chains are 

coupled. 

In contrast, the fraction elastically inactive decreases as irradiation dose 

increases for HDPE at 150 ºC (see Table 3). The HDPE under study has been produced 

using a metallocene catalyst during polymerization, instead of performing its synthesis 

through more conventional Ziegler-Natta catalysts. Thus, the resultant HDPE has a 
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narrow molecular weight distribution39, which promotes the crosslinking process once 

free radicals have been developed after EB irradiation, so the fraction elastically 

inactive in HDPE is lower than in LDPE at the same temperature. However, the fraction 

elastically inactive at the highest irradiation dose is analogous to that found in non-

irradiated HDPE sample at 180 °C (see Figure 7). This fact may be ascribed to the slight 

rise of number of entanglements at that high temperature, compensating the non-

existence of chemical crosslinks, in the non-irradiated HDPE. 

Nevertheless, proportion of chains elastically active increases in the LDPE as 

temperature reaches 180ºC, as shown in Figure 7. This fact could be explained because 

additional cross-links may have occurred at that high temperature or the amount of 

entanglements might be increased, which seems less probable because the disentangled 

chain end fragments decreases as the temperature increases, in polymer melts53. 

 

Figure 7. Variation of non-coupled network defects (A) as a function of EB irradiation for 

LDPE and HDPE at 150 ° and 180 °C. 

 

Formation of cross-links (independent of their nature) renders non-isotropic the 

polymer segmental motion, whereby the chain segments become ordered with respect to 

the end-to-end distance, and residual dipolar couplings arise. According to this basic 

principle, the increase in Dres is directly related to the inverse of length of the chains 

between the constraints54. Hence, decrease in the number of defects is correlated with an 

increase in Dres, which is proportional to the network chain order parameter, as stated in 

equation 4 and observed in Figure 8a. Hence, Dres of non-irradiated specimens is due to 

entanglements between polymeric chains, the only constraint of polymer segmental 

motion possible in the molten state. Because of the different molecular architectures of 
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these two PEs, HDPE shows lower Dres than LDPE, which is a more branched polymer. 

Dres value increases as irradiation dose does in HDPE while this rise with EB dose is 

only slight for LDPE. Determination of the actual spatial distribution function of 

crosslink density is possible using the numerical inversion procedures, explained 

elsewhere54,55, without any assumption about its shape. 

 
 

 
Figure 8. (a) Variation of the average residual dipolar couplings estimated from DQ 

experiments as a function of the EB irradiation dose at 150 °C. (b) Effect of irradiation dose on 

the distribution of the average residual dipolar couplings of LDPE at 150 °C (c) Effect of 

irradiation dose on the distribution of the average residual dipolar couplings of HDPE at 150 

°C. 

 

Figure 8b shows cross-link density distributions for the two PEs. Each specimen 

shows a single very broad crosslink density distribution with a tail at high Mc. 

Therefore, non-irradiated HDPE depicts a narrow entanglement distribution, which is 

consequence of its narrow molecular weight distributions. Instead, LDPE shows a broad 

entanglement distribution since its macrochains exhibit a broad molecular weight 
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distribution with great amount of branches. Therefore, only slightly variations for LDPE 

are observed in the crosslink density distribution as irradiation dose is enlarged, while 

HDPE shows an increase at high Mc as irradiation dose is raised. These results are in 

agreement with the decrease in the number of defects observed in HDPE. Taking into 

account the differences between the non-irradiated HDPE and LDPE specimens 

analyzed in this work, the distribution of crosslinks in the polymer is narrowed in the 

case of HDPE, while LDPE exhibits a broader distribution due to the great amount of 

branches in this polymeric matrix (see Figures 8b and 8c). 

Finally, in order to confirm the results obtained in these PEs, a sample of 

isotactic polypropylene (iPP), non-irradiated and irradiated at 235 kGy, has been 

analyzed at the same temperature. In iPP, changes of the molar mass and formation of 

chain branching are the two main effects described by the action of EB irradiation6,56. 

Then, Figure 9 shows the normalized intensity for the DQ signals of the sequence pulse 

timing in non-irradiated and irradiated LDPE, HDPE and iPP at 150ºC. 

 

Figure 9.Normalized DQ-NMR intensity for LDPE, HDPE and PP at 150ºC. 

