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ABSTRACT: This article describes the structure changes of high-density polyethylene (HDPE) during stress and photo-oxidative aging

experiments, and the relationship between different materials and cracking time. The three most representative grades of HDPE are

9070, TR480, and 2480NT. The average molecular weight, the comonomer type, and content of materials were measured by high-

temperature gel permeation chromatography, 13C nuclear magnetic resonance (NMR) spectroscopy, and successive self-nucleation and

annealing technique. Moreover, tensile testing was done to distinguish different toughness of materials. The samples were exposed to

5 MPa stress and ultraviolet irradiation in an aging oven, and observed at time intervals. The changes in structure were characterized

by metallurgical microscopy, differential scanning calorimetry, attenuated total reflection-Fourier transform infrared spectroscopy, X-

ray diffraction, and gel content measurements. With increasing time, the crystallinity increased, whereas melting point and oxygen

induction times decreased. Meanwhile, the carbonyl index values and gel content reached about 10% until the samples were cracked.

The results manifested that the resistance to cracking of the different HDPEs followed the order: 2480NT>TR480> 9070. VC 2014

Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40904.
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INTRODUCTION

High-density polyethylene (HDPE) is a commercial plastic of

economical significance. The material has been widely applied

for pipes, fibers, rope, woven bags, fishing nets, insulation tube,

and containers, because of its cold resistance, chemical stability,

high rigidity, and excellent dielectric properties.1 However, it

has weak ultraviolet irradiation resistance, and it is vulnerable

to crack under stress aging. So many researchers studied about

photo-oxidative aging on HDPE and analyzed changes in

mechanical properties and chemical structure.2–5 On the other

hand, many works discussed about stress aging on HDPE with

the crack growth and predicted the lifetime of material.6–9

Nevertheless, there are a few studies simulating materials aging

under stress and photo-oxidative conditions.10,11

In this work, the materials were applied on an aging oven which

with ultraviolet irradiation, stress, and humidity thermal condi-

tions to simulate the HDPE materials accelerated aging process.

The specimens were under a constant loading below safety

stress,12–14 which was less than 25% breaking strength of mate-

rials. High-resolution 13C nuclear magnetic resonance (NMR)

spectroscopy was used extensively to study the polyethylene

structure and assign all the carbon resonances for branches.15,16

Successive self-nucleation and annealing (SSA)17–20 technique is

commonly used to recognize the comonomer content of materi-

als. Structure changes and crack propagation in the aging pro-

cess were analyzed by metallurgical microscopy, differential

scanning calorimetry (DSC), X-ray diffraction (XRD), attenu-

ated total reflection-Fourier transform infrared (ATR-FTIR)

spectroscopy, and gel content testing. Our aim was to determine

whether a correlation exists in comonomer, toughness, and

crack time of different HDPEs.

EXPERIMENTAL

Materials and Sample Preparation

The three white pellet materials, 9070, TR480, and 2480NT,

were supplied by Hanwha Chemical Corp., Sinopec Maoming

Petrochemical, and Dow Chemical, respectively. Antioxidant

Irganox 1010 and auxiliary antioxidant 168 were procured from

Ciba Specialty Chemicals (Switzerland). The parameters of the

three materials are shown in Table I. Average molecular weights

and molecular weight distributions were tested by high-

temperature gel permeation chromatography (PL-GPC220, Poly-

mer Laboratories, England).

Three kinds of samples were prepared by mixing and extruding

HDPE with 2.5 wt & antioxidant Irganox 1010 and 2.5 wt &

auxiliary Irganox 168 in a twin-screw extruder (TSSI-25,
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ChenGuang Chemical Research Institute of Plastic Machinery,

China) at 195�C–200�C. Sheets with a thickness of 2.1 mm

were then processed by compression molding the extruded three

samples for 20 min at 190�C and 10 MPa in a molding test

press (XLB, Qingdao Dongya Rubber Machine Group Co.).

