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ABSTRACT: The natural rubber latex (NRL) was radiation vulcanized under a pilot plant of low energy electron

accelerator. Accelerating voltage and maximum beam current of this accelerator are 250 kV and 10mA respectively.

Irradiation on NRL was carried out in a reaction vessel with constant stirring. In order to obtain a suitable setting

of experiment for radiation vulcanization with the plant, the parameters such as defoamer concentration, irradiation

time, volume of latex, beam current, latex concentration etc. were optimized by varying the individual parameter at

a constant set of the other variables. Radiation vulcanization accelerators (RVA) were normal butyl acrylate (n-BA)

and nonane-diol-diacrylate (NDDA). Twenty minutes irradiation time is enough to vulcanize 14 L of latex when

5 phr RVA (any type) are used. Maximum tensile strength of the radiation vulcanized NRL films obtained with

5 phr of NDDA or n-BA is �26MPa. About 30MPa tensile strength was obtained from the rubber film by irradiating

25% diluted latex for 20min. [DOI 10.1295/polymj.37.333]
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Radiation method for the vulcanization of natural
rubber latex (NRL) emerged in late fifties and got
popularity for some distinct advantages over the con-
ventional one especially for its approach to cleaner en-
vironment. Radiation vulcanization of NRL is carried
out with electron beam (EB) from accelerator machine
side by side with gamma rays from Cobalt-60. But
vulcanization with EB did not become so popular be-
cause of its low penetration into the NRL. There are
also possibilities of over dosing and rise of tempera-
ture of latex during irradiation. Efforts were made to
overcome these critical drawbacks. The radiation vul-
canization of NRL without radiation vulcanization ac-
celerator (RVA) have been studied in China by using
a van de Graaff electron accelerator (2MeV, 0.15mA)
with constant stirring to ensure homogeneity.1 A pilot
plant of linear electron accelerator having the energy
of 6MeV was installed in France to irradiate latex
continuously in a specially designed vessel connected
to a circulating pump.2 It was reported that the result-
ing radiation vulcanized NRL (RVNRL) and its film
were of good properties. In Germany NRL was irradi-
ated with a Dynamitron accelerator (1.5MeV, 25mA)
by flow of latex on metal slope using a polyfunctional
monomer as RVA.3 At Takasaki Radiation Chemistry
Research Establishment, Japan radiation vulcanization

of NRL was carried out with 3MeV electron acceler-
ator (Dynamitron) using a cylindrical stainless steel
reaction vessel of 3.2 L capacity having outer jacket
and propeller type stirrer.4 For homogeneity of vul-
canization higher stirring speed was suggested.
Attention was drawn to the low energy electron ac-

celerator because it does not require any special build-
ing with thick bio-shielding. NRL was irradiated with
the accelerating voltage of 300 kV varying the beam
current, stirring speed, etc.5 The effect of beam cur-
rent on tensile strength (Tb) of RVNRL film was
not found but with higher stirring speed shorter vul-
canization time could be achieved. The radiation vul-
canization was also carried out with electron acceler-
ator CB 250/15/180L having drum type reaction
vessel and was reported to be good enough.6

NRL can be vulcanized by ionizing radiation with-
out any accelerator or additive.7,8 But the required
dose is very high. So RVA is used to reduce the vul-
canization dose for economic reason.9,10 The acceler-
ating mechanism of monofunctional monomers were
investigated using liquid poly(isoprene) and 2-ethyl-
hexylacrylate as a model system.11 It was indicated
that the cross-linking of rubber takes place through
the graft polymerization of acrylate onto liquid rub-
ber. Till now normal butyl acrylate (n-BA) is being
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used as an effective RVA.12–17 But it has bad smell
and enhances the coagulation of latex.18,19 The bad
smell of RVA pollutes the working environment and
may jeopardize the aim of commercialization of the
process. Moreover the latex particles from RVNRL
come in contact with skin. So the RVA should
have minimum Primary Skin Irritation Index (P.I.I.).
Nonane-diol-diacrylate (NDDA), CH2=CH–COO–
(CH)9–OOC–CH=CH2, has no smell and relatively
low P.I.I. of 1.9. The accelerating efficiency of a di-
functional monomer, NDDA for radiation vulcaniza-
tion of NRL was investigated to replace n-BA.21

