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ABSTRACT: The structure and properties of the gel films obtained from the electron beam 
(EB) solid-state polymerization of urethane-acrylate prepolymer were investigated as functions of 
EB irradiation dose. The film of a prepolymer which was synthesized by the reaction of 
poly(butylene adipate)diol, 4,4' -diphenylmethane diisocyanate, and 2-hydroxyethyl acrylate, con
tained the crystalline phase arising from poly(butylene adipate). Spherulitic texture was observed 
on the gel film surfaces by scanning electron microscopy. Spherulitic size decreased drastically from 
2.5 to 5 Mrad and diminished gradually from 5 to 20 Mrad. The crystallinity was reduced with 
increasing dose, while crystallite size decreased remarkably in the ranges of 0--1 and 5-15 Mrad. 
Since the crosslinking density of this EB-cured gel film rose steeply up to 5 Mrad but tended to 
increase gradually after 5 Mrad, it was assumed that these alternations at lower dose (below 
5 Mrad) were due mainly to crosslinking by the terminal acryloyl double bonds, but at higher dose 
(above 5 Mrad), was due to the crosslinking relating to polymer backbones under EB heat damage. 
Such features of the gel films as functions of EB dose resulted in maximum values at 2.5 Mrad on 
stress at yield. 
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High-intensity radiation processing has been 

developed as one of the alternatives to heat 

processing from energy-saving, ecological, and 

economical viewpoints. 1 Particularly, low en

ergy electron beam (EB) processing is expected 

to find the industrial application. 2 

EB-curable materials consist mainly of 

monomer and/or prepolymer with acryloyl or 

methacryloyl groups.3,4 Since the EB polym

erization of such materials causes crosslinking 

and grafting reactions,5 the resulting polymer 

materials are expected to show properties dif

ferent from heat-cured polymer materials. 

In the previous study, we demonstrated that 

EB-polymerization proceeded with remain

ment of the morphology of a prepolymer in the 

solid state.6 For that reason, the crystallinity 

and mechanical strength of EB-cured poly

urethane-acrylate film were higher than those 

of UV-cured film. In this case, the effects of 

EB dose on the structure and properties of 

EB-cured polyurethane-acrylate film are of 

great interest since damage to the crystalline 

phase and crosslinking by EB are known to 

occur simultaneously. 7 

In this study, to examine the complicated 
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behavior of EB solid-state polymerization and 
obtain structure-regulated materials by EB 
solid-state polymerization, the effects of EB 
irradiation dose on the structure and mechani
cal properties of EB-cured polyurethane
acrylate films were investigated. For this pur
pose, we prepared a prepolymer by the re
action of poly(butylene adipate)diol with 4,4' -
diphenylmethane diisocyanate and 2-hydroxy
ethyl acrylate. The characterization of EB
cured gel films was carried out by scanning 
electron microscopy (SEM), X-ray diffraction, 
and tensile testing. 

EXPERIMENTAL 

Material 
Urethane-acrylate prepolymer (UA-251M) 

was synthesized through the two-step reaction 
according to Scheme 1. 6 

In the first step, l 00 g of poly(butylene 
adipate)diol (1, PBAD, Nippon Polyurethane 
Industry Co., Ltd., the number average mo
lecular weight (Mn) of about 2500) were react
ed with 20 g of 4,4' -diphenylmethane diiso
cyanate (2, MDI) in methyl ethyl ketone 
(MEK) under a nitrogen atmosphere with di
n-butyltin-dilaulate as a catalyst to give an 
isocyanate-capped intermediate (3). In the 
second step, 3 was reacted with 9. 8 g of 2-
hydroxyethyl acrylate (4, HEA) under an oxy
gen atmosphere in the same flask without 
recovery. The completion of the reaction was 
confirmed by the disappearance of the peak 

HO(CH2togcH2tg-o);;«:HztOH• 20CN-@-oii-@-NCO 

1 2 

due to N = C = 0 stretching absorption near 
2270 cm -l by IR spectroscopy. The final 
product (5) was purified by reprecipitation 
and dried under vacuum. 

Irradiation 
UA-251M films, which were cast from MEK 

solution and dried under vacuum, were melted 
in the oven at 80°C for 0.5 h and cooled to 
room temperature. The thickness was about 
4011m. 

