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The effects of four aromatic diacetylenes on the gamma-irradiation-induced degradation of a com-
mercial polyurethane were studied. Addition of 1 wt% of diphenylbutadiyne, which is homogeneously
distributed in the polymer, effectively suppressed the polymer chain degradation. The dose required to
decrease tensile strength by 50% was found to be 582 kGy for the polyurethane with 1 wt% of diphe-
nylbutadiyne, while a dose of only 310 kGy for the polyurethane itself. The Young’s modulus of the

polyurethane alone decreased with dose; meanwhile the films with diphenylbutadiyne did not change.
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due to the steric effect.

The films with p,p’-dinitrodiphenylbutadiyne behaved differently from others due to their inhomoge-
neous composition. The amide substituted diacetylenes also showed protecting effect, but in less extent

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The resistance of polymers towards ionizing radiation has been
an important topic of study from the point of view of applications
as insulators and packing in nuclear plants and high intensity
proton accelerators. The radiation effects on the mechanical prop-
erties of different polymers have been summarized in a review
article [1], in which the polyurethanes (PUs) have shown higher
radiation resistance compared with other common polymers such
as polyolefins and vinyl polymers. Therefore, there are several
works on the effects of gamma ray on PUs. They include CO; gas
elimination [2], color changes [3], studies on stability of poly-
urethanes by chemiluminescence measurements [4], and degra-
dation of PUs by Shintani [5], Ravat [6] and more recently by Sui
et al. [7]. The effects of UV irradiation on PUs have been also studied
by Ravat [8] and Wilhelm [9].

In order to increase radiation resistance of polymers various
additives are usually used, which are called antirads, and they
include aromatic amines [10], and more recently nanoparticles
[11,12]. The effect of radiation on polymers involves free radical
formation, and antirads are free radical scavengers. The present
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authors have previously found that aromatic diacetylenes (DAs)
stabilize transient free radicals. When some vinyl monomers such
as ethylacrylate, methacrylate, methacrylonitrile, and styrene were
polymerized in the presence of small amounts of aromatic DAs,
intense ESR signals of propagating polymer radicals were detected
at temperatures of polymerization [13—15]. Interestingly, the
polymers did not contain any fragment of the DAs. The ESR signals
of the propagating radicals were observed after polymerization,
while the system was kept in vacuum; however, the signals
diminished when the aromatic DAs having electron donor groups
were employed. It is noteworthy that no such effect is observed
with aliphatic DAs and the vinyl polymerization is not affected by
their presence. These findings indicate that aromatic DAs scavenge
free radicals stabilizing sufficiently enough to be detected by ESR
spectroscopy. Some aromatic DAs such as diphenylbutadiyne
(DPB) do not polymerize by irradiation with UV light or gamma ray
in the solid state at room temperature [16], although it undergoes
polymerization to give low molecular oligomers when irradiated
at 110 °C by gamma ray [17] or heated at around 200 °C [18]. So far,
no study has been reported on the effects of aromatic DAs on the
radiation induced degradation of polymers. In this work, DPB and
other aromatic DAs such as p,p’-dinitrodiphenylbutadiyne (DN)
and p,p’-(dialkylaminocarbonyl)diphenylbutadiynes (PR and ET)
were added to a commercial aromatic polyurethane and the
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changes on mechanical properties with gamma irradiation were
studied.

2. Experimental
2.1. Materials

Anhydrous dimethylformamide (DMF) was purchased from
Aldrich and Laripur S860, an aromatic poly(ester-urethane) for
synthetic leather was provided by Novotex, Italy and they were
used as received. The aromatic DAs employed in this work are
shown in Table 1. They were synthesized by the oxidative coupling
of the corresponding acetylenes [18]. PR and ET were chosen as
they were thought to have good miscibility with the PU due to their
amide groups. DN was expected to be a stronger electron acceptor
due to nitro groups.

2.2. Film preparation

Pellets of the polyurethane (PU) were dissolved in DMF at room
temperature and 1 wt% of aromatic DAs was added. The clear so-
lutions were degassed in an ultrasonic bath, and then cast onto
Teflon petri dishes and allowed to dry in a vacuum oven at 50 °C for
48 h, and then at 70 °C for 2 h in order to remove the residual
solvent. The PU film without DA is hereafter named as Blank, while
those with DAs are named using the abbreviation showed in Table 1
for each DA. To enhance the miscibility of aromatic amide DAs with
PU, mixtures of PR, DPB and ET were used in weight ratio of 1:1.

