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ABSTRACT: The structural evolution of high density polyethylene (HDPE) during uniaxial tensile deformation, before and after irradi-

ation by 1 MeV electrons, is in situ studied by synchrotron small angle X-ray scattering (SAXS) and wide angle X-ray diffraction

(WAXD). Both the pristine and the irradiated HDPE exhibit three regions of deformation behavior. It is shown that the deformation

in the first region is in accord with the change in long period of the lamellar structure. In the following two regions, both the strain-

induced melting and strain-induced crystallization could occur. The tensile stress decreases with strain in the second region due to

the dominant melting effect. In the third region, the synergistic effect of the melting and crystallization results in stress leveling off

first, and then the tensile stress increases again because the crystallization effect becomes dominant at higher strains. For the irradi-

ated HDPE, the irradiation-induced crosslinking network slows down the deformation process. Compared to the pristine one, all the

tensile stress is rather higher at a given strain for the irradiated HDPE. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40269.
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INTRODUCTION

Polyethylene (PE) is a typical polymer that consists of organic

molecules to be polymerized into very long chains. The high

molecular weight and molecular entanglement of PE give rise to

its unique properties, such as the good toughness, high resil-

ience, high strength-to-weight ratio and the ability to be

moulded. Because of these valuable properties, PE is widely

used in space applications, such as thermal blankets, circuit

boards and insulation films.1

It is of importance to evaluate the sensitivity of PE to space

radiations, such as electrons, protons and heavy ions.2,3 When

exposed to a radiation environment, PE favors crosslinking, pri-

marily in the noncrystalline phase and along the lamellar amor-

phous interphase.4,5 The crosslinking caused by radiation can

change the properties of PE,6,7 and the change in properties

could affect the spacecraft reliability. For example, when used as

a structural material, it needs to bear applied loads, and the

structural change of PE caused by space radiation would influ-

ence its mechanical properties directly. Therefore, the deforma-

tion behavior and structure change mechanisms of the

irradiated PE are worth deep studying.

The changes in structure of PE during deformation have been

examined by the electron microscopy, infrared spectroscopy,

pulsed nuclear magnetic resonance and laser profilometry for

many years.8–15 Also, the deformation mechanisms of the cross-

linked PE have been investigated by scanning electron micros-

copy, and transmission electron microscopy.16,17 Compared to

the above traditional methods, the synchrotron radiation, dis-

covered in 1960s, is of benefit to reveal the deformation mecha-

nisms of polymers in situ. It was first used to study the

crystallization and melting behavior of PE in 1988.18,19 and to

study the deformation behavior of PE in 1990.20 From then on,

synchrotron radiation has been extensively used to study the

deformation mechanisms of PE.21–30 However, up to now, there

are few works to investigate the in situ deformation behavior of

the irradiated PE by means of synchrotron radiation. It is

important to make a scrutiny into the change in structure of

the irradiated PE during deformation using synchrotron radia-

tion, for the results could richen scientific implication for the

deformation mechanisms of polymers.

The synchrotron radiation technique with a combined small

angle X-ray scattering (SAXS) and wide angle X-ray diffraction

(WAXD) setup can provide detailed information on both the
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molecular and supramolecular length scales. In this article, both

the SAXS and WAXD are used to characterize the structure evo-

lution during uniaxial tensile deformation for the pristine and

the irradiated high density polyethylene (HDPE). The effect of

radiation on the deformation mechanisms of HDPE is dis-

cussed, and the deformation models for both the unirradiated

and the irradiated HDPE are proposed.

MATERIALS AND METHODS

Materials Preparation

HDPE with an averaged molecular weight (weight average

molecular weight) of 300,000 g mole21 was provide by National

center for Nanoscience and Technology of China. The HDPE

was prepared using a screw extruder at a barrel temperature of

140�C, and the screw is 80 rpm. The thickness of samples is 0.5

mm, which are compressed and moulded under 25 MPa at

150�C for 5 min warming up and 5 min pressure-keeping, and

following by a natural cooling down.

