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PREFACE

Although it may be said that radiation processing was oversold in earlier days, the almost spectacular
growth of this technology over the past decade is proof enough that these early expectations were well
founded. The utilization of ionizing radiation for the manufacture or modification of materials is now a
well established processing technique in industry, and it today represents the largest application of nuclear
energy for peaceful purposes after that of power generation.

The acceptance of radiation technology by industry recently led to the First International Meeting on
Radiation Processing, which was held in Puerto Rico and at which South Africa was honoured to be
represented. In this historical year for radiation technology we are therefore happy to present this
Symposium on Radiation Processing in South Africa in order to demonstrate to industry various aspects of
what has already been achieved locally. Although more than thirty companies are already utilizing radiation
technology in one way or another, we express the hope that this Symposium will contribute towards
furthering the use of radiation technology and making industrialists aware of the benefits to be reaped from
this technology.

It may be appropriate, although perhaps presumptious, to borrow the abovementioned International
Meeting's motto, "Radiation's Time Has Arrived", for this first symposium in South Africa as well.

T.A. du Plessis
HEAD: RADIATION TECHNOLOGY
MAY 1976



FROM RADIATION CHEMISTRY
TO RADIATION ENGINEERING

O.S. BALLANTINE

Acting Leader, Physical and Chemical Transport Program,
Environmental Programs Division of Biomedical and

Environmental Research, United States Energy Research and
Development Administration.

During the past 25 years there has been a steady
recognition that radiation in the form of electrons or
gamma rays can offer positive advantages as a processing
technology. The major areas of application have been in the
sterilization of medical supplies and in the modification of
plastic materials. In addition, there have been notable
successes in organic synthesis, textiles, specialty
copolymers, and woodplastic composites. More recently,
increased interest has been shown in the potential use of
radiation for the treatment of waste-water problems.

Underlying this process industry, and largely
responsible for its success, are significant contributions
from the field of basic and applied radiation chemistry.
Two areas have enjoyed constant attention, viz. the
radiation chemistry of aqueous systems and organic
molecules.

One of the major tasks in each instance was the
identification and measurement of the reactive species
produced during irradiation, and a determination of the
mechanism by which the observed effect was produced.
During the radiolysis of aqueous solutions it was early
established that the main primary radiolysis products were
H and OH rad'-:als, and H 2 0 + , and that a reaction among
these species and -'.n dissolved oxygen, could produce
H2O2, HO2, and 02- Later, a species called the hydrated
electron (e~aq), was predicted and subsequently verified
experimentally. In each case the quantitative yields, or G
values*, were determined under various conditions. The
reduction or oxidation of dissolved materials was then
interpretable in terms of the yields of the reducing (H and
e~aq) or oxidizing (OH, O2, and H2O2) species formed.
This type of information has been extremely useful in
providing a theoretical basis for the limited oxidation and

destruction of dissolved organic materials in irradiated
waste waters. In the area of emulsion polymerization and
aqueous-solution polymerization, it was demonstrated that
the OH radical was the species responsible for initiation of
the polymerization.

Another area of intense research concerned the
establishment of the relates radiation sensitivity of various
monomers and polymers, and the relationships between
sensitivity and structure. In the case of polymers, it was
soon recognized that aromaticity (as found in styrene and
phenol formaldehyde resins) in a molecule led to greater
stability, while polymer structures possessing tertiary
carbon atoms (methyl methacrylate, alpba-methylstyrene,
and per fluorocarbons) and cellulosic materials, were very
sensitive and readily degraded. The practical ramifications
of this were immediately obvious, because components
with good radiation stability were required by the
nuclear-power industry and later as packaging materials for
the sterilization, by irradiation, of medical supplies and
food products.

Studies of the mechanism of polymerization led to an
understanding of the free-radical nature of most reactions,
but also defined the conditions under which ionic processes
could be optimized. The importance of energy transfer was
recognized as a means for accelerating or inhibiting
reactions. The role of peroxides as initiator sites, and the
use of polyfisnctional monomers as accelerators, led to
efficient processes for graftcopolymer synthesis and
crosslinking of plastics.

This paper will attempt to relate fundamental radiation
chemistry studies directly to the practical engineering
applications described by the authors in the program.

*S value is tire number of molecules formed or destroyed
per each 100 eV of energy absorbed



DISINFECTION OF MUNICIPAL WASTE-WATER
WITH GAMMA RADIATION

L.N. MELMED

City Health Department Laboratory,
City of Johannesburg, P.O. Box 1477, Johannesburg.

INTRODUCTION

The continuous expansion of the world's population
with increased industrialisation has led to pollution, too
rapid utilisation and in some cases, depletion of readily
available surface water supplies. Purified sewage effluent is
one of the obvious sources of water available for reuse and
many methods of reclamation are being investigated.

Numerous proposals have been put forward with regard
to practical bacteriological limits to be applied to purified
waste-waters intended for reuse as irrigational, recreational
and industrial water. In this country, 1 000£.cc///100m£
based on epidemiological grounds has been suggested as a
workable yardstick.

Disinfection is an essential step in water reclamation,
and chlorination, subsequent to conventional sewage
treatment, has been accepted as the most economical and
universally applicable process available. However,
chlorination has certain serious disadvantages because
residual chlorinated organic compounds remain in the water
and the ecology of receiving waters can be severely
disturbed.

In the search for other renovative techniques a series of
collaborative experiments was undertaken with the
Radiation Chemistry Division of the Atomic Energy Board
at Pelindaba, to investigate gamma radiation disinfection of
various effluents from the Johannesburg City Council's
Northern Waste-Water Purification Works.

This Works receives a flow of 105 000m3/d and
purification is by two-stage biological filtration with
intermediate humus removal which achieves practically full
nitrification. Rapid gravity, sand filtration followed by
chlorination, prepares a portion of the settled effluent for
reuse as power station cooling water. The remainder is
either used for agricultural purposes or further purified by
passage through a series of maturation ponds with a total
retention time of 26 days before discharge to river.

Although retention of effluent from a conventional
sewage works in maturation ponds usually effects a
considerable reduction in the Exoli content of the effluent
in general, pond effluents do not comply with the zero
Eco///100mS aimed at by the general standards
promulgated in terms of the Water Act 1956(2).

OBJECTIVES

The objectives of the experiments which follow were:

1. To establish the total dose of gamma radiation to treat:

(a) A settled filter effluent to achieve a standard of
(i) zeroi2) and
(ii) 1 OOOd) Escherichia coli per 100 mi!.

(b) Maturation pond effluent to bacteriologically
potable water standard based on the SABS
Specification "Water for Domestic Supplies" (i.e.
zero E.coli per 100 mS and a standard agar plate
count not greater than 100/mï).

2. To ascertain, whether a synergistic effect could be
obtained when radiation was applied in conjunction

with chlorine as was reported in the literature.

EXPERIMENTAL

Experiments

1. Gamma radiation disinfection - Experiments I, II and
III.

2. Chlorine disinfection — Experiment IVa.
3. Combinations of chlorine and radiation both

simultaneously and in various sequential patterns —
Experiment IVb.

Samples

Samples were irradiated in clear glass bottles of 300 m£
capacity and 63 mm diameter and where possible, samples
of one group were aliquots of a single large ss<nple.

Bacteriological Procedures

(a) Escherichia coli counts were carried out by
membrane filtration using membrane McConkey
agar as the selective medium with an incubation
time of 18 hours at 44 °C ± 0,5 °C. The results are
expressed as E.coli/100 mi.

(b) The total number of viable bacteria were counted
by the pour plate method after 48 hours
incubation i t 35 °C using Bacto nutrient agar as
the medium. The results are expressed as the
Standard Agar Plate count/ml!.

(c) Control counts were carried out on all samples just
prior to treatment and all other tests were made
immediately after.

Radiation Source

The radiation source was cobalt-60 and the total
radiation dcse applied varied from 10 to 2 000 krad using
dose rates r; nging from 3,6 to 4,2 x 10^ rad per minute.

