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SUMMAR:~ 

The report contains a d.escription of the results o~tained in ·the 
work on determination of the effect of high-energy ele~trons generated 
by an electron accelerator ILU-6 on the st.:-ucture e.!ld properties 
of worn-out bladders/inner tubes stocks based on butyl rubber, made 
in China. 

The effect of the absorbed dose (from 3 to 30 Mrad} on acetone 
and chloroform extracts, the equilibrium degree of swe:ling, U"'.lSatu
ration and viscosity of reclaims and physical-mechanic~ properties 
of their vulcanizates.also data on the effect of addi::i.g 10 p.h.r. 
bladder and inner tube reclaims obtained a! the absor~ed doses of 
5,7 and 10 Mrad on the properties of bladder and inne~ tube !"'~bbers 
made in the USSR are reported. 

There is a description of the technology for producing an experi
mental-industrial lot of radiation butyl reclaim (1.5 tons) from 
Chinese bladde~ and also the results of its testing i~ the Ch~nese 
Republic in a bladder compound. 

The tests have shown ~he possibility o! replecing ~p to 20 p.h.r. 
butyl rubber in the Chine~e bladder stocks by the re.di~tion butyl 
reclaim obtained at ~he absorbed dose of 6 Mred. 

Data on the composition of gaseous prod~cts of blaider.stocks 
radiolysis, obtained by the method of gas-a~sorption ciromatography, 
on trying out the procedure for dosimetry e.:id mee.surecent of the ab
sorbed energy distribution of fast electro:is in rubbe~ crumb is 
presented. 

Technical and economic grounds tor the expediency Jf installing 
an experimental-industrial (pilot) plant (with the elm.~al capacity 
of 1,;00 tons) to produce radiation butyl reclaim froc bladders in 
the Chinese Republic are given. 
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I N T R 0 ~ U C T I 0 N 

In fi.ccordance with Contract No.89/190/SM signed in 1989 by 
UNIDO and TRI (the Tyre Research Inr.titute),Tll with participa-
tion of a contractor - the Institute ol. Physical Chemistry 

(IPhCh) attached to the Ukrainian Academy of Science-·.7as to deve-

5. 

lop a technology for producing butyl reclaim by a radfation method 
with the use of an electron accelerator ILU-6 from ~orn-out bladders 
and inner tubes manufactured in China,and also to give out a prin
ciple description of a pilot plent for producing butyl reclaim by a 
:.'adiation method from Chinese bladders with a list of the general te
chnological parameters of the process,the processing equipment, 
energy consumption, etc. 

In the course of carrying out the contractual work TRI transfe
red 4 reports to UNIDO and the Chinese counterpart: 

- Principle technology of manufacture and estimated technical/ 
/economic characteristics of application of reclaim from 
rezin-cured butyl rubber compounds by a radiation method. 

This information was based on the results of the work 
that had been done in the Soviet Union earlier for prod~cing 
butyl reclaim by the radiation method from bladders made in 
the USSR. 

- Study of the effect of high-energy electrons on the structu~e 
and propertiAs of butyl rubber compounds of wcrn-out 
bladders and inner tubes produced in China. 

- A pilot plant for production of butyl reclaim by the radia
tion method from ble.dders made in China. 

- The Draft Final Report "Development of a new technology for 
production of butyl reclaim by a radiation-chemical method 
from worn-out butyl rubber based products made at Chinese 
fact"ories and determination of reclaiin at.iplications". 

The present report finished off with the account for UNIDO 
comments on the D~aft Final Report, is the Final Report on Contract 
89/190/SM • 

1. EFFECT OF HIGH-ENERGY ELECTRONS ON THE STRUCTURE AND PROPERTIES 
OF ',':ORN-OUT BUTYL RUBBER BLADDERS AND INNER TUBES PRODUCED IN 
THE PEOPLE'S REPUBLIC OF CHINA· • 

1.1 f!'_Qo~r~t~o_tt _of. initial r.a'!. !!!ateE_i~l! _ 
.!.:.l!..1 Characteristics of initial raw materials 

Initial raw ;:-ateriuls for this work were worn-out bladders and 

inner t~bes Gupplic1 from the Chinese Republic. 



6 

To study the effect of the irradiation conditions 0n the quality 

of the obtained reclaim and to produce experimental samples of 
-

reclaim for their subsequent testing in China,there ~are received 

from China .170kg bladders cuofi into 2 or 4 parts and 25 kg of who

le inner tubes. 
For production of an experimental-industrial lot that was to be 

tested in China, 7 tons of worn- out bladders were shipped by rail
way from the Chinese Republ~c.Since these bladders travelled over 
6 months and the work was to be done in due time,the Chinese pa
rty sent 2t. bladders by air' at TRI request. 

An ex.,.,perimental-industrial lot of reclaim was made from these 
bladders and sent to China for the industrial trial in rubber co
mpounds. 

Further belo~ there is data on the formulation and properties 
of these materials(according to the Chinese data). 

Bladders. 

Bladder comoound composition(p.h.r.) 
Butyl rubter with 1.6% unsaturation 

(Polysar rubber PB 301) •••••••••••••••••••••••••••••••••• 100 

Chlorinated butyl rubber ••••••••••••••••••••••••••••••••••• 5 
Resin 2402(Resin 101 B) •••••••••••••••••••••••••••••••••• 12 

Carbon black HAF •••••••••••••••.••••••••••••••••••••• 50 to 60 
Mineral oil or petroleum jelly •••••••••••••••••••••••••••• 5 
Zinc oxide ....•..........•...•...•.•.•...•••••••••••• • 5 to 10 

Curing cycle:2.0 to J.5 h 

110 to 1ao0 c 

Vulcanizate properties: 
Hardness,arbitrary units ••••••••••••••••••••••••• 58 to 68 

Ten.~ile strer.gth,MPa •••••••••••••••••••••#•••••••11 to 14 
Relative elongation,·% ••••••••••••••••••••••••••• 550 to 660 
Tension set,~ •••••••••••••••••••••••••••••••••••• 20 to JO 

Inner tubes - ·- - -
Inner tube compo~nd composition(p.h.r.) 

Butyl rubber ••••••••••••••••••••.•••••••••••••.•••••••••••• 100 

Jul fur .............................•••...•...•.••.•• • 1.~( to 2.0 

~)tea1 .. ic acid ••••••••..•.••.•••••••••••••.•••••••••••••••••• • 1 .o 
Ca~b0n black FEr ••••••••••.•••••••••••••••••••••••••••• 25 to JO 
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Carbon black SRF •••••••••••••••••••••••••••••••••••••• 25 to JO 
Rubber processing oil ••••••••••••••••••••••••••••••••• 15 to 20 
TMTD •••• · ••••••••••••••••••••••••••••••••••••••••••••••••••• 1. 0 

Altax (MBTS) •••.•••.•••••••.••.•.••••••..•..••.••••••••••.• 0.5 
Captax (MB·r) ••••••••••••••••••••••••••••••••••••••• •••••••• 0.5 
Zinc oxide ••••••••••••••••••••••••••••••••••••••••••••••••• 5.0 

Vulcanizate properties: 
Tensile strength,MPa ••••••••••••••••• 9.0 
Relative elongation,% ••••••••••••••••• 500 
TellS ion set,% ••.••••.••..••.••••.••.••.. 35 

To obtain sulfur vulcanizates from the break-down products of the 
bladders and inner tubes we have taken the ingredients used in 

China,i.a.sulfur,Capta.x,~MTD,zinc oxide.The bladde~ reclaim curing 

has also been done with n-octyl~henolformaldehyde resin SP-1045 
used in the USSR for curing of bladder~. 

1.1.2 Production of rubber crumb from bladders and inner tubes. 

In the case of the accelerator with the electron energy ot 2 MeV 
the size of the particles of the rubber crumb carf$s mm. 

Due to the small amount of the initial materials received from 

China their grinding was done in a high-speed rotor grinder of a 
cutting type with the following technical characteristics: 

Rotor diameter at cuttipg ed.ges,mm ••••••• 400110 
Cutting edge length,mm •••••••••••••••••• 85 to 90 

Shell knife length,mm ··J················ 85 to 90 
Plug knife length,mm ••••••••••••••••••••• 85 to 90 
Linear cutting speed •••••••••••••••••••• 12 to 15 
Number of plug knives ••••••••••••••••••••••••••• 5 
Number of shell knives •••••••••••••••••••••••••• 4 

2lectric motor power,kwt ••••••••••••••••••••••• 15 

Overall dimem i 1ns,mm •••••• , •••••••• i0f5Xo40X10·10 

Jeight,kg(~ithout pneumatic 

transportation system) •••••••••••• ~p to 900 

2 t of bladders ·otere first c..rushod in the coarse crushi ne me.ch::.
n8. Gri.ndL:.t; of tne :--esu.dinr~ 1)0X150rnrn :·ubhe:· pieces to ..:·u'obe.:-
c~urnb ~ith thP particle zize under Jmm ~a3 don8 on the grindi~; ~~i~3 



with ribbed rolls,using a 0.2% water soluticn of surfactants to pre
vent agglomeration of the rubber. Having passed through the mills 
the partially ground rubber was fed by an elevator to a one-tier 
vibratory sieve. The tailings from the sieve went bacK to the nip 
of the rolls. Due to the absence of asuitlable pneumatic drier 
the sir,ve fraction containing up to 15% moisture drit.d in the open 
air till the residual moisture content became 1% maximwn. 

The output of the mills was )60-400 kg/h; the surfactant con
swnption was o.6 kg per 1 t. rubber crwnb. 

