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ABSTRACT: Ethylene-octene copolymer (EOC) was irradiated using electron beam irradiation at different dosages (30, 60, 90, and 120

kGy). Effect of irradiation dosage on thermal and mechanical properties was studied. When compared to low density polyethylene,

EOC exhibited higher degree of crosslinking reflected in increased gel content, higher elastic modulus (G0), and lower tan d obtained

by rheology measurement at 150�C. Crosslinking caused improvement in high-temperature creep and room temperature and also ele-

vated temperature elastic properties. Differential scanning calorimetry revealed that e-beam irradiation has caused a gradual reduction

in crystallinity and a presence of a fraction with higher melting temperature. In the case of EOC, as the extent of crosslinking

increased, stress at break showed an increasing trend whereas irradiation dosage had an inverse effect on elongation at break. Radia-

tion dosage has positive effect on thermal stability estimated by thermogravimetric analysis. After 30 min of thermal degradation at

220�C, slightly higher C¼¼O peak for crosslinked sample was found by Fourier transform infrared spectroscopy while for room tem-

perature samples no C¼¼O peak was detected. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The development of Dow’s INSITETM constrained geometry cata-

lyst technology has led to the polymerization of new ethylene-

octene copolymers (EOCs) with very low density which designed

to be processed like thermoplastics but can be compounded like

elastomers. Copolymers with densities less than 0.90 g cm�3 syn-

thesized with this technology constitute a unique class of thermo-

plastic elastomers.1,2 In 1993, DuPont Dow Elastomers intro-

duced polyolefin elastomers (POEs) under the brand name

ENGAGETM. The exceptional performance of ENGAGETM is

attributed to good control over polymer structure, molecular

weight distribution, uniform comonomer composition, and rhe-

ology. They are being considered for use in diverse applications

such as in footwear applications and are particularly good alter-

native for sealing applications due to their structural regularity

and nontoxic composition.3 Foams made from these metallo-

cene-based polyolefins are being considered for use in diverse

applications as cushioning agents, gaskets, sealants, etc.4

Crosslinking technology represents a highly effective way for

improving EOC’s high temperature properties and extends their

applications.5 Over these years, crosslinking of polymers has

attracted attention of researchers worldwide. Crosslinking in

polymers enables them to exhibit a viscoelastic behavior, charac-

teristic of an elastomer, at temperatures above the melting point

of the thermoplastic. This is very important property which can

be utilized in the manufacture of heat shrinkable components

which are widely used in the cable and electric for jointing,

splicing, and termination applications.6

VC 2012 Wiley Periodicals, Inc.
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EOC has been successfully crosslinked using techniques like per-

oxide crosslinking,7–10 silane water crosslinking,11–14 and elec-

tron beam (b) or gamma (c) irradiation.15–19 Irradiation is very

powerful form of energy which can produce deep changes in

the polymers. Crosslinking via controlled irradiation is an alter-

native to dynamic vulcanization to improve the properties of

thermoplastic elastomers (TPEs) considerably.20 One of the

advantages of irradiation crosslinking is that it can be done on

finished products at room temperature.

A number of earlier studies have focused on the effect of irradi-

ation on polyethylene and its blends. Benson et al.15 studied the

effect of molecular weight and composition on thermal and me-

chanical properties of gamma irradiated EOCs. Cardenas et al.21

investigated the effect of e-beam irradiation on thermal and me-

chanical properties of various blends containing EOCs. But

there is a lack of studies on the effect of irradiation dosage on

rheological and high temperature mechanical properties. This

work is focused on rheological, thermal, and high-temperature

elastic and creep properties of e-beam crosslinked EOC with

high comonomer content, compared to low density polyethylene

(LDPE) without the presence of regular short branching.

EXPERIMENTAL

EOC with 45 wt % of octene content having trade name

ENGAGE 8842 was supplied by The Dow Chemical Company,

Midland, Michigan, United States Density of ENGAGE 8842

was 0.8595 g cm�3 and melt flow rate was 1.02 g 10 min�1

(190�C/2.16 kg). LDPE which has been used for the comparison

of some properties was Bralene RB 2-62, manufactured by Slov-

naft Petrochemicals, Bratislava, Slovak Republic. MFI and den-

sity of Bralene RB 2-62 was 2 g 10 min�1 and 0.918 g cm�3

respectively.