Chlorination

Chlorine was added in the form of a standardised
sodium hypochlorite sclution and was neutralised with
sodium thiosulphate after the required contact time.



RESULTS AND DISCUSSION

Radiation Disinfection

Experiment I ,. •

Radiation of settled filter effluent to < achieve zero
E.coli per 100 mi .

Duplicate samples from 20 aliquots of effluent were
exposed individually to total radiation doses ranging from
100 to 2 000 krad in a series of 10 steps. The results are
shown in Table I.

Table Í Samples: Battled filter effluent
Gamma radiation: Total doses 100 - 2 000 krad.

Table IS Samples: Settled filter effluent
Gamma radiation: Total doses 10 — 90 krad.

Simple
No.

1
2
3
4
5
6
7
8
9

Totil
Radiation

Dos*
(krad)

90
80
70
60
50
40
30
20
10

£ coli per 100 ml

Control

2 101 000
2156 000
2034 000
1946000
2 506000

604000
705000
767 000
642 000

fiesidml

46
64

638
510
700

1840
4500

14080
32000

Standard Agar Plat*
Count per ml

Control

6 335000
6185000
6410000
5955 000
6128 000
6770 000
5960000
9 690 000

10 650 00G

Residual

730
1 190
1390
1950
2100
7 590

19 560
30 860
75 550

Sample
No

1

2
3
4
5
6
7
8
9

10

Total
Radiation

Dose
(krad)

2 000

1 500
1000

750
600
500
400
300
200
100

£. coli per 100 ml

Control

140 000

395 000
558 000
680 000
533 000
542 000
690 000
550 000
707 000
609 000

Residual

Nil
270*

14
1
4

Nil
Nil

3
Nil
Nil

1

Standard Agar Plate
Count per mi

Control

4400000

2 980 000
4 820 000
4850 000
6240 000
5 950 000
8190 000
6 730 000
4100000
4660000

Residual

1
180*

2
1
1
2
5

12
23
64

185

Each result is the average of 2 samples
'Unaccountable skips

From Table I it may be seen that at all total radiation
doses applied, B.coli counts were very effectively reduced
from 0,54 x 10& per 100 mS to a concentration of 0 — 14
per 100 mK except in the case of one of the samples treated
with 2 000 krad exposure where an inexplicable skip
occurred. The total residual viable counts were also
extremely low, but in no instance was complete sterility
obtained.

Experiment 11

Radiation of settled filter effluent to achieve 1 000
E.coli per 100 mi.

Ninety samples were treated in groups of 10 at each
level of radiation commencing at 10 krad and increasing in
steps of 10 krad to 90 krad. Average results are presented in
Table I I , whilst the scatter of individual results for E.coli
reduction and total viable counts is shown in Figure 1
together with the line of best fit for each parameter. .

It is concluded from these results (Figure 1) that a
total radiation dose of 45 krad could reduce the E.coli
content of settled filter effluent from 0,66 x 105 to the
desired level of 1 000 per 100 m£.

30 «D 45 50 60 TO

Total Radiation Do» in kilorad

Fig. 1 Gimma radiation of settled filter effluent

X E. coli per 100 ml
• Total viable bacteria per ml.

Experiment I I I

Radiation of maturation pond effluent.
Samples of effluent from the final maturation pond

were subjected to a total radiation dose ranging from 10 to
1 000 krad. The samples were treated in three groups - (a)
and (b) were exploratory runs and (c) was a final group of
50 samples treated in baches of 10 to demonstrate
consistency of results obtained at the -.nost promising total
radiation doses. The results of all three groups of analyses
are summarised in Table I I I .

The following observations are offered:

1 . Retention of settled biological filter effluent in
maturation ponds at the Northern Works reduces the
E.coli content to counts below 200 per 100 m i by



natural means in approximately 26 days. The same
result can be obtained by means of a total radiation
dose of 100 krad (Table I).

At a minimum applied dose of 50 krad the desired goal
of zero E.coli per 100 m£ is achieved but the total
viable bacterial count still exceeds the standard for
potable water. It is of interest to note that the same
ordsr total radiation dose (45 krad) produces a water
containing 1 000 E.coli per 100 mi from settled filter
effluent (Experiment II).

Table III Samples: Maturation pond effluent
Gamma radiation: Total doses 10—1 000 krad

Experiment IVa

Chlorine disinfection.

One hundred and eight samples were treated wi th 1 , 2 ,

3 , 4 , 5 and 6 mg/S of chlorine at contact times of 5 , 7 , 5 and

10 minutes. Six samples were tested at each level and the

E.coli content per 100 m i was estimated before and after

exposure.

In Figure 2 f rom the scatter of results, chlorination

curves of best f i t have been drawn for all three exposure

times.

From Figure 2 it may be seen that 4 ,3 ir ig/ i of chlorine

wi th a contact t ime of 5 minutes reduced the E.coli count

f rom 5 x 1fl5 to 1 0 0 0 per 1 0 0 mS.

Sample
Nc.

(a)
1
2
3
4
5
6
7
8
9

10

(b)
1
2
3
4
5

(c)
1
2
3
4
5

Total
Radiation

Doss
(krad)

100
90
80
70
60
50
40
30
20
10

1000
SOO
800
700
600

500
400
300
200
100

E. con per
100 ml

Control

20
B4
40
60
52
10
30
20
10
60

160
130
150
140
170

140
130
100
130
130

Hesidm!

Nil
Nil
Nil
Nil
Nil
Nil

2
2
b

26

Nil
Nil
Nil
Nil
Nil

Nil
Nil
Nil
Nil
Nil

Standard Agar Plate
Count per ml

Control

70 000
40 000
70 000
40 001}
50 000

100 000
70 00G
60 000
70 000
50 000

72 800
201 000
116 000
132 000
168 000

213 000
224 000
175 00B
197 000
133 000

Residual

120
150
330
260
200
260
560
780

2 930
14 630

1
1
4
4
5

13
16
38
59

110

No. of
Samples
Avnaged
per Result

4
4

10
10
10
10
10

3. Of academic interest only is the fact that to produce a

water acceptable in terms of bacteriological standards

for potability f rom maturation pond effluents, a

minimum radiation dose of 2 0 0 krad must be applied,

and, for complete safety, it is indicated that 5 0 0 krad

would be required.

4. Complete sterility in terms of the above t w o

parameters is not achieved at 1 0 0 0 krad.

Combined Chlorination and Gamma Radiation Treatment

The wellknown efficiency and low cost of chlorine
disinfection of water provides a convenient standard against
which other disinfection processes may be judged.
Accordingly, the effect of chlorination on the settled
effluent was first assessed.

Control Count: 5.0X105 E.coli per :00ml

3 4 4.3 S 6 7

Chlorine (mg/l)

Fig. 2 Chlorination of settled filter effluent

Experiment IVb

Combined treatment.
From the results shown in Figures 1 and 2 it could be

theoretically predicted that treatment with a combination
of 1 mg/2 of chlorine with 5 minutes contact time and a
total radiation dose of 30 krad should reduce the E.coli
count of settled effluent to a residual 0,384 percent which
would be equivalent to 1 000 E.coli per 100 mi.

Accordingly, 60 samples were divided into 6 groups of
10 each and were treated with chlorine and radiation at the
above stated doses, both alone and in various combinations.

The treatment applied and results of the experiment
are summarised in Table IV.

From the results in Table IV, it may be seen that
combined treatments, O and F, were equally effective,
leaving residuals of 0,357 percent and 0,347 percent,
respectively. These figures agree well with the prediction
(0,384 percent).

An anomalous result was obtained for treatment E
which left a higher residual (0,541 percent) than did
treatment B (radiation alone) which left 0,492 percent
residual.