2.3. Mechanical testing

The mechanical properties of films were determined using an
INSTRON 4301 at a crosshead speed of 10 mm min~! at room
temperature. The films sizes were approximately of 50 mm x
5 mm. Four films were tested for each PU to average each me-
chanical testing data.

2.4. Gamma irradiation

The films were irradiated in air using a Nordion Gamma Beam
651 PT with a Cobalt 60 source at the Institute of Nuclear Science
(ICN-UNAM). The dose rate was 5.43 kGy h~! at room temperature.

2.5. Characterization

X-Ray diffraction measurements were performed on a Bruker
Model D8 Advance diffractometer with detector of PSD Vantec-1,
using a Cu Ka radiation source of 1.5406 A.

2.6. Gel content

The irradiated films were immersed into DMF for 96 h at room
temperature; they were filtered and dried at 60 °C in a high vacuum
oven for two days. The gel percent was calculated as follows:

% gel = [WFf/Wi]100 (1)

where WI is the weight of the insoluble part and Wi is the initial
weight of film.

2.7. Radiation chemical yield

The radiation chemical yield was calculated according to the
Charlesby—Pinner equation [19];

S+5S12 = (Po/qo) +1/(qopD) (2)

where S is the sol fraction; p, and g, are the chain degradation and
crosslinking per unit dose in kGy '(or the probability of being
degradated or crosslinked) respectively; u is the number average
degree of polymerization before irradiation and D is the absorbed
dose in kGy. p, and g, are obtained from the experimental curve of
S + S'2 versus 1/D. The radiation chemical yields Gg is the number
of polymer chain scissions per 100 eV absorbed and G. is the

Table 1
Aromatic diacetylenes employed as antirads
D Chemical structure mp (°C) Appearance
DPB _ _ \ / 83 White needle crystals
Diphenylbutadiyne
ON 7N = = NO,
DN — \ / - Pale yellow powder
p,p’-dinitrodiphenylbutadiyne
O: . . ’
PR H,Cs—N /N—C3H7 140-142 White crystals
C.H H,CJ
(p,p-dipropylaminocarbonyl)diphenylbutadiyne
(0] . . O
ET HC;—N /N —C,Hy 139-143 White crystals
CH H.C,

(p,p-diethylaminocarbonyl)diphenylbutadiyne
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Fig. 1. X-Ray diffraction of PU films.

number of polymer crosslink sites per 100 eV absorbed, they are
related to p, and g, by the equation:

Ga/Ge = 2(Po/q0) (3)

3. Results and discussion

The PU films without and with DPB, PR and the mixtures, are
colorless and transparent, which indicates that the DAs are ho-
mogeneously mixed in the PU with their particle size less than the
visible wavelength. In the case of DN films, the DN itself is yellow
and the films were opaque yellow indicating the existence of DN
crystals of which particle size in PU is larger than the visible
wavelength.

All the films were amorphous as can be seen in the X-ray dif-
fractogram (Fig. 1), except for DN films, which showed the existence
of DN crystals. The X-ray diffractograms of the irradiated films were
identical to those before irradiation, indicating there was no
morphological change by the irradiation.

When the films were irradiated, they developed yellow color as
reported in other studies [3]. However, in the case of DN films, they
became orange due to the radiation induced oligomerization of DN
itself and by the addition of radicals formed on the PU during
irradiation.

The mechanical properties of the films before irradiation are
shown in Table 2. The DN film showed somewhat inferior me-
chanical properties than Blank and DPB films. This is due to the
poor miscibility of DN in PU and the DN crystals become the
breaking points when the film was stretched. Young’s modulus and
tensile strength of DPB, PR and mixture of PR with DPB and ET

Table 2
Mechanical properties of PU films before irradiation.

