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1 Introduction
Vuicanization of elastomers through eiectron beam (EB) process­
ing is accomplished at high throughput rates without the applica* 
.tion of heat, tt is also achieved Instantar^eously when preformed 
elastomsric products are exposed to high energy electrons.
Continuous on-line EB vulcanization processes are designed to 
treat rubber products at production throughput rates. The electron 
processing system can be located In a production facility so that 
rubber sheet automatically enters the EB vulcanization chamber 
after forming and is instantaneously vulcanized as it passes under 
(he beam and is then wound Into fully cured rolls.

This automated process provides several distinct advantages over 
conventional high temperature vulcanization processes. Handling 
of weak uncured sheet Is eliminated since the aibber sheet Is com­
pletely vulcanized after forming. The uacured sheet Is never rolled 
upon Itself and talcing Is not necessary. A  reproducible homo­
geneous cure is achieved with etectron energy; the inconsis­
tencies in curing due to tIme/temperature variances which occur 
when large rolls are vulcanized by conventional methods are eli­
minated. Materials with strict tolerances on thickness specifica­
tions can be produced with electron treatment since thin spots as­
sociated with high temperature curing of rolleid sheet rubber are 
not formed. Labor costs are reduced since several Intermediate 
processing steps Involving transport of the targe rolts from the 
production area to the vulcanization area are eliminated. The total 
time needed to produce and cure a roil is reduced to slightly more 
than the time required to produce the roll. One operator can over­
see the entire E3 process.

An understanding of these advantages is best obtained by 
outlining the crosslinking mechanisms and compounding ma­
terials for electron vulcanization, the hardware and physics prin­
ciples of electron acceleration, the industrial applications areas 
and economics of electron vulcanization. The following sections 
deal with these topics.

2 Mechanism of electron vulcanization
CrossiinK ing reactions Initiated by e lectrons in e lastom ers 
proceed via free rad ica ls  or by m eans of transient Ionic 
species. The ion ic  contribution  to crosslinKIng is  co n s i­
dered to be le ss  s ign if ican t than the fre^ rad ica l contribu­
tion.;^. C/7dr/e$&/attributes th is  to several factors [1 ]:
"Crossiinking can occur readily in dilute aqueous solutions where 
there is littte likelihood that two polymer ion molecules will be in 
tt̂ e correct position for Unking during the short life of the ion.
Polymer radicals can be obsen/ed in irradiated solid polymer in 
concentrations comparable with the eventual crosalinking density.
The presence of radical scavengers can greatly reduce the density 
cf crosslinking."

Thus, the most thoroughly stud ied and w idely accepted 
mechan/sm for e lectron  c ro ss lln k lng  is  through the forma­
tion and com bination of free rad ica ls. Po lym er free rad ica ls 
are generated when e lectrons transfer the ir energy to yield 
an excitation-ion ization step  w hich is  fo llow ed by the for- 
m aticn o f a polymer rad ica l and a hydrogen atom.

Polymer rad ica ls on ad jacent cha ins can com bine to form 
carbon-carbon bonds or a free rad ica l can attack a double 
bond in an adjacent po lym er chain . Th is resu lts in the 
generation of a c ro ss lin k  and the regeneration of a free 
radfcal. The reaction involv ing two polym eric free rad ica ls
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occu rs in saturated polym ers as well as in many of the 
e lastom ers conta in ing unsatvrat'ion [2 j. ,

Reaction  1

h2 R1 R2 
Where R represents polymer cha in  segm ents.

Unsaturated e lastom ers may undergo c ro ss lin k ing  by a 
reaction w hich corresponds to the propagation step  In po­
lymerization p rocesses as shown in Reaction  2.

Reaction 2

-  CHa -  t H  -  CHz - -  C H j -  C H  -  C H j -

-  C H j -  CH  = CH  -  C H j -  -  C H j -  CH  -  t H  -  CHa -
The type of carbon-carbon cro ss lin ks w h ich  are formed are 
the sam e as would be expected with a peroxide cure, s in ce  
the sam e generation and com bination  o f free rad ica ls  o c ­
curs in both processes. However, the c ro ss lin k s  are not the 
same as the carbon-sulfur linkages w h ich  are formed dur­
ing su lfu r vulcanization.