Table IV Combined iraatment

Samples: Settled filter effluent
Chlorinatlon: tmg/i

Contact Time: 5 minutes

Gamma Radiation: Total dose 30 krad

Croup A — Control
Group B — Gamma
Radiation alone
Group C — Chlorination
alone
Group 0 - Chlorination and
Radiation simultaneously
Group E - Radiation
followed by Chlorinatlon
Group F -• Chlorination

followed by Radiation

Sample

A
B
C
0
E
F

190 000
830

107 000
770
430
330

177 000
730

107 000
400
900
S30

177 000
1500

160 000
tQOO

700
1400

180 000
900

170 000
700

1S00
BOO

E.coli per 100 ml

160C30*
1600

170 000
700

1400
700

143000
470

137 000
400

1130
300

_

160000
530

143 000
370
830
430

177 000
570

123 000
430
900
370

157 00C
50C

13300E
47C
90G
570

No Res."
1030

140 000
830

1200
700

Average %
Residual After

Treatment

0.492
8C.3
0.357
0.541
0.347

*This result was discarded for calculating the percentage
residual because an increased count was obtained after
chlorination
**This whole group of results were disregarded because a
count could not be obtained for the control

Comparing the combined treatments with a theoretical
combination of B and C which predicts an 0,395 percent
residual, no actual synergistic effect was demonstrated.
However, it was shown that the addition of 1 mg/£ of
chlorine to settled filter effluent before radiation or
simultaneously with radiation, would enable the total
radiation dose to be reduced from 50 to 30 krad and still
give 1 000 Ecoli per 100 m£ in the resulting water. More
work is however, required before firm conclusions can be
drawn.

CONCLUSIONS

To reduce the E.coli content of settled filter effluent
to less than 1 000 per 100 mi , that is to produce water
intended for irrigational and industrial reuse, a total gamma
radiation dose of 50 krad is required. The same effect can
be obtained with the use of 4,3 mg/8 of chlorine and also
with a combination of 1 mg/2 of chlorine with a total
radiation dose of 30 krad.

It is of academic interest to note that a dose of
200 krad will produce a bacteriologically potable water
from maturation pond effluent and one of 2 000 krad will
disinfect settled effluent to potable water standards.
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RADIATION STERILIZATION
OF MEDICAL SUPPLIES

R.C.B. STEVENS

Radiation Technology Subdivision,
Atomic Energy Board, Private BagX256, Pretoria.

INTRODUCTION

Among the numerous industrial processing applications
of radiation today, probably one of the most popular and
valuable is the use of gamma radiation, usually derived from
a cobalt-60 source, to sterilize disposable medical devices,
and, to a lesser extent, certain pharmaceutical preparations.

This new technique has been so well accepted
throughout the world by the manufacturers of these items,
that there are currently more than sixty large operative
plants scattered around the globe designed specifically for
this purpose. These plants have a potential capacity of
almost 42 000 000 curies of the radioactive cobalt-60
isotope.

Sterilization processes in existence prior to the
introduction of radiation sterilization depended on a series
of prescribed conditions, such as vacuum, temperature,
humidity, gas concentration, etc., which had to be correctly
applied in order to achieve sterility. These requirements
severely limited the selection of materials that could be
used for the manufacturing and packaging of products. For
instance, in the case of gas sterilization, packaging materials
had to be used which permitted the free passage of the gas
through the packaging in order to achieve sterility.

The great emphasis placed by the medical profession
on the need for sterile products and conditions has led,
during the last decade, to manufacturers actively seeking a
sterilization process that would enable them to achieve this
condition with case and safety. The arrival of radiation as a
sterilization technique was accordingly met with great
enthusiasm.

RADIATION FOR STERILIZATION

The gamma radiation which is continuously being
emitted from a radioactive cobalt-60 source takes the form
of highly energetic electromagnetic waves that have, as a
characteristic, tremendous penetrating power. This leads to
articles being irradiated and sterilized even in tightly packed
cardboard irradiation containers. It therefore follows that
medical devices can be finally packed before sterilization is
carried out.

It has long been known that when microbial life is
exposed to ionizing radiation, it brings about biological
changes in the cell structure to such an extent that a
radiation dose of 1,2 Mrad is sufficient to destroy all
pathogenic bacteria. An internationally accepted dose of
2,5 Mrad was subsequently formulated for sterilization
purposes, giving a tremendous overkill factor. Such is the
effectiveness of the radiation at this level, that the only
form of microlife known to survive this irradiation dose is
bacterium bearing the appropriate name of radiodurans.

The only parameter that has to be observed to achieve
the prescribed amount of gamma radiation required for
sterility is that of exposure time. This time factor is directly
governed by the activity of the cobalt-60 on hand at a
specific time. In emitting radiation, the cobalt-60 isotope is
subject to a continuous decay of about 12 % per annum, so
that the only adjustment necessary after initial calibration,
is to slow down the automatic conveyor each week in order
to keep the absorbed dose constant.

The given radiation dose is also constantly monitored
by placing a red acrylic dosimeter pellet on every fifteenth
product container entering the irradiation chamber. These
dosimeters undergo changes in optical density when
exposed to radiation. On emerging from the plant, these
pellets are read in a spectrophotometer against an
unirradiated control. Chemical dosimetry is also carried out
on a weekly basis to confirm the acrylic desimetry.

THE CASE FOR RADIATION STERILIZATION

The benefits of using gamma radiation for sterilization
purposes are many, of which perhaps the most important is
the certainty that sterility will be achieved. There is no
known incident of any product, pre-contaminated or
otherwise, being found to contain microlife following ;
dose of 2,5 Mrad. It therefore goes without saying that
manufacturers are highly satisfied with the performance of
this technique.

Another important advantage of using this technique is
that the manufacturer is now able to select and make use of
the very best types of packaging materials. With other
sterilization techniques the packaging of the product is
always a situation of compromise; either a thick polymer
film can be used in which case the product pouch is left
open and then sealed after removal from the sterilizer, or, a
paper pouch can be used which allows the steam or
bactericidal gas to penetrate the sealed pouch. It will be
appreciated that the paper required for such pouches has to
be manufactured to very close tolerances and is expensive.
In the case of radiation the penetrative characteristics of
this technique permit manufacturers to use the very best
packaging materials available, thereby ensuring a far better
product shelf-life. These materials, which are of either
polymer film, foil or double film combinations, are strong
and completely resistant to moisture and also give fibre-free
peelability.

An even more attractive quality of this process as far as
the manufacturer is concerned, is the ability to sterilize the
product after it has been packed ready for sale and placed
in the shelf container for delivery to the customer. This
means that the manufacturer can rid himself of the trouble



and responsibility of maintaining the sterility of products
passing through his plant.

There are, of course, some disadvantages attached to
radiation sterilization, e.g. the incompatibility of certain
plasdcs with radiation. This restriction can, however, be
overcome by selecting a suitable material. In the case of
Pharmaceuticals the problems experienced are rather more
complex in that the pharmacological properties of the
preparation can be impaired by the radiation. In extreme
cases harmful substances may even be formed bv the
radiation. Extensive testing of such irradiated
pharmaceutical preparations is therefore necessary before
being released to the public.

RADIATION STERILIZATION AT PELIWDABA

The range of disposable medical products currently
being sterilized at Pelindaba is quite considerable and items
to be fonnd amongst the twelve-odd tons of product
irradiated weekly are surgical gloves, various intravenous
needle devices, syringes, disposable theatre-wear, sutures,
and an endless 'ariety of theatre pre-packs, swabs and latex
tubes and devices. Some of the items sterilized in the plant
are either heat-sensitive or made from a material that is
prone to gas absorption, and are thus incapable of being
sterilized by other conventional methods in existence.

Among the pharmaceutical items at present being
irradiated are certain eye preparations, base powders such
as gum acacia, saline solutions for external application, and
solutions for vaccines, etc. Popular among the
pharmaceutical houses is the gamma sterilization of their
empty preparation containers, such as aluminium tubes and
eye-drop bottles, which are then filled under aseptic
conditions in their factories. This enables them to dispense
with at least one sterilization cycle.