Further below there are characteriatics of the equipment used. 

Coarse crushing macnine for bladders 

Dimensions of the charging opening: 1260X400 mm 

Overall dimensions: )000X2200XJOOO mm 
Electric motor power: 
Output: 

Grinding mills 
Roll length: 
Roll diSJ-neter: 
friction: 
Electric motor power: 

134 kwt 
3 t/h 

800 nun 

550 mm 
1: ).08 

160 kwt 

Vibrato1y sieve for sieving rubber crwnb 
Slope angle: 4°30* 
Number of double vibrations: 265/min 
Overall dimensions: )110X1412X870 mm 
Electric motor power: 1.7 kwt 

stocks 
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1.2 Irradiation of bladder/inner tube rubberlfby high-energy olectroru 

T:1e rubber crumb from bladders and inner tubes ·.vas exposed to thE 
action of accelerated electrons generated by the electron accelera
tor ILU-6 at the following absorbed doses: 
bladders - J,5,7,10,12,15,20,JO Mrad 
inner tubes-5,7,10,12,15,20 Mrad 

1 .. 2 .. 1 .. Electron accelerator ILTJ-6 

A pulse linear accel)?rator ILTJ-6 model 6 designed by the Ii.1-
sti tute of Nuclear Physics (the Siberian Division of the USSR Aca
demy of Sciences, the city of Novosibirsk) was used as a source of 

radiation .. This electrophysical apparatua is designed for the 
operation a.a a oouroe of ionizing radiaton as pnrt of rr.idiation 

pla.nto of 



uifferent applications u...~der the following conditions: 

--ambient air temperature:from +10°C to+J5°C 
~relative humidity :up to 98% at the temperature of the ~~bient air 

+ 25°C 

~eneral parameters ~nd dimensions of the electron accelera~or lLU-6 

1. Parameters of the accelerated electron beam: 
a) energy,MeV •••• range1: 

range2: 
range): 

0.5 •••• 1.0 
1.0'." ••• 1.5 
1.5 •••• 2.0 

b) energy variations in the beam,% ••• 10 maxi~um 
c) energy instabilitY, % ............ 10 maxi~um 
d) limits of the mean current adjustment,mA: 

range1: 0 ••••••• 40 
range2: 0 ••••••• 20 
range): 0 ••••••• 13.5 

e) instability of the mean current dur:ng an hotc of the ace• 

lerator operation with maximum energy and power,% 

-7 maximum 
f) maximum current in a pulse,A ••• up to 1 
g) maximum power within the whole range of e~ergies,kwt •••••••• 

20 minimum 
2. Frequency of the accelerating voltage,MHz •••• 120-127. 

). Duration of the current pulse, '"s: 
.I 

range1 - up to 700 
range2 - up to 600 

range) - up to 500 
4. Frequency of pulse repetition: 

range1 ••••••••• 2 ••• )00 
range2 and ) ••• 2 ••• 50 

5. Power of the emergent beam from the total po·.·1er is for rectilinear 
scan at the non-uniformity of the linear cur:-ent densi:y better 

than~ 10% on the length of 800 mm,% ••••• 80 ~inimum. 
6. Dimensions of the outlet window,mm ••••• 980x75 

7. Overall dimensions 
--diameter of the tank nith flanges-1230 mm 
--dimension Vii th protruding parts -2JOO mm 

-overall hight with a funnel -3100 mm 

-height of the tank proper -1125 mm 
-tank hight with entry and pumps -1800 mm 
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8. Accelerator weight ••• 2200kg,control ~abi~et ••• 850kg,power supply 
cabinet 1 ••• 1010 kg 

power supply cabinet 2 ••• 1JOOkg, 
power supply cabinet J ••• 1050 kg. 

Power units for pumps(PU) ••• 72kg, 
for roughing-down pump AVR-50 ••• 200kg. 

9. Time of &Jing into the mod~ of operation,maximum: 

-after a stop of less than an hour •••••••• 10 min. 

-after a stop of 48 hour2 maximum-120 min. 
-after spontaneons 

10. Parameters of the 
-voltage 

de-energezing-5 mim. 
power supply line: 

-J80/220V 
-number of phases -} 
-f re q.i: .. !llcy -50 Herz 

11. Po \\er requirement, k·.'lt - 120 maximum 

12. Connection of the plant to the power suonly line should ~e from 
a separate transforme::::- wi_th the overa.1·1 powsr of 1ao- lcVA mil~imum, 
via a device .....QE.9_-i.ding for a visible 1:.reak in --che ou-.ver supply 
circuit at a comrlete removal of __ vol tage. 

13. The plant should have ~ s~parate grounding loop. 
14. Cooling of th~ accelerator proper and the powe~ supply system(ca

binets 2, 3, 4 )wi. th distilled water of the f ollo:•1ing parameters-= 
. t . . t . . 1 o2 Oh 0 -resis 1v1 y ••••••••••••••••• ~ •• m1n1mum mm 

-ores~ure at the inlet of the system •••••••• mir.i.mum J22kPa(4atm .. ) 
but maximum 588kPa(6atmv) 

-pressu~e at the outlet of the system ••••••• ~ax .. 98kPa(1atm) 

-temperature at the inlet ot the system ••••• max .. 24°C, 

-flow rate for the accelerator 

-flow rate for the 

min.the dew point in the accele

rator room 
J ............. min.J .. 6m /h 

J power supply eystem ............................ 0.9m /h 

15. CoOling of the outlet window foil. .......... by compressed air 

!ree ot dust and trace~ ct oil with the following parameters: 

-pressure at the inlet of the system ........ m1n.294kPa(Jat~.) 
-air tlow rate ................................. min.200nl3/h 

under normal conditions 

16. Average time of !ailure-tree per!ormance at nominal para~e
ters including maintenance should be minimum 1000 hours,main~ 
tenance taking maximum 2?% or this time. 

17 .. Normal operating period ot the plant is 10 years except !or the 
accelerator units whose life is defined in the specifications 
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ror these parts.When the normal operating time expires the plant 
is to be rechecked in terms of all technical requirements.In 
case of its compliance to t:1e specficatione it can be used tur-
ther,on 

1.3. -Methodology 

•.rype o! 

curing 

resin(1) 

:resin( U) 

lltilphur 
( 1 ) 

aulphur 

(lt) 

Viscosity measurement 
s 

Samples for measurement of Mooney vi,_cosity were prepared on the 
mills J2of~g,passing the weighed amount of reclaim 10 times by 
300g through the 2mm nip between the rolls.Mooney viscosity was 
determined according to GOST 10722-76. 

Rec!aim curing and determination of physical-mec~e.nical pro
perties 

Compounds for reclaim curing and subsequent determination o! 
its physical-mechanical properties were prepared by the formu
lations and under the conditions given in Table 1. 

Table 1. 
Formulation of reclaim compounds and their curing conditions 

Ingredients Sequence o! in- Curing conditions 
gredient in·l;ro-

name :>.h. r. duction .. ,m"'.n. ·c time,min. 

reclaim 100 0 

SP-1045 
(n-octy- 10 4 165 50 
lphenol- end of mixing 
formal- 10 
dehyde 
resin) 

reclaim 100 id. id. id. SP-104' 15 

reclaim 100 0 
zinc oxi-
de 2.5 2 id. id. 
thiuram 0 •. 5 4 
capt ax 0.25 4 
sulphur 1.0 5 

end of mixing 
7 

treclaim 100 
zinc oxide 5 id. id. id. 

-



. I thi~~, 
1 

1 
o.s 
2 

... ~. 
capta.x 
si...lphur 

Reclaim from bladders wes cured with resin and sulphur,reclaim 
from inner tubes only with ~~lphur. 

Physical-mechanical properties cf vulcanizates 
(tensile strength,relative elongation)were determined ~cco~ding to 
GO:T 270-75,and tear resistance according to GOST 262-79. 

Acetone and chloroform extracts of the ::-adiation ~eclaim(in 
some cases those of their vulcanizates as well)and their equilibrium 
degree of swelling in m-xylol were determined too.~he equilibriwn deg
ree cf swelling and chloroform extract(sol fraction)were used to jud
ge about a degree of the radiation products breakdown. 

Extract determination 
To measure the extracts the -:eighed amounts of the rP,claim or 

the vulcanizate(cut into small piecea)were placed into a fabric bag 
and ext~acted by hot acetone in the Soxhlet apparatus during 24 hours. 
Then by warming it up in the ther.!Iostat at 6o0 c the bag with the 
extracted material was brought to a constant weight. 

Afte~ the acetone extraction ~e did chloroform extraction in a 
similar way.The value of the acetone and chloroform extracts(in%)was 
found as a relation of the corresponding reduction of the weighed 
mass to the initial weighed amount and to the weighed cass after the 
acetone extraction respectively. 

Determination of t~e eguilibriu:n degree of swelling. 
To determine the equilibriwn degree of swelling a punched basket 

from altuniniwn foil with the reclaim weighed mass of about 0.1g{cut 
into small pieces)was placed in m-xylol fer 24 hours;then the excess 
of the solvent ·nas removed from ·the weighed amount by centrifugation 
during hto8 min.The baskets were ~eighed after the cen~rifugation 
and after bringing them to a constant mass .. The equilibriwn degree of 
swelling(in%)wes calculated as a relation o! the swollen weighed mass 
to the mass of ~eighed amount after bringing it to the constant mass. 

The equilibrium degree of swelling o! the reclaim vulcanizates 
was determined in other ways.A piece of the vulcanizate aeout 5X5mm 
was placed in ~-xylol for 24 hours;then,after removing the solvent 
from its surface with filter paper,the sample was weighed.The calcu 

.as 
lation of the equilibrium degree of swelling was madeyin the fi~st 
case. 