An electro-curtain type accelerator (Energy 
Science Inc.) equipped with a linear filament 
was used as a electron beam source. EB irra
diation was performed under a nitrogen at
mosphere and the irradiation dose ranged 
from 0.5 to 20 Mrad using a beam current of l 
to 20mA at an acceleration voltage of 175kV. 
The dose rate changed from 1.5 to 30.3 
Mrad s -l during the change of the dose. 

Characterization Methods 
The gel fraction of the polymerized UA-

251 M was evaluated by extracting a soluble 
fraction with tetrahydrofuran (THF) at 25°C 
for 72 h. The insoluble or soluble part was 
dried under vacuum and weighed to give the 
gel fraction. 

The following measurements were perform
ed using the gel film after extraction with THF 
to avoid effects of unreacted components. 

The percent transmittance at the wavelength 
of 700 nm was measured at 25°C using a 
UV /VIS recording digital spectrophotometer 

-oc~~~~ogc:Htk§~°B~ 
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Scheme 1. Synthesis of urethane-acrylate (UA-251M). 1, poly(butylene adipate)diol; 2, 4,4'-diphenyl
methane diisocyanate; 3, isocyanate-capped intermediate; 4, 2-hydroxyethyl acrylate; 5, urethane-acrylate 
prepolymer (UA-251M). 
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(Japan Spectroscopic Co., Ltd.). 
An Akashi scanning electron microscope 

(SEM, model ALPHA-30W) was used to ob
serve the morphology of the EB-cured gel film 
surfaces. Specimens for SEM were prepared by 
evaporating gold onto the surfaces under 
vacuum. 

X-Ray diffraction patterns were measured 
using a Geiger Flex (Rigaku Denki Co., Ltd.). 
The X-ray was nickel-filtered Cu-K~ (A= 
0.1542 nm) radiation from a sealed tube oper
ated at 35 kV and 16 mA. The degree of crys
tallinity was calculated using the true diffrac
tion intensity which was defined as the in
tensity over the line drawn along the base of 
the diffraction peaks.8 The crystallite size (D) 
was calculated by the Scherrer's equation,8 

D=0.94[3/,1, ·cos 0 (1) 

where /3 indicates the half-height width of the 
peak of20=about 21°, ), the wavelength ofX
ray, and O the Bragg's angle. 

The crosslinking density was defined as the 
molecular weight (Mc) between crosslinking 
junctions. Mc was calculated by the equation 
derived from the theoretical state equation for 
an ideal rubber,9 

a=p·R· T/Mc (2) 

where a denotes the slope of the low elon
gation range in the plot of stress against 
(ix-1/ix2) (ix: the extension ratio) obtained 
from the stress-strain measurements at 60°C, p 
denotes the density, R is the gas constant, and 
Tis the absolute temperature. The stress-strain 
measurements were carried out using a 
Tensilon (type UTM-III-100) (Toyo Baldwin 
Co., Ltd.) with a crosshead speed of 50 mm/ 
min and a gauge length of 40mm. Testing 
sample films were cut 80mm long and 10mm 
wide. The engineering stress was calculated 
as the strength divided by the initial cross
sectional area. Mechanical properties were 
similarly measured at 25°C. 
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RESULTS AND DISCUSSION 

Structure of Polyurethane-Acrylate Gel Films 
The urethane-acrylate prepolymer (UA-

251 M) was readily polymerized by EB irra
diation to give both higher molecular weight 
polymers and densely crosslinked gel, as can 
be seen from Figure 1. The gel fraction which 
increased steeply with an increase in dose 
reached saturation at 5 Mrad irradiation. This 
indicates that the polymerization by acryloyl 
double bonds became complete at an irradiation 
up to 5 Mrad. However, even after the 5 Mrad 
irradiation, the opacity of EB-cured film was 
enhanced with increasing dose, which was 
observed from the percent transmittance at 
700 nm of gel films (Figure 1 ). Although the 
transmittance of the gel film was less than 5% 
in the range of 1 to 5 Mrad, it steeply rose in 
the range of 5 to 15 Mrad. The transmittance 
of the gel film irradiated at 20 Mrad reached 
more than 20%. It is assumed that this change 
of the opacity is attributed to the change in the 
morphology of gel film in dimension of the 
visible light wavelength since the transmittance 
decreased with shortening wavelength. 

To elucidate the change in the transmit
tance, the surfaces of gel films were observed 
by a scanning electron microscope (SEM) 
(Figure 2). 