The irradiator itself consists of the following four
major components:

(a) The irradiation chamber, which is constructed of
2 m thick concrete walls to contain the radiation
and act as a biological shield to protect the
operating personnel.

(b) The cobalt-60 source, which is the heart of the
plant The radioactive cobalt is sealed in 45 cm x
1,2 cm pencil-like rods, which are loaded into a
source plaque in two vertical rows. The plaque is
raised out of the water into the operating position
by means of a pneumatic hoist mounted on the
roof of the irradiation chamber.

(c) A 5 m deep tiled pool which houses the source
plaque when not in use. The water acts as a
biological shield for personnel when entering the
irradiation chamber.

(d) Automatically controlled input and output
conveyors of sufficient length to enable the plant
to be operated unattended for extended periods,
which is currently about 48 h.

All of the above is housed in a hanger-type
construction.

The only time when product is handled is when
customers' product containers are offloaded from the
delivery trucks and placed on the input conveyor. Weighing
and the printing of identification labels is carried out
automatically. The container is then automatically
conveyed through the irradiation chamber and onto the
output conveyor, from which it is ultimately removed and
stacked to await removal.

The current activity of 350 000 curies on hand at the
plant results in a sterilization cycle time of about 13 h. This
could, however, be stepped up to only 3 h when the plant is
loaded to its maximum capacity of 1 000 000 curies,
should demand warrant >t.

The Board's radiation sterilization service has become
so well accepted that product is regularly received from
places a; far removed as Cape Town, Durban and East
London, a clear example of the faith which local
manufacturers place in the service.

To allay fears that may arise in the minds of
manufacturers as to the availability of sufficient plant
capacity in the years to come, the assurance is given that it
is the avowed intention of the Atomic Energy Board to
keep pace with the demands of industry and to ensure that
a completely unrestricted growth of radiation sterilization
takes place in South Africa.
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THE ROLE OF RADIATION
IN ORTHOPAEDIC IMPLANTS

C.J. GROBBELAAR*, F. MARAIS" and A. LUSTIG

Radiation Technology Subdivision,
Atomic Energy Board, Private Bag X2S6, Pretoria.

INTRODUCTION

During the past decade, remarkable progress has been
made in the utilization of high-density polyethylene
(HDPE) as a material for the manufacture of prostheses
used in orthopaedic operations. This polymer contributes
largely to the success of total hip replacement, an operation
which is highly successful I and which virtually restores the
subject to functional normality. Whereas the hip-joint can
be considered to be a low-friction joint, this is not so with
the knee-joint because of its complicated bio-mechanics.

In the case of total knee replacement it was considered
imperative that a more hard-wearing polymer should be
developed if at all possible, because not only are the
cold-flow characteristics of ordinary high-density
polyethylene E* high pressures a limiting factor, but particle
formation from friction can furthermore lead to
physiological side-effects which adversely affect the
efficacy of joints made from this material, especially so in
the case of knee-joints.

Gearing !r> mind the excellent improvements to be
obtained through the radiation crosslinking of polyethylene
film, the radiation crosslinking of high-density polyethylene
prostheses seemed to be a logical avenue to investigate.

EXPERIMENTAL

The high-density polyethylene used in this
investigation was Hostalen RCH 1000 C as used in
orthopaedic applications, and was supplied by Hoechst. The
crosslinking gasses, chlorotrifluoroethylene and acetylene,
as well as the nitrogen which was used as an inert
atmosphere, were of an analytical grade.

The irradiations were carried out in a stainless steel
container in such a way that an excess of the crosslinking
agent was present A Gammabeam-650 irradiator with a
nominal activity of 50 kCi was used at a constant dose-rate
of 1,0 Mrad h~1 and a temperature X>f 30 °C, and the dose
range from 0 to 80 Mrad was investigated.

A minimum of twelve test samples, both for impact
strength and tensile strength tests, were used for every
experimental condition. Films of various thicknesses were
used to determine the physical changes that result from the
crosslinking. The percentage gel formation was determined
after a 48 h Soxhlet extraction with decalin as solvent. For
infrared and thermal analyses standard techniques were
used.

'Department of Orthopaedics, University of Pretoria,
Pretoria.
** National Institute for Defence Research, Somerset West

For the mechanical tests, monoaxial tensile strength
tests were carried out at 37 °C, at speeds that vaiied from
5cm/min to 16,7 m/s. impact strength tests were carried
out at 37 °C according to the Izod method, and surface
hardnesses were measured with a Shore-type hardness
meter.

RESULTS AND DISCUSSION

Influence of Radiation Crosslinking on Physical Properties
of HDPE

In good agreement with earlier findings H, 2), the
presence of acetylene or an equimolar mixture of acetylene
and chlorotrifluoroethylene has a profound effect on the
radiation crosslinking of polyethylene films when compared
with the polymer irradiated in nitrogen as an inert
atmosphere. This is indicated in Figure 1 which also shows
that below a dose of 40 Mrad the mixture of acetylene and
chiorotrifluoroethylene is the better crosslinking agent,
whilst above this dose acetylene gives the best -rosslinking
— a phenomenon which can be ascribed to the possible
radiation degradation of the halogenated polyethylene
above this irradiation dose. For practical considerations it
was decided to extend this investigation to polymer samples
with physical dimensions similar to tiiat of the knee
prostheses which had to be crosslinked.

100

15 50

ë

0 20 40 60
Dose (Mrad)

Fig. 1 The percentage gel formation
as a function of the

irradiation dose for HDPE samples,
taken from the surface of the sample,

in the presence of crosslinking agents and nitrogen.
Np O, CH=CH: X , and CH^CH + CTFE: • .
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In the case of high-density polyethylene with
dimensions similar to that of ? knee prosthesis (1,0 x 1,0 x
5,0 cm) it was found that the diffusion of the crosslinking
gas into the polyethylene has a profound influence on the
crosslinking within the sample. Polyethylene which was
taken from within the samp'e indicated that the presence of
a crosslinking agent does not enhance the radiation-induced
crosslinking — not even the irradiation in a pure oxygen
atmosphere had any effect on the crosslinking. This
phenomenon is clearly demonstrated by the results shown
in Figure 2. Experiments on films of various thicknesses
clearly indicate that diffusion of the crosslinking agents
into the polymer takes place only to a depth of about
300/jm. Beyond this depth the radiation crosslinking
cannot be enhanced by the presence of a gaseous
crosslinking agent, as a result cf diffusion restrictions. This
phenomenon is further confirmed by infrared analyses of
the crosslinked polyethylene, with acetylene as crosslinking
agent, as shown in Figure 3. It can be seen from this Figure
that the peak at 910 cm""1 resulting from the terminal
vinyl group, decreases with an increase in depth into the
sample and completely disappears at about 300 ^m. In the
case of bulky samples of polyethylene we thus have to
distinguish clearly between two regions of crosslinking; the
outer surface of the polymer which acts in a way similar to
that of a polymer fiim with regard to crosslinking eqents,
and the inner region where radiation crosslinking takes
place without any contribution from crosslinking agents.
This phenomenon can lead to interesting mechanical
propertie; of the crosslinked poiymer, as will be discussed
later.

100
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n 
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)

§50

£

G
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0
r* . . .

20 40 60
Dose (Mrad)

80

Fig, 2 The percentage gel formation
as a function of the

irradiation dose for HOPE samples,
taken from the inner portion of

the sample, in the presence
of crosslinking agents, nitrogen, air and oxygen.
N? O, CH3CH: X , CH^CH + CTFE: • , air:

k, and oxygen: A .

50

1200 1000 800

Frequency (cm"1)
Fig. 3 The infrared spectra of

HDPE samples radiation crosslinked
in pure acetylene,

for polymer samples
of various thicknesses.

Although the combination of acetylene and
chlorotrifluoroethylene enhances the crosslinking of the
polyethylene more than pure acetylene below an irradiation
dose of 40 Mrad (Figure 1), the softening point of the
polyethylene crosslinked with acetylene is higher than that
obtained for the gas mixture over the entire dose range
investigated (Figure 4).