Afterward, sheets were allowed to cool down and were then cut

into dumbbell-shaped specimens for aging experiments and ten-

sile testing according to the Chinese standard GB11997-89.

Dumbbell-shaped specimens had a length of 120 mm and a

width of 25 mm.

Aging Condition

Stress and photo-oxidative aging experiments were carried out

in a homemade aging oven (Chengdu Yibang Analysis Instru-

ment Co.) at 50�C 6 2�C with air circulation and relative

humidity of 30% 6 2%. The specimens were applied 5 MPa

stress in the oven, which was equipped with a 1000 W Ga–In

source lamp. The spectrum range of lamp was 300–405 nm,

with a maximum intensity at 365 nm. The irradiation intensity

was 3.5 W m22 tested by an UV irradiance meter model UV-A

tester (Photoelectric Instrument Factory of Beijing Normal Uni-

versity, Beijing, China). The UV-A tester used a 365 nm probe,

and the measured spectrum range was 320–400 nm. Specimens

were withdrawn from the oven to observe at time intervals.

Then specimens were analyzed by metallurgical microscopy,

ATR-FTIR spectroscopy, DSC, XRD, and gel content

measurement.

Characterization

NMR Spectroscopy. HDPEs were dissolved in 1,2-dichloroben-

zene, and their 13C NMR spectra were obtained with Bruker

Avance AV II-600 MHz (13C, 150.9 MHz) at 125�C. All 13C

spectra were acquired under complete proton decoupling, and

chemical shift was referenced to external tetramethyl silane.

Successive Self-Nucleation and Annealing Technique. The SSA

analysis comprised of successive heating and refrigerated cooling

programs operating on a TA instrument DSC Q200 under a

rate of 50 mL min21 N2 flow. The self-nucleation and annealing

temperatures (Ts) were determined by Fillon et al.21

The samples were heated from 30�C to 200�C, and then main-

tained for 5 min to erase the thermal history. Afterward, sam-

ples were cooled to 30�C for creating an initial standard

thermal history. Then, samples were heated to the first self-

nucleating annealing temperature (Ts,1) of 132�C, and main-

tained for 60 min with modulation amplitude of 61�C and

modulation period of 100 sec, and then cooled to 30�C. The

samples were heated again to Ts,2 of 128�C and treated for 60

min under the same amplitude and period modulation, and

then cooled to 30�C. This cyclic treatment was continued with

the Ts,n 1 1 being 4�C lower than Ts,n, and the last one, Ts,12, was

88�C. The heating and cooling rates were both 10�C min21.

The ultimate heating curves were gotten by heating the samples

from 30�C to 200�C at a rate of 5�C min21, which reflected the

multiple melting peaks.

Tensile Testing. The tensile properties of materials were charac-

terized by an AGS-J tensile testing machine (Shimadzu, Japan)

with a 10-kN load cell, operating at a cross-head speed of 50

mm min21, according to Chinese standard GB/T1040–1992.

The software provided calculates average values after measuring

five specimens of each sample.

Metallurgical Microscopy Observations. Metallurgical micros-

copy observations were applied on a UM200i metallurgical

microscope (Chongqing UOP Photoelectric Technology Corp.,

China) for detecting the surface of specimens during stress and

photo-oxidative aging.

Fourier Transform Infrared Spectroscopy. ATR-FTIR spectros-

copy was measured by a Nicolet 6700 instrument equipped with

a diamond ATR accessory. Carbonyl index (CI) value was

obtained from the carbonyl stretching area peak area (1670–

1800 cm21) and CH3 stretching peak band area (2917 cm21).

CI was determined as follows:

CI5
AC5O

A2917

(1)

Here AC5O and A2917 are, respectively, carbonyl group absorp-

tion peak areas and internal reference peak areas.

Differential Scanning Calorimetry. The TA instrument DSC

Q200 was used for the thermal analysis of specimens processed

at different aging times. Approximately, 5 mg powder samples

scraped from the surface of specimens were heated from 40�C
to 210�C, at a rate of 10�C min21. The heat of fusion (DH) of

experimental melting peak area was derived to calculate crystal-

linity (Xc):

X5
DH

DH100

3100% (2)

Here DH100 is defined as the heat of fusion of 100% crystalline

HDPE (293 J/g22,23).