Four gel films were obtained by the EB
irradiation to UA-251M films at 2.5, 5, 10, and 
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Figure 1. Percent transmittance of gel films obtained 
from EB-cured UA-251M and gel fraction as functions 
of dose. 
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Figure 2. Scanning electron micrographs of gel film surfaces obtained from EB-cured UA-251M. (a), 
2.5 Mrad; (b), 5 Mrad; (c), 10 Mrad; (d), 20 Mrad. 

20 Mrad. Each gel film proved to have an 
uneven surface, where the convex part in
dicates a spherulitic texture originating from a 
poly(butylene adipate) moiety10 and the con
cave part appears to be due to an amorphous 
phase. The spherulitic size on the gel film 
surface decreased drastically in the range from 
2.5 to 5 Mrad, followed by gradual diminish
ing in the range from 5 to 20 Mrad. In ad
dition, it was observed that the surface of gel 
film became smooth. Therefore, the increase in 
transparency proved to be caused by both the 
decrease in spherulitic size and the increase in 
smoothness. But, for the film irradiated at less 
than 5 Mrad, the spherulitic size was too large 
in comparison with the wavelength to change 
the transparency of the gel film. 

Such morphology change was closely related 
to the crystallinity and crystallite size. Figure 3 
shows the effects of dose on the degree of 
crystallinity and crystallite size. The degree of 
crystallinity decreased gradually with dose, 
while crystallite size showed a remarkable de
crease at 0-l Mrad and a gradual decrease at 
5-l5Mrad. 
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Figure 3. Degree of crystallinity and crystallite size of 
gel films obtained from EB-cured UA-251A as func
tions of dose. 

Next, the cause for these changes induced by 
EB irradiation is discussed. When the pre
polymer film was made by applying the poly
mer solution on the base film, evaporation of 
solvent may have resulted in the crystallization 
of polymer chains. It is considered that the EB 
irradiation caused the crosslinking of polymer 
chains, preventing any change in the mor
phology. It has been found that the crosslink-
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Table I. Effects of dose rate on structure and properties of EB-cured UA-251M gel films 

Dose (Mrad) 5 
Dose rate (Mrads- 1) 7.6 

Degree of crystallinity (%) 41.6 
Crystallite size (A) 128 
Stress at yield (kgcm- 2) 80.7 
Young's modulusx 10- 3 (kgcm- 2 ) 1.48 
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Figure 4. Molecular weight (Mc) between crosslinking 
junctions of gel films obtained from EB-cured UA-251M 
and gel fraction as functions of dose. 

ing junctions formed by y-rays prevent the 
crystalline phase from regenerating when the 
polymer is cooled from the melt state. 11 

Therefore, it is also assumed in this experiment 
that the change in surface morphology and 
decrease in both crystallinity and crystallite 
size observed after the EB irradiation were 
predominantly due to the crosslinking 
structure. 

To further clarify this, the molecular weight 
(Mc) between crosslinkingjunctions defined as 
the crosslinking density was determined. As 
shown in Figure 4, Mc decreased steeply up to 
5 Mrad, but tended to decrease gradually after 
5 Mrad irradiation. Accordingly, it was found 
from the Mc values that the change in mor
phology and decrease in crystallite size are 
closely related to the crosslinking density. 
Taking into account the steep rise of the 
crosslinking density at the lower dose, the 
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5 5 10 15 20 
15.2 30.3 15.2 22.8 30.3 

41.0 40.2 39.8 38.7 37.3 
120 136 120 105 105 
80.0 78.5 72.8 67.5 67.4 

1.46 1.44 1.43 1.42 1.32 

remarkable decreases in spherulitic and crys
tallite size are exclusively due to increase in the 
crosslinking density caused by the reaction of 
terminal acryloyl double bonds. Particularly, 
the largest texture at 2.5 Mrad seemed due to 
the larger Mc of the gel film than that of the 
prepolymer film (Figure 2). 

On the other hand, at the higher dose, the 
gradual decreases in spherulitic and crystallite 
size may be due to the crosslinking related to 
polymer backbones. Crosslinking is known to 
be so difficult in the crystalline region that it 
occurs mainly in the amorphous region. 12 

Such dose effects are discussed in more 
detail in the following. Dose increased with 
dose rate in this experiment and thus the 
heating and radiation density effects may not 
be ignored at high dose rates. Consequently, 
the effects of dose rate on the structure and 
properties of EB-cured gel films were studied. 
The results are shown in Table I. 