Influence of Radiation Crosslinking on Mechanical
Properties of HDPE

Tensile strength tests were carried out on the
crosslinked polyethylene at low speeds (5 cm/min) as weil
as high speeds (16,7 m/s) and in both experiments results
were obtained that correspond fairly well. This indicates an
increase in breaking strength with an increase in radiation
dose. Figure 5 shows that tine deformation of the
polyethylene is severely restricted as a result of the
radiation crosslinking, and that the mixture of acetylene
and chlorotrifluorosthyiene appears to be a better
crosslinking agent than pure acetylene. This is in good
agreement with the results obtained for the percentage gel
formation (see Figure 1). These results indicate that
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prostheses mode from HDPE and treated by radiation
crosslinking will have surfaces that will resist mechanical
deformation and abrasion.
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As follows from Figure 6, the impact strength of the
crosslinkeo polyethylene decreases drastically with an
increase in radiation dose, almost independent of tile
presence of a crosslinking agent These results imply that
care should be exercised not to use irradiation doses in
excess of 10 Mrad in order to avoid the serious decrease in
impact strength that can result from the crosslinking.

20 40
Dose (Mrad)

60 80

Fig. 4 The softening points of
HDPE radiation crosstinhed in the presence

of crosslinking agenf and
nitrogen as a function of

the irradiation dose.
N? O, ChmCH: X , and CH^CH + CTFE: • .

90

Fig. 6 The impact energy of HDPE radiation
cross/inked in the presence of

crosslinking agents and nitrogen as a
function of the irradiation dose.

N$ O, ChmCH: X , and CH=CH + CTFE: • .

40

Dose (Mrad)

Fig. 5 The mechanical deformation of
HDPE radiation cross/inked in the
presence of crosslinking agents and

nitrogen as a function
of the irradiation dose.

N? O, CHsCH: X , and CH=CH + CTFE: <

The experiments on the surface hardness of the
irradiated polyethylene indicate that the abrasion resistance
of the treated polymer surface increases markedly with an
increase in radiation dose and, as indicated in Figure 7, the
mixture of acetylene and chlorotrifluoroethylene was again
the best crosslinking agent
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65
20 40 6 0

Dose (Mrad)

Fig. 7 The surface hardness of HOPE radiation
cross/inked in the presence of

cross/inking agents and nitrogen as a
function of the irradiation dose.

Nz O , CH^CH: X , and CH=CH + CTFE: • .

80

As discussed earlier, the crosslinking of bulky
polyethylene samples is far more pronounced on the
surface than in the interior of such a sample. This leads to
very interesting mechanical properties of the polymer
treated in this way. A prosthesis is obtained which has a
highly crosslinked surface with a markedly improved
resistance to cold flow and abrasion, while the bulk of the
prosthesis is less crosslinked, giving the surface a much
better shock resistance - a material is thus obtained which

shows properties similar to those obtained in "case
hardening" in metallurgy. From a mechanical point of view
the radiation crosslinking of high-density polyethylene
presents a unique method of overcoming the present
restrictions in the application of this material for
orthopaedic purposes.

Influence of Radiation Crosslinking on the Clinical Aspects
of HOPE

On scientific grounds these results certainly seem to be
very promising and the technique is already being appliad
to prostheses for knee replacement operations. For
physiological reasons it was decided not to use the gas
mixture of acetylene and chlorotrifiuoroethylene as the
crosslinking agent because of the high halogen content of
the latter monoi.ier. For this purpose the use of pure
acetylene was preferred.

It is planned to extend this treatment to newly
designed hip prostheses in the near future. Theoretically it
seems possible eventually to achieve the ultimate goal of a
hip prosthesis that does not wear at all and may last for life.
This will be of the greatest significance to the many
younger patients who desperately need this operation.

Unfortunately, in wfro-tests cannot always be directly
related to the situation in the living body. The final answer
will therefore emerge from the clinical trials currently being
performed. However, it is believed that the scientific
foundation has been properly laid and that there is enough
reason to be optimistic about the eventual outcome.
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CONTROL OF TAPEWORMS
BY IRRADIATION

ANNA VERSTEF and L.W. VAN DEN HEEVER*

Veterinary Research Institute,
Onderstepoort, Pretoria.

TRODUCTION

Man is the definitive host of two tapeworms which
utilize domestic animals as intermediate host, viz. Taenia
solium, the so-called "pork tapeworm", and Taenia
saginata, the "beef tapeworm".

The life-cycle of T. solium is illustrated in Figure 1. If a
human being ingests a living bladderworm or cysticercus
through the pork that he eats, an immature tapeworm is
liberated which attaches itself to the wall of the small
intestine. During its growth many segments or proglottids
are formed, and these are eventually filled with eggs. These
proglottids become detached from the rest of the worm and
are voided with the faeces. When such an expelled
proglottid moves or disintegrates, up to 50 000 eggs are
liberated. If a pig ingests these eggs, they hatch in the
intestine and are carried by the circulatory system to the
muscles of the body where they develop into cysticerci. T.
saginata follows a similar life-cycle, but in this case more
than 200 000 eggs can be liberated by the expelied
proglottid.

Fig. 1 The life-cycle of the
pork tapeworm (T. solium).

Both the pork and the beef tapeworm have a
cosmopolitan distribution. During the last 50 year? the
incidence of T. solium has declined in most parts of the
world and its occurrence has become rare in countries such
as France and GermanyO). As can be seen from Figure
2(A), the incidence of pork tapeworm in Africa is still high
compared with those countries where data are available^'.
The incidence of T. saginata, however, has increased in
many countries such as Germany and Poland (2), and in
Africa 21 out of 42 countries have recorded incidences
which vary from 10 to 80 %, as indicated in Figure 2(B}(3).
The actual incidence of the parasite is undoubtedly higher,
because almost 3 0 % of infested beef carcasses are not
detected at meat inspection (4).

* Faculty of Veterinary Science, University of Pretoria,
Onderstepoort, Pretoria.

Fig. 2 The incidence of pork tapeworm
(T. solium) A, and beef tapeworm

(T. saginata) B in Africa.

Carcasses lightly infested with cysticercosis are usually
frozen for a prescribed period in order to kill the cysticerci
before the carcasses are released for human consumption -
a treatment which is time-consuming and expensive.
Because T. saginata develops to sexual maturity in man
only, evagination in vitro was used as a criterion to assess
the effect of radiation on the parasite*5- 6>. Evagination in
vitro merely indicates that the parasite is alive; it does not
necessarily mean that it is infective or that it can maintain
itself in a host

It has been shown that golden hamsters treated with
immunosuppressants are susceptible to infestation with T.
soliumW. Because at least 50 % of these hamsters survive
this treatment for 30 days, they may be used to establish
the infectivity of irradiated cysticerci and the longevity of
the tapeworms that develop from them.

The aim of this investigation was to determine the
potential role that the irradiation of carcasses infested with
the cysticerci of pork and beef tapeworms can play in the
eradication of these parasites of man.
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EXPERIMENTAL

On eight separate occasions, cyiticerei from heavily
infested pig carcasses were exposed to gamma radiation in a
50 kCi Gammabeam-650 (AECL) irradiator. All irradiations
were carried out at a constant dose rate of 1 Mrad h~ 1 .

irradiated cysticerci were examined to determine the
effect of various radiation doses on the evagination of the
cysticerci. Such irradiated cysticerci were also fed to
hamsters in order to study the effect of the treatment on
their infectivity and the longevity of the resulting
tapeworms.

RESULTS AND DISCUSSION

Evagination of Cystkerci

The in vitro evagination of the irradiated cysticerci of
T. soiium, as shown in Table I, corresponds well with that
obtained by other investigatorst5' who showed that
radiation doses of up to 140 krad did not affect the ability
of the cysticerci to evaginate. Mo«sesijan(8) found that the
percentage evagination of the larval stage of Echinococcus
granulosus showed a decrease 3 days after irradiation at
60 krad, at 6 days after 40 krad, and later at lower doses. In
T. saginata this reduction occurs 14 days after exposure to
doses of 200 and 300 krad(6). Cysticerci of T. solium show
a similar time lag (Day 6) before evagination is adversely
affected. The time lag for this to occur is dependent on the
radiation dose, particularly at 100 krad and more.