EOC and LDPE sheets (sample size was 12 � 6 � 0.2 mm3) for

beta (electron beam) irradiation were prepared using a compres-

sion molding machine at 110�C and 130�C for 10 min, respec-

tively. Beta irradiation was performed in normal air at room

temperature, in BGS Beta-Gamma-Service GmbH, Germany. It

was made sure that the temperature did not exceed 50�C.

Source of radiation was toroid electron accelerator Rhodotron

(10 MeV, 200 kW). The irradiation was carried out in a tunnel

on a continuously moving conveyer with the irradiation dosage

ranging from 30 to 120 kGy; in steps of 30 kGy per pass.

The gel content of the e-beam crosslinked EOC and LDPE sam-

ples was determined by evaluation of the content of insoluble

fraction of crosslinked material after solvent extraction accord-

ing to ASTM D2765-01. About 0.3 g of crosslinked sample was

wrapped in a 120 mesh stainless steel cage and extracted in

refluxing xylene for 6 h. Sample was then dried in vacuum at

55�C and weighed. Percent (%) gel content was calculated as

per the given formula.

Gel content ¼ Final weight of sample

Initial weight of sample
� 100 (1)

Thermal properties of irradiated EOC samples were analyzed by

a Perkin–Elmer DSC-1. Temperature calibration was performed

using indium standard. Nitrogen atmosphere was employed

during the experiment at heat flow rate being 20 mL min�1.

Heating rate for the differential scanning calorimetry (DSC)

experiments was 20�C min�1.

Advanced Rheometric Expansion System ARES 2000 (Rheomet-

ric Scientific, Piscataway, NJ, USA) equipped with 25-mm paral-

lel plates geometry was used to determine storage modulus G0,
loss modulus G00, and complex viscosity g* in the frequency

range 0.1–100 rad s�1 at constant temperature (150�C) and

strain (1%).

Elastic properties were measured by residual strain experiments

conducted using an Alpha Tensometer 2000 instrument. Micro-

tensile samples with dimensions according to ISO 12086 were

used for tensile experiments. Hysteresis experiments for the re-

sidual strain evaluation were carried out at a cross-head speed

of 10 mm min�1, where the cross-head was allowed to return

to the original position after reaching to a pre-set strain of

100%. Tensile experiments till rupture were carried out at a dif-

ferent cross-head speed of 100 mm min�1 and tensile modulus,

stress at break, and elongation at break was noted.

To study the effect of crosslinking on elastic properties, residual

strain experiments were also carried out above the melting tem-

perature (about 50�C) of the virgin copolymer. For this, the

samples were stretched to 100% elongation for 5 min and kept

in a hot air oven (Memmert UFE 400) maintained at 70�C. The

samples were then cooled to room temperature and the residual

strain values were noted.

Tensile samples were cut out of the crosslinked sheets and used

for the tensile creep experiments according to ISO 899 standard.

Creep test was carried out in Memmert UFE 400 oven with dig-

ital temperature control. Creep was recorded through the glass

window using SONY SLT-A33 camera capable of HD 1920 �
1080 video (25 frames/s). This video was later analyzed at

proper time intervals. Effect of irradiation dosage on creep

behavior of crosslinked EOC was studied.

Thermal stability of crosslinked EOC samples was studied using

a Q500 instrument (TA Instruments). Thermogravimetric analy-

sis (TGA) experiments were carried out in nitrogen atmosphere

at a heating rate of 20�C min�1 in the selected temperature

range of 25–600�C.

The Fourier transform infrared (FTIR) spectroscopy of the pure

and crosslinked EOC samples was carried out by using the

Nicolet 320 Avatar FTIR spectrometer in attenuated total reflec-

tance (ATR) mode. The samples were scanned from 4000 to 400

cm�1.

RESULTS AND DISCUSSIONS

DSC thermograms of irradiated EOCs are shown in Figure 1.