In addition, oxidation induction time (OIT) was measured on

the same instrument. Five milligrams of samples were heated to

210�C at the same rate, with 50 mL min21 N2 flow. After ther-

mal equilibration for 5 min, the purge gas was switched to O2.

OIT is the time interval between O2 insertion and oxidation

onset point measured within 60.1 min.

X-ray Diffraction Characterization. Crystal characterization of

HDPE specimens was carried out on XRD (X’Pert Pro MDP,

Royal Dutch Philips Electronics Ltd.). The measurements were

performed in reflection mode with Cu Ka radiation (40 kV, 35

mA), k 5 1.5418 Å.

Gel Content (Crosslinking Degree) Measurement. According

to ASTM D 2765, a continuous extraction experiment was per-

formed in 350 mL xylene solvent with 1 wt % Irganox 1010 for

12 h at 110�C. Approximately, 0.300 6 0.015 g sample was cut

into small pieces and placed in a preweighed 120-mesh stainless

Table I. Some Samples Characteristics

Sample
Density
(g cm23)

Mn

(kg mol21)
Mw

(kg mol21) Mw/Mn

9070 0.945 175 199 1.14

TR480 0.944 41.3 43.8 1.06

2480NT 0.949 33.2 44.3 1.33

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4090440904 (2 of 10)

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


steel cloth pouch. After extraction, sample was immediately

placed in a cage in a vacuum oven and heated to 150�C until a

constant weight was reached. The gel contents were calculated

using the following equation:

Gel content ð%Þ5100%2
W 32W 4

W 22W 1
3100% (3)

Here, W1 is the weight of the pouch, W2 is the weight of the

sample and the pouch, W3 is the weight of the cage, and W4 is

the constant weight of the cage.

RESULTS AND DISCUSSION

Characterization of Unaged Samples
13C NMR. A general structure for short chain branches in

polyethylene is shown in Figure 1, and carbons were named

based on Randall.24 The 13C NMR spectra of three samples

are shown in Figure 2. The assignment of each peak was

labeled across the top of each HDPE spectrum, and the 13C

chemical shift values of various carbons are listed in Table II.

From Table II we found out that the shift value of each car-

bon was similar. The average molecular weight of 9070 was

much higher than the other two; so, the intensity of peaks in
13C NMR spectrum was larger. Then according to Grant–Paul

chemical shift rules,25 Lindeman–Adams methods,26 and the

spectra of model copolymers,27 this confirmed that the short

chain branch present was butyl. From the above analysis we

can conclude that the comonomer type of all the three sam-

ples was 1-hexene.

Thermal Fractionation. Thermal fractionation SSA is the most

powerful and effective technique for the characterization of pol-

yolefin comonomer content. Figure 3 revealed the ultimate DSC

heating curves after SSA of three unaged HDPE samples. Multi-

ple melting peaks were formed during each step of self-

nucleation and annealing crystallization, and the peaks fitting

curves are shown in Figure 4. Each step of endotherm peak

region represents a series of crystals, which had almost the same

thermodynamic stability and melting temperature, and the

differences among the peaks were mostly caused by different

crystal sizes.28

The thickness of the crystal lamellae (li) can be determined by

DSC melting point of the polymer via the Thomson–Gibbs

equation (eq. (4)).17

li5
2rsTm0

DHv Tm02Tmið Þ (4)

By the Keating18 method and Flory20 equation, mathematical

calibration relationship was obtained based on between the

melting point and the methylene sequence length (MSL)29:

2ln ðCH2 mole fraction Þ520:317671
131:61

Tmi

(5)

CH2 mole fraction represented the corresponding peak region

of the methylene content; further the CH3 mole fraction was

obtained. MSL can be calculated by the following formula (eq.