The NDDA mixed latex remains in a very good phys-
ical state (in terms of color and viscosity) up to several
days. Considering these advantages it was selected as
a RVA. n-BA was also used for comparison. In order
to produce RVNRL with suitable strength and quality
for the production of dipped goods, especially hand
gloves, various schemes were adopted in irradiating
latex with electron beam pilot plant. The following
features are considered advantageous for EB. (1)
Small size, (2) No special building with thick bio-
shielding is required, (3) Self-shielded, (4) The elec-
tron beam is stopped with the shut down of the power
source, (5) Low irradiation cost (expected). The pa-
rameters of the pilot plant were optimized in order
to obtain a suitable setting of experimental for radia-
tion vulcanization of NRL under EB.

EXPERIMENTAL

Main Features of EB Pilot Plant for Radiation Vul-
canization of NRL
The pilot plant (Figure 1) for radiation vulcaniza-

tion of NRL at Takasaki Radiation Chemistry Re-
search Establishment, Japan has a reaction vessel with
the capacity of 18 L latex to irradiate at a time. The
accelerating voltage and beam current of the plant
were 250 kV and 10mA respectively. The length
and width of the beam window were 20 and 6 cm
respectively.
The latex irradiation vessel (Figure 2) under EB

was a cylindrical stainless steel vessel (� ¼ 29 cm
and H ¼ 30:5 cm) containing four baffle plates onto
the inner wall at 90� intervals and fitted with a pro-
peller type stirrer and outer jackets. The vessel was
covered with a cooling plate having titan film
(thickness ¼ 0:0015 cm) window (20� 8 cm2). The
reaction vessel was installed on a basement under
the beam window. Backward and forward movements
of the vessel together with the basement were done
manually. The vessel was pulled forward for feeding
the latex and after completion of feeding it was again
replaced to the position by pushing backward. The up-
ward and downward movements were done mechani-

cally with the help of the right and left turns of a key.
The vessel has an outlet at the bottom to channel out
the irradiated latex and to remove the waste-water af-
ter washing the vessel. The irradiation was carried out
after setting the vessel at the inbuilt set top up position
and shutting up the plant door.

Cover of the Vessel
The reaction vessel has a cooling cover with titan

Figure 1. Front view of low energy electron accelerator pilot

plant for RVNRL.

Figure 2. Reaction vessel of low energy electron accelerator

(EB).
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film window. This cover was not sufficient to keep
cool the vessel. Titan film is very expensive. So alu-
minum foil was used as the cover of the vessel. It
was fairly simple and easy to use and also very cheap
in comparison to titan film. There was no difference in
quality and strength of the RVNRL films obtained by
irradiating the latex covering with aluminum foil to
that obtained with titan film.

Preparation of Emulsion of RVA
The emulsion of RVA was prepared by mixing the

emulsifier (Emulgen-420�, Nippon Oil and Fats Co.,
Ltd., Japan) with RVA and water. The ratio of emul-
sifier, water and RVA (monomer) = 1:99:100. It was
stirred for 1–2 h using a ball mixer.

Irradiation of NRL under EB
A high ammonia latex concentrate (Microtex, Ma-

laysia) was used after diluting with 1% aqueous
ammonia to 50% total solids. NDDA and n-BA ob-
tained from Osaka Organic Science Industry and
Kanto Chemical Co. Inc., Japan respectively were
used as RVA. RVAs were mixed with latex without
further purification by stirring for �30min. A de-
foamer, BYK022� from BYK-Chemie GmbH, Ger-
many was mixed with latex to suppress the foam for-
mation. The latex was irradiated under EB with
constant stirring at a fixed rpm.