Com parative stud ies have found that e lectron  cured rub­
bers exh ib it better thermal stab ility  ow ing to the absence 
o f su lfur cro ss lin ks  and cata lyst residues [2J. Abras ion  re­
s istance , com pression set and oil sw ell properties are a lso  
Improved. In general, properties resu lting from electron cur­
ing are remarkably s im ila r to those o f peroxide cured 
e lastom ers, and th is is  attributed to the pred icted m o lecu­
lar link  structure. On the other hand, the high physica l 
strength properties observed in su lfur-vulcan ized rubbers 
a rise from the ab ility  of cro ss lin ks  to break and reform with 
another cha in  branch under strain, a p rocess w hich is nei­
ther antic ipa ted to occur, nor has been observed for car­
bon-carbon cross links. S tud ies done in the late 50's and 
early 60's ind ica te  that improvements in thermal stab ility  
were not accom pan ied by an increase in phys ica l strength 
of dynam ic properties. Recent pub lica tions and data 
provided in th is paper report physica l strength values in 
electron cured rubbers com parab le to those obtained by 
su lfu r vulcanization, casting  doubt on the earlier postu la­
tion of the s lipp ing  process of po lysu lfide c ross links.

C rossllnk ing  and degradation more often than not occu r si~ 
m ultaneously during e lectron vu lcan ization  of polymers. 
The u ltimate e ffect on a polym er is determ ined by the pre­
dom inance of one of these two reactions. M ost polym ers 
have now been c la ss if ie d  by th is crite ria -as those w hich 
undergo cross link ing  and w hich undergo degrada­
tion. Interestingly, the crossfink ing  reaction predOfni’natflS 
in a ll but a few elastom ers. The elastom ers w hich tan 
the c ross linkab le  group are shown in Tab/e 1 . Not included 
are butyl rubber and the to ta lly  halogen substitu ted fluoro- 
e lastom ers which undergo degradation when exposed to 
e lectron beam treatment.
Table r. elastomers wtiieh cen be EB crosslinked
Butadiene rubber 
Chlorinated polyethylene 
Chiofoprene rubber 
Chlorosulfonated polyethylene 
Ethylenepropylene copolymer

Halobuiyl rubber 
Natural rubber 
Po/yefftyfene 
Silicorfe rubbet 
Slyrene-buiadlene rubber

Etr>yiene>propylene.<]iene lerpotymer Thermopiastic elastomers 
F)voroel»stomer»
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Nitrous oxide 
Tetravlnylsilane 
Triallyl cyanurata 
Trlallyl isocyanurate 
Trimsinylol propane trlmeth- 
acrylate

^  * Thd^incorporalion o f add itives w hich enhance electron 
crosslink ing  {Table 2) can  reduce the tim e required to 
achieve a fu ll cure; th is  im proves p rocessing  e ffic iency  by 
increasing throughput rates and lowering processing 
costs. The prom otion of c ro ss lin k ing  w ith add itives op­
tim izes e lectron c ro ss lin k ing  In e lastom ers and blends. 
Properties o f e lectron c ro ss lin ked  e lastom ers com pare to 
those of e lastom ers w h ich  have been cross lin ked  by con­
ventional vu lcan iza tion  p rocesses. Enhanced cross iink ing  
may be accom plished  through the use o f two major types 
of additives w hich produce d ifferent resu lts  in the m olecu­
lar structure o f the vu lcan ized rubber.

Table Z Additives which enhance E6 erossllnltabiiily el eiastomers
Allylacrylate 
Chlorobenzene
Ettiylene glycol dimethacrylate 
N', N'-hexamethyiene-bls- 
methacrylamide
Muitllunctiona! monomeric eaters 
M«opentyl Chloride

The first type of add itive  co n s is ts  o f cata lyst-type promo­
ters which do not enter d irectly  into the c ro ss lin k ing  reac­
tion but act to enhance the production  of reactive species, 
such as free rad ica ls  w h ich  then lead to the formation of 
c ro ss links. Indirect c ro ss lin k  prom oters w h ich  have been 
stud ied include am ong others: ha lides, n itrous oxide, and 
su ifu r monochloride. The presence o f ind irect c ro ss lin k  
promoters e f ie d iv e ly  in creases the G  vaiue, defined as the 
number of chem ica l events occu rring  for every 1 0 0  e lectron 
vo lts of energy absorbed by the m ateria l being treated. G 
values typ ica lly  range from 1  -  3 in e lastom ers but they can 
be greatly increased  when an appropriate additive is pre­
sent.