Samples, placed between two glasses with smooth surface, were

put into a vacuum oven under 95�C for 30 min after moulding.

Then, the samples were cooled down to room temperature with

a speed of 0.1�C min21. To release electric charge on the surface

and inside samples, a “short circuit” treatment was done. The

samples were placed between two mirror surface copperplates

connected by wires, and were put into a vacuum oven under

80�C for 24 h. Then the samples were cooled down to room

temperature under 0.1�C min21.

The electron irradiation test was performed using an accelerator

in Harbin Institute of Technology, China. The electron energy

was set at 1 MeV, and the fluence at 1.2 3 1014 cm22.

Tensile Testing

The length, width and thickness for the dog-bone-shaped sam-

ples are 10, 4, and 0.5 mm, respectively. Uniaxial tensile defor-

mation was performed with a home-made tensile apparatus

with a speed of 1.16 lm s21 at room temperature. The initial

strain rate is 0.007 min21. As a result of extension, the strain

rate varies throughout the drawing but is always no more than

0.007 min21. The stress and strain mentioned through the arti-

cle are all engineering stress and engineering strain, respectively.

The tensile testing was performed to a strain of 100%, less than

the tensile fracture strain. The testing is focused on revealing

lower deformation behavior of the samples.

SAXS and WAXD Measurements

The SAXS and WAXD were used to in situ characterized the

structure evolution of HDPE samples during tensile deforma-

tion. The SAXS and WAXD tests were performed on beamline

BL16B1 of the Shanghai Synchrotron Radiation Facility

(SSRF). The incident X-ray wavelength k is 0.124 nm, and the

sample to detector distances are 5.1 m (SAXS) and 0.1 m

(WAXD). The SAXS and WAXD images were taken immedi-

ately after the required strain values had been reached during

the deformation process. The intensity profiles were recorded

with a two-dimensional imaging plate at room temperature.

All the X-ray scattering data were corrected for the background

and air scattering, the beam fluctuations and sample thickness

variations.

RESULTS AND DISCUSSION

Stress–Strain Curves

Figure 1 shows the engineering uniaxial stress-strain curves for

the pristine and the irradiated HDPE. It can be seen that the

stress–strain curves for both the samples show three characteris-

tic regions, similar to other research.31 In the initial region

(region I), corresponding to the strains from 0 to 20%, the

stress increases with increasing strain from the elastic region up

to the ultimate point, showing an obvious strain-hardening

effect. It is noticed that a linear relationship between stress and

strain exhibits before the strain of 10%, while a nonlinear rela-

tionship develops during the strains from 10 to 20% for the

pristine sample and a second linear relationship with different

slope develops during the strains from 10 to 20% for the irradi-

ated sample. In the second region (region II), corresponding to

the strains from 20 to 72%, the stress decreases with strain

gradually, demonstrating a character of strain-softening. In the

third region (region III), corresponding to the strains from 72%

to more than 100%, the stress tends to level off and then to

increase with strain again. This phenomenon indicates that a

secondary strain-hardening occurs. It is illustrated that the

deformation behavior during the strains from 72 to 100% could

represent the third stage deformation feature for the HDPE

samples, although the strain of 100% does not reach the tensile

fracture strain. In addition, it is of interest to note that the

stress values of the irradiated HDPE are about two times higher

than those of the unirradiated one. Especially, the strain-

hardening rate in the region I for the irradiated HDPE is rela-

tively higher than that for the unirradiated one.