TABLE I Tne in vitro evagination of irradiated
cysticerci of T. solium.

DAV

0
3
6
9

12
15

IS
21
24

CONTROL

90

95

100

76

85
81

40

60

IRRADIATION DOSE (krad)

20

100
100
100
100
100
95
80
85

55

40

100
100

95

60

100
100
90
45
50

60

100

80

90

65

65
63

100

40

30

80

100
75
80
20
80
45
85
40
40

100

100

90

75
30

70

37
15
15

0

120

100

90

80

5

25

5
20
0
0

140

100
15
60
15
15
0
0
0
0

Infectivity of Cysticerci

As follows from Table I I , the irradiated cysticerci of T.
solium exposed to doses of 20 to 120 krad are infective tc
hamsters, but cannot maintain themselves indefinitely.

Taylor(5) exposed cysticerci of T. pisiformis to various
doses of radiation and fed them to dogs. The following
results were obtained: At 10 and 20 krad worms develop
but they were stunred; at 30 and 100 krad no worms were
found at 42 days; and at 50 krad immature worms were
found at 11 days.

TABLE l i Infectivity of irradiated
cysticerci of T. solium of

hamsters (5 animals per group).

IRRADIATION
DOSE (krad)

UNIRRADIATED
20
30
40
50
60

UNIRRADIATED
60
80

100
110
120
140

AGE OF
INFESTATION

(DAY)

10

20

NO. OF HAMSTERS
POSITIVE

5
4
5
5
3
5

4
1 "
1 "
1»*
1 * * *
1 * «
0

«RECOVERED ON DAY 10
"RECOVERED ON DAY 11

•"••RECOVERED ON DAY 12

Growth and Survival of Tapeworms after Infestation with
Cysticerci

In the initial experiments the hamsters harboured pork
tapeworms 10 days after infestation, but no worms were
recovered from Day 16 onwards as can be seen from Table
I I I . Several groups of hamsters were therefore infested with
cysticerci exposed to doses of 20, 40 and 60 krad
respectively, while a control group was dosed with
unirradiated cysticerci. These animals were killed and
examined at various times from Day 10 to Day 30. The
findings are presented in Table I I I .

TABLE I I I Longevity of 7. soiium
resulting from irradiated cysticerci.

AGE OF
INFESTATION

(DAYS)

10
12
15
18
20
21
25
30

UNIRRADIATED

NO. OF HAMSTERS

INFESTED

10
8

19
8

10
10
10
10

POSITIVE
(%)

70,0
87,5
63,1
75.0
80,0
70,0

100.0
80.0

TREATMENT OF CYSTIC7"":

20 krad

NO. OF HAMSTERS

INFESTED

10
18
29
19
10
9

10
10

POSITIVE
(%)

90,0
72,2
48,3
21,0

100,0
33.3
40,0
20,0

40 krad

NO. OF HAMSTERS

INFESTED

10
20
30
20
10
9

10
10

POSITIVE
(X)

70,0
55.0
43,3
55,0
60.0
33,3
50,0
40.0

GOkrad

NO. OF HAMSTERS

INFESTED

10
10
30
20
10
10
10
10

POSITIVE
(%)

70,0
100.0
70.0
50.0
80.0
10,0
40.0
0
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As can be seen from Table IV, the rate at which these

worms decreased in size showed some correlation with the
radiation dose to which the cysticerci were exposed. This,
however, was not constant for the different batches of
cysticerci used in these experiments. Thus in one
experiment all the worms resulting from irradiated
cysticerci consisted of scolices only on Day 18. In a further
two experiments this reduction occurred by Day 25 am'
Day 30 respectively. This variation is probably due to
differences in the age of the cysticerci, as young organisms
ire more susceptible to the effects of radiation(6).

TABLE IV Megn size (mm) of T. soiium
resulting from irradiated cysticerci.

AGE OF
INFESTATION

(DAYS)

10
15
20
25
30

TREATMENT

UNIRRADIATEO
CONTROLS

9.3
25,8
61,6

193,9
173,8

20knd

5,9
3.1

110-12)1
(4-15)1

SCOLICES

40 bad

4,6
2,5

17-8)1
SCOLICES
SCOLICES

60kr»d

4,8
2,4
<*)'•

SCOLICES
SCOLICES

'SIZE OF THE LARGEST WORMS RECOVERED; REMAINDER CONSIST OF
SCOLICES ONLY

CONCLUSIONS

This investigation has shown that cestodes which
develop from irradiated cysticerci of T. soiium do not
increase in size when compared with the tapeworms of the
controls, which grow considerably. Moreover, the pork
tapeworms which develop from irradiated cysticerci
become smaller as they age, until finally only scolices
remain. Irradiation probably suppresses all proliferation in
the neck region of the worm where the segments start their
development. A similar investigation at present under way
on the sterilization of tapeworm in beef carcasses by

irradiation, indicates that results of the same nature can be
expected with T. saginata.

Pig carcasses infested with cysticercosis can be
rendered safe for human consumption by exposing them to
radiation doses of 20 to 60 krad. Irradiation at these low
doses does not affect the taste of the meat, and, moreover,
enhances its shelf iifeO). The low irradiation doses
required, together with the possibility of high irradiator
utilization, favours the economy of such radiation
processing and could lead to appreciable monetary savings
as compared with present freezing techniques.
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FOOD IRRADIATION

A.C. THOMAS

Radiation Applications in Agriculture Subdivision,
Atomic Energy Board, Private Bag X256, Pretoria.

INTRODUCTION

The ability of ionising radiation to preserve foodstuffs
by controlling bacteria, fungi and insects, and by modifying
physiological processes (e.g. fruit ripening), has been
recognised for many years. For about a decade, however,
commercialisation of the process has been slow for two
principal reasons: (1) the technology was initially
developed in countries where the need for better
preservation techniques was minimal, and (2) legislative
problems arose which were the result of bad liaison
between investigators and public health authorities.
Nevertheless, with world food supplies unable to keep pace
with the demand, ar,d with current wastage at over 30 % of
total food production, international bodies such as the
FAO, OECD and the IAEA have become very aware of the
need for improved food processing methods - particularly
in developing countries. South Africa, although relatively
technologically advanced, shares many of the problems of
food preservation with these countries, and can thus play a
major role in helping to develop the necessary technology.

Ionising radiation has two important properties which
are of great benefit when applied to foodstuffs. Firstly, its
penetrating ability enables prepackaged materials to be
treated, and effects can be achieved deep within foodstuffs
rather than merely on the surface. Secondly, due to th-.
absence of a temperature increase, delicate foods can be
treated without any 'cooking' effect. Two other advantages
which may be added are the extremely low demand for
expensive electrical energy, and a reduction in the need for
insecticides and fungicides, with an accompanying
reduction in environmental pollution by chemicals.

APPLICATIONS

The following are a few examples of products which
can benefit from radiation processing:

(1) Poultry/Meat/Fish - pasteurising doses of radiation
(200 - 500 krad) can greatly extend the refrigerated
shelf life of these commodities, e.g. chilled poultry
may be safely marketed even after 21 d, as compared
with only about 4d without treatment. Complete
sterilisation may be achieved at much higher radiation
doses, but this is not considered economically viable.
In addition to this 'guaranteed' shelf life, pathogenic
micro-organisms (e.g. Salmonellae) are eliminated to
give a safer product.

(2) Subtropical fruits — even under optimum storage
conditions, the large-scale exportation of these fruits is
virtually impossible, due mainly to fungal diseases
which set in during transportation. Irradiation in
combination with conventional heat treatments
provides excellent fungal control and, with additional

shelf life being provided through delayed ripening and
senescence, multi-million rand exports appear perfectly
feasible. Under local-marketing conditions, too, vastly
better distribution of fruits becomes possible, with a
resulting reduction in losses and an improvement in
fruit quality.