PU Tensile strength Elongation at Young’s modulus
(MPa) break % (MPa)
Blank 51 +1.02 938 + 18.76 41 £+ 0.82
DPB 1% 62 + 1.24 873 + 17.46 51 + 1.02
DN 1% 48 + 0.96 867 + 17.34 49 + 0.98
PR 1% 56 + 1.12 915 + 18.30 53 + 1.06
PR-ET 1% 57 + 1.14 889 + 17.78 51 + 1.02
PR-DPB 1% 54 4+ 1.08 967 + 19.34 46 + 0.92
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Fig. 2. Changes in relative tensile strength with dose.

before irradiation, were somewhat higher than those of the Blank.
Such effects have been observed for PU containing carbon nano-
tubes [20] and silicates [21,22].

The tensile strength of all films decreased similarly to each other
with irradiation, as shown in Fig. 2. However, for the DPB films the
decrease was noticeably less than the other films. At 1000 kGy the
remaining strength was about the same for all the films, indicating
that aromatic DAs have been consumed by the reactions with
polymer radicals formed by irradiation and by the formation of DA
oligomeric species. The low tensile strength of DN films was due to
their inhomogeneous composition induced by the poor miscibility
of DN with the PU.

The elongation at break decreased with dose for all the films as
can be seen from Fig. 3, indicating that chain scission is taking
place. The decrease in elongation for the DPB films was less than
the others, as in the case of tensile strength, showing that DPB is
effective for radiation protection.

The relationships between Young's modulus and dose are
shown in Fig. 4, where the decrease in modulus for Blank indicates
that chain scission predominates. The moduli before irradiation of
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Fig. 3. Changes in relative elongation at break with dose.
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Fig. 4. Changes in Young's modulus with dose.

all the films with DAs were higher than that of Blank, as observed
for tensile strength in Table 1. The modulus of films with DN
showed increasing tendency with dose which is difficult to be
explained because of its inhomogeneous consistency. In the case of
DPB and PR:DPB, the modulus remained unchanged, while Blank,
PR and PR:ET showed decreasing tendency indicating that they
suffer more degradation than crosslinking. Therefore, DPB alone
and the mixed can be used for radiation protection.

The radiochemical yields, Gq/G. for Blank, DPB and DN were
found to be 3.16, 3.4 and 3.25, respectively, calculated according to
the Charlesby-Pinner equation [19] indicating that this PU generally
suffers more chain scission than crosslinking. However, the Char-
lesby-Pinner plot was not helpful to indicate individually the
magnitudes of degradation and crosslinking due to the low gel
fraction as shown in Fig. 5. Then, the mechanical properties are
represented by more than 80% of soluble parts of the material, as
the gel percentage is less than 17%.

The modulus is affected not only by crosslinking, but also by the
molecular weight, and the results of Fig. 4 are the balance between
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Fig. 5. Gel formation with dose.
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Scheme 1. Stabilization of free radicals by aromatic diacetylenes.

chain scission and cross-linking. It is obvious that the chain scission
is suppressed by the DAs, and thus less decrease in modulus and
tensile strength was observed.

Considering the role of aromatic DAs in free radical vinyl poly-
merization [13—15], the PU radicals, formed by irradiation, are
trapped by the DA thus further chain degradation or crosslinking is
suppressed, as shown in Scheme 1. The stabilized radicals can be
released from the DA and recombine each other to return the
original form. Although the DAs do not form bonds with transient
radicals [15], the diradicals of aromatic DAs formed by heat or ra-
diation can couple each other [18,23], and combine with other free
radicals present in the system, as shown in Scheme 2. The radicals
formed on the film surface will be converted to peroxy radicals and
abstract nearby hydrogen to form peroxides, but in the presence of
aromatic DAs, this could also be controlled. This interaction of free
radicals with aromatic DAs is enhanced by electron acceptor groups
in the benzene rings [14], and it was expected that the DN, PR and
ET would trap free radicals more than DPB as they have electron
withdrawing groups. However, in the case of DN their real effects
could not be evaluated due to its poor miscibility with the PU. The
PR and ET were somewhat less effective than DPB, although they
were miscible, and this is due to the steric effect of the dialkylamide
groups, which make the approaching of PU radicals to the DA more
difficult. This agrees with the results in Fig. 4 in which less cross-
linking is taking place for PR and ET.