(6)):

MSL5
2ðCH2 mole fraction Þ

12ðCH2 mole fraction Þ (6)

Meanwhile, the comonomer content of each segment can be

obtained by multiplying the peaks area with its corresponding

ratio.19

Arithmetic mean Ln , weighted mean Lw , and sequence length

broadness index I were determined from following

equations19221,29,30:

Figure 1. Carbon numbering scheme for short-branched HDPE.

Figure 2. 13C NMR spectra of three samples showing detailed branch

assignments.

Table II. 13C Chemical Shift Values of Various Carbons in HDPE Main Chain and Side Chain

Main chain (ppm) Side chain (ppm)

Sample CH a b 1S 2S 3S 1B 2B 3B 4B

9070 37.9 34.2 26.9 13.7 22.5 31.8 13.7 22.5 29.1 33.5

TR480 38.1 34.5 27.2 14.0 23.3 32.1 14.0 23.3 29.9 34.1

2480NT 37.9 34.3 27.0 13.8 22.6 31.9 13.8 22.6 29.2 34.0
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Ln 5
n1L11n2L21 � � �1njLj

n11n21 � � � nj

5
n1

N
L11

n2

N
L21 � � �1

nj

N
Lj 5 RfiLi

(7)

Lw 5
n1L1

21n2L2
21 � � �1njLj

2

n1L11n2L21 � � �1njLj

5
RfiLi

2

RfiLi

(8)

I 5
Lw

Ln

(9)

Here ni is each segment of the normalized peak area, and Li is

each segment of MSL or lamellar thickness for each fraction. By

using these equations, we determined the polydispersity param-

eters in Table III.

The differences among the samples were qualitatively displayed

by the number and area of melting peaks in heating curves. The

curves in Figure 3 were existed more obvious thermal fractiona-

tion melting peaks in TR480 and 2480NT, whereas 9070 was of

the highest temperature peak. Besides, the curve of TR480 was

similar with that of 2480NT due to a few differences in melting

peaks in Figure 3. The results in Table II could explain the simi-

larity between TR480 and 2480NT, attributed to the almost

same comonomer content, mean sequence length, and average

lamellar thickness in Table III. 9070 had the lowest comonomer

content (0.75 mol %), the longest mean sequence length

(391.81), and the maximum average lamellar thickness (29.65

nm); meanwhile, the IL(1.29) and Il(1.26) were highest. It dem-

onstrated that the comonomer content of sample was lesser,

and the longer MSL renders molecular chains arrangement tid-

ier. At the same time, the molecular chains easily moved into

the crystal lattice, making the crystallization ability of sample

stronger, and results in lamellar thickness becomes thicker.

Mechanical Properties Analysis. The mechanical properties

tests of HDPE specimens were carried out to determine tensile

strength, breaking strength, elongation, and fracture toughness

on the tensile testing machine.

Fracture toughness is the area under stress–strain curve, the

work done on the material from start to fracture. Table IV

shows that the breaking strength and fracture toughness of

9070 samples were the lowest, whereas 2480NT samples had

the highest breaking strength (34.63 MPa) and fracture

toughness (208.28 J). The results can be explained with aver-

age molecular weights and molecular weight distribution of

samples in Table I. The 9070 had the biggest average molecu-

lar weight and narrowest molecular weight distribution. Mn

of 2480NT (33.2 kg mol21) was smaller than that of TR480

(41.3 kg mol21), and Mw/Mn (1.33) of 2480NT was broader.

Consequently, there were many low-molecular-weight chains

in 2480NT, which can provide flexibility in tensile testing

period. As the comonomer of three samples was 1-hexene,

the degree of short chain branch depended on comonomer

content. Therefore, 2480NT had the highest degree of short

chain branch; it made the distance between molecule chains

to increase and the intermolecular forces to reduce. So,

2480NT had the excellent toughness compared with other

two.