(3) Export fruits — disinfestation of citrus and deciduous
fruits prior to export is at present performed either by
extended cold storage or by chemical fumigation Both
methods are undesirable, as the former lowers fruit
quality and entails large fruit 'hold-up', while the latter
leaves chemical residues. The application of sexually
sterilising doses of radiation !< 50 krad) is an attractive
alternative, and investigations are currently unde* way
to determine the feasibility of the method.

(4) Meat — disinfestation of meat is fully covered in the
earlier paper by Or Verster.

FACTORS INFLUENCING COMMERCIALISATION

1. Economics: Cost calculations clearly show that for all
the commodities being studied, the derived benefits far
outweigh the costs involved.

2. Legislation: Although radiation-treated foodstuffs
should be considered in the same light as other food
processing methods, health authorities have been
ultra-conservative in their approach to this method.
After early setbacks in the late 1960's, particularly in
the USA, the process is slowly being accepted, and over
40 clearances have been obtained in the world to date.
Of greater importance is the existence of an
International Project, supported by 24 countries, set
up to investigate the wholesomeness of irradiated foods
and to make recommendations to the WHO. Results on
seven groups of foodstuffs will be reviewed later this
year, and a positive reaction should open up
international, as well as national, trade in irradiated
foods.

3. Acceptance: Despite the impression created in the
mind of the general public by the word 'radiation',
acceptability trials carried out in the USA, Israel,
Holland and other countries have shown that proper
public education can overcome almost all resistance to
the process.

THE CURRENT POSITION IN SOUTH AFRICA

1. Clearances: A petition has already been lodged with
the S.A. Health Authorities for a full clearance of
treated potatoes for public consumption. Potatoes
were chosen as a model compound for the first petition
because clearances already exist in 15 countries. This
petition, if accepted, will serve to establish protocols



13

2.

for future clearances. It is expected that a combined
petition for mangoes, papayas, strawberries and litchis
will be submitted early in 1977. Poultry appears to be
the most likely contender for third place, with fish and
beef following in due course.

Technological Progress: If officially aporovea, a pilot
plant for treating subtropical fruit will be in operation
in Tzaneen early next year. Large quantities of fruits
will be irradiated in this plant each week for process
evaluation under commercial conditions. For this
purpose a temporary clearance for the release of

irradiated mangoes is expected soon from the
Department of Health. Large quantities of potatoes are
at present being treated and stored prior to processing
for evaluation by an industrial concern, and a
poultry-producing company is seriously considering the
upscaling of poultry processing to at least the
pilot-plant stage.

There is no doubt that the processing of selected
classes of foodstuffs by ionising radiation can play an
important role in reducing food losses, and it is believed
that South Africa is naking a vital contribution to this
all-important battle.
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THE PRODUCTION OF
FLUORO POLYMERS BY RADIATION

N.G. SCHNAUTZ

Radiation Technology Subdivision,
Atomic Energy Bosrd, Private BagX256, Pretoria.

Poly(tetrafluoroethylene) (PTFE) is a relatively
common polymer, and yet is extremely important from the
standpoint of chemical, mechanical and physical properties.
PTFE exhibits useful properties over as wide a temperature
range as any known polymer. At one end of the
temperature scale, the polymer possesses unusual toughness
at temperatures as low as - 2 7 3 °C. For a polymeric
material, PTFE has an unusually high virgin crystalline
melting point (342 °C), and outstanding thermal stability.
The polymer is insoluble in all common solvents and is
highly resistant to chemical attack. Its combination of
electrical properties is outstanding — it has high dielectric
strength and extremely low dielectric loss. The polymer is
uniquely non-adhesive and antifrictional. In short, the
unusual properties of PTFE offer many technical
advantages.

At present PTFE is not produced in South Africa, but
is imported from American and European sources, namsiy
DuPont, Hoechst, and ICI. The annual quantities and
average landed prices of PTFE imported into South Africa
since 1970 are shown in Fig. 1. The data in Fig. 1 indicate
tiiat there has been a sharp increase in the use of PTFE in
South Africa, from 25 tons in 1973 to 50 tons in 1975.

Fig. 1 Annual imports and landed prices
of PTFE in South Africa

Because PTFE is imported, its availability and price is
beyond the control of the South African consumer market.
Furthermore, the supply of PTFE may at some future date
become subject to the influence of international politics.
The importation of PTFE is also a classic example of an
inexpensive South African export (in this case fluorspar,
CaF2) being converted to a relatively expensive product
and re-sold to South Africa. Thus in view of South Africa's

position of strength with regard to fluorspar, the present
commercial source of fluorine, it would seem advisable to
consider producing PTFE locally.

Naturally the preparation of PTFE must proceed
through its monomeric form, viz. tetrafluoroethylene
(TFE). Virtually all commercial preparations of TFE
prcceed by means of the following system: Fluorination of
chloroform by hydrogen f luoride, yielding
chlorodifluoromethane (Freon 22), followed by pyrolysis
of Freon 22, affording TFE. The hydrogen fluoride used in
the fluorination step is obtained from the reaction between
fluorspar and sulphuric acid. The overall process is as
follows:

CaF2
H2SO4 CHCI3

-CHCIF2 = CF2

PTFE was first isolated by Plunkett, at DuPont, who at
the time was trying to synthesize new refrigerants from
TFEd) . On cutting open a cylinder which was supposed to
contain monomer under pressure, he found a white waxy
solid. Since Plunkett's fortuitous discovery of PTFE, many
different polymerization systems have been investigated. In
Table I a summary of the more widely investigated systems
is given. Present commercial procedures favour
polymerization in an aqueous medium at 40 - 80 °C, and
at pressures of up to 3 000 kPa, using ammonium persulfate
as catalyst, and, if desired, an emulsifying agent. Whereas in
the absence of an emulsifying agent, a granular polymer is
formed, in the presence of an emulsifying agent an aqueous
dispersion of PTFE is formed. Under the above conditions
the polymerization of TFE is a hazardous procedure
requiring high-pressure equipment. The heat produced
during the polymerization of TFE is — 172kJ/mole
( -41 kcal/mole) which is highly exothermic when
compared to other polymerization reactions. Failure to
provide adequate control of temperature, particularly at
elevated pressures, can lead to an increasingly rapid reaction
which may eventually lead to a violent explosive
decomposition of the monomer. Clearly the need exists for
a TFE polymerization system which avoids the extreme
pressures normally required in the chemically initiated
polymerization of TFE.

Table 1 Polymerization systems
for tetrafluoroethylene

Temp
(00

50-250
60
0-150

50-250
40-80

Pressure
(kPa)

20 000
5 000

20 000
7 000
2 000

Catalyst System

Amine Oxide
Hydrogen Peroxide
C0F3/ASF3
aq. Hydrogen Peroxide
aq. Ammonium Persulfate

Ref

2
3
4
5
6
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In 1960 Tabata, at the University of Tokyo, first
demonstrated the 7-radiation-induced polymerization of
TFE. Tabata has reported the mutual and
post-polymerization of TFE in both bulk and solution
phases!?). The mutual radiition-induced polymerization of
TFE in the bulk phase proceeds very rapidly at —40 °C,
and produces over 95 % of the conversion with a totsi dost
of as little as 0,15Mrad(g). The mutual irradiation
polymerization in Freon 22 solution proceeds at even
higher rates and eliminates the temperature and pressure
transients that occur in the bulk process^). The
post-polymerization of TFE in Freon 2.? occurs at relatively
low rates compared to the mutual irradiation process^).
For example, with an initiating dose of 0,02 Mrad at
—40 °C followed by a post-polymerization period of 6 to 8
hours at —30 °C, a conversion of 80 % was reported. For
this particular process a G(—m)-value of 4 x 10$ can be
calculated. Also using the post-polymerization process,
average molecular masses as high as 1 x 106 have been
reported^!.