The second type o f add itive co n s is ts  o f c ro ss lin k  promo­
ters v/hich enter d irectly  in to the c ro ss iin k ing  reaction and 
become the m o lecu la r link  between two polym er cha ins. Di­
rect cross linK  prom oters in c lude m a le im ides, th io ls, acry lic 
and a lly lic  com pounds. A cry la tes have been found to be 
more reactive than a ily lic s . The am ount o f add itive  which is 
required to m in im ize the cu ring  tim e is  u sua lly  not more 
than 5 - 1 0  % by w eight o f the rubber^

A  recent review a rtic le  by Bohm and Tveekrem d iscu sse s 
the m echanism s and e ffec tiveness of c ro ss lin k  promoters 
[3J.

3 Principles of electron treatment
Accelerated electrons are a form of energy, as is  heat. But acce­
lerated electrons are e lectrical energy, representing kilowatts of 
power rather than B tu 's ’ or calories associated with thermal en­
ergy.
The hardware associated with accelerated electrons for industrial 
applications consists of four major equipment p ieces;
1. A high voltage power supply which generates DC power to 
create the acceleration potential for the electrons;
2. An electron accelerator where the electrons are emitted and ac­
celerated (o their potential energy;
3. A scanning system  which uniformly distributes the accelerated 
beam of electrons over an area dictated by Ihe product dimen- 
s icn s ;
4. An automated process controller which ties in all production 
variatjies for synchronous operation of the line.
An electron vulcanization application requires evaluation of the 
three major variables available with electron beam processing.

These are: power, dose and utilization efficiency. Simplified defini­
tions of each provide an understanding of the processing capabili­
ties of electron vulcanization (4}.
For electrical energy, power Is the product of voltage and current. 
Electron processing system s (EPS) have a rated voltage (normally 
in KV) 3nd a rated current (normally in mA); the resulting power is 
given In kW. It is  the power available from an EPSV/hich w ill d ic­
tate its maximum production capacity. Next, the depth to which 
accelerated electrons can penetrate m aterial is  a  function of their 
accelerated voltage potential. Industrial electron processing 
system s for most vulcanization applications are available with 
voltages ranging from 300 -  4000 kV. Penetration capability is  in­
versely proportional to specific gravity. Electrons accelerated 
v/ithin the range of 300 -  4000 kV have the capability of penetrat­
ing from 0,38 -1 2 ,7  mm in m aterials of specific gravity equal to 1.0. 
but th icknesses from 0,30 -1 ,0 7  mm when the specific gravity of 
the material is equal to 1,2. These penetration values allow for con­
sistent cure on top and bottom surfaces of a  sheet product when 
passed through the electron treatment station once. Figure 1 
shows this relationship between voltage rating and useful depth of 
penetration. The other half of the power equation -  current -  Is 
normally referred to as beam current. Th is Is the number of 
electrons being made available by the EP S  for vulcanization. Since 
the voltage of the EPS  defines the sheet th ickness to be pro­
cessed, the beam current defines the number of electrons per unit 
time, and is  directly proportional to production throughput. The 
higher the beam current of the EPS , the higher the potential 
production rate of the system.

’ B:uor 8TU = British Thermal Unit; 1 BTU s  1.056 KJ.