Preparation, Leaching and Drying of RVNRL Films
Spreading 25–35mL latex over each of several

raised rimmed glass plates made cast films of rubber.
They were allowed to air dry till transparent. The
films were leached with 1% ammonia, washed with
water and air dried. They were heated in an oven at
80 �C for 1 h. The rubber films thus obtained is termed
as cast films. Another category of films were made by
dipping cleaned glass plates into the latex for a defi-
nite length of time. The films were air dried up to
gel formation and leached in wet-gel condition with
hot water at 56 �C for various lengths of time. They
were heated in an oven at 80 �C for 40min. These
are termed as dipped films.

Measurement of Tensile Properties
Dumbbell shaped test pieces were cut using dumb-

bell cutter of precised size for natural rubber film.
Tensile and related properties were measured with a
tensile machine, Strograph-R1, Toyoseiki, Japan fol-
lowing ASTM standard methods.

Measurement of Swelling Ratio and Cross-link Density
A weighed amount of rubber film was immerged in-

to toluene for 24 h. The swelling ratio was calculated
from the difference of the weight before and after

swelling. The cross-link density was calculated from
swelling ratio using Flory and Rehner equation.20

RESULTS AND DISCUSSION

Optimization of Defoamer Concentration
By vigorous stirring of the latex many bubbles were

formed and created problem during irradiation. So a
defoamer (BYK022) was used to suppress the bubble
formation. To optimize the defoamer concentration
varying quantities (0.05, 0.1, 0.15, 0.2, 0.25 and 0.3
parts/100 rubber (phr)) of defoamer were added to
the 5 phr NDDA impregnated latex. The mixture
was stirred with low to high speed for 20min with a
magnetic stirrer. It was found that 0.2 phr concentra-
tion of defoamer was sufficient to suppress the bubble
formation when latex was stirred at �360 rpm. The
maximum rotational speed of the stirrer in the EB
reactor vessel was 360 rpm. So 0.2 phr of defoamer
concentration was considered suitable for any stirring
speed of the stirrer. The foam formation in the EB
reactor vessel was examined by stirring 16 L of latex
at 210 rpm. No bubbles were formed. With the opti-
mum concentration of the defoamer the latex was irra-
diated. The tensile properties of the rubber film were
compared with those of the film obtained without
the addition of defoamer. Similar values of tensile
properties were obtained in both the cases.

Length of Irradiation Time for Maximum Tb
Irradiation with Maximum EB current. For this

purpose NRL was irradiated under EB for various
lengths of time using fixed volume, stirring speed,
concentration of RVA and concentration of antifoam.
14L of latex with 50% TSC was taken for irradiation.
Stirring speed was fixed at 210 rpm. 5 phr NDDA was
used as an RVA. 0.2 phr of antifoam was used for sup-
pression of foam. Tensile properties were measured
after making cast film from the irradiated latex.
Figure 3 shows the Tb and elongation at break (Eb)
plotted against the irradiation time. It is found that
maximum Tb is �26MPa for the film prepared from
the latex irradiated for 30min. Eb, however, decreases
gradually with increased irradiation time. Figure 4
shows the swelling ratio and corresponding cross-link
density of the RVNRL films against the length of irra-
diation time. The swelling ratio goes down to a mini-
mum value (that corresponds to maximum value of
cross-link density) for the film obtained from the latex
irradiated for 40min. But maximum value of Tb is
obtained from 30min irradiated sample. In this case
optimum cross-link (corresponding to swelling ratio
value of �5) is obtained by irradiating the latex for
30min. The cause of increasing Tb with time is the
formation of cross-links between the molecules of