Determinati0n of U."1Saturation. 
Unsaturat:on was determined ~y the method of ozonolysis on the 

ADC-3 machine (9. double bond analyzer)for the sol fraction of tne 
bladder compou:-.d after its :::-e.d ie. ti.on processing by the ab~rnrbed do~·~r; 

from 7toJO Mrei and for the sol f::-action of the unirradiated o·~::;l 



rubber :ef-16?5 T !}roduced in the us~. 
1) 

The principle of this machine ope:::-ation consists in the following. 
An oxygen !low is passed through t~e ozonator where part o! it is con 

verted into ozo~e.Tb.en the blend o! the gases passes through a tlow 
reactor where the sample is injected. 

-After the reactor the flow comes ~to a gas cell where the ozone 
amount is recorded with the use of U7 radiation end is emitted into 
the atmosphere. 

The ozone amount absorbed by the ~ibstance placed into the reactor 
is registered by the recorder as an absorbtion curve which is imme
diately integrated with the aid of a special integrator. 

The reactor was placed into a DeJr&r flask cooled with a special 
device by liquid ni~rogen. 

The temperature around the reactor was maintained at about 200-
-2100K. In this case the volatilizati~n o! the chloroform end its 
ingress into the gas cell was eliminated and the reaction of ozo
nolysis ocurred rapidly enough. 

The sample was ~nj,cted into the reactor with a 1 ml m•dical syringe 
via a rubber membrane. 

Before the analysis the instrument was calibrated with stilbene 
solution of five d{f!erent concentrations in chloroform. 

The solution o! each concentration ot both stilbene and chloro
form extract was ane.lyzed et least 4 times. 

In the course of the analysis of the chloroform extracts there 
were some distortions or the absorpt~on curves.Tb.is can be expla
ined either by slower int<raction of spatially hampered double 
bonds with ozone or,which is more lD:ely,by the ozone interaction 
with the resin components used for c:iring of bladder compounds. 

The control check showed that some of the substituted phenols 
interact que.ntitatively with ozone u:ider the conditions of the ana
lysis. 

In connection with this it doesn't seem possible to assess an er
ror made in the data on the ni..unber ot the double bonds in the sol 
fraction due the interaction o! the ~esin components with the ozone. 



Application ot the dosimetry orocedure and dete.l'lllination 
ot the distribution ot ene~·gv absorbed by fast electr'lns 
1n the rubber crumb. 

14 

We have-studied the effect of the energetic(the energy of elect
rons, the ~verage currant of the electron beam, the absorbed dose duri~ 
one pass)and technological(ri1bber compound transportation conditions 
in the irradiation zone)parameters o! irradiation to determine the 
size of the absorbing zone and its distribution in the rubber crumb. 
The investigation was done at the absorbed dose from 2 to JO llrad. 

The dosimetry was carried out on the electron accelerator ILU-6 
according to the measurement procedure with the aid o! film badges 
(chemical dosiJP.eters),nrIU-2/25 and COf!Jl(@-5/150 { Table 2 ) 

T a b l e 2 • 

~acteristics of dosimetric films used for dosimetry 

Characteristics of 
dosimeters ,il,[Ill. - 2/ 25 cori,l c~) - 5/I~o 

1. Radiation type accelerated electrons, accelerated electrons, 

2. 

J. 

4. 

5. 

&. 

, photons photons 

Range of absorbed 
doses 2 - 25 f.!rad 0,5 - 15 Mrad 

Length of the maximum 
absorption wave 515 nm 525 nm 

Thickness J0•10-6m 70• 10-0m 

Error limit .:!:.12% ~15% 

Temperature during 
irradiation 2o+ao0 c · 15+50 

.JJ.[lll_ -£/£5 g,o~i.!!!.e,!e_£. The measurement of the optical density varia

tion was done on the spectrophotometer"SpekordUV-ViS" at the maximum 
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absorption wave length of 515 mm.The absorbed dose was determined by 

the calibration chart of the optical density variation dependence on 
the absorbed dose. 

,IJ,flU -2/25 dosimeter was calibrated on the 60co ( -unit Yri.-250000 
certified by the VNII ot physico-Technical and Radiotechnical Mea
surements with the reference chemical detectorsAOT-25/200 in acc
ordance with GOST 20!68•8).The relative error in the absorbed dose 
measurenents at the confidence level ot o, 95 for ;uil.l -2/25 was 10 %. 

The working· temperature range of the irradiation was 10-60°C. 

fU!!Jti~~5l120l ~o~i~e!e£ ia_s!~~ £e!e,re~c~ 2r_t~e_a~s2r~e~ ~o~
~e_o! ih~ £.h.Q.t2n_ a_!1d_ ej.e_Et__!'O_!l J.~aE-~tio__!l J 

The measurements were taken on the C~ -26 spectrophotometer with 
the wave length of) =512mm relative to the reference specimen. 

The absorbed dose was determined by the dependence(a calibration 
characteristic curve)of the absorbed dose on the optical density 
given in the certificate for the star.dard specimen. 

The relative limit error of the absorbed dose measurement with 
the aid of the standard specimen is 15% at the confidence level of 
0.95. 

The range of the working temperatures of the irrediation is 
15-50°C. 

To eliminate the by-action of the gas emission products during 
the radiolysis of the butyl rubber compounds the chemicel dosi
meters were packed in lavsan film. 

We have also run comparative testing for.irradiation of COf"I.n (cp)-
60~~ 

5/150 and ,D,f111-.2/25 dosimeters on the Co~l\ -250 000. 

The ~rradiation o~ the dosimetric films was done at the rate of 
the absorbed dose of 743 rad/s and at the absorbed doses of 2.5 and 
5 Mrad. 

The dose in the JJJlLl -2/25 films practically corresponded to 2. 5 
and 5 Mrad whereas the dose inC011,n(~~ -5/150 had a scatter up to 
the limit measurement error. 

The irradiation of film badges PJm 8 2/25 and cori,n(qi )-5/150 on the 
electron accelerator ILU-6 was done under the following conditions: 

accelerated electrons energy •••••••••••••• 2.0 MeV 
beam curren~ ••.••.•.••..••••••••..•.•.•.•• 4.0 rnA 

conveyor speed •••••••••••••••••••••••••••• 11 nun/s 
nLmber o! passes •••••••••••••••••••••••••• 6-12 
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The comparative results showed that the scatter of the Vdlues 
obtained on difterfnt films was within the r~lative error limits 
admissible tor them. 

Both types of the dosimetric films under dif!erent operating 
conditions of the accelerator ILU-6 were used to mea..qure the absorbed 
dose at the surface and in the thickness of the rubber crumb layer 
to 10 mm.The crumb was on a metal tray. 

The difference in the absorbed dose between the top and the bot
tom of the radiated ~rumb with the parti~le size of J to 5 mm was: 

~ 20 % for bladder compounds 
+ 10 % for inner tub~ compounds 

An increase in the geometrical dimensions ot the crumb particles 
increases significantly a measurement error of the dosimetry method 
applied.Thus,as a result of this work a dosimetry procedure has be
en developed to provide control over the absorbed energy o! the !a
s t electrons at the selected thickness of the bulk crumb layer. 

1.4. Effect of the absorbed dose on the structure and prooer-
ties of the radiation breakdown products cf butyl bladde~s 
and inner tubes. 

The irradiation conditions: 

energy of electrons ········~················2 MeV 
electron beam current •••••••••••••••••••••• 10 mA 
thickness of irradiated.crumb layer •••••••••• 10 mm 
distance from inlet window foil to material •• 100 mm 
conveyor speed •••••••••••••••••••••••••••••• 2.5 to 4.7 cm/s 

1.4.1. Radiation butyl reclaim behavior during mechanical processing 

V i s u a 1 
d i a t e d 

a s s e s s m e n t 
m a t e r i a 1 

o r 

The product of the bladder crumb irradiation is 

t h e i r r a -

at J Mrad ••••••• the irradiated crumb doesn't practically differ from 
the original crumb 

5,7 Mrad •••••• the irradiated crumb is sorter to the touch !hen the 

original crumb but it almost doesn't clot 
t0,12,15Mrad •• the irradiated crumb sticks together 



lnitial 

20,)0 Mrad ••• the irradiated crumb becomes all stic~y mass 

The product of the inner tube irradiation is: 

? M.rad ••••••• the irradiated ~rumb is soft but not sticky 
10 Mrad •••••• the irradiated cnunb sticks together 
1?,20 Mrad ••• the irradiated crumb is all sticky mess. 
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We determined the equilibrium degree of swelling,the acetone and 
chloroform extracts of the reclaim samples and their vulcanizates, 
the physical/mechanical properties or the reclaim vulcenizates and 
also the plasto-elastic properties and unsaturation of ~he reclaim. 

Before the measurement of the reclaim properties we carried out it~ 

homogenisation on the mills 320 ~ • For this purpose the weighed 
amount of the reclaim{JOO g) was passed 20 times throug!i the 1 mm 
nip between the rolls. 

The reclaim behavior during this processing on the mills and its 
appearance after the milling are reported in Table J. 

T a b l e J 

RADIATION RECLAIM BEHAVIOR DURING MILLING 

Absorbed Number of £asse! after whi¥h 
the rec aim abric shee s 

material aose, rad well 
Appearance of the reclaim 
after milling 

Bladder 3 
5 ., 
8 
y 

•) 10 

·>12 

1? 