Figure 1. 6 0 %  exit point ol 
electrons in unit density ma- 
terral (100 m ils = 2,54 mm)
The second variable of electron processing is  dose. Dose is  the 
amount of energy absorbed per unit m ass of material (such as 
erg/g or Ws/g). In the sim plest sense, with known electron voltage 
and beam current, dose becomes a function of the dwell time of 
the product under the EB. Thus, the process speed for vulcaniza­
tion of a product is  inversely proportional to the dose required for 
vulcanization of the given niateriai. Maximum process speeds for 
an EPS  are achieved at the lowest dose requirements. Th is ex­
plains why much em phasis has peen placed on identifying addi­
tives which enhance electron vulcanization and enable a reduction 
In the dose required to achieve full cure. The common term for 
dose In electron processing is  the megarad (Mrad), defined as the 
absorption of 100 erg/g (or 10 fiJlQ or 10 itVJsIg, respectively) of 
material. Vulcanization doses typically fall into the range of 5 - 2 5  
Mrad. To indicate the dwell time magnitudes fo electron process­
ing, a single EPS  station can fully vulcanize 1 m’ of sheet in 2 s at 5 
Mrad or 10 s at 25 Mrad (1 ft̂  in 0,2 s at 5 Mrad or 1 s at 25 Mrad).
An accelerated electron gives up its energy as it strikes matter but 
at varying rates as Its energy is absorbed in matter. Th is effect of 
those varying rates can be predicted by plotting the dose absorbed 
(percent relative ionization) at different depths in the material 
versus product th ickness. These curves (commonly referred to as 
“depth-dose curves") Indicate that cure within the sheet w ill be 
greater than on the top or bottom surfaces. Figure 2 shows depth- 
dose curves for electrons at different potential voltages. Any value 
of dose for a given application can be substituted for percent rela­
tive ionization. For example, an application which requires that a 
minimum of 5 Mrad be received throughout a 3,05 mm sheet will re­
ceive 5 Mrad (60 Vo) on the top side, 8,3 Mrad (1(X) % ) at a  depth of 
0,18 mm and 5 Mrad (60% ) on the bottoin si<lo.
The third variable of electron processinij Is* utilization efficiency. 
Since the kilowatts of power available from EP S  dictate its  max­
imum potential production capacity, Uki <illl':lt!ricy with which this 
power is intercepted and absorbed will cli»:i‘«i*’ ihe realized produc­
tion rate. For example, an EB  is  con3(»rviiilv»tiy scanned across the
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Figures. Oepth*dose curves. 1000-3000 kV (0,1 inch = 2,54 mm)

product width using about a 1 0  % overscan on the sides of the pro* 
duct to ensure futt coverage including tracking tolerances of the 
product handling system. Scan sizes are available from a few ln> 
ches up to 10 ft (3,05 m) to enhance utilization efficiency for 
specific product widths. When the required dose is delivered to ttie 
bottom of the sheet, the remaining electron energy (the tail of the 
deoth-dose curve) is lost. Thus, the total utilization efficiency for 
sheet products typically ranges from 65-90%  of the power ca­
pacity at 1 0 0  % efficiency depending on the process parameters 
and geometry of an Individual application. For reference, the 
power capacity at 100 % efficiency Is 360 Mrad kg/kWh (795 Mrad- 
ibs/hr-kW).

4 AppHcations
Many different types o f e lastom ers, b lends and thermo­
p la s t ic s  have been com pounded and cross linked  w ith EB 
treatment such  as those  used in tire com ponents, e lectrica l 
in su la tion s and rubber sheeting.

By programm ing e lectron  precure Into se lective tire com po­
nents and tire fabrication  processes, Goodyear Is ab ie to 
lower the cost of m anufacturing steps and produce a pro­
duct w ith superior perform ance (5]. Goodyear first insta lled  
rad iation sou rces to evaluate and exp lore crosstink lng  ap ­
p lica tion s  in  19S7. Today, Goodyear continues to  lead the 
rubber Industry w ith in sta lled  EB  equipm ent treating 
hundreds of m illions o f pounds o f products per year. In the 
tire industry, EB treatment Is used to partia lly  c ro ss lin k  or 
precure tire com ponents prior to tire ^assembly and final 
vu lcan iza tion  in a m old. Precuring Improves the green 
strength of the com ponents and perm its tire m anufacturers 
to s ign if ican tly  reduce the con flic ts  w hich Inherently ex ist 
betv/een tire perform ance and tire manufacture.

EB precure produces tire com ponents w ith  greatly 
improved form stab ility  w h ich  a llow s the retention o f their 
shape during assem bly, m old ing and vulcanization. Th is is 
e spec ia lly  important in the m anufacture o f radial tires 
v/here d im ensiona l to le rances are very rigid and critica l.

W ith e lectron precure, a greater proportion of synthetic  rub­
ber can  be used in p la ce  of NR  w ithout a lo ss  In strength. 
A lso , fewer off-spec tires are produced s in ce  the increased 
green strength of the precured com ponents during m old ing 
and vu lcan iza tion  prevents cord slippage, thus m in im izing 
rejects and lo ss  o f raw m ateria ls. S ince the com ponents 
have more form stab ility , th inner gauges can be used and 
ra-.v m ateria ls sav ings are achieved. Autom ated m achinery 
can be used to wrap p lys  around the drum when tires are 
being constructed.