According to Baughman [16] the radiation induced polymeri-
zation of DPB in the solid state is negligible in the crystalline state
by Gamma irradiation, however, it is possible that the diradicals of
aromatic DAs [23] (Il in Scheme 2) formed by irradiation can couple
with the PU radicals resulting in crosslinking, as shown in Scheme
2.In the case of DPB and its mixture, the PU radicals are stabilized to
avoid further degradation and crosslinking. In the cases of PR and
ET however, the steric effect of amide groups makes the approach
of PU radicals more difficult, and therefore, there will be less
interaction between the DAs and PU radicals, resulting in lower
stabilization and crosslinking could take place.

As a summary, the doses required for the changes in tensile
strength and elongation at break by 25 and 50% are shown in Figs. 6
and 7. It can be seen that the films with DPB give much higher
radiation resistance than others. The elongation at break decreased
more rapidly with the DAs except for the DPB. Thus, it can be said

- Gamma-ray - Ar
_ =
AA—————A —> Ar/\/
| 1
PU PU PU
I+ PU» ——> )\/Ar;» ~ Ar
Ar - Ar S

PU

Scheme 2. Crosslinking through diradicals.
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that DPB can be used as a stabilizer for radiation-induced degra-
dation of polymers. Further studies for other polymers are being
studied, and the results will be reported in future.

4. Conclusion

DPB showed better radiation protecting effects than other aro-
matic DAs for a commercial PU for synthetic leather. The radiation
protecting effects depended on the miscibility, electron-accepting
capacity, steric effect and resonance stability of aromatic DAs. The
effects of these aromatic DAs on the PU are: (1) Stabilization of the
PU radicals formed by irradiation, inhibiting the polymer chain
scission (Scheme 1), and (2) in some extent, cross-linking through
coupling of PU radicals with DA diradicals (Scheme 2). Thus, DPB
can be used as an antirad for the polyurethane at least within a dose
of around 600—800 kGy. The addition of 1 wt% DAs improved the
mechanical properties of PU.

Acknowledgments

The authors express their gratitude to F. Garcia from ICN-UNAM
for technical assistance and to DGAPA of our university (IN100708
and IN200112), and CONACYT (Project number 165507) for finan-
cial supports. Thanks are also due to A.Tejeda for X-ray diffraction
measurements.

References

[1] Kusano J, Uno'Y, editors. Radiation resistivity of polymeric materials with data
tables. Ibaraki: Japan Atomic Energy Research Institute; 2003. JAERI-Data/
Code 2003-015.

[2] Huang W, Xu YS, Chen X], Gao XL, Fu YB. Study on the radiation effect of

polyether-urethane in the gamma-radiation field. ] Radioanal Nucl Chem

2007;273(1):91-8.

Nouh SA, Abutalib MM. A comparative study of the effect of gamma and

electron beam irradiation on the optical and structural properties of poly-

urethane. Radiat Eff Defect Solids 2011;166(3):165—77.

Parvu R, Podina C, Zaharescu T, Jipa S. Stability evaluation of poly-

urethane coatings by gamma irradiation. Optoelectron Adv Mat

2010;4(11):1815-8.

Shintani H, Kikuchi H, Nakamura A. Effects of gamma-ray irradiation on the

change of characteristics of polyurethane. ] Appl Polym Sci 1990;41(3—4):

661—75.

Ravat B, Gschwind R, Grivet M, Duverger E, Chambaudet A, Makovicka L.

Electron irradiation of polyurethane: some FTIR results and a comparison

with a EGS4 simulation. Nucl Instrum Methods B 2000;160:499—-504.

[7] Sui HL, Liu XY, Zhong FC, Li XY, Ju X. A study of radiation effects on polyester

urethane using two-dimensional correlation analysis based on thermogravi-

metric data. Polym Degrad Stab 2013;98:255—60.

Ravat B, Grivet M, Chambaudet A. Evolution of the degradation and oxidation

of polyurethane versus the electron irradiation parameters: fluence, flux and

temperature. Nucl Instrum Methods B 2001;179:243—8.

Wilhelm C, Gardette JL. Infrared analysis of the photochemical behaviour of

segmented polyurethanes: aliphatic poly(ether-urethane)s. Polymer

1998;39(24):5973—-80.

[10] Wazzan AA, Ismail MN, Abd El Ghaffar MA. Evaluation of some polyaromatic
amines as antirads and antifatigue agents in SBR vulcanizates. Int ] Polym Anal
Charact 2005;10(1—-2):57—69.