20 

30 

reclaim is not milled well 
·12 

J 
immediately 

id .. 

id. 
id. 

sticks to the roll at once, 
it cannot be incised with a 

knife 
id. 
id. 

very rough stiff sheet 
uneven,not smooth sheet 
rugged sheet,not smooth 

id. 
smooth sheet 
smooth,sticky sheet 
very sticky sheet 
impossible to remove 
from the roll as skin 

id. 

id. 



lnner tube 5 
. , 

10 
12 
15 

20 

15 

9 
at once 

id. 
sticks and f l.ows 
over the roll 

id. 
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Table 2 continued 

uneven, ( rugged ) . 

id • 
soft sheet 
soft and sticky sheet 
impossible to process, 
goes under the cheek: pla-
tee 

id. 

*) Due to its stickiness tne reclaim obtained at the absorbed doses 
of 10 and 12 llrad was passed through the nip 12 and 8 times,res
pectivel.y. 

1. 4. ~. Dependence of the properties o-f bladder/inner tube bree.Jedow:i 
products on the value of ttte absorbed dose. 

~ince an exact determination of double bonds in the irradiated 
worn-out butyl. rubber is difficult not onl.y by the method of ozonizetion 

QUt also by other methods of estimating double bonds in sucn syste:is, 
we have studied the concentration on unsaturated C=C-bonds in pure ::-ub

bers used !or bladder production in the Chinese Republic. 
Table 4 snows content of double bonds in butyl rubbers of 2 di~

ferent grades at dif!erent absorbed doses. 

Table 4 
Butyl rubber~aturation (~) at different doses (mred.) 

Dose llrad 
Rubber 

0 5 8 10 13 15 20 

Polysar 301 1.97 2.60 J.JO J.41 J.50 J.70 J.76 

JSR - 268 1.91 2.~o J.20 J.40 J.24 ).47 3.97 

A relative error of measuring unsaturation did not exceed 10% a.nd 

in a majority.of cases it was 4-5%.As it follows from Table 4 bu:yl rut 
ber u.,saturation grows twice as much in the interval from Oto 20Yre~. 

One should expect that a!ter the radiation of worn-out rubber sto:~s 
there will be a similar increase of double bond quantity in the c~:b~n 
co~ponent of rubber stocks. 

Indeed,one can see from Table 5 that unsaturation grows in i-- 0 •'-



ation o! both bladder and inner tube stccks. 

T a b 1 e 5 

Ungaturation in butyl-based rubber stocks,% 

Dose, Mrad Bladder stock Inner tube stock 

) 0,25 
5 0,64 
1 0,46 

10 0,76 
~2 0,74 
15 0,92 

With the growth of the absorbed dose the content of the chlorofc•rr:i 
extract (sol fraction) in the radiation breakdown products of both b:.ed
ders and inner tubes increases (Fig.1). In the case of bladders the 
limit values of the sol fraction are reached practically at JO Mred ~:.th 

over 90% of the rubber substance turning into a soluble state. 
The equilibrium degree of the bladder breakdown products swelli~; 

varies as a curve with the maximum (Pi.g.2aJ. However, if we calculate 
the degree of swelling in respect to the rubber substance content in 
the weighed amount after removing the solvent, then one can see that 
ttae degree of swelling grows up to about 2000% with the growth o! thE· 
absorbed dose (Pig.2a.,curve 2). 

The data in Figs.1 and 2b also evidences about a high degree of 
the inner tube radiation breakdown, though it is slightly lower than 
in the case of the bladders. For example, the equilibrium degree of 
swelling about 1000% is achieved in the bladder case at the absorbed 
dose of 1 Mrad, and in the inner tube case it occurs at 12 Mrad. The 
sol traction of the breakdown products is about JO% for either type 
of rubber. The differences in the degrees o: the radiation breakdown of 
bladders and inner tubes can be p~tially explained by greater densitj 
of the vulcanization network in the original inner tube rubber. 

Table 6 ghows the properties of the reclaim obtained !rom blad
ders and inner tubes and the properties of its vulcanizates. 
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T a b l e 6 

fROPERTIES OF P_\DIATION RECLAIM PRODUCED PROM BLADDERS 
AND INNER TUBES J.'l' TJ IFPERENT ABSORBED DOSES AND PRO
PERTIES OF RECLA il4 VULCANL .. :'..TES 

22 

Rubber Vulcani Absor-MooneyStress Tensi-Relati-Tear Equili- Aceto- Chloroform 
compo- zing bed visco- at .le ve resi- brium ne ex- extract, 
und system dose, sity, JOO% \s{eng-elonga-stan-degee tl"act, % 
type type Mrad units elonga-~h, tion,% ce, of swe- % 

tion, Mpa kN/m lling, 
MP{a (!) (L) (~iear) % 
( JOO} 

J 

1 2 ) 4 5 6 1 8 9 10 11 

lij.adder .. Resin 
curing 5 

lIJ 1<.' 

Resin 
curing 
llIJ 5 

10 

Sulfur 
curing 

(I) 5 

Sulfur 
CU!"ing 

10 
15 

lllJ ) 
5 
7 
8 
9 

10 

Inner Sulfur 
curing 

tubes (I) 5 
10 

Sulfur 
curing 

(II) 5 
7 

10 
12 

86 
56 
)8 
)6 
20 

88 
90 
33 

3.6 5.2 460 29 321 
scraplpores,blisters)400 

4.3 5.5 400 Jl 313 

'J. 0 
6.8 
6.1 
7.2 
6.2· 
3.6 

scrap( pores' blisters ))5-r 

scrap(pores,blistersJ242 
id. 289 
id. 481 

12.6 380 
9.7 412 
7.9 J84 
8.3 J48 
6.? J40 
4.4 392 

25 
40 
36 
JO 
29 
24 

174 
192 

203 

scrap(pores,blisters)178 
id. 246 

3.3 4. 7 468 JJ 162 
3.0 4.8 476 27 179 

scrap(pores,blisters) 212 
id. 27J 

2.9 
4,1 

3.3 
5.2 

I.5 
3.2 
3.6 

1.6 
1.7 

-
2. I 

4.2 
5.7 

4.4 
4.6 
4.5 
4.5 

14.3 
25.8 

11.9 
19.3 

1.0 
6.6 
8.b 
9.0 



2J ,, 

To determine Mooney viscosity of the reclaim obtained from blad-
ders at the absorbed dose of )Mrad was impossible due to its elevated 
stiffness and that of the reclaim from bladders and iruier tubes at 
the absorbed doses over 10Mrad due to its tack.Because o! the eleva
ted tack we failed to prepare compounds for curing of the reclaim· 
obtained at the absorbed dosea over 15Mrad. 

It should be noted that reclaim vulcanizates from bl~duers,es
pecially resin ones,have defects,such as pores,apparently due to the 
increased content of gaseous products in the reclaim. 

Bladder reclaim is better cured with sulphur:the strength pro
perties of sulphur vulcanizates are higher than those of resin ones, 
and the equilibrium degree of swelling and chloroform extracts are 
lower. 

Reclaim vulcanizates from inner tubes have the same external de
fects as reclaL~ vulcanizates from bladders,namely,pores and blis
ters.The presence of such defects can b~ related to the fact that the 
gaseous products of bladder/inner tube.stocks radiolysis are not ful
ly removed from the reclaim becaus,of the low temperatures(max.40°C) 
at all stages of processing under laboratory conditions. 

1.5. Effect of the radiation reclaim obtained from bladders on 
the prooerties of bladder/inner tube rubber stock~ ~roduced in 

the USSR 
The reclaim content in the compounds was 10p.h.r.per 100p.h.r.of 

butyl rubber.The formulations are givenin Appendices 1 and 2 corres
pond tcjthe Chinese data in the composition of bladder and inner tube 
compounds. 

The compounds were prepared on the basis of rubbers and ingredi
ents of the Soviet make excluding the reclaim made from the Chinese 
bladders at the absorbed doses of 5,7 and 10Mrad.Prelimi:na.rily the 
reclafm was subjected to processing on the mills for 2 min.with the 

mm nip betReen the rolls. 

It can be seen from Tables 7 and 8 that the use of 10 parts of 
reclaim doe&n't cause any significant change in the properties of 
the bladder and inner tube compounds.The greatest effect is produ
ced by the recleim obtained at 10 Mrad.Nevertheless the properties 
of the compounds containing this reclaim are ·Hi thin· the limits of 
t~1e v:iluc;, a.dmis3ible for the bladder/inner :;..i':>e compou..'1ds in the 
rJSSH. 

"'le al:30 ~nvestiga.ted a. possibility of using unmilled irre.dia.ted 
rubb~~ cru~b(devulce.niza.te)in compounds because in the c~se of the 
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positive results this could allow to simplify the process of the 
radiation reclaim production. 

The strength properties of the compounds are given in Ta~le-9. 

T a b 1 e 7 

PROPERTIES OF BLADDER COMPOUNDS CONTAINING RADIATION 
RECLA!~ ( 10 p.h.r. per 100 p.h.r. of butyl rubber ) 

Properties absorbed dose 1 Mrad 
5 7 

Plasticity 0.291 0.257 0.286 
r! 