There is a clear difference in the position of melting peaks and

peak areas. Only one melting peak around 43�C is seen in the

case of unirradiated EOC sample while there is a second peak at

around 56�C in the case of EOCs irradiated with 90 and 120

kGy dosages. This may be ascribed to the formation of high-

melting fraction (chains with high molecular mass) due to

increased crosslinking. Inset of Figure 1 reveals that crystallinity
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decreases with radiation dosage. Crosslinking and chain branch-

ing inhibit the growth of crystals and the whole crystallization

process by disturbing the reorganization and chain folding.

The rheological properties of e-beam irradiation crosslinked

EOC are shown in the following figures. Frequency dependence

of elastic modulus, G0 of irradiated samples is illustrated in Fig-

ure 2. At low frequency, time is large enough to unfold the

chains and relax slowly which reduces the modulus. But at

higher frequency, the entangled chain had less time for reorien-

tation and results in higher G0 values; similar behavior was

observed by Mir et al.22 An increase in radiation dosage signifi-

cantly increases low frequency elastic modulus (see inset in Fig-

ure 2). At low frequency range, longer chains are contributing

more toward the elasticity of the polymer. As the radiation dos-

age increases, presence of shorter chains decreases, i.e., longer

and crosslinked chains are formed. This is obvious from the

Figure 2 that, as the radiation dosage increases, G0 increases at

lower frequency range. But at higher frequencies, shorter chains

are responsible for the elasticity. This is the reason why G0 val-

ues are decreasing with the radiation dosage at higher frequen-

cies when the number of shorter chains is relatively smaller. In

this case G0 curves were higher than G00. This showed that a

strong connection was developed between the polymer chains

by irradiation.

Figure 3 depicts the effect of radiation dosage and frequency on

tan d. There is a large decrease in tan d with increasing fre-

quency for 0 kGy. Then tan d is almost independent of fre-

quency level for the radiation above 30 kGy. As shows also in

Figure 2, initially there is a large change in polymer structure

(compare tan d at 0.1 rad s�1 for 0 and 30 kGy, the values were

about 6 and 0.5, respectively), then the change is rather moder-

ate in range 30–120 kGy. The effect of radiation dose on tan d
at the frequency 0.1 rad s�1 for samples 30–120 kGy is illus-

trated in the inset of Figure 3. There is an exponential decrease

Figure 1. DSC thermograms of EOC samples at 20�C/min and crystallin-

ity vs. radiation dosage (inset). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 2. Elastic modulus (G0) at 150�C vs. frequency for irradiated EOC

samples and increase in G0 as a function of radiation dose (inset). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. tan d at 150�C as a function of frequency for irradiated EOC

samples and the inset is the effect of radiation dose on tan d (at 0.1 rad

s�1). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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of tan d with radiation dosage. The decrease in tan d means

improvement in elasticity.

We have carried out also the rheology analysis of LDPE and

compared with that of EOC samples to see the effect of octene

branching on crosslinkability. Results for 120 kGy samples are

shown in Figure 4. From the comparison of elastic modulus

(G0) shown in Figure 4, it is clear that EOC has higher modulus

than LDPE and better elasticity (lower tan d values at all fre-

quencies), see inset of Figure 4. To support these results, we

have analyzed the gel content of EOC and LDPE samples. Fig-

ure 5 shows the effect of irradiation dosage on gel content

which is proportional to the degree of crosslinking. Structures

with low molecular weight which are by-products of chain scis-

sion or chain branching may not contribute toward the insolu-

ble fraction. As a result of increase in network formation (cross-

linking extent), gel content increases. It is clear from the Figure

5 that samples irradiated with 30 kGy dose were completely dis-

solved due to low crosslinking degree, in both cases. A gradual

increase in gel content was observed thereafter. A maximum gel

content of 88% was recorded for EOC irradiated with 120 kGy,

while for LDPE, it was only 65%. These two measurements

indicate better crosslinkability of EOC compared to LDPE. This

can be ascribed to the presence of increased number of tertiary

carbon atoms in EOC which arose due to the incorporation of

comonomer units to the polyethylene chain structure. This

results in reduction in number of consecutive ethylene units

(i.e., crystallizable part) which leads to a rise of amorphous

region in the copolymer. Hydrogen atoms attached to the terti-

ary carbon atoms are more easily attacked than the primary and

secondary ones. In conclusion, higher degree of crosslinking in

the case of EOC can be attributed to the higher presence of ter-

tiary carbon atoms and possibly also to lower crystallinity

(higher content of amorphous phase).