[11] Kumar AP, Depan D, Tomer NS, Singh RP. Nanoscale particles for polymer
degradation and stabilization-trends and future perspectives. Prog Polym Sci
2009;34:479—-515.

[12] Onishi Y, Shiga T, Ohkawa Y, Katoh H, Nagasawa K, Okada T, et al.
Development of super 100-MGy radiation-durable motor and study of
radiation resistance mechanism. IEEE Trans Energy Conver 2005;20(3):
693—9.

[13] Hwang ]S, Ogawa T. ESR studies on the interaction of propagating radicals
with diacetylenes. Polym Bull 1990;23:239—45.

[14] Canizal G, Burillo G, Muifioz E, Gleason R, Ogawa T. The interaction of poly(-
methacrylate) radicals with diphenyldiacetylenes. ] Polym Sci A Polym Chem
1994;32(16):3147-51.

[15] Beristain MF, Bucio E, Burillo G, Mufioz E, Ogawa T. Study on the interaction of
diarylbutadiynes with free radicals: interaction with propagating radicals of
some vinyl monomers. Polym Bull 1999;43:357—64.

[16] Baughman RH. Solid-state polymerization of diacetylenes. ] Appl Phys
1972;43:4362—70.

[17] Beristain MF, Ogawa T, Gémez-Sosa G, Mufloz E, Maekawa Y, Halim F, et al.
Polymerization of diphenylbutadiyne by gamma rays irradiation in the molten
state. Mol Cryst Liq Cryst 2010;521(1):237—45.

[18] Beristain MF, Fomine S, Ogawa T, Mufioz E, Marcos A. Thermal reactions of
aromatic diacetylenes: an insight to amorphous state polymerization of
diacetylenes. Mol Cryst Liq Cryst 2006;447:251—63.

[19] Charlesby A. Atomic radiation and polymers. New York: Pergamon Press;
1960.

[20] Chen W, Tao X, Liu Y. Carbon nanotube-reinforced polyurethane composite
fibers. Composites Sci Technol 2006;66:3029—34.

[21] Tien YI, Wei KH. High-tensile-property layered silicates/polyurethane nano-
composites by using reactive silicates as pseudo chain extenders. Macro-
molecules 2001;34:9045—52.

[22] Petrovic ZS, Javni I, Waddon A, Banhegyi G. Structure and properties of
polyurethane—silica nanocomposites. J Appl Polym Sci 2000;76:133—51.

[23] Beristain MF, Fomine S, Mufioz E, Salcedo R, Ogawa T. UV-Irradiated formation
of diradicals of diphenylbutadiyne and some of its p, p’-disubstituted de-
rivatives. Bull Chem Soc Jpn 2005;78:1986—93.

3

[4

(5

(6

[8

[9


http://refhub.elsevier.com/S0141-3910(13)00218-8/sref1
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref1
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref1
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref2
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref2
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref2
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref2
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref3
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref3
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref3
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref3
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref4
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref4
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref4
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref4
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref5
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref5
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref5
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref5
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref5
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref6
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref6
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref6
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref6
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref7
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref7
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref7
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref7
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref8
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref8
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref8
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref8
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref9
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref9
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref9
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref9
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref10
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref10
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref10
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref10
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref10
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref11
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref11
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref11
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref11
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref12
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref12
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref12
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref12
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref12
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref13
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref13
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref13
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref14
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref14
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref14
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref14
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref15
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref15
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref15
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref15
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref16
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref16
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref16
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref17
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref17
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref17
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref17
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref18
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref18
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref18
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref18
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref19
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref19
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref20
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref20
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref20
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref21
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref21
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref21
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref21
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref22
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref22
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref22
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref22
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref23
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref23
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref23
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref23
http://refhub.elsevier.com/S0141-3910(13)00218-8/sref23

	Effects of aromatic diacetylenes on polyurethane degradation by gamma irradiation
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Film preparation
	2.3 Mechanical testing
	2.4 Gamma irradiation
	2.5 Characterization
	2.6 Gel content
	2.7 Radiation chemical yield

	3 Results and discussion
	4 Conclusion
	Acknowledgments
	References