SAXS Analysis

Figures 2 and 3 give the in situ SAXS patterns for the pristine

and the irradiated HDPE during uniaxial tensile deformation,

respectively. For both the unirradiated and the irradiated

HDPE, isotropic scattering patterns are observed when the

deformation is zero, as shown in Figures 2(a) and 3(a). This

implies that the molecular structure has no preferential orienta-

tion and is comprised of stacks of randomly oriented chain-

folded lamellae of amorphous chains.31 In the region I,

Figure 1. Engineering uniaxial stress–strain curves for the pristine and the

irradiated HDPE.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4026940269 (2 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


anisotropic scattering patterns having an elliptical scattering

rings where the long axis is perpendicular to the stretching

direction begin to be observed gradually, as seen in Figures

2(b,c) and 3(b,c). In the regions II and III, the SAXS patterns

are all anisotropic, and the elliptical scattering rings are getting

more and more clear with increasing strain, as shown in both

Figure 2 from (d) to (j) and Figure 3 from (d) to (j). It is

implied that the lamellar stacks change during deformation, and

the tendency of this change is anisotropic. Besides, the tendency

to form the elliptical scattering rings is smaller for the irradiated

HDPE than the unirradiated one, indicating that the change of

the lamellar stacks develops more difficultly in the irradiated

HDPE.

To characterize the structural evolution during deformation, the

SAXS integrated intensity curves along the equator and the

meridian at different strains are obtained by FIT2D software.

The intensity along the equator is acquired by the integration in

the azimuthal angle range of 215��u�15�, and the intensity

along the meridian is acquired by the integration in the azi-

muthal angle range of 75��u�105�. Figures 4 and 5 give the

SAXS intensity curves for the unirradiated HDPE at different

Figure 2. SAXS patterns of the pristine HDPE at different strains (stretching direction is horizontal): (a) 0, (b) 10%, (c) 20%, (d) 30%, (e) 41%, (f)

51%, (g) 62%, (h) 72%, (i) 84%, (j) 100%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. SAXS patterns of the irradiated HDPE at different strains (stretching direction is horizontal): (a) 0, (b) 10%, (c) 20%, (d) 30%, (e) 41%, (f)

51%, (g) 62%, (h) 72%, (i) 84%, (j) 100%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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strains along the equator and the meridian, respectively. Figures

6 and 7 show the SAXS intensity curves for the irradiated

HDPE at different strains along the equator and the meridian,

respectively. In these figures, q is the scattering vector

(q54p sin h=k, where h is the scattering angle, k is the wave-

length of the incident X-ray), and IðqÞ is the SAXS integrated

intensity.

It is observed that the undeformed HDPE exhibits a distinct

peak in the SAXS intensity plots for both the unirradiated and

the irradiated one, and the peak position changes gradually

from the strain of 0–20%, as shown in Figures 4–7. For the uni-

rradiated HDPE, the peak becomes a weaker shoulder from the

strain of 20–51%, and disappears from the strain of 51% for

the scattering intensity along the equator (Figure 4). Similarly,

the peak becomes a weaker shoulder from the strain of 20–72%,

and disappears from the strain of 72% for the scattering inten-

sity along the meridian (Figure 5). For the irradiated HDPE,

the peak becomes a weaker shoulder from the strain of 20–72%

and disappears from the strain of 72% for the scattering inten-

sity along the equator (Figure 6). Also, the peak becomes a

weaker shoulder from the strain of 20% and does not disappear

even at the strain of 100% for the scattering intensity along the

meridian (Figure 7). For the unirradiated HDPE, a new peak is

prone to appear on the plot of scattering intensity along the

equator from the strain of 84% (Figure 4). However, no new

peaks appear even at the strain of 100% for the scattering inten-

sity along the meridian (Figure 5). For the irradiated HDPE, no

new peaks appear in the SAXS profiles even at the strain of

100% (Figures 6 and 7).

The intensity peak at a certain scattering vector q could be

attributed to the lamellar structure of HDPE. In terms of the

scattering vector q corresponding to the intensity peak, the long

period L of the lamellar structure in HDPE can be calculated.