As the dose rate increased from 7.6 to 30.3 
Mrad s - i with dose from 5 to 20 Mrad, the 
dose rate changed from 7.6 to 30.3 Mrad s- 1 at 
a fixed dose of 5 Mrad. Comparing the degree 
of crystallinity and crystallite size of the result
ing gel films with the results from Figure 3, it is 
evident that the effects of dose rate are much 
less than those of the dose. But, since a small 
decrease in the degree of crystallinity is rec
ognized, the effects of dose rate may not be 
completely neglected. The heat evolution by 
EB irradiation of more than 15 Mrad or po
lymerization was significant and should pro
mote the destruction of a crystalline phase 
into an amorphous phase.12 
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Figure 5. Effects of dose on stress-strain curves at 25°C 
of gel films obtained from EB-cured UA-251M. (a), 
2.5Mrad; (b), 5Mrad; (c), IOMrad. 

Mechanical Properties of EB-Cured Poly
urethane-Acrylate Gel Films 
The effects of the structure of EB-cured U A-

251 M gel film on its mechanical properties 
were studied. Representative stress-strain 
curves of the gel films are shown in Figure 5. 
It was recognized that the EB irradiation 
dose affected the stress at yield, y oung's mod
ulus, and tensile strength. To elucidate the ef
fects of dose on such mechanical properties, 
these values and the elongation at break 
were plotted against dose. The results are 
shown in Figures 6, 7, and 8. 

It is noteworthy that the stress at yield and 
Young's modulus indicated maximum values 
at 2.5 Mrad (Figures 6 and 7). These maxima 
can be explained in terms of the morphology 
of polymer chains and crosslinking density. In 
general, an increase in crystallinity enhances 
the stress at yield and Young's modulus. But, 
for polypropylene, it has been reported that in 
a narrow range of crystallinity, the increase in 
spherulitic size leads to a decrease in stress at 
yield and Young's modulus. 13 •14 Since in 
highly crystalline polymers, the stress concen
trates on the boundaries between large spher-
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Figure 6. Stress at yield of gel films obtained from EB
cured UA-251M as a function of dose. 
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Figure 7. Young's modulus of gel films obtained from 
EB-cured UA-251M as a function of dose. 

ulites where few tie molecules exist, the above
mentioned decrease in mechanical strength 
takes place.15 In this system, below 2.5 Mrad, 
the EB-cured gel film showed phenomena 
analogous to polypropylene. 

When EB irradiation is sufficient to cause 
crosslinking, the spherulites of EB-cured gel 
film must be connected by tie molecules form
ed by crosslinking between poly(butylene 
adipate) moieties. However, the crosslinking 
between crystalline regions did not take place 
in the EB irradiation below 2.5 Mrad. Thus, 
the gel film obtained below 2.5 Mard was low 
in stress at yield and modulus. 

In contrast, above 2.5 Mrad, in spite of an 
increase in crosslinking density, crystallinity 
decreased with increasing dose, which might 
induce a gradual lowering of stress at yield and 
modulus. A rapid decrease in spherulite size 
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chains because of an insufficient amount of tie 
molecules. At high dose, the molecular weight 
of the polymer chains in crystalline regions 
related to elongation did not depend on dose, 
because crosslinking was induced at the ends 
of poly(butylene adipate) chains existing in 
amorphous regions not related to elongation. 
As a result, EB-induced crosslinking with 
retainment of spherulitic texture produced 
unique polymer film with high mechanical 
properties. The appropriate selection of EB 
irradiation dose lead to higher mechanical 

Figure 8. Tensile strength and elongation at break of properties. 
gel films obtained from EB-cured UA-25IM as functions 
of dose. 

was observed in the 2.5-5 Mrad region, as 
seen in Figure 2(a) and (b). 

Moreover, it was confirmed from the stress 
at yield and modulus that the dose effect is far 
larger than the dose rate effect, as shown in 
Table I. This also indicates that the dose 
predominantly regulates the structure of EB
cured gel films. 

As shown in Figure 8, the features of tensile 
strength were different from those of the above 
mechanical properties. That is to say, tensile 
strength increased with increasing dose from I 
to 20 Mrad. This increase seems to be in
fluenced strongly by crosslinking between 
poly(butylene adipate) chains. 

On the other hand, the elongation at break 
was constant and independent of dose. Usu
ally, elongation depends mainly on molec
ular weight between crosslinking junctions.16 

The elongation in this experiment indicated 
unexpectedly a constant value. This is ex
plained as follows. In the case of low dose, the 
break of sample film might occur due to 
incomplete elongation of folded polymer 
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