A New Trend in Radiation Vulcanization

Polym. J., Vol. 37, No. 5, 2005 335



rubber chain. At first Tb increases in a good rate but
after certain time the cross-links increase very slowly
but not the Tb. After an optimum number of cross-
links Tb decreases due to the increase of hardness
with high cross-dink density. The decrease of Eb cor-
responds to the same reason of higher cross-links.
There is a possibility of degradation of rubber by
overdosing but it was not observed within the applied
irradiation time. This is revealed from the cross-link
density curve.
Irradiation with Low EB Current. Figure 5 shows

the Tb and Eb of the RVNRL film prepared by irradi-
ating latex at low EB current (5mA) fixing other con-
ditions as stated above. At this EB current same trend
in the Tb and Eb values is observed. But the maxi-
mum Tb (�26MPa) is obtained for the RVNRL film
from 40min irradiated latex. Thus the length of irradi-

ation time required to obtain maximum Tb is less at
higher EB current. The swelling ratio and correspond-
ing cross-link density of these films are shown in
Figure 6. At 40min irradiation the values of cross-link
densities are in the same range of that of RVNRL film
obtained by higher EB current.

Use of n-BA as RVA. NRL was irradiated under
EB using n-BA as RVA instead of NDDA. Figure 7
shows the Tb and Eb of RVNRL films for various
lengths of irradiation time. The maximum Tb (26
MPa) is obtained at 30min irradiation time. The time
required to obtain maximum Tb is same as those of
the films obtained by using NDDA. Similar accelerat-
ing efficiency is obtained from both n-BA and NDDA.
Figure 8 shows the plot of swelling ratios and cross-
link density of those films against lengths of irradia-
tion time. Little lower cross-link density is obtained

Figure 3. Tensile properties of EB irradiated latex films vs.

lengths of irradiation time.

Figure 4. Swelling ratio and cross-link density of EB irradiat-

ed latex films vs. lengths of irradiation time.

Figure 5. Tensile properties of EB irradiated latex films vs.

lengths of irradiation time at low current.

Figure 6. Swelling ratio and cross-link density of EB irradiat-

ed latex films vs. lengths of irradiation time.
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from RVNRL films with n-BA especially at longer
lengths of irradiation time. Eb obtained is higher.
Lower cross-link density corresponds to higher Eb.
Effect of Mode of RVA Addition. Fifty percent

emulsion of RVA was prepared using 4 phr n-BA
and 1 phr NDDA with water and an emulsifying agent
(Emulgen-420). For the addition of RVA two schemes
were adopted, (1) whole amount addition before irra-
diation and (2) fractional addition during irradiation
(1/4th each at 10min interval).
Figure 9 shows the Tb and Eb of the RVNRL films

for various lengths of irradiation time. For procedure,
it is found that maximum 23MPa Tb was obtained by
irradiating latex for 15min. The irradiation time need-
ed is similar to that of the NDDA-mixed stored latex
film but the value of maximum Tb is decreased from
25 to 23MPa. This data is concurrent with the �-rays

irradiated RVNRL data.22 In case of fractional addi-
tion of RVA (procedure 2), it is seen that the length
of time required to obtain maximum value of Tb is in-
creased (25min). This increment seems to be obvious
because the RVA molecules have less scope to come
to take part in the reaction process of cross-linking.
So, to have sufficient cross-linking, the rubber mole-
cules have to wait for new RVA in the reaction sites.
However, the values for maximum Tb in both the
cases are same.

Effect of Latex Volume. The capacity of the reac-
tion vessel was 18L. The intensity of electron beam
decreases with the increase of distance. The distance
between the upper level of latex and beam window
was inversely proportional to the volume of latex
used. To make an optimum condition of irradiation
the volume of latex was considered as an important
parameter. 16 L latex was irradiated in the reaction
vessel keeping other parameters fixed. The tensile
properties are shown in Figure 10. It is seen that the
Tb obtained by using higher volume (16 L) of latex
is lower. If the tensile curve is compared to that in
Figure 3 it is found that the Tb from larger volume la-
tex is lower to the Tb from smaller volume latex. In
case of larger volume, the maximum value of Tb is
obtained at the cost of 35min irradiation. Also the
maximum value is lower than the value obtained by
using 14L latex. The cause of lower value may be
due to the inhomogeneous distribution of cross-link
(which is more prominent with larger volume) due
to the heating effect (high because the level is high)
that produces bubbles and small coagulant particles.
This prevents the rubber molecules to come closer.
So 14L of latex was selected as the optimum volume.
Further lowering of volume did not work well because

Figure 7. Tensile properties of EB irradiated latex films vs.

lengths of irradiation time using n-BA as RVA.