Scorching,130°c,£5,min 25.5 24.0 25.0 

Phlsical-mechanical Erooerties 
under normal coditions J 300.HPa. 9.4 9.2 8.6 

.f > -MPO. 15.a 15.0 15.2 

LJ% 492 482 506 

G tear, K-JJ/rt 55 53 49 

Elasticity 
20°c 10 10 10 

100°c 31 35 38 
Hardness 72 72 72 

Heat agei~ 1 180°C 1 2~ hours 
Modulus 300% f 300,MPo 12.3 11 • 5 

K 1. 3 1. 21 

Tensile strength,MPa f, MPa 12.) 11 • 6 11.3 
K o.78 0.11 0.75 

Relative elongation,% L of. , 0 304 308 307 
K 0.62 o.64 0.60 

Tear resistance,kN/m G tear,KN/M37 37 36 
K 0.67 0.10 0.73 

10 

0.265 
19.5 

9.0 
14.9 
504 

49 

10 

JO 
73 

10.7 
o.72 
294 
0.53 

35 
0.71 



T a b 1 e 8. 

PROPl!:KTIBS OF INNER TUBE COMPOUNDS CONTAINING 
RADIATION RECLAIM FROM BLADDERS(10 parts by weight 

per 100parts of butyl rubber ) 

Properties absorbed dose,M.rad 
5 1 

Plasticity 

Physical-mechanical 
oroperties under normel 
conditions: Modulus )00% 
Tensile strength,MPa 
Relative elongation,% 
Tear resistance,kN/m 

Elasticity 

Hardness 

0.))8 

f J00 ,MiJd '.).b 

J MPd 13.8 
L, % 658 

G-1 kt~/M 64 
1.CQ.r' 

11 

32 
71 

Heat ageing , 1)0°C, 48 hours 
Modulus )OU% J 1..:c , M Pa 6 • 9 

K 1 .2) 

Tensile strength,M¥a J, MPd. 10. 7 

K 0.80 
Kelative elongation,% LI•;., 49b 

K 0.75 

Tear reeistance,kN/m 6 tec..r; i<~/1147 
K 0.7) 

0.317 0.)16 

5.4 5.9 
1).3 12.7 

678 645 
64 6(. 

10 

34 
68 

8.0 

1.48 

11 .o 
0.83 

438 
0.65 

47 
o. 73 

10 

34 
68 

n 1 
.J • • 

1.61 

11.b 

0.91 
406 
0.63 
45 
o. 70 

25 

10 

0.)12 

5.4 
12.7 
668 

58 

10 

34 
66 

" , 

1.12 
11. 6 

o.~1 

402 
0.60 

47 
0.81 
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T a b 1 e 9 
STRENGTd PROPERTIES OF BLADDER COMPOUNDS CONTAINING 
PLASTICIZED AND UNPLASTICIZED DEVULCANIZATE(1oparts by weight 
per 1 OC parts of bittyl rubber) 

Properties 

Plasticity 

i.1odulus JOO, ~;iPa 

Tensile strength,MPa 
Relative elongation,% 
Tear resistance,kN/m 

Compound 

1 2 

0.2)8 . 
O.:...JO 

8.J 8.1 
15.J 14.5 
508 490 
50 49 

No. 

3 4 

0.248 0.309 

7.9 6.9 
1).5 14.1 
476 560 

51 53 

Compound 1 in Table 9 is a reference one without reclaim;compound.s 
2-4 contain plasticized and unplasticized devulcanizate obtained at 
the absorbed doses: 

compound 2 ••••••••••••• 7 Mrad (plasticized) 
compound. J ••••••••••••• 7 Mrad (unplasticized) 
compound 4 ••••••••••••• 10 Mrad (unplasticized) 

From this data one can see that unplasticized devulcanizate,obtainec 
at the absorbed dose of 1 Mrad,causes a greater reduction of stre
ngth and relative elongation than application of. the same devulcani
zate but plasticized befor~.Cured plates of compound J have noticab
le inclusions of big particles.There id no such defect in the vulca
nizates of compound 2 and also in those of compound 4 containing a 
more plastic devulcanizate obtained at the absorbed dose of 10 llrad. 
In terms of strength properties the vulca!1izates of compound 4 are 
superior to the vulcanizates of compound J made with a less plastic 
devulcanizate having higher strength rroper~ies. 

From the data in Table 9 it follows that application of wiplasti
cized irradiated devulcanizate in ru~ber stocks is, a~parently, not 
advisable. 
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1.6. Selection of the optimum.dose and manu.fa.cture of exoerimental 
lots of radiation reclaim frcm bladders and inner tubes for 
testing in China. 

Selection of optimum doses was made on the basis of the analysis 
of the radiation reclaim properties given in Table 6, the reclaim 
behavior during processing and the reclaim effect on the properties 
of the rubber compounds containing it ( Tables 7,8 ) 

As it can be seen from Table 6 the sulfur vulcanizates of the 
reclaim produced at the absorbed doses of J to 5 Mrad poses:. high 
physical-mechanical characteristics. However, due to the low 
plasticity of this reclaim there are difficulties in its processing 
on the mills. At first the crumb doesn't easily form skin, then the 
skin doesn't form a sheet properly on the roll. Proc~ssing of the 
reclaim obtained at the absorbed dose of 10 Mrad also entails diffi
culties because of the reclaim abherence to the rolls. There is no 
principle difference observed in the prop·erties of the rubber com-· 
pounds containing reclaim p~oduced at.5, 1 and 10 Mrad. Proceeding 
from this and also from economical considerations 7 ~rad was selected 
as an optimwn dose. 

About 25 kg were prepared at the absorbed dose of 7 Mrad and some 
samples were prepared at the dose close to the optimum one, namely 
about 25 kg at ~ Mrad and about 20 kg at 10 Mrad • 

Taking into consider~tion the insufficient physical-mechanical 
properties of the inner tube reclaim even at 5 Mrad , the 15 kg test 
piece was manufacturen at the absorbed dose of 4 Mrad. 

As the weight of each reclaim sample was insufficient for the 
efficient processing on the refining mills the reclaim processing 
was done on the laboratory mills 320~~§. The weighed amount of the 
reclaim ( about 400 g each ) was plasticized for 3 mj_nutes with a 
1.5 mm nip between the rolls. 

The propertiez of the reclaim samples sent to China for testing 
are Shown in Table 10. 



Rubber 
compound 
applica-
ti on 

Bladder 

T a b l e 10. 

PROPERTIES OF THE RADIATION BUTYL RUBBER RECLAIM 
SPECIMENS SENT TO CHINA BOR TKSTING 

A.bsorbed Mooney E':luilib- Extracts : lo Tensile•) Elonga•) 
dose, vis co- riu.m ~trength ti on 
Mrad sity degree .cetol ChJ.o- MPa at of swel- ne roform 

ling,% break,% 

5 120 336 3.9 20.0 11.6 376 

7 62 373 3.7 31.3 9.0 )68 

10 42 418 4.13 37 .1 1.1 ))6 
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Tear•) 
res is-
tance, 
kN/m 

35 
33 
30 

Inner tubes4 150 286 8.7 1.6 7.3 500 39 

•)Sulfur curing as per Formulation II given in Table 1 • 

The samples of the radiation butyl reclaim were tested in Chilla 
according to the procedures adopted there. The obtained results are 

given in Annex No 3. 

No estimation of these samples effect on the properties of 
rubber compounds was made in the Chinese Republic. 

1.7. Production of an experimental - industrial lot 
of reclaim • 

Proceeding from the results of the reclaim sample testing 
( see Annex 3 ) the Chinese counterpart has determi·1ed that the 
experimental - industrial lot of reclaim from bladders should be 
produced by the Soviet side at the absorbed dose of 6 Mrad. 

The experimental - industrial lot ( 1.5 t ) was produced 
under the following conditions : 

electrtrons energy •••••••• 2.0 MeV 
electron beam current ••••• 10 MA 
thickness of the irradiated 
crumb layer ••••••••••••••• 10 mm 
distance from the outl~t 
window foil to the material ••• 100 mm 

Processing of a part of the irradiated material 
showed that even aftetj6~assingsthrough the nip of 
{ 0.2 mm ) the material doesn't form a sheet. 

on refining mills 
the refining mills 

Proceeding from this , the irradiated material was sent to the 



Chinese Republic in the !orm ot crumb. 

Characteristics of the experimental - industrial lot 
Mooney viscosity ••••••.. ~o , 
modulus-)~, MPa •••••• 6J 
tensile strength,MPa ••••• ap 
relative elongation,% •••••• 390 
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Further below there are the results obtained in China when testing 
the experimental - industrial lot with the participation of TRI 
representatives • 

1. a. Testing o! ~ .. .ne experimental - industrial lot ot reclaim 
in the China 

The irradiated material received from the USSR was subjected to 
mechanical processing in China as follows: 

At the first stage there was mechanical processing on the mills 
with smooth rolls supplied with an apron. 

The processing was done by 50 kg lots or crumb !or 7-10 minutes 
with the 3-5 mm nip between the rolls. 

At the second stage the milled material was subjected to double 
processing on the refining mills under the following conditions : 

First pass : 
the nip between the rolls ••••••••••••• 0.5 mm 
the roll temperature •••••••••••••••••• ao0 -100°c 

Second pass : 
the nip between.the rolls ••••••••••••• 0.2-0.J mm 
the roll temperature •••••••••••••••••• a4°-100°c 

After this mechanical processing the reclaim had the following 
parameters : 

Plasticity ••••••••••••••••••••••••••• 0.2; 
Moisture content, % ••••••••••••••••••• 0.1 
Ash content, % ••••••••••••••••••••••• J.56 
Acetone extract, % ••••••••••••••••••• 4.56 
:ia.rdness •••••••••••••••••••••••••••••61 

~ensile atrength, H~a ••••••••••••••• 7.3 
~elative elongation, % •.•....•.••.••. 432 

The Soviet and Chinese specialists have come to a conclusion that 

such reclaim meets the requirements that the quality o! butyl reclaim 
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should meet { see Annex J ). 