During the past several years, the Firestone Tire and Rub­
ber Com pany has conducted  an extensive research

program designed to identify poss ib le  app lica tions of 
e lectron cro ss lin k ing  in the m anufacture of rubber pro* 
ducts, generally, and tires, sp e c if ica lly  [6 ]. T ire com ponents 
Including innerliners, chafer strips, w hite s idew a lls, veneer 
strip s and body and tread ply sk im s or sk im  coats have 
been evaluated. Resu lts from th is research provide usefu l 
in form ation on e lectron cross lin k ing  o f these various tire 
com ponents and the e lastom ers which are used in them, as 
sum m arized In the follow ing:

1. Innerllner stock  formulated from a b lend of butyl rubber, 
SBR , NR  and tire recla im  show s improved physical'proper* 
ties in green strength and recovery. Therefore, better reten* 
tion of innerllner gauge can be m ainta ined during constru c­
tion and vu lcan iza tion  when precured innerliners are used 
thus e lim inating  the practice  of using an overly th ick  In- 
nerliner.

2. The green strength o f chafer strip s formulated from a 
blend o f NR and SB R  can be Improved by e lectron precure 
to the extent that cord reinforcem ent of the strip  is  not re­
quired.

3. Precured white s idew a lls  formulated from a blend o f NR, 
SB R  and EPDM  have Increased green strength and re­
covery. The precured s idew a lls  offer more resistance to the 
m igration of sta in ing  m ateria ls such as o il, antiox ldants 
and other d isco lo ring  m ateria ls from the surrounding b lack 
portions of the tire. The tendency toward d isco lo ration  of 
the s idew a ll Is reduced.

Tables 3 and 4 conta in  data from the F irestone work and in­
d ica te  the change In green strength and recovery w hich Is 
achieved by Increasing the precure dose [6 ].
Table 3. Qraan ilrenglti (p«ak In kg) as a function e l dot* (6]
Dose in Mrad 10 15 20
t. Innerllner
2. Chafer strip
3. While Sidewall

1,4 6.9
10.3 1S.9
3,7 8,0

Table 4. P«rc*n( rtco««ry as a lunetton of dost 
Oos« in Mrad 0 S

9.1 10.4
19.1 23.6
9.1 9.6

10

15.3
26.4

15
1. Innerllner

2. Chafer Strip
3. White Sidewatt

3.e
4.1
4,5

14.3
17.7
16.1

19.3 36.3
21.8 24,5
51.5 49.9

Butyl rubber Is typ ica lly  cited as the prim e exam ple o f an 
e lastom er w hich has not been su cce ss fu lly  crosslinked  
with e lectrons. Moham m ed et al. have evaluated EB cross- 
linking o f haiobutyl com pounds for app lica tion  as inner­
liners for rad ia l tires in  order to impart h igh green strength 
to the com ponent and maintain other desirab le  physical 
properties w hich are exhib ited by 1 0 0 % haiobutyl com ­
pounds [7 ,8 ]. They found green strength improvement was 
achieved at low doses in com pounds based on 1 0 0 % bro- 
m inated butyl rubber. However, fatigue resistance, adhe­
sion  and stress-stra in  properties were essentia lly  unaf­
fected by e lectron Induced green strength improvement. 
B lends of ch lorinated butyl and NR and a lso  brom lnated 
butyl and regular butyl showed enhanced green strength 
after e lectron treatment but lo sses were observed In fa* 
tigue resistance , tens ile  strength and modulus. Later work 
Indicates that d iffe rences in behaviour of e lectron treated 
bromobutyl and ch lorobutyl rubber may be attributed to d if­
ferences In the degree of halogenatlon.

Patented work done in e lectron precure of tire com ponents 
a lso  iden tifies several other p rocessing  advantages. One
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such process developm ent refafes (o trte e//mina(ton of an 
airbag or bladder in the curing process. Th is has been a c­
com plished when the inner surface of a green tire, provided 
with an a irsea ling liner, is  cured or partia lly  cured with 
electrons. A  steam  and water resistant su rface is a lso 
c la im ed to be produced [9].

E lectron treatment w ith in  the tire industry has been de­
veloped to the extent that th is precure techn ique can read­
ily be transm itted to other rubber assem bly  operations if 
greater form s tab ility  can  contribute to the e ffic iency  of a 
production assem bly and/or fina l cure process.