Figure 8. Swelling ratio and cross-link density vs. lengths of

irradiation time using n-BA as RVA.

Figure 9. Tensile properties of EB irradiated latex films at

various lengths of irradiation times for two different modes of

RVA addition.
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the distance of the latex surface and beam window
became larger. This caused delayed vulcanization.
Effect of Dilution and Centrifugation. For this pur-

pose the concentrated NRL was diluted to 25% total
solids contain (TSC) by 1% ammonia and irradiated
for various lengths of time (20, 30 and 60min, sepa-
rately) using 5 phr NDDA. After irradiation 2 phr of
PVA-105 (as 10% solution in water) was added to
the latex and centrifuged. The centrifuged latex was
again diluted to 50% TSC and films were made for
the measurement of tensile properties. Table I shows
the tensile properties and swelling ratio for RVNRL
film obtained by each length of irradiation time.
It is seen that the Tb for 20min irradiated NRL film

is maximum. It is similar to that of the film obtained
by irradiating latex with �-rays for 15 kGy using the
same brand of latex and same RVA.22 The Tb decreas-
es at higher lengths of irradiation time. The low TSC
latex gives better Tb after irradiation. In this case the
value of Tb obtained by 20min irradiation is also high
enough. The low TSC latex contains much water. The
mobility of the rubber molecules also high and facili-
tates the formation of free radicals. So the frequency
of rubber particles to expose under the beam increas-
es. Ultimately, cross-linking between the rubber mole-
cules in the chains becomes larger. This is evident
from swelling ratio data in Table I. The swelling ratio

obtained under this condition is similar to that ob-
tained with latex of 50% TSC irradiated for 30min.
At higher doses cross-link increases too much and
the films become hard. So cracking was found in the
cast film from 30 and 60min irradiated latex. More-
over, by centrifugation some small particles produced
by heating during irradiation are removed helping the
rubber molecules come closer by better entanglement.
The films obtained after centrifugation was also very
transparent. This irradiation process of latex could
be useful in applied field. So the field latex (latex col-
lected from tree before concentration) should be irra-
diated first and then centrifuged. Because the field la-
tex contains less rubber particles than that of latex
concentrate. It varies from 20 to 40% TSC.

Temperature of the Reaction Vessel
Due to the EB current the temperature of the reac-

tion vessel increases. The increase in temperature is
not good for latex. Some coagulated rubber particles
were found in the irradiated latex. Ammonia con-
tained in the latex was also evaporated by heat pro-
duced during irradiation. It was found that the upper
part of the stainless steel container became hot. But
the temperature of the part of the vessel under latex/
water did not increase. The latex was stirred constant-
ly during irradiation. So the level of latex sometimes
changed to some extent and came in contact with
the hotter part of the container and thus coagulated.
Another effect is the bubble formation. Although the
antifoam can remove all the foam before irradiation
many small bubbles were formed during irradiation
due to the beam current effect. To cool down this part
a flow of nitrogen gas (10 L/min) was passed through
the top of the vessel during irradiation. The effect of
gas flow was not so positive.

CONCLUSIONS

For the vulcanization of NRL higher EB current
needs shorter vulcanization time. NDDA and n-BA
show similar accelerating efficiency with EB irradia-
tion. At a time addition of RVA is better than fraction-
al addition. Better Tb is obtained by irradiation of low
TSC latex followed by centrifugation. Aluminum foil
can be used as a cover of the reaction vessel of EB.

Figure 10. Tensile properties vs. lengths of irradiation time

for higher volume of latex.

Table I. Tensile properties and swelling ratio

Irradiation time
(min)

Tensile strength, Tb
(MPa)

Elongation at break,
Eb (%)

Swelling ratio

0 6.43 1300 —

20 29.82 995 4.9567

30 27.35 900 4.3295

60 15.39 635 3.4665
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