The reclaim was tested by Chinese specialists in a bladder for
mulation • 22 p.h.r. of butyl rubber were replaced by 22p.h.r. of 

I 

radiation::butyl reclaim. The quality of ~he obtained rubb~r stock 
with the reclaim was compared to the quality o~ rubber stocks 
based on 100 parts of butyl rubber. The results are given in Table ·1. 

Tab 1 e 11 • 

EFFECT OF THE RADIATION BUTYL RECLA.Ill OBTAINED AT THE 
ABSORBED DOSE OF 6 Mrad ON THE PROPERTIES OP BLADDER 
RUBBER STOCKS • 

· Curing conditions and rubber stock 
parameters 

Curing at 160°c , min 
Hardness 
Relative elongation, % 
Tensile ~trength, MPa 
JOO % modulus , MPa 
Residual elongation , % 
Tear resistance , kN/m 
Heat ageing ratio 

{ 120°c , 21 h. ) 
Bend testing (number of bends ) 

A. 

Compounds based 
on 100 p.h.r. 
butyl rubber 

40 
68 

6JO 
12 .. 4 
5.9 

22 

60 
10 

590 
12.5 
6.0 

22 

51 

0.781 

JOO , 000 
Type A 

90 
72 

640 
12.a 
6 .. 1 

20 

B 

Compounds based 
on 78 p.h.r.butyl 
rubber and 22p.h.: 
butyl reclaim 

40 
64 

660 

1 J.9 
5.7 

18 

60 
10 

600 

1J.5 
7.5 

J2 

59 

0.891 
JOO , 000 

no changes 

~o 

74 
5:~0 

14. 

' 24 

It follows from the data in the table that in the bladder rubber 
compound formulation used in China the radiation reclaim obtained from 
worn-ont bladders at the absorbed dose of b Mrad can replace minimum 
20 p.h.r .. butyl rubber. 

Q~ALITATIVE A;in QUANTI~A~IVB COr..?OSI~ION OF THE GASEOUS PRODUCTS 
OF bUTYL nU~B:sR S~OCK tu\.DIOLYSIS . 

Radiation breakdown of butyl rubber and its vulcanizates is accom
panied by gas emission. Information about volatile product compo
sition is important both !or clarification of elastomer behav!or 

under the action of ionizing irradiation and !or evaluation of the 
ecological purity of this process. To solve these tasks a qualitive 
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and quantitative analysis for gaseous products of worn-out but7l 
rubber radiolysis under the action of ionizing irradiation was done. 

A method of gas adsortion chromatography was selected for the 
analyais. Optimum conditions for separation o! the resulting gaseous 
substances were found, their identification was done , and quantities 
of these products dependilag on the absoroed dose value were found 

_ ~e!h.Q.d.Q.l.Q.gz _o! th!_ _!!.~eri!!ent_ .!. _ 

The weighed amount of ground rubber was put into a metal cell for 
radiation processing • The cell was a metal vessel with two unions for 
gas sampling. Prom the top the cell was 9hut by aluminium foil through 
which a beam of accelerated electrons fell on the sample. The gas 
volume in the cell was determined by the difference between the cell 
volume and the volume of the weighed rubber &11ount. 'l!he samples were 
exposed to radiation on the electron accelerator !LU - 6 : 

electron energy •••••••••••••••••••• 2 MeV 
electron beam current •••••••••••••••10 mA 
conveyer belt speed ••••••••••••••••• 11 cm/s 

frequency •••••••••••••••••••••••••••50 Herz 

The absorbed dose varied withir 5 - 20 llrad..The irradiation was 
carried out in the presence of the air oxygen. 

The analysis of gaseous products of radiolysis was carried out
in terms of heat conductivity on the chromatograph LHll-7A with a 
detector. The.oarrier gas was helium. Separation of the gaseous 
products of radiolysis occurred in the columns filled with molecular 
sieves ( l = 2 m. ) and silica gel ( .f. =1 m) with the use of c~omatone 

N-AW-HMDS on which there was an immobile phase squolan applied in 
the quantity making 10% of the sorbent weight. 

Identification of the radiolysis products was done by comparison 
of the coaponents retention times of the analyzed compound and suppose 
individual substances.Methane and isobutene were used as standard 
substances. 

The basis for calculation of concentrations of gaseous radiolysis 
products served the peaks areas of separated compound comporenta 
on the chromatogram. The obtained concentrations of the radiation 
breakdown products were used to calculate the values of 

- chemical outputs G - the number o! gas molecules formed 
breakdown of the sample that had absorbed the energy of 

G gas = c • 6, 02 l. J o2 3, 1 oo 
6.25 • 1019 

molecules 
100 eV 

radiation -
in the 
100 eV. 
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where C is concentration of the product in K related to 1 g of 
substance and to the absorbed dose of 1 3lrad ; 

6.25 • 1019 is energy in electronvolts, obtained by 1 g after 
absorbing the doze of 1 Mrad ; 
6.023 • 1023 is Avogadro number. 

By varying the adsorbent filling the column and the temperature 
conditions of the analysis we found optimal ~onditions for separation 

of the gas blend components of the rubber radiation breakdown products. 

gt.ta!i!a!iye_~!J'!i!. .Q.f_the_~b!?,e!: ~toc!_ £8<1i.Q.lpis_ 

Using the column with Molecular sieves of NaX type at room 
temperature we observed five peaks on the chromatogram. It was found 
that they were hydrogen, oxygen, nitrogen, methane and carbon oxide. 

Saturated and unsaturated hydrocarbons a2 - c3 are absent in 

the analyzed blend , which has been proved by the chromatograms 
recorded with the use of the column with NaX when the-temperature 
is programmed up to 200° and also using the columns with silica gel 
and squolan. A peak of isobutene is registered on the column with 
silica gel at the column temperature of 100°C , and traces of ~ar
bon dioxide and isobutane at the temperature of 6o0 c. 

gt.l!.Jl!i ta!iye_aaagsis_o! !he !:a.g_i.Q.lzs!,s E,r~B_cts_o! !?,ug! !:U!!.b!!_r. _ 
_ d!!,V!!ls.aai.!at!,on_ 

Proceeding from the obtained chromatograms depending on the valU•! at 
the absorbed dose we found peek areas and calculated concentrations ~f 
the gaseous radiolysis products. Dependences o! the resulting substance 
concentrations on the absorbed d~se are shown in Pigs. J-6. As it can 
be seen from the given data the dose dependences have a different 
character. In the case of hydrogen, methane and carbon oxide the 
dependences of the concentrations on the absorbed dose have a linear 
character , whereas in the case of isobutene there is a sharp 
increase of the concentration with the growth of the absorbed value. 
It caa evidence an increase of the radiation - chemical output ot the 
product with an increase of thP, irradiation temperature since substan
tial heating up of the rubber samples under the beam of electrons at 
the doses over 10 Mradhas been established. 
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We estimated a degree of th~ cell heating up under the electron 
beam in real conditios of exposure ( heat exchange with the environ
ment, compressed air cooling of the cell , etc ). It turned out that 
at the absorbed dose of ·20 llrad the temperature in it reached 
90°C • Additionally it was checked that at this temperature there 
was no thermal breakdown of the butyl rubber vulcanizate. The 
increase of the isobutene concentration in the gas phase can also be 
associated with a low gas permeability of butyl rubber and hence with 
a retarded diffusion of this gas from the sample to the cell space. 

The radiation - chemical outputs of the gaseous radiolysis 
products are calculated from the obtained concentration dependeu~es. 

The obtained results are shown in Table 12 i 

molecUles 
1ooev 

T a b 1 e 12 

RADIATION - CHBJIICAL OUTPUTS OP THE RADIOLYSIS 
PRODUCTS 

CH4 00 

0.36 0.12 0.0145 

iso-c4H8 

0.006 

c , m3 I t 0.073 0.020 0.002 0.001 
(0.01)• 

15 - 20 Mrad 

J. TECHNOLOGY OP BUTYL ilCLilll l'.tWDUCTION BY THE RADIATION METHOD 
FROll BLADDERS. MADE II'l CHll.A . AT TI-iE PILOT PLANT 

~l~d~e£ £~hing 

Worn-out bladders stored in an open asphalted or concrete area com• 

to the crushing department where initially they arepubjected to coarse 

crushing by means of a disc knife and a machine for coarse crushir.g. 
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Grinding of the resulting piecies of rubber with the size o! about 
150 x 150 mm to rubber crumb with the size of the particles of 7 mm 
maximum is done on the grinding mills with ribbed rolls using a water 
solution ot surfactants to avoid agglomeration of the rubber. Having 
passed through the mills the partially ground rubber is fed to a one
- tier vibratory sieve. The tailings from the sieve go back to the nip 
o! the rolls;the sieve fraction containing up to 15% moisture is fed 
into a pneumatic drier. Drying of the rubber criunb proceeds till the 
residual humidity content becomes 1% maximum. 

Devulcanization of rubDer 
From the hopper with a rotating bottom via a continuously func

tioning metering device the rubber crumb is fed to the hopper mounted 
over the feeding mills designed for compacting the ~ubber crumb. From 
the hopper the rubber crumb goes continuously to the nip where it is 
compacted and then goes to a transportation device passing under the 
electron accelerator scan. Devulcanization is effected by the action 
of accelerated electrons on the rubber vulcanization network. Irradia
tion of the rubber takes place on the drum provided with water coolin~. 
The absorbed dose can vary within a wide range. The velocity of trans
portation is determined by the value of the absorbed dose. 