Another app lica tion  area w hich is  h ighly developed is the 
production o f qua lity  c ro ss lin ked  e lectrica l in su la tion s us­
ing EB processing. EB cross linK ing  is w idely accepted in 
the wire and cab le  industry because it offe rs producers 
several advantages over conventional c ro ss link ing  
methods. These advantages in c lude reproducib ility  of 
physica l and e le c tr ica l properties, faster p rocess ing  rates, 
m inimum insu la tion  wall to meet voltage spec ifica tion s, re­
duction in start-up scrap, and up to an 60 % reduction  in en­
ergy costs. Insulated w ire s ize s from AW G /I 40 (American 
W ire Gauge) to cab le s  in the M CM  (thousands c ircu la r mils) 
range are being treated (0,(X)5 mm^ to several hundred 
mm*).

CPE . CSPE , polyethylene, EPDM, fluoropolym ers and modi­
fied e lastom ers are routine ly cro ss lin ked  with e lectrons in 
com m ercia l in su la tion  p rocesses. S ilicone  rubber c ro ss­
links readily when exposed  to an EB. A  recent U.S. pa(ent 
provides a p rocess w hich im parts green strength to un­
cured s ilicone  rubber through a transient cure step so that 
th is characte ris tica lly  weak rubber can be handled for vul­
can ization  under an EB  [10]. P rescribed com pounding in ­
volves the use of an hydroxyl term inated po lys iloxane  with 
an end-stopped s ilicone  rubber polym er and fumed s ilica  
filler. EB cross linked  s ilicon e  rubber exh ib its superior heat 
aging cha rac te ris tic s  and exce llen t res istance  to so lvents 
and fue l8 [1 1 ).

In addition to insu la ted  conducto rs, heat-shrinkable in su la ­
tions of many e lastom ers and therm op lastics are manu* 
factured with e lectron  treatm ent. Th is is accom p lished  by 
EB  cross link ing  a preformed product, e la s tic a lly  d istorting 
or expanding the preformed product at an elevated tem­
perature and quench ing the product in the expanded state. 
The product is  then app lied  as desired and is  subsequently 
heated. Heating causes the product to return to its  pre-ex- 
panded cross linked  d im ension . P roducts thus manu­
factured include tubing, tape and end caps. Heat 
shrinkab le com ponents provide sk in  tight m echan ica l and 
e lectrica l protective coverings for a variety o f e lectron ic, 
e lectrica l, e lectro-m echan ica l and m echan ica l uses. Ap ­
p lica tion s for heat-shrinkab le tubings, tapes and end caps 
include harnessing, encapsu la tion , sp lic ing , com ponent 
covering and protection  and term ina l insu iatton. Heat- 
sh rinkab le tubing m anufactured using  EB p rocessing  has 
improved Intrinsic properties in c lud ing  w ide operating tem­
perature range; abrasion , fuel and oil res istance; and re­
s istance  to ac id s and a lka lis . Heat-shrinkable p roducts are 
a lso  produced from po lyo le fins, po lyv iny lidene fluoride 
(Kynar-), m odified neoprene and fluoroe lastom ers (Viton*). 
A s  an example, heat-shrinkab le tubing made from poly 
b lends using Viton'*, provides phys ica l p roperties which 
have not been obtained w ith  other vu lcan iza tion  processes. 
These include se rv iceab ility  ratings in the range o f -  55 ‘’ C

to 200 ‘’C. Vtton*’ heat shrinkab le tubing offers h igh tern- 
perature synthetic fuel and hydrau lic o il resistance.

Mi//er and  Sperling  have su ccess fu lly  cro ss lin ked  Viton'^ 
GLT to produce a transparent and tough material. Optimum 
resu lts were ach ieved when a 1 : 1  b lend of trimethylol 
propane trim ethacrylate (TMPT) and tria’lly l isocyanurate 
was used to enhance cross link ing . Th is additive m ixture 
cons isting  of 3 % of each additive provided for crossiink ing  
at a low dose (3 Mrad) and m ainta ined transparency in the 
e lastom er after cro ss iin k ing . The cross lin ked  products had 
tensile strengths in the range of 1 0 0 0 -1 4 0 0  psi (7 -9 ,8  
MPa) with e longations in the range of 100 300 % [12,13].