Tensile stress–strain curves of the pure and crosslinked EOCs

are depicted in Figure 6. A gradual decrease in elongation at

Figure 4. Elastic modulus (G0) and tan d at 150�C of LDPE and EOC

samples irradiated at 120 kGy. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. Gel content analysis of irradiated LDPE and EOC samples.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. Stress–strain curves of EOC samples at room temperature.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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break has been observed while stress at break has shown an

increase, except in the case of the highly irradiated (120 kGy)

EOC. Increase in crosslinking is the reason for these two phe-

nomena. For majority of the samples, elongation before failure

has gone up to as high as 1000%. No yield points were noted

in any of the measurements because of extremely low crystallin-

ity. There was no significant effect of crosslinking observed in

the case of tensile modulus. Perraud et al. have reported similar

results for the e-beam crosslinked poly(ethylene-co-octene).23

Tensile properties of irradiation crosslinked EOC are summar-

ized in Table I.

Influence of radiation dosage on elastic properties at room tem-

perature is demonstrated in Figure 7. Residual strain (er) values

obtained from the hysteresis curves from the tensile instrument

are being considered as the measure of elasticity. In this case,

applied strain was 100%. Residual strain is found to be decreas-

ing with increase in crosslinking via irradiation. In other words,

elasticity of EOC is getting improved by crosslinking. Just by

the exposure to 30 kGy dosage irradiation, a significant drop of

about 30% in the er value has been observed. A gradual decrease

in er (or increase in elasticity) with further increase in irradia-

tion dosage was found. Original stress–strain hysteresis curves

of pure and the most crosslinked EOCs are shown in the inset

of the Figure 7, where the position of er is clearly marked.

Residual strain values above the Tm of the pure EOC (43�C)

were also measured and are shown in Figure 8. For this, a tem-

perature of 70�C was used, when there are no crystals present.

At room temperature the crystals play the role of tie points for

amorphous chains. Above Tm only crosslink chemical bonds are

holding amorphous chains together during mechanical stretch-

ing. Then after 100% elongation at 70�C one can clearly see a

big difference among the samples (at room temperature the dif-

ference was much smaller). The residual strain values at 70�C

are much higher compared to room temperature. High temper-

ature testing is common practice in industry and has a great

importance for the customers.

Creep is an important property for polymers that are being

used under constant stress for a long duration of time such as

pipes, storage tanks, etc. Crosslinking can enhance the creep re-

sistance of polymers. Effects of crosslinking on creep compliance

of EOC are illustrated in Figure 9. Figure 9 shows the influence

of irradiation dosage on creep behavior of EOC at 150�C under

0.1 MPa stress. Pure EOC and samples with low crosslinking

undergo a rapid and high creep behavior. As the crosslinking

increases, more network is formed in the whole polymer system.

These crosslinks hold the polymer chains more firmly in the

case of highly crosslinked EOC samples. Almost no creep was

observed in the case of EOC irradiated with 120 kGy dosage.

There is a transition from a high-creep to a low-creep which is

noticeable between samples irradiated with 30 kGy and 60 kGy.

This relates well with the fact that there was no gel content

found in the case of samples irradiated with 30 kGy dosage but

in case of 60 kGy the gel content was 73% (see Figure 5).

Table I. Effect of Irradiation Dosage on Tensile Properties

Radiation
dose (kGy)

Stress at
break (MPa)

Elongation at
break (%)

0 9.2 1740

30 11.8 1630

60 13.7 1400

90 14.7 1260

120 7.7 920

Figure 7. Residual strain of irradiated EOCs at room temperature after

stretching to 100%. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 8. Effect of radiation dosage on residual strain of EOC samples af-

ter 5 min exposure to 100% elongation at 70�C. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Thermal stability of crosslinked and uncrosslinked EOCs is

shown in Figure 10. As we can see from the figure, thermal sta-

bility increases as the crosslinking increases. Virgin EOC starts

to decompose rapidly at around 300�C while EOC irradiated

with 120 kGy dosage was thermally stable up to around 350�C.