 

On the basis of the data processing procedure described below, the elastically 

active network chains are distinguished and characterized. This fraction contributes to 

IDQ, in contrast network defects, sol and solvent contributes to Iref, in particular at long 

times. IDQ is dominated by spin-pair DQ coherences13,21,57 and comprises the structural 

information of the polymeric chains (the residual dipolar coupling constant Dres and its 

distribution), Iref contains signal from half of the quantum orders (4n) of the dipolar 

coupled network chains, as well as the signal from uncoupled components (isotropically 
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mobile network defects like dangling chains and loops)13. The structural information in 

the polymeric network is separated from the relaxation effects due to chain dynamics by 

a point-by-point division of the DQ build up through the sum of the corrected relaxation 

function, where the contribution of defects are subtracted using equation 5. Hence, the 

obtained normalized DQ build up InDQ is then independent of relaxation effects and has 

to reach a long-time plateau value of 0.5, since IDQ contains only half of the excited 

quantum orders (4n+2), according to DQ-NMR method13,57.  

𝐼𝑛𝐷𝑄 =
𝐼𝐷𝑄

𝐼𝐷𝑄 + 𝐼𝑟𝑒𝑓 − 𝑑𝑒𝑓𝑒𝑐𝑡𝑠
 

 (6) 

Results achieved show that PEs, either LDPE or HDPE, reach the plateau at 0.5, 

while that value is not achieved by the irradiated iPP, as shown in Figure 9. 

Conclusions 

Effect of irradiation dose and temperature was analyzed in two polyethylenes 

with different molecular architectures, LDPE and HDPE, by means of determination of 

gel content, DSC measurements and low-field solid state experiments by combination 

of two approaches: component analysis of MSE-refocused free-induction decays and 

DQ NMR experiments. 

Gel content in non-irradiated specimens, independently of being LDPE or 

HDPE, was not detectable. Formation of a gel fraction and an increase in its amount 

was noticeable as irradiation dose rises, being this content in HDPE higher than in 

LDPE. Accordingly, a maximum value of 80 % in the former and of 60 % in the latest 

was reached at the highest dose applied, respectively. 

Molecular differences existing in their respective macrochains were also evident 

in the location of their phase transitions, melting and crystallization, as well as the 

degree of crystallinity and amount in amorphous phase, as deduced from DSC results. 

Phase composition and their evolution with the temperature were characterized 

by MSE-refocused free-induction measurements. Rigid fractions in LDPE and HDPE 

undergo a continuous decrease with increasing temperatures up to 100 and 120 °C, 

respectively, where an abrupt drop was observed associated with the main melting 

process occurring in these two PEs. This important reduction is opposite to the 

significant increase seen in the corresponding content in soft phase as isotropic melt is 

generated. Relaxation times (T2
r) are one order of magnitude smaller in the rigid 

fractions of both PEs than in their respective soft phases, changing from few 
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microseconds for the former to hundreds of microseconds for the latest. Among these 

two phases, there is a fraction of polymer that exhibits a mobility gradient, called 

interphase. Hence, the relaxation time of this phase T2
sr is intermediate between the ones 

found in the rigid and the soft phases. This three phase model shows a better agreement 

with the crystallinity degree estimated by DSC compared with the results found using a 

two-phase model.  

DQ NMR measurements showed at 150 ºC that around 34% of irradiated chains 

in LDPE were coupled, indicating that the main process occurred by EB irradiation was 

not formation of crosslinks but chain scissions and chain branching, leading to a change 

in its molecular structure. As temperature increases, crosslinking rises in relation to 

other processes. In the HDPE, synthesized with a metallocene catalyst, elastically 

inactive fraction is lower than in LDPE at a given temperature because EB irradiation 

led to formation of crosslisking, which was boosted by its narrow molecular weight 

distribution. 

Value of Dres was found inferior in the non-irradiated HDPE than in the LDPE 

with more branched chains, meaning a more broad entanglement distribution in the 

latest. Accordingly, the actual spatial cross-link density distribution was in HDPE 

narrower than in LDPE, in spite of both PEs showed a single and broad cross-link 

density distribution with a tail at high Mc. Effect of irradiation increased the crosslink 

density in HDPE, although dependence on dose was not significant. These results were 

in agreement with the decrease in number of defects observed in this polyethylene.  

Comparison of results found in the two PEs with those achieved in an isotactic 

polypropylene allowed concluding that a network structure was created in both 

polyethylenes, although electron beam irradiation provokes differences with 

temperature and dose because of their intrinsic molecular characteristics. 
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Highlights 

• Initial PE architecture controls gel content developed through EB irradiation. 

• Crosslinking increases with EB doses, being more noticeable in HDPE than in LDPE. 

• Values from three phase model agree better with crystallinity estimated by DSC. 

• Relaxation times are much smaller in the rigid than in the soft phases for both PEs. 
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