Mechanical processing of the devulcanizate 
Depending on the value of the absorbed dose and the application or 

the irradiated material there may be different ways of its processing. 

a) processing on the ~ixing mills with an apron 
The devulcanizate is fed by portions (by 50 kg) onto the mixing mills 

supplied with an apron and is ~illed for 5-7 minutes depending on the 
absorbed dose quantity. Then the milled ~evulcanizate undergoes pro
cessing on the refining mills: first on the semi-finishing ones (the 
sheet.gauge is 0.4 - 0.5 mm) and then on the final ones (the sheet 
gauge is 0.2 - O.J mm). The reclaim sheet is wound up into rolls or 
wrapped around the drum from which it is cut off as a briquet. 

Such prucessing is recommended !or the reclaim obtained at the 
absorbed doses of 5 - 7 Mrad. 

b) proceesing on the refining mills 
Practical experience shows that the material obtained at the absorbed 

doses of 9-12 Mrad is plastic enough to be only processed on the ref1nin( . 
mills. 

In some cases depending on the absorbed dose and application it i3 
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possible to eliminate the stage of mechanical processing of the devul-
cani3a te. Then the irradiated crumb is packed into polyethylene bags 
which are sea.led of! and sent to the consumer. 

CHARACTERISTICS OF THE STANDARD EQUIPMENT 

No Equipment and its function 

1. Enamelled cast lron reactors for 
preparation and metering of SAF 
solution 

2. A disc knife to Ct't bladders 

J. Coarse crushing machine 

4. Grinding m"ills for obtaining 
rubber c~..unb of required 
grinding 

5. Vibratory sieve for sieving 
rubber crumb 

6. Electron accelerator ILU-6 
for rubber devulcanization 

7. Refining mills for mechanical 
processing of devulcanizate 

8. Mixing mills with apron for 
mechanical processing of de
vulcaniza te 

9. Hopper with rotating bottom !or 
intermediate storage of crumb 

Characteristics Output, 
t I h 

Capacity ••••••• 6)0 and \2501 1. 
Working medium in jacket -
- steam. 
Operating steam pressure in 
jacket •••••••• 1 atm. 
Disc knife diameter ••••• 750mm 2.5 
Distance between knives •••••• 
···········~············150rnrn Disc rotation frequency •••••• 
••••••··~···••••••••••••405min 
Electric motor power •••• lJkwt 
Dimensions of charging 
opening •••••• 1,260 x 400 mm 
Overall dimensions •••••••••• 
••• J,000 x 2,200 x J,OOOmm 
Electric motor power •••• 1J4kwt 
Roll length ••••••••••••• SOOmm 
Roll diameter ••••••••••• 550mm 
Friction •••••••••••••• 1:).08 
Electric motor power •••• 160kwt 
Slope angle ••••••••••• 4°)0' 
Number of double vibrati~ns 
••••••••••••••••••265 per min. 
Overall dimensions •••••••••• 
•••• 3,110 x 1,412 x 870 ~.rn 
Electric motor power ••••• 1.7K'N"t 

-1. 

J,O 

o. 35 

o. 35 

Power •••••••••••••••••••20kwt 0.28 
Electron energy •••• 1.5-2.0 MeY 
leight ••••••••••••• 2,200 kg 
Overall dimensions •••••••••• 
••• 3,JOO x 1,230 x 1,534 mm 
Roll length •••••••••• 800 mm 0.35 
Roll diameter •••••••• 550 mm 
Friction •••••••••• 1 : 1.a7 
Electric motor power ••••••• 
••••••••••••••••••••75 kwt 
Roll length ••••••••• 1,200 mm 
Roll diameter •••••••• 400 mm 
Friction •••••••••• 1 : 1. 27 
Electric motor power ••• 55kwt 
Crumb volume ••••••••• 4.7 m J 
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No 

1. 

2. 
). 

4. 
5. 
6. 
1. 
a. 
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~STDIATED COST OF EQUIPMENT 

Equipment Number Unit Total cost, 

of units ~i:ice, 
doll d .I.l 

Cast iron reactor 2 1,670 3,.340 

Disc knife 1 5,550 5,.;jl.) 

Coarse crushing machine 1 69,440 69,44(} 

Grinding mills 1 23,3.30 23,330 

Vibratory sieve 1 2,780 2,780 

Electron accelerator 1 950,000 950,000 

Refining mills 2 1fl,670 33,340 
Mills with apron 1 16,670 16,670 

TOTAL: 1, 104,450 

CHARACTERISTICS OF THE OPTIONAL EQUIPMENT 

Feeding and transporting device for feeding the rubber stock into 
the irradiation zone. 

bunction : reeding the crumb into the irradiation zone and t~ 

sportation of the irradiated material out of it. 

Requirements : 
Provision of synchronization and smooth adjustment of 

the velocity of the rubber crumb coming into the nip,feeding it under 
the accelerator scan and taking the irradiated material out of the 
accelerator chamber. 

GENEHA.L CHARACTERISTICS OP THE EQUIFllENT COMPONENTS 

No I Equipment I Characteristics I Special features 

1. 
-

Hopper over feeding. mills Discharge opening length- The hopper must bE 
- 550 mm provided with a 

vibrator to pre-
Discharge opening width- veut crumhbridgin~ 
-Wmm , 

Side wall slope angle
- 55 ° 



(cont.) 

No Equipment Characteristics Special feature 

2. Feeding mills Roll working part diameter -
- 315 mm 
Roll length 
- 6)0 mm 
Electric motor power -
- 20 kwt 
Overall dimensions -
-2,985 X 175)5 X 1,565-M 

). Conveyers Belt Conveyers must b 

i1laterial - stainless steel 
supplied with lli 
ting side bars 
prevent rubber/ 

Width 800 nun devulcanizate 
sliding from the 

4. Drum Diameter - 1,000 mm The drum must ha 
limiting bars an 

Length 800 mm a removable knif 
along the entire 

Material - stainless steel length. 

Electric motor power-2!!::wt 

5. Metering device for Metering limits - 200 - 750kg/h 
rubber crumb 

Electric motor ;>ower - 1 kwt 
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Drying unit 

:function : rubber crumb drying. 
Requirements : Provision of the residual humidity in the dry crumb 

1 :i maximum. 
Principle of action : drying of the crumb in suspended state by the 

flow of hot air. 
General parameters of the drying process 

Crumb humidity, % 
initial ••••••••••••••• under 20 
final ••••••••••••••••• 1 maximum 

Air temperature,°C 
at the drier inlet ••••••••••••• 140-160 
at the drier outlet •••••••••••• 50-60 

~et crumb dwell time in the drier,min ••••••••••• J:t0.1 

As a rule,the dimensions of the working chamber and the accele
rator room are determined by the overall dimensions and the lay-out 

of the processing equipment. 
Common dimensions of the working chamber &n.i the accelerator 

room are usually made practically the same and have an area of 
8 x8m.For these two rooms it is most convenient and raticnal to 
install the accelerator at the height of 2.2+2.7 m from the floor 
of the working chamber.The frame for the accelerator installation 
is covered on the top by a steel shield with a round hole of 1250 

mm in diameter. 
·.'/hen concrete is used the wall thickness in the working cham

ber should provide for attenuation of the braking radiation of the 
accelerator in the area of the energy 2 MeV by 107 times(the dose 
rate 2 x 10-3rad/h). 

The construction of the channels going through the shielding 
should ensure the exposure rate not higher than the permissible level 

in all point,achievable by the personnel operating the equipment. 

The output of the radiation plant for processing a monolith 
material can be calculated by the .formula: 

360 .. .., • 1 

A = - - - - - -~ ;cg/h 
D 

where 
a is radiation power,~wt 
D is a required radiation d~se,Mrad 
~ i3 a radiation utilization .factQr,1ractions of a unit 

In the ca.se of the accelerator ILU-6: N =18 to 20ic•:rt(e.verage-19~·:1t) 
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1 :a0,5 

~t the absorbed dose of 5 M.rad the output for processing monolith 

rubber is 

360·19·0.5 I ~ = --;---- = 680 kg h 

Since bladder rubber is irradiated as crumb whose density is JOI' 
of the monolith rubber density, the output of the pilot plant for 
radiation processire; of tr_: bladder crumb by the absorbed dose of 
5 ii.rad 11111 be: 

~ = 680 • o.J ~ 200 kg/h co, 2 t/h). 

According to item 16 page 10 of the Report the maximum 

annual fUnd of the plant operation time has be 

J65 x 24X 0. 75 = 6570 h. 
and the maximum output of the plant at the absorbed dose of 5 JI.rad is 

6,570 x O. 2~ 1,300 t/year 

4. GROUNDS FOR TECHNrCAL/KCONOMIC EXPEDIENCE' OP ~mG A PILO~ 
PLANT FOR PRODUCTION OP BUTYL RECLA~ BY ,!HE RADllT~ON METHOD 

IN CH!lfA:; 

4.1 Technical expedience of a oilot olant 

A pilot plant in the Chinese People's Republic is ~ecessary for 
solving the following technical problems on it: 

1) Development of an industrial technology for reclaim production 
2) Production of representative experimental lots of reclaim 
and running of extended production trials of bladders made with 
the use of the reclaim. 
J) Determination of economic characteristics of the plant operation 
with the aim of an unbiassed economic estimation of the production 
and application of butyl reclaim. 
4) Production of reclaim at different absorbed doses and its test
ing in rubber compounds of different types and also for making 
building materials and articles. 
5) Elaboration of specifications for radiation butyl reclaim 
(depending on its application). 
6) Search for and teating of equipment pemi tting to obtain rubbe:
crumb from bladders without the use of water surfactants solutior.s 

(simplification of the flow chart for producing rubber crwnb fro~ 



bladders}. 