Stress and Photo-Oxidative Aging of Samples

Surface Morphology Observation. The surfaces of three HDPE

samples were observed with metallurgical microscopy. The

micrographs at a magnification of 100 times are displayed in

Figure 5. Direction of the arrows in Figure 5(a) was the 5 MPa

stress direction and was the same for other samples. The micro-

graphs in Figure 5(a,d,g) showed that the non-aged samples

were smooth, without any cracks.

From Figure 5(b,e,h), we found that the surface of 9070 and

TR480 samples were not with obvious microcracks like 2480NT.

After 250 h of stress and photo-oxidative aging, the crack width

was about 10 lm in Figure 5(c,f). However, the crack density of

9070 was larger than that of TR480 samples; also, fracture phe-

nomena occurred on 9070 samples because of more defects. Fig-

ure 5(h) shows that in 2480NT samples microcracks appeared

after 300 h of aging. Then 12–14-lm width cracks appeared

Figure 3. Final heating curves after thermal fractionation of three samples

of HDPE.

Figure 4. Peak fitting curves of thermal fractionation curves for three samples: (a) 9070, (b) TR480, and (c) 2480NT.
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after 350 h aging [Figure 5(i)]. At the same time, the direction

of crack propagation was vertical to the stress direction on the

surface of all samples.

When the three kinds of HDPE were subjected to long-period

stress and ultraviolet irradiation aging, 9070 was the first to

crack and fracture, which validated that 9070 has the weakest

stability and is more susceptible to crack on aging degradation.

On comparing the cracking time of the three materials, the fol-

lowing order was seen: 2480NT>TR480> 9070.

Changes in Solid-State Structure of HDPE Samples after

Aging. In principle, the changes in solid-state structure and

chemical structure occurred due to aging, such as changes in

molecular weight or branch formation and crosslinking could

induce changes in crystallization and melting behavior that

would be recorded by DSC technique.

Table III. Parameters of Thermal Fractionation for Three Samples of HDPE

MSL l(nm)
Comonomer
content (mol %)Sample Ln Lw IL ln lw Il

9070 391.81 504.99 1.29 29.65 37.45 1.26 0.75

TR480 190.18 219.93 1.16 14.99 17.12 1.14 1.31

2480NT 186.51 213.87 1.15 14.72 16.68 1.13 1.32

Table IV. Three Kinds of HDPE Mechanical Properties

Sample

Tensile
strength
(MPa)

Breaking
strength
(MPa)

Elongation
(%)

Fracture
toughness
(J)

9070 26.98 21.17 681.26 157.49

TR480 20.27 33.70 783.82 202.11

2480NT 21.24 34.63 696.43 208.28

Figure 5. Micrographs of three sample surfaces during stress and photo-oxidative aging. 9070: (a) 0 h, (b) 225 h, and (c) 250 h. TR480: (d) 0 h, (e) 225 h,

and (f) 250 h. 2480NT: (g) 0 h, (h) 300 h, and (i) 350 h. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6 shows the DSC thermograms for samples under differ-

ent aging times. The most relevant data are summarized in

Table V. From Figure 6, the melting peak area of each HDPE

sample became larger and melting point slightly shifted to the

right with aging time increasing. As it could be seen in Table V,

the Xc of 9070 grew from 47.94% to 61.09% till cracking, Xc of

TR480 increased from 36.96% to 49.76%, and Xc of 2480NT

also increased from 37.55% to 52.59%. The Tm of HDPE

reduced with increasing aging time; for 9070 and TR480, it

decreased about 3�C, and the Tm of 2480NT decreased approxi-

mately 4.3�C. OIT tests were used to determine the materials’

stability during aging. With increasing time, OIT of all samples

reduced to nearly 1 min.

Besides, the crystallinity and melting point values of the unaged

9070 sample were the biggest, consistent with that of the ther-

mal fractionation results. After 250 h of aging, 9070 fractured,

but only some cracks appeared on the aged surface of TR480; it

may be because its crystallinity was higher than that of TR480.

Due to the crystallinity increasing slowly and the OIT decreas-

ing slowly, so 2480NT finally appeared cracks.