Based on Bragg law (2d sin h5nk, where d is the long period in

semicrystalline polymer, h is the scattering angle, k is the wave-

length of the incident X-ray) and the definition of scattering

vector q, the long period L, representing the average spacing

Figure 4. SAXS intensity curves of the pristine HDPE at different strains

along the equator. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 5. SAXS intensity curves of the pristine HDPE at different strains

along the meridian. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 6. SAXS intensity curves of the irradiated HDPE at different

strains along the equator. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. SAXS intensity curves of the irradiated HDPE at different

strains along the meridian. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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between adjacent crystalline lamellae, can be calculated by

L52p=qm, where qm is the scattering vector related to the peaks

in SAXS intensity curves. The long periods along both the equa-

tor and the meridian are 39.8 nm for the undeformed pristine

HDPE, and 37.4 nm for the undeformed irradiated HDPE,

respectively. It is indicated that the crystalline lamellae are uni-

formly dispersed in the amorphous matrix, and the interlamel-

lar spacing is constant in both the unirradiated and the

irradiated HDPE. However, the irradiation decreases the long

period of the HDPE.

In the region I, the appearance of elliptical scattering rings indi-

cates that with increasing strain, the long period of the adjacent

lamellae perpendicular to the stretching direction (correspond-

ing to the scattering intensity along the equator) increases,

while the long period of those parallel to the stretching direc-

tion (corresponding to the scattering intensity along the merid-

ian) decreases, for both the unirradiated and the irradiated

HDPE, as shown in Figure 8. The calculated results show that

the long period of the adjacent lamellae perpendicular to the

stretching direction increases from the initial 39.8–46.2 nm at

the strain of 20% for the unirradiated HDPE, with a variation

of 6.4 nm. In contrast, the long period of the adjacent lamellae

parallel to the stretching direction decreases from the initial

39.8–35.3 nm at the strain of 20% for the unirradiated HDPE,

with a variation of 4.5 nm. Similarly, the long period of the

adjacent lamellae perpendicular to the stretching direction

increases from the initial 37.4–43.6 nm at the strain of 20% for

the irradiated HDPE, with a variation of 6.2 nm. Meanwhile,

the long period of the adjacent lamellae parallel to the stretch-

ing direction decreases from the initial 37.4–33.1 nm at the

strain of 20% for the irradiated HDPE, with a variation of 4.3

nm. The change in long period in Figure 8 verifies that the ten-

sile deformation of the amorphous chains between lamellae

dominates in the region I.

In the regions II and III, with increasing strain, the intensity

peak gradually decays and even disappears, and forms again at

higher strains. The decay of the intensity peak might indicate

the disintegration of original lamellae, while the appearance of

new peak is related to the formation of new crystals. The newly

formed crystals possess different long period from the original

lamellae, leading to a different peak position. In addition, it is

easy to notice that the disintegration of original lamellae for the

irradiated HDPE is slower than that for the pristine one, and

new crystals form hardly in the irradiated HDPE and their for-

mation is much slower than that for the pristine one.

The above results of SAXS analysis demonstrate that the defor-

mation could be primarily related to the amorphous chains

between lamellae in the region I, whereas the disintegration of

original lamellae and the formation of new crystals occur in the

regions II and III. These changes in the structure of HDPE are

affected by irradiation and could be responsible for the defor-

mation behavior and help to reveal the deformation

mechanisms.

WAXD Analysis

Figures 9 and 10 give the in situ WAXD patterns during uniax-

ial tensile deformation for the unirradiated and the irradiated

HDPE, respectively. For both the unirradiated and the irradiated

HDPE, isotropic diffraction patterns are observed when the

deformation is zero, as shown in Figures 9(a) and 10(a). With

increasing strain in the region I, the scattering rings tend to

change their shape from the circular to the elliptical gradually,

as seen in Figures 9(b,c) and 10(b,c). In the regions II and III,

the WAXD patterns are all anisotropic, as shown in both Figure

9 from (d) to (j) and Figure 10 from (d) to (j). It is revealed

that the tendency to form elliptical scattering rings is smaller

for the irradiated HDPE than that for the unirradiated one.

To characterize the structural evolution during deformation, the

WAXD integrated intensity curves along the equator and the

meridian at different strains are obtained by FIT2D software.