Therm oplastic e lastom ers based on b lends of ethylene 
propylene rubber and po lyo le fin s and neoprene rubber and 
polyethylene (CR/PE) can be cross linked  w ith e lectrons [14, 
15]. Spenadel found that b lends o f ethylene propylene rub­
ber and polyethylene (EP/PE) of e le ctrica l insu lation  quality  
c ro ss lin k  readily when exposed to e lectrons even without 
the addition of c ro ss iin k ing  acce lerators. B lends of 
ethylene propylene rubber and polypropylene (EP/PP) re­
quire the add ition  of trimethylo l propane trimethacrylate 
(TMPT) to promote c ross iink ing . Th is is not surpris ing s in ce  
polypropylene undergoes cha in  sc is s io n  when exposed to 
electrons. C ro ss iin k ing  EP/PP with e lectrons Improves 
physica l properties includ ing mar resistance, flexural set 
and deformation at elevated temperatures. These improve­
ments are desirab le  in many autom otive app lications.

EB cross iink ing  of CR/PE b lends Improves tensile  stength, 
tension set. toughness, solvent res istance  and high tem ­
perature properties [15]. C rossiink ing  promoters including 
TMPT and tria lly l phosphate can be used to reduce the 
dose required to ach ieve full cure.

Radiation curab le EPDM  com pounds have been developed 
for roofing membrane app lica tions, wire Insulation, tubing, 
hose and cab le  jacketing. An emerging app lica tion  area for 
e lectron vu lcan iza tion  is In the high growth s ing le  p ly roof­
ing membrane Industry. EPDM  roofing membrane is typ ic­
a lly  calendered in 1,14 -1 ,5 2  mm th ick  sheets requiring full 
vulcanization. M any o f the m anufacturing advantages 
gained with on-line e lectron rubber vu lcan ization  can be 
realized with the roofing membrane app lica tion . These ad­
vantages include e lim ination  of ta lc ing , e lim ination  of 
Intermediate ro ll handling, high continuous production 
throughput rates, th ickness spec ifica tion  to lerance and re­
producib le and hom ogeneous cure. A lso , the physica l 
properties of e lectron  vulcanized roofing membranes are 
equivalent or superior to those obtained w ith conventional 
high temperature vulcan ization. E lectron vu lcan iza tion  of 
roofing membrane has been chosen as the example in the 
follow ing section s on EPDM  com pounding and electron 
vu lcanization econom ics in order to provide add itiona l de­
ta ils  of th is app lication .

Expertise has evolved in com pounding EPDM  to enhance 
its EB c ro ss lin kab illty  f161. TMPT is a verv e ffective c ro ss­
link promoter. Ethylene g lyco l d im ethacrylate (EDMA) can 
a lso  be used effective ly . Monomer levels up to 15 phr have 
been used to s ign if ican tly  reduce the dose required to 
achieve full cure. In general, the m u ltifunctiona l acry la tes 
are more e ffic ien t than a lly lic  or pendant vinyl crossiink ing  
agents in reducing the dose to cure. EPDM  polymer with a 
re latively high level (about 3% ) of unsaturation is  recom ­
mended. 5-ethylidene-2-norbornene (ENB) unsa luration  is



r 'erred over 1,4-hexadiene unsaturation. H igher molecu* 
lar weight EPDM  a lso  c ro ss lin k s  more readily.

The presence of an liox idan t In EB cured EPDM  com pounds 
hetps to m ainta in  phys ica l properties after aging. Th is is 
shown in Table 5 where an EPDM  roofing membrane com ­
pound was rad iation c ross lln ked  at 10 and 15 Mrad with 
and w ithout antiox idant. Phys ica l properties were m eas­
ured in it ia lly  and after ag ing at 115 for 166 h. A lthough 
a ll physica l properties su rpassed  the proposed ASTM  spe­
c if ica t ion s  for EPDM  roofing membrane, sam p les prepared 
W ith  antiox idant showed a greater retention o f tensile  
strength and e longation  after aging. No change in hard­
ness was observed after aging. Low temperature f lex ib ility  
and ozone resistance o f EPOM  are unaffected by rad iation 
curing.