Sabino et al.31 reported that the longest chain segments had a

high probability of being entangled within the amorphous

regions, which were regions vulnerable to degradation, and then

tie-molecules and entangled chains of long MSL segments

would have a high possibility of being involved in degradation

reactions. Thus, our result about the cracking time order is in

agreement with this theory; the long MSL chain segment of the

9070 sample was more susceptible to degradation. Carrasco

et al.3 suggested that the UV irradiation had a little influence

on crystallinity during HDPE aging. Due to tensile 5 MPa

stress, HDPE chain segments were prone to orientation or

recrystallization in the stretching direction. In addition, the

temperature of the sample surface was 55�C, which was higher

than the glass-transition temperature, so it was advantage for

chain movement and rendering chains arrange more closely. So

the degree of crystallization of HDPE samples increased during

stress and photo-oxidative aging. It illustrated that the three

materials’ crystallinity added about 15%, and the samples

became brittle and cracked after aging. At the same time, the

Tm of materials decreased; it showed that some small molecule

chains were produced, and partial degradation of the material

occurred in the aging process, which were mainly manifested in

chain scission and chain break. Besides, the OIT for three mate-

rials reduced to 1 min, which could describe that the surface of

samples had been part of oxidation that results would be found

in Figures 6 and 7. As irradiation time increased, the samples

surface gradually turned yellow and became brittle, which made

the material to more quickly degrade and ultimately accelerated

the aging process.

Chemical Changes on the Surface of HDPE Samples after

Aging. IR spectroscopy was widely used to determine the pres-

ence of various oxidation products that were formed as a result

of polyethylene samples degradation reactions.32–34 In our con-

text, ATR-FTIR spectroscopy characterized the chemical changes

Figure 6. DSC crystallization curve of three samples of HDPE during stress and photo-oxidative aging: (a) 9070, (b) TR480, and (c) 2480NT.

Table V. Crystallinity, Melting Point, and OIT of Three Samples on Different Aging Times

Samples

9070 TR480 2480NT

Time (h) Xc (%) Tm (�C) OIT (min) Xc (%) Tm (�C) OIT (min) Xc (%) Tm (�C) OIT (min)

0 47.94 131.85 95.07 36.96 128.64 34.09 37.55 129.17 47.04

75 54.66 131.14 2.03 43.98 128.32 2.07 39.65 127.81 1.86

150 55.05 129.84 2.02 43.10 125.91 1.63 42.35 127.59 2.22

225 58.45 129.76 1.58 47.03 126.26 1.21 48.57 125.58 1.68

250 61.09 128.84 1.02 49.76 126.29 0.91 – – –

300 – – – – – – 52.39 125.98 1.63

350 – – – – – – 52.59 124.87 0.88
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on the surface of samples after aging. Figure 7 showed the ATR-

FTIR spectra of the crack HDPE samples. The 2917 and 2848

cm21 peaks were CH2 asymmetric stretching and stretching

vibration. The 1472 and 1462 cm21 peaks were CH2 in-plane

bending and wagging vibration of the HDPE chains. The 730

and 719 cm21 peaks belonged to CAH out-of-plane bending

vibration. The absorption band around 1715 cm21 was assigned

to the C@O stretching vibration. From the ATR-FTIR spectra

and the surface micrographs in Figure 5, it can be seen that the

carbonyl peaks obviously appeared when the samples crack.

The CI characterized the degree of oxidation for each HDPE

sample during aging. The results for three materials after differ-

ent aging times are shown in Figure 8. As the time extended, CI

increased significantly. The 9070 samples fractured in 250 h; the

CI was 0.102. In TR480, cracks appeared after 250 h of aging;

the CI was 0.096. Moreover, in 2480NT a few microcracks

appeared after 300 h of aging. The CI was 0.809, and then it

rapidly increased to 0.128 due to many cracks on the surface of

samples after 350 h.