For a comparison, we have evaluated the temperatures at which

50% of weight loss occurred. These temperatures have been

noted as 385, 391, 405, 407, and 409�C, respectively, for the

EOCs irradiated with 0, 30, 60, 90, and 120 kGy dosages.

FTIR results illustrated in Figure 11(a, b) demonstrate the effect

of temperature on oxidation of nonirradiated (0 kGy) and irra-

diated (120 kGy) EOC samples. For this, samples were exposed

to a temperature of 220�C for 30 min. Figure 11(a) depicts

FTIR spectra of pure and irradiated EOCs at room temperature

which show no significant peak in the carbonyl region (1700–

1770 cm�1). This implies that e-beam irradiation (below 50�C)

did not cause any oxidation to the copolymer. But, in the case

of high temperature exposed samples [Figure 11(b)], prominent

peak can be observed in the carbonyl region owing to the pres-

ence of carbonyl groups caused by oxidation. Carbonyl yield is

much higher for irradiated EOC samples probably due to the

Figure 9. Effect of radiation dose on creep compliance of EOC samples at

150�C under 0.1 MPa stress. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 10. Effect of radiation on thermal stability of ethylene-octene co-

polymer. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 11. FTIR spectra of pure and irradiated EOC samples: (a) at room

temperature, (b) after 30 min at 220�C. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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easier oxidation after irradiation, which is possibly caused by

the presence of residual trapped radicals. The radiation takes

place at low temperatures (below melting point Tm of EOC). In

order to form a crosslink bond the radicals have to come closer

to each other. There is a possibility of the presence of unreacted

free radicals because of such low mobility of the macromole-

cules below Tm. At 220�C these radicals can move much more

that at 25�C and can easily react with oxygen.

Figure 12. (a) Several possibilities of free radical generation in EOC by e-beam radiation, (b) crosslinking by recombination of two macro-radicals, (c)

oxidation mechanism of EOC at elevated temperature.
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Figure 12(a) illustrates firstly where the free radicals can be

formed on EOC by e-beam radiation. Cases a, b, c, d show

breaking of CAH bond. When two such macroradicals come

close to each other a crosslink is formed [see example on Figure

12(b)]. One cannot neglect also the possibility of the disruption

of CAC bond by e-beam irradiation [see Figure 12(a—case e,

f)]. This would result in decrease in molecular weight. And

indeed it is well known that pure polypropylene (PP) does not

crosslink by e-beam radiation, and that instead of crosslinking a

chain scission takes place. Even though the chain scission is

possible even for EOC, our results prove that crosslinking reac-

tion prevails over chain scission in case of EOC. From our ten-

sile strength results (see Figure 6) one could conclude that there

is an optimum radiation dosage to get the best mechanical

properties (in case of EOC it was 90 kGy), further irradiation

(120 kGy) resulted in decrease in tensile strength that could

relate with chain scission.

Figure 12(c) illustrates post-irradiation oxidation mechanism.

Entrapped free radicals (by low mobility below Tm) react at ele-

vated temperature with oxygen forming hydroperoxides. Hydro-

peroxides are thermally unstable and decompose to ketones,

aldehydes, esters, alcohols, and carboxylic acids. The presence of

C¼¼O bond was confirmed by FTIR [see Figure 11(b)]. There is

a small hint of a C¼¼O peak even for 0 kGy sample, but the

peak for irradiated sample is much more pronounced. The irra-

diated EOCs are more susceptible to high temperature oxidation

than the nonirradiated ones.

CONCLUSIONS

EOC has been irradiated using electron beam to investigate the

effect of irradiation dose on thermal, rheological, and high tem-

perature elastic and creep properties. High gel content was

observed for EOC samples compared to LDPE, due to the lower

crystallinity and the presence of hydrogen atoms on tertiary car-

bon atoms, which enhances crosslinking. Rheological analysis

showed that elastic modulus and viscosity increased with radia-

tion dosage. EOC has achieved higher elasticity (lower tan d)

than LDPE due to increased crosslinking. Increase in radiation

dosage has resulted in a decrease in elongation at break and an

increase in stress at break. The positive effect of crosslinking

was proved by high temperature creep and elastic property

measurements. Crosslinking through irradiation improved the

thermal stability of EOC. FTIR analysis revealed that e-beam

irradiation at room temperature did not cause any oxidation to

the copolymer, but after thermal degradation at 220�C the pres-

ence of C¼¼O peak was higher for the irradiated sample.