The intensity along the equator is acquired by the integration in

the azimuthal angle range of 215��u�15�, and the intensity

along the meridian is acquired by the integration in the azi-

muthal angle range of 75��u�105�. Figures 11 and 12 give the

WAXD intensity curves of the unirradiated HDPE at different

strains along the equator and the meridian, respectively. Figures

13 and 14 show the WAXD intensity curves of the irradiated

HDPE at different strains along the equator and the meridian,

respectively.

It is observed that there are two distinct peaks ((110) peak and

(200) peak) in the WAXD intensity plots for both the unirradi-

ated and the irradiated HDPE, and the peaks exist during the

whole deformation process, as shown in Figures 11–14. The

intensities of the (110) and (200) peaks change a little at the

strains <20% for both the unirradiated and the irradiated

HDPE. For the unirradiated HDPE, the intensities of the (110)

and (200) peaks decrease from the strain of 20% for the scatter-

ing intensity along the equator (Figure 11). The intensity of the

(110) peak decreases from the strain of 20%, while the intensity

of the (200) peak increases from the strain of 20–72%, and

decreases from the strain of 72% for the scattering intensity

along the meridian (Figure 12). For the irradiated HDPE, the

evolution of the intensities of the (110) and (200) peaks is simi-

lar as the unirradiated one (Figures 13 and 14). For the unirra-

diated HDPE, a new peak at about 17.2� appears at the strain

Figure 8. Long period as a function of strain for the unirradiated and the

irradiated HDPE.
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of 20%, and the intensity of this peak increases from the strain

of 20–30%, and then decreases from the strain of 30% for the

scattering intensity along the equator (Figure 11). Three new

peaks at about 17.2�, 20.4�, and 22.2� appear at the strain of

20%, and the intensities of them increase from the strain of

20–72%, and then decrease from the strain of 72% for the scat-

tering intensity along the meridian (Figure 12). For the irradi-

ated HDPE, a new peak at about 17.2� appears at the strain of

20%, and the intensity of this peak increases from the strain of

20–30%, and then decreases from the strain of 30% for the

scattering intensity along the equator (Figure 13). Three new

peaks at about 17.2�, 20.4�, and 22.2� appear at the strain of

20%, and the intensities of them increase from the strain of

20% for the scattering intensity along the meridian (Figure 14).

The above results indicate that, in the region I, the intensities of

the (110) and (200) peaks change a little at the strains <20%

for both the unirradiated and the irradiated HDPE. It suggests

that deformation could be primarily related to the amorphous

chains between lamellae in the region I.

In the regions II and III, with further increasing strains from

20–100%, for both the unirradiated and the irradiated HDPE,

Figure 10. WAXD patterns of the irradiated HDPE at different strains (stretching direction is horizontal): (a) 0, (b) 10%, (c) 20%, (d) 30%, (e) 41%,

(f) 51%, (g) 62%, (h) 72%, (i) 84%, (j) 100%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. WAXD patterns of the pristine HDPE at different strains (stretching direction is horizontal): (a) 0, (b) 10%, (c) 20%, (d) 30%, (e) 41%, (f)

51%, (g) 62%, (h) 72%, (i) 84%, (j) 100%. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the intensities of the (110) and (200) peaks change and new dif-