CI increased with aging time. It demonstrated that the materials

undergo gradual oxidation reaction to produce more free radi-

cals and chemical changes. Thus, the materials were more prone

to degradation and more susceptible to molecular chain scission

and chain break under aging process, rendering the flaws to

appear on the surface of sample. Also Singh35 reported that

oxygen diffused faster into amorphous polyethylene regions

than crystalline regions. So based on the above analysis, it was

easier for oxygen to penetrate inside via the flaws, making the

materials more sensitive to degradation. Besides the appearance

of crack on samples, CI values reached about 10%. The oxida-

tion rate was in the following order: 9070>TR480> 2480NT,

which was in line with surface observations and DSC analyses.

Changes in Crystalline Morphology of HDPE Samples after

Aging. According to the theory of X-ray diffraction method, the

crystallite size was measured, and the relationship was provided

by Scherrer Lhkl 5
kk

bcos h.
36 b was defined as half high of diffrac-

tion peak width (FWHM), and crystal shape factor was k (0.9).

Figure 9 showed X-ray diffractiongrams of three materials dur-

ing stress and photo-oxidative aging. The parameters are sum-

marized in Tables VI, VII, and VIII. As can be seen, the crystal

form of the materials was still the orthorhombic system which

did not change during aging, and the crystalline peaks mainly

consisted of (1 1 0) and (2 0 0) reflections. It was found that

there were almost few changes on (2 1 0) and (0 2 0) crystal

planes, and their intensity always were very low. Apparently,

there were also not many changes in the d-spacing belonging to

Figure 7. The ATR-FTIR spectra of three different cracked samples.

Figure 8. Changes in carbonyl index for three samples during stress and

photo-oxidative aging.

Figure 9. X-ray diffractograms of three samples of HDPE during stress and photo-oxidative aging: (a) 9070, (b) TR480, and (c) 2480NT.
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(1 1 0) and (2 0 0) crystal planes. Due to the crystalline peak

area was related with crystal content,and the crystal content was

increased with crystalline peak area and FWHM. So when the

FWHM was greater, it indicated that the crystal content was

bigger, but rather the crystallite size became smaller.

The crystallite sizes of (1 1 0) and (2 0 0) crystal planes for

9070 samples were a bit bigger than other two samples during

aging. This result was in accordance with SSA analysis, and the

average lamellar thickness of 9070 was larger. It was more bene-

ficial to the long chain segment into the lattice because of excel-

lent crystallization performance; thus, the crystallite size of 9070

was larger than that of the other two.

As the time increased, crystallite size of all samples increased

first and then decreased. It was attributed to the small molecule

chains scission and breaking under stress and high temperature,

which would induce the materials secondary recrystallization to

render the crystallite size increase in the early period of aging

process. Further the damage of (1 1 0) and (2 0 0) crystal

planes and generation of crystalline imperfections after ultravio-

let irradiation, mutually influenced the change in crystallite size.

Changes in Crosslinking Degree for HDPE Samples after

Aging. Because of polyethylene crosslinking part did not dissolve

in hot xylene, we used the ASTM D 2756 to measure the crosslink-

ing degree for HDPE samples during aging. The crosslinking part

residues weight percentage of the original sample weight was gel

content that was called crosslinking degree calculating by eq. (3).

Figure 10 showed the changes of crosslinking degree for three

materials during aging. The gel content of 2480NT sample was

17.76% after the longest time of 350 h. However, the crosslink-

ing degree of the other two materials was about 10% after 250

h aging. From Figure 10, we could see that the crosslinking

degree of 9070 sample was the most quickly grown to 10.53%

in 250 h. For the 2480NT samples, the degree of crosslinking

was rising rapidly in the aging late period. Meanwhile, cross-

linking degree was 9.76% for 2480NT sample on 300 h, lower

than that of 9070 and TR480 samples on 250 h. There were

some relevant changes in cracking time of three materials; 9070

and TR480 were the earlier to fracture and crack.