Tabl«S. Camparing antloxldant addition In £B vulcanized EPDM rooflriQ 
mambrant

Without anlioxidant With antioxidant
Original Aged* Original Aged*

A l i o  Mrad
Hardness Shore A 66 66 66 66
Modulus at 300 In MPa 5,6 6.1 S.3 5.8
Tensile Strength In MPa 12.8 12.2 12.2 11.8
Elongation, at break in % 675 575 650 6C0
Tear, die C In N/mm 30.6 - 32.0 -
At 15 Mrad
Hardness Shore A 66 66 65 65
Modulus at 300 % In MPa 6.7 6,2 6.7 6.6
Tensile Strength In MPa 13.3 11,9 13.6 13.3
Elongation al break In % 600 525 550 525
Tear, die C In N/mm 33.3 - 35.0 -
*Acedl66hai11S”C
Prososed ASTM Specifications:

Onglnai Aged 166 h.'1l5*C
Tensile Strength, min. in MPa 
Elongation, at break, min. In */> 
Tear Resistance, die C in N/mm

9,0
300

26.0

6.3
225
22.0

Com pounds formulated from NR and vu lcan ized with 
e lectrons have properties w hich are com parab le to chem ic­
a lly  vu lcanized NR when proper add itives are used. Oichlo- 
robenzene and trim ethylo l propane trim ethacrylate are 
such  c ro ss lin k  promoters. C ro ss lin k  prom oters a lso 
produce NR m ateria ls w ith  higher tensile  strengths. Th is is 
because a tower cure dose is required and NR undergoes 
detectab le cha in  s c is s io n  and isom erization at h igh doses. 
Rad iation  cured rubbers exh ib it greater retention of max­
imum tens ile  strength at elevated temperatures than chem ­
ica lly  vu lcanized rubbers [17]. NR latex may a lso  be cross- 
linked with electrons. Irradiated rubber latex y ie ld s  so lid  
po lyisoprene w hich has the properties of vulcanized rub­
ber. Su itab le  add itives reduce the cure dose to 1 ,5 -2 ,0  
Mrad.

Calendered NR sheet com pounded for rad iation cross- 
link ing  was irradiated at d ifferent doses using an 600 kV EB 
processing system . Test resu lts from th is work are sum ­
marized in Table 6. The EB  cured sheet w hich w as exposed 
to 15 Mrad had in itia l phys ica l performance properties 
w hich were com parab le to the su lfu r cured sheet. Proper-
* es of the radiation cured sheet after aging for 3 h at

Tis :e  6- Propartlesof EB and suilurcurad NR shaal(0.76mm ihicknessj 
EB cured al 16 Mrad sulfur cured

148.9 ®C (300 °F) under specified  stress were a lso  equiva­
lent to those obtained with a su lfu r cure.

5 Economic evaluation
Typical processing and investment costs (or an EPS designed to 
provide continuous on-line vulcanization of rubber sheet can best 
be illustrated by the use of an example. Single ply roofing mem­
brane having a thickness of 1,52 mm and specific gravity of 1,2 can 
be vulcanized most efficiently using a 1500 kV EPS. A 1500 kV EPS 
with a maximum current rating of 75 mA has the capacity to vul­
canize 32,5 m’/min of sheet based on a dose requirement of 10 
Mrad.
Typical investment for a 1500 kV->75 mA EPS includes the 
purchase and installation of the processing system including the 
power supply, accelerator/scanner and programmable controller. 
It also includes the custom design and construction of a shielded 
facility to house the EPS and underbeam handling equipment to 
transport materials under the beam. Total investment based on 
1983 dollars is estimated at S 1200000. Operating costs include 
power, cooling water, parts, maintenance and labor. The hourly 
operaling costs for the 1500 kV -  75 mA EPS are estimated as fol­
lows:
Total Power (SO,0€S/kWh}
Cooling Water 
Parts
Maintenance
Labor (one man at S 7.50/h plus 30 % fringe)

$12,15
0,70
2,25
1.00
9,75

Elongation at break in Vo S4S
Tens-le strength in MPa 27,3
Moo-jlus at 300 V» in MPa 1,7
Moc.-lus a l SOO % in M Pa 12.4

650
33,6

1.7
10.3

IHourly Operating Cost $ 25,85
Amortization of the total investment over ten years at 12 % cost of 
capital and on-line operation of 6000 h (3 shifts) per year yields an 
amortization cost of S 34,43/h.
The total hourly cost then becomes S 25,85 $34,43 = $60,28.
Since the machine can process 32,5 m*/min (350 ft*/min) or 1950,9 
mVh (21000 ft̂ /h) the unit processing cost can be calculated. The 
total cost lor EB vulcanization is 3,09 cts/m* or less than 0,3 cts/ft*.
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