ACKNOWLEDGMENTS

This work has been supported by the Internal Grant Agency (IGA/

FT/2012/040) and also by Operational Programme Research and

Development for Innovations cofunded by the European Regional

Development Fund (ERDF) and national budget of Czech Repub-

lic within the framework of the Centre of Polymer Systems project

(reg. number: CZ.1.05/2.1.00/03.0111).

REFERENCES

1. Bensason, S.; Minick, J.; Moet, A.; Chum, S.; Hiltner, A.;

Baer, E. J. Polym. Sci. Part B: Polym. Phys. 1996, 34, 1301.

2. Aarts, M. W.; Fanichet, L. Kautsch. Gummi Kunstst. 1995,

48, 497.

3. Nayak, N.C.; Tripathy, D. K. J. Mater. Sci. 2002, 37, 1347.

4. Bhatt, C. U.; Royer, J. R.; Hwang, C. R.; Khan, S. A.

J. Polym. Sci. Part B: Polym. Phys. 1999, 37, 1045.

5. Liu, N. C.; Yao, G. P.; Huang, H. Polymer 2000, 41, 4537.

6. Kumar, S.; Pandya, M. V. J. Appl. Polym. Sci. 1997, 64, 823.

7. Akbar, S.; Beyou, E.; Chaumont, P.; Cassagnau, P. Mater.

Chem. Phys. 2009, 117, 482.

8. Johnston, R. T. Rubber Chem. Technol. 2003, 76, 174.

9. Le, H. H.; Ali, Z.; Uthardt, M.; Ilisch, S.; Radusch, H. J.

J. Appl. Polym. Sci. 2011, 120, 2138.

10. Tai, H. J. Polym. Eng. Sci. 1999, 39, 1577.

11. Garnier, L.; Duquesne, S.; Casetta, M.; Lewandowski, M.;

Bourbigot, S. React. Funct. Polym. 2010, 70, 775.

12. Kamphunthong, W.; Sirisinha, K. J. Appl. Polym. Sci. 2008,

109, 2347.

13. Sirisinha, K.; Chimdist, S. J. Appl. Polym. Sci. 2008, 109,

2522.

14. Sirisinha, K.; Kamphunthong, W. Polym. Test. 2009, 28, 636.

15. Benson, R. S.; Moore, E. A.; Martinez-Pardo, M. E.; Zara-

goza, D. L. Nucl. Instrum. Methods B 1999, 151, 174.

16. Li, J. Q.; Peng, J.; Qiao, J. L.; Jin, D. B.; Wei, G. S. Radiat.

Phys. Chem. 2002, 63, 501.

17. Nicolas, J.; Ressia, J. A.; Valles, E. M.; Merino, J. C.; Pastor,

J. M. J. Appl. Polym. Sci. 2009, 112, 2691.

18. Nicolas, J.; Villarreal, N.; Gobernado-Mitre, I.; Merino,

J. C.; Pastor, J. M. Macromol. Chem. Phys. 2003, 204,

2212.

19. Vachon, C.; Gendron, R. Radiat. Phys. Chem. 2003, 66, 415.

20. Hui, S.; Mushtaq, S.; Chaki, T. K.; Chattopadhyay, S.

J. Appl. Polym. Sci. 2011, 119, 2153.

21. Cardenas, M. A.; Villarreal, N.; Gobernado-Mitre, I.; Mer-

ino, J. C.; Pastor, J. M. J. Polym. Sci. Part B: Polym. Phys.

2007, 45, 2432.

22. Mir, S.; Yasin, T.; Halley, P. J.; Siddiqi, H. M.; Nicholson, T.

Carbohydr. Polym. 2011, 83, 414.

23. Perraud, S.; Vallat, M. F.; Kuczynski, J. Macromol. Mater.

Eng., 2003, 288, 117.

ARTICLE

8 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38479 WILEYONLINELIBRARY.COM/APP