Degradation and crosslinking were competition reactions in the

aging process. Figure 11 illustrated the process of molecular

Table VI. XRD-Related Parameters of 9070 on Different Aging Times

d (Å) Intensity (counts) FWHM (degree) L (Å)

Time (h) (110) (200) (110) (200) (110) (200) (110) (200)

0 4.1623 3.7603 3918 1248 0.444 0.549 185 149

75 4.1389 3.7278 3407 1188 0.441 0.537 186 152

150 4.1183 3.7157 8774 2991 0.447 0.579 184 141

225 4.1409 3.7340 3926 1353 0.456 0.562 180 145

250 4.1236 3.7246 3698 1224 0.457 0.587 179 139

Table VII. XRD-Related Parameters of TR480 on Different Aging Times

d (Å) Intensity (counts) FWHM (degree) L (Å)

Time (h) (110) (200) (110) (200) (110) (200) (110) (200)

0 4.1258 3.7218 8158 2706 0.474 0.596 173 137

75 4.1717 3.7591 4634 1217 0.458 0.579 179 141

150 4.1335 3.7281 4647 1138 0.455 0.593 180 137

225 4.1296 3.7248 3116 1093 0.479 0.601 171 135

250 4.1413 3.7479 9785 2446 0.462 0.630 177 129

Table VIII. XRD-Related Parameters of 2480NT on Different Aging Times

d (Å) Intensity (counts) FWHM (degree) L (Å)

Time (h) (110) (200) (110) (200) (110) (200) (110) (200)

0 4.1295 3.7294 6689 2126 0.478 0.618 171 132

75 4.1182 3.7066 3353 1177 0.596 0.665 136 122

150 4.1619 3.7511 3579 1013 0.472 0.618 173 132

250 4.1507 3.7419 2865 948 0.484 0.583 169 140

300 4.1582 3.7526 2993 1039 0.485 0.596 168 137

350 4.1523 3.7431 4050 1325 0.489 0.627 167 130
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chains crosslinking, chain scission, and chain fracture. In our

context, the result was easily concluded that crosslinking degree

of all samples was increased. So the crosslinking phenomenon

was more easily produced with irradiation time rising, which is

shown in Figure 11(a,b). Uneven distribution of short branch

chains and some molecular chains flaws lead to the irregular

distribution of crosslinking segments of HDPE under UV irradi-

ation. In combination, with our results, crosslinking degree was

more than 10% and would form nonuniform network chain

segments in Figure 11(b). So that the entanglements between

the chain segments became fewer, resulting in poor chain seg-

ment mobility. Moreover, the chain segments hardly transfer

stress, and produced stress-concentration points. So it made the

molecule chains scission and break, easily leading to the materi-

als to crack [illustrated in Figure 11(c)]. Once the crack appears

on the surface of samples, it was more easy for oxygen and

ultraviolet to permeate inside the materials. Besides irradiation

would reduce activation energy of radicals to generate more

chemical reactions, resulting in molecular chains collapse; the

materials failure finally.

CONCLUSION

Three most commercially available HDPE grades under stress

and photo-oxidative aging were systematically studied, and the

comonomer of the materials was 1-hexene. The comonomer

content, toughness, and cracking time for the different HDPEs

complied with the following order: 2480NT>TR480> 9070.

DSC analysis showed that melting point decreased about

2�C–4�C, crystallinity increased about 15%, and OIT reduced to

nearly 1 min. Also, CI values of the cracking samples reached

10%. Besides (1 1 0) and (2 0 0) crystal planes were damaged,

it would form a network chain segments when crosslinking

degree was more than 10%. It was illustrated that three materi-

als happened degradation and crosslinking phenomena, accord-

ing to melting point were decreased and crosslinking degree of

samples were increased via above analysis.

Because the materials were under stress, it would induce small

molecule chains scission and breaking. Also, under ultraviolet

irradiation, the chain segments mobility became poor due to

crosslinking. Stress and ultraviolet irradiation mutually affected

the materials, which made the HDPE crack and fracture. So

according to the toughness of different HDPE materials, we can

choose the best one whose average molecular weight and molec-

ular weight distribution are moderate for outdoor applications.
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