4. 2. _~ ... c_o_n ... o.;;;;nu.;;;;·~c-:::e.::f.::f.::i;.:::c~i:.::e:.!:n:::c:.1Y:....:::O~f~ra~d~i~a:.!t~i!:!-on bt&l_ 
reclaim application. 
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The maxi mum output of the pilot plant for producing reclaim at 
the absorbed dose of 5 Zilrad is 1,JOO t reclaim annually whic.C is 
deter.nined by the maxi mum capacity end operation ti.me of the electron 
accelerator ILU-6 and also by the compactness of the· 
process:e.d_ crumb. 

Due to the absence of initial Chinese data required for calculation 
of economic efficiency of application of butyl reclaim , 
which can be achieved with the pilot plant in China,the calculation 
was made procced.i.Jlg from the conditions existing in the USSR. 

Taking into account the cost of initial materials, transportation 
an~ handling expenses, wages and salaries, deductions for social. 
insirance, the cost of mastering and preparation of the production, 
maintenance and operating expenses, shop/factory and other production 
costs,the manufacturing cost of 1 t butyl reclai& produced et the 
pilot plant will be 640 doll/t. 

The price of butyl r~bber is 11 990 doll/t. 
The econotli.c ~ffect of replacing 1 t butyl rubber ~ • t butyl 

reclaim will be 1,260doll/t. 
The cost of the principle equipment of the plant is about 1. 10.4 

million dollars. 
The cost of the optional equipment is about 10% of the ~rinciple 

equipment cost, i.e. 0.110 million dollars. 
The total cost of the equipment is 1.214 million dollars. 
From the experience of the Soviet Union it is known that the 

cost of the equipment makes about 7<J1, of the entire plant cost. 
Hence, the cost of the pilot plant will be 1.734 million dollars. 
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5. ECOLOGY 

Worn-ouf bladders of curing presses are referred to such wastes 
of the tyre manufacture that have not found. efficient secondary 
application for a long time. As a rule, they are buried or burnt on 
industrial dwnps. Obtaining of radiation reclaim from worn-out bladders 
can be considered to be one of the possible solutions of this problem. 

Soft temperature conditions and absence of reclaiming agents make 
this method more clean ecologically compared to such conventional pro
duction methods as thermomechanical and water-neutral ones. Reclaillling 
of rubbers in a water medium is accompanied by a great amount of eftlUE:nt 
water pollited with softeners residues and small particles of rubber. 
With a high-temperature thermomechanical m ethod,devulcanization is 
accompanied by releasing into the atmosphere products of oxidation 
and the~al breakdown of rubbers and reelaiming agents, including 
such agressive ones as sulphur oxides and phenols. 

There are no wastes of this kind when reclaim is vbtained by-the ::a
diation method. fhe main harmful eff luent::!s ozone formed as a result 
of air r aiioly.sis in the target room. 

CharaGteristics of wastes at different production stages 

1) Crushing with the use of .water solutions of surfactants-
.:;rumb removed by the ventilation. There is no formation of polluted 
waste water during crushing. 

2) Drying of rubber crumb - small crumb removed by the venti
lation; water vapors. 

3) Devulcanization. 

There are two different sources of pollutions in vulcanization: 
a) formed as a resulto! rubber irradiation and 
b) due to the air radiolysis in the target room. 

As it follows from the data given in the Report, during rubber 
exposure the chemical-radiation transformations' of the vulcanization 
network result in formation of carbon oxide CO, methane CH4, hydrogen 
H2 , isobutylene (chemical-radiation outputs of these products at the 
ab~orbed dose of 10 Mrad are 0.002; 0.12; 0.073~ 0.001 m)/t, respecti
vely). 
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Accelerated electrons a!!ect the ambient air to form ozone and 

nitrogen oxide. 

4) Refibing - kaolin dust, carbon oxides. 

Thus, th& process of. making radiation butyl reclaim is accom
panied by the release of suspended substances and insignificant 
(excluding ozone) amounts of gaseous harmful substances into the 
environment. 

Environnental protection 

80% of suspended harmful substances released into the atmosphere 
are trapped be a system o:t cyclones. Th.Et trapped rubber crunb is 
completely returned to the process. 

catalythic decomposition of ozone in a special reactor is enYisa
ged to clear the air in the target room. The amount of the remaining 
resulting gases per unit of the air volume is lower than the per
missible limit concentra,ions edopted in the USSR. Besides, their 
thinning with the ventilation air occurs continuously. Thus, the gas 
content in the released air does not exceed the permissible limit 
concentrations (in the USSR): for ozone 0.1 mg/m34 !or nitrogen oxides 

5 mg/m3 ; for aliphatic hydrocarbons 90 mg/m3. 
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CONCLUSIONS 

A technology for production of radiation butyl reclaim from 
bladder rubber stocks made in China with the use of an electron 
accelerator ILU-6 was de..-velo?ed. Th~ basis for ·this •vas a research 
carried out in the following directions: 
- estimation of the high-energy radiation on the structure and pro
perties of butyl rubber stocks produced in the Chinese People's 
Republic; 
- determination of the composition of the gaseous products of these 

rubbers radiolysis; 
- refinement of the dosimetry methodology and determination of the 

absorbed energy distribution of fast electrons in rubber crumb; 
- refinement of the methods for crushing bladders and inner tubes 
on the laboratory/industrial equipment; 
- production of experimental and enlarged lots of butyl reclaim from 

bladders at the selected optimum absorbed dose; 
- determination of technologial parameters for processing of irra

diated rubber. 

Proceeding from the obtained data a selection of the tech
nological equipment vlaS done and a flow chart of the plant for pro
duction of radiation butyl reclaim from Chi~ese bladders was develo
ped. 

Applications of the radiation butyl reclaim from bladders were 
defined. It was established that the reclaim obtained at the absor
bed dose of 6 Mrad can replace up to 20 p.h.r. butyl rubber in the 
formulation of Chinese blaJder stocks. The use of ·chis reclaim in 
butyl inne~ tubes is also possible. The estimated economic effect of 
using 1 ton butyl reclaim in the bladder formulation is 1260 dollars. 

An estimation of the ecological cleanliness of the radiation 
reclaiming method shows that in the radiation butyl reclaim producti
on there are no wastes typical of other reclaiming methods. The 
main harmful effluent can be ozone that is a product of the atmos
pheric oxygen radiolysis in the target room. The content of ozone in 
the ventilation air can be easily reduced down to permissible limit 
concentrations by way of its catalytic breakdovm in a special 
reactor. 

It should be noted that the flow chart developed for this rec

laiming process is flexible enough, and the adopted technical/techno-



.. 

• 

logical solutions can be easily modified if it is requirP.d by consi
de:t'ations of the economic and technical expedience • 
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Annex 1 

FOruruLATION OF THB BUTYL RUBBBR BLAUDh.l 
COMPOUND AND CONDITIONS OF ITS PREPARATION 

Content of ingredients 

Ingredients 
in rubber compound, p.h.r. 

without _I with , - reclaim rec ..... ru.m 

Butyl rubber EH- 1675-T 100 100 
Nairit KR- 50 5 5 
Reclaim 10 
Zinc oxide 5 5 
Stearic acid J J 
Stabiloil-18 5 
Carbon black PrA -100 55 
Resin SP-1045 1£ 12 

'r-OTAL 185 195 

Rotational speed Time of Dumping 
of rotor, r.p.m. manufacture, temperature,°C 

min 

Stage 1 80 7.5 at least 180 

Stage 2 60 )oO up to 110 
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Annex 2 

FORMULATION OF THB BUTYL RUBBJSR nmhR TUBE 
COMPOUND AND CONDITIONS OF ITS PREPARATION 

Ingredients 

:Ot;.tyl rubber B\-1675-T 
Reclaim 

Zinc oxide 

Stearic acid 

Al tax 

Thiuram 

Sulfur 

Stabiloil - 18 
Carbon black Fll-50 

Carbon black- PM-IOO 

TOTAL 

Rotational 
speed of 

Content of ingredients in 
IiJ.bber compound, p.h~r. 

without 
reclaim 

100 

5 
1 

0.5 
1 

2 
20 

25 
25 

179.5 

Time of 
manuf ac-

with 
reclaim 

100 
10 

5 
1 
0.5 
1 
2 

20 

25 
25 

189.5 

Dumping 
tempera-

!'otor,r.p.m. ture,min ture, °C 

Stage 1 80 6 at least 

Stage 2 60 2 up to 110 

52. 

160 
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Cure time,min. 
Hardness 
Strength,MFa 

Annex J 

RESULTS OF TESTING EXPmnlENTAL SAMPLES OF 
RADIATION BUT'Il. RECLAilt IN CHINA. 

SJ. 

(from inner tubes - 4 Mrad, from bladders - 5,7 
and 10 Mrad) 

Dose, Mrad 

c, (4) c2 (5) CJ (7) c4 ( 10) 

.. JO 40 60 . JO 40 : 60 JO 40 60 JO 40 60 
52 52 52 66 68 68 68 69 10 67 69 70 
8.0 8.1 7.6 8.0 7.8 8.1 5.7 5.J 5.9 J.9 4.4 4.6 

Relative elonga-
tion, % 620 640 600 528 532 524 504 448 472 452 492 484 
Plasticity 0.124 0.472 0.461 0.553 
~'lexibili ty 5.79 J.78 J.19 2.12 
Recovery 2.25 1 .11 0.74 O.JO 
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