fraction peaks appear at some diffraction angles. The intensity

of the (110) and (200) diffraction peaks along the equator

decreases during this stage, which indicates that the disintegra-

tion of the original crystals could occur. The intensity of the

(110) peak along the meridian also decreases during this stage

due to the disintegration of the original crystals. However, the

intensity of the (200) peak along the meridian increases from

the strain of 20–72% first, and then decreases from the strain of

72%. It indicates that the rotation of the disintegrated lamellae

may occur. During tensile process, the disintegrated lamellae

parallel to the stretching direction (corresponding to the diffrac-

tion intensity along the equator) rotate to be perpendicular to

the stretching direction (corresponding to the diffraction inten-

sity along the meridian). The rotation of the disintegrated

lamellae from parallel to the stretching direction to perpendicu-

lar to the stretching direction leads to increasing the diffraction

intensity along the meridian and decreasing the diffraction

intensity along the equator. Because of the combined effect of

the disintegration of the original crystals and the rotation of the

disintegrated lamellae parallel to the stretching direction, the

intensity of the (200) peak along the meridian increases from

the strain of 20–72% first, and then decreases from the strain of

72%, while the intensity of the (200) peak along the equator

decreases constantly. It is also found that the decrease of the

intensity of (110) peak along the meridian is slower than that

along the equator, which indicates that the evolution of the

(110) peak is also affected by the combined effect of the disinte-

gration of the original crystals and the rotation of the disinte-

grated lamellae parallel to the stretching direction. It is believed

that the change of the new diffraction peaks might also be

related to both the formation and the rotation of the new crys-

tals. The new crystals may produce diffraction at about 17.2�,

20.4�, and 22.2�, leading to increasing the intensity of the new

diffraction peaks during deformation. On the other hand, the

rotation of the new crystals might decay the new diffraction

peak. Because of the combined effect of the formation and rota-

tion of the new crystals, the intensity of these new peaks

Figure 11. WAXD intensity curves of the pristine HDPE at different

strains along the equator. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 12. WAXD intensity curves of the pristine HDPE at different

strains along the meridian. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 13. WAXD intensity curves of the irradiated HDPE at different

strains along the equator. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 14. WAXD intensity curves of the irradiated HDPE at different

strains along the meridian. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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increases firstly and then decreases. Similar to rotation of the

disintegrated lamellae, rotation of the new crystals is mainly

from the lamellae parallel to the stretching direction (corre-

sponding to the diffraction intensity along the equator) to that

perpendicular to the stretching direction (corresponding to the

diffraction intensity along the meridian). As a result of this, the

intensity of these new peaks along the equator decreases from

the strain of 30%, while that along the meridian decreases from

the strain of 72% for the pristine sample and from the strain of

more than 100% for the irradiated sample. Further, new peaks

at about 20.4� and 22.2� appear along the meridian, but absent

along the equator. Moreover, the peak width along the equator

is significantly larger than that along the meridian (see Figures

11–14). From the above analyses, it can be concluded that the

degree of crystallinity along the meridian is higher than that

along the equator, and there is a preferred orientation along the

meridian.

The above results of WAXD analysis demonstrate that the defor-

mation could be primarily related to the amorphous chains

between lamellae in the region I. Except the occurrence of the

disintegration of original lamellae and the formation of new

crystals in the regions II and III, the rotation of the disinte-

grated lamellae and the new crystals could also take place. Simi-

larly as the above SAXS analysis, all these changes in the

structure of HDPE are affected by irradiation and could be

responsible for the deformation behavior and help to reveal the

deformation mechanisms.

Deformation Mechanisms and Models

Based on the above results, the schematic diagrams of deforma-

tion models for the unirradiated and the irradiated HDPE can

be shown in Figure 15. The models are proposed in two

extreme orientations: (1) the stacking lamellae parallel to the

stretching direction and (2) the stacking lamellae perpendicular

to the stretching direction.

For the undeformed HDPE, it is noted that the 1 MeV electrons

irradiation leads to decreasing the long period of the lamellar

structure. Under the irradiation, free radicals could be generated

on the molecular chains in the HDPE, which can react either

with oxygen to cause chain scission or react internally to form

crosslinking. Because of crosslinking, the average spacing

between adjacent crystalline lamellae decreases.

In the region I, the change in long period can be related to

deformation of the amorphous chains between stacking lamel-

lae. Because the deformation of the amorphous chains proceeds

under the constraint of the lamellae, strain-hardening takes

place during the nonlinear deformation for the pristine sample

and during the second linear deformation for the irradiated

sample (both at the strains from 10 to 20%). During the defor-

mation, the average spacing of the lamellae oriented parallel to

the stretching direction is reduced, while that for the lamellae

oriented perpendicularly to the stretching direction is increased.

Crosslinking network forms in the amorphous matrix after irra-

diation and plays an important role in strengthening the

HDPE.32 Because of the crosslinking, the mobility of molecular

chains for the irradiated HDPE is much lower than the unirra-

diated HDPE. The crosslinking sites could block the movement

of chains, resulting in higher stress at a given strain. Accord-

ingly, for the same long period change, the stress required for

the irradiated HDPE is higher than that for the pristine one.

In the regions II and III, the disintegration of original lamellae

occurs and new crystals are generated. The former process is

referred to as the strain-induced melting,33 and the latter as the

strain-induced crystallization.34 The strain-induced melting and

strain-induced crystallization are used to separately describe the

destruction and formation of some crystalline entities during

deformation.35 The strain-induced melting takes place at higher

strains, where the stress in amorphous chains could exceed the

crystal binding force, resulting in chain pullouts and disintegra-

tion of the lamellae.33 Besides, the lamellae parallel to the

stretching direction could rotate easier during deformation. The

amorphous chains perpendicular to the stretching direction

would have to be reoriented in the stretching direction. If the

local stress concentration can overcome the crystal binding

energy, the lamellae would not only be disintegrated into

smaller blocks but also be rotated in order to alleviate the stress

concentration.33 The crystallization in the undeformed HDPE

could be related to the folded-chain conformation, and the

strain-induced crystallization is dominated by the extended-

chain conformation. Strain-induced crystallization occurs at

higher strains, for the extended-chain conformation is getting

more and more.

It is found that the strain-induced melting and strain-induced

crystallization proceed slower for the irradiated HDPE than the

unirradiated HDPE. This can be explained as follows. The

movement of molecular chains could be retarded by crosslink-

ing sites, resulting in reduction of the possibility to form

extended-chain conformation (strain-induced crystallization).36

At larger strains, the local stress can be high enough to break

the crosslinking sites in the irradiated HDPE. The break of

crosslinking sites consumes a part of deformation energy and

results in a decrease of local stress. Consequently, the chain

pullouts and the disintegration of the lamellae (strain-induced

crystallization) slow down.

In the regions II and III, the strain-induced melting and strain-

induced crystallization exist simultaneously, for both the unirra-

diated and the irradiated HDPE. In the region II, the tensile

stress decreases with strain (stain-softening), because the effect

of strain-induced melting (the destruction of original crystals)

dominates with respect to recrystallization (the formation of

new crystals). In the region III, the original lamellae tend to be

melted away, and the population of newly formed crystals

increases with increasing strain. In the initial stage of region III,

the synergistic effect of the melting and crystallization could

result in tensile stress leveling off. With further increasing strain,

the tensile stress increases again because the crystallization effect

becomes dominant at larger strains. The newly formed crystals

could produce a dispersion strengthening effect on the deforma-

tion of amorphous chains, leading to the secondary strain-

hardening. Because of the effect of the irradiation-induced

crosslinking network in the amorphous matrix, the tensile stress

at a given strain is much higher for the irradiated HDPE than

that for the pristine one.
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CONCLUSION

It is of significance to characterize the structure evolution dur-

ing uniaxial tensile deformation of HDPE before and after irra-

diation by 1 MeV electrons for its space application. It is shown

that both the pristine and the irradiated HDPE exhibit three

stages of deformation behavior. In the region I, elastic deforma-

tion followed by yielding can be related to the amorphous

chains, and strain-hardening occurs. With increasing strains

from 20 to 72% (region II), the strain-induced melting and

strain-induced crystallization could occur, and the melting of

the original lamellae dominates, leading to decreasing the tensile

stress with strain (strain-softening). In the region III, ranging

from the strain higher than 72%, the original lamellae tend to

be melted away, and the population of newly formed crystals

increases with increasing strain. Because of the synergistic effect

of melting and crystallization, the tensile stress could be leveling

off, and then increases when the crystallization effect becomes

dominant. Compared to the pristine one, the tensile stress at a

given strain is much higher for the irradiated HDPE, due to the

formation of irradiation-induced crosslinking network in the

amorphous matrix.
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