Although the lower reaction rates of .the
post-poiymerization process dictate, time requirements
much in excess of that required for the mutual irradiation
process, the period of irradiation occurs at low conversions
for the post-polymerization process, normally below 20 %.

Thus the bulk of the polymerization process is carried out
in a radiation-free environment This is important because
of the high susceptibility of PTFE to radiation-induced
degradation.

In our laboratories at the Atomic Energy Board, we are
at present engaged in an investigation of • the
7-radiation-inducsd polymerization of TFE. A small
bench-scale plant for the preparation of TFE by means of
the pyrolysis of Freon 22 is in operation, and TFE thus
obtained has been polymerized, using 7-radiation.
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CURRENT DEVELOPMENTS IN
WOOD-POLYMER COMPOSITES

G.S. DU TOIT

Radiation Technology Subdivision,
Atomic Energy Board, Private Bag X256, Pretoria.

INTRODUCTION

Although oversold in the earlier days in South Africa,
the future of wood-polymer composites processed by
means of ionizing radiation appears to be brighter than ever
before. Surprisingly this renewed interest in wood-polymer
composites almost coincided with the worldwide oil crisis
and the subsequent increase in monomer prices which has a
profound influence on the economic viability of these
materials'!).

Since 1969 the South African Atomic Energy Board
investigated the exploitation of radiation for the
improvement of locally-grown softwoods to counteract the
increasing unobtainability of indigenous and imported
noble hardwoods'1 ~ 3 ) - Considering the fact that a mere
one percent of South Africa is covered with indigenous
hardwoods and that most of the hardwoods used in Scuth
Africa have to be imported, and furthermore, that the Pinus
species in South Africa grow at a rate which is about sixfold
that of the corresponding softwoods grown in Europe and
Canada, the decision to investigate the wider application
and development of wood-polymer composites seems to be
well founded.

Although the economic competitiveness of
wood-polymer composites with the locally available
hardwoods is improving steadily, the major obstacle in the
way of a more general utilization of this material in South
Africa is still its price. Taking into account that on a pilot
plant scale monomer costs account for almost eighty
percent of the manufacturing costs, an obvious solution of
the problem would be to reduce monomer costs. The main
reason why monomer costs constitute such a major
percentage of the overall manufacturing costs of
wood-polymer composites in South Africa can be
attributed to the low densities (0,5g/cm3) of the fast
growing Pinus species used for this purpose. Impregnation
of these species gives rise to materials with very high
polymer loads that can reach values of up to a 130 % on a
mass basis, and this in turn adversely affects the economic
viability of wood-polymer composites.

The aim of this investigation was to investigate the
possibility of impregnating various locally grown Pinus
species to lower polymer levels and to determine the
influence of such partial impregnation techniques on the
hardness and dimensional stability of the resulting material
with special emphasis on the development of
partial-impregnation techniques to ensure that a
homogeneous material is formed.

EXPERIMENTAL

Methyl methacrylate, as supplied by Imperial Chemical
Industries, was used as the monomer throughout this
investigation without removing the added inhibitor. Pinus
patula with an average density of 0,54 g/cm3 was used in
this survey.

Hardness tests were carried out by utilizing a modified
Janka indentation tests'4) and the change in volume of the
wood-polymer, after being immersed in water at 25 °C for
18 h, was used as an indication of the dimensional stability
oï the material.

RESULTS AND DISCUSSION

Partial Impregnation Techniques

Three impregnation techniques were investigated in
order to obtain a partially impregnated wood-polymer
composite with a homqgeneously distributed polymer load.
In the case of all these techniques impregnation was carried
out by evacuating the timber to a pressure of between 0
and 65 kfa (1 - 400 mm Hg) and allowed to stabilize at
this pressure for 30 min. Consequently the monomer was
introduced whilst keeping the pressure at a constant value.
The three impregnation methods then varied as follows:

Method/. In this case impregnation was achieved by
applying a pressure of 1 to 6 kg/cm? on the
immersed timber and maintaining the
pressure for periods that varied between 1
and 4 h . The pressure was then relieved
slowly over a period of one hour before
opening the impregnation vessel.

Method II. After immersing the timber for a period of 1
to 2 h under the monomer at atmospheric
pressure, the monomer was drained, and the
impregnated timber was subsequently
subjected to a pressure that varied from 1 to
6 kg/cm2 for periods between 1 and 4 h.

Method III. The timber was left immersed in the
monomer for a period of 2 to 3 hours at
atmospheric pressure and subsequently
irradiated.

In the case of the locally grown Pinus patula both
methods I and II result in a material with a shell
impregnation where the polymer load within the timber is
less than that of the outer portion of the treated sample -
both methods thus resulting in an inhomogeneous polymer
load. With the third method, however, partially
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impregnated wood-polymer composites are obtained in
which the polymer load is homogeneously distributed
throughout the timber, the specific polymer load being a
function of the evacuation pressure as will be discussed
later.

Effect of Timber Density on Polymer Load

As will be appreciated, the density of the timber to be
impiegnated has ? profound influence on the maximum
monomer uptake that can be achieved, as shown in Figure 1
for Pinus patula impregnated at an evacuation pressure of
0,1 kPa.

220

100

70
0,35 0,45 0,55 0,65

Density (g/cm3)

Fig. 1 The effect of timber density
on the maximum monomer uptake

at an evacuation pressure of 0,1 kPa.

The monomer load obtained at various evacuation
pressures for timber of various densities was consequently
determined. These results are indicated in Figure 2 where
the monomer loads are expressed as a percentage of the
maximum load that can be achieved at a spacific pressure as
shown in Figure 1. An important conclusion that can be
drawn from these results is that the monomer load,
expressed as a percentage of the maximum toad that can be
achieved, at a constant impregnation pressure remains
constant. In practice this means that given a timber with a
known density, the maximum monomer load can be
obtained from Figure 1. Consequently, by selecting the
required monomer load, the evacuation pressure to be used
can be determined from Figure 2.

52 65
Evacuation Pressure (kPa)

Fig. 2 The monomer load, taken as a percentage of
the maximum load that can be achieved,

as a function of the evacuation pressure for

timbers of different densities;

X : 0,67g/cm3, O : 0,61 g/cm3, and • / 0,4Sg/cm3.

Effect of Polymer Load on Hardness of Wood-Polymer
Composites

The amount of polymer entrained in the voids of the
timber has a profound effect on the hardness pf the
wood-polymer composites as indicated in Figure 3. In the
past it was observed that at a maximum polymer load a
material was obtained with hardness properties far superior
to that required. As follows from Figure 4, partially
impregnated Pinus patula with a polymer load of less than
70 % results in a material that compares very favourably
with respect to hardness with other noble hardwoods used
in South Africa.

100

0 13 26 39 52
Evacuation Pressure (kPa)

Fig. 3 The Janka-hardness, expressed as
a percentage of the maximum hardness,
as a function of the evacuation pressure.
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Fig. 4 The mean hardness of
various noble hardwoods compared with

wood-polymer composites formed at
various evacuation pressures (polymer loads).

Effect of Polymer Load on Dimensional Stability of
Wood-Polymer Composites

A very interesting phenomenon is observed if the water
uptake and dimensional stability of the wood-polymer
composites are followed as functions of the evacuation
pressure (or polymer load). These results are shown in
Figure 5 from which it is clear that the material which is
dimensionally the most stable is not formed at the
maximum polymer load as would be expected, but between
polymer loads of 65 to 75 % of the maximum load. At this
point in time no explanation for this phenomenon can be
forwarded.

Another important conclusion that can be derived
from Figure 5 is that the dimensional stability and rate of
water uptake for wood-polymer composites impregnated at
39 kPa and at 0,1 kPa are virtually identical
notwithstanding the fact that a polymer load of only 50 %
of that required for the latter case is required.

13 26 39 52

Evacuation Pressure (kPa)

65

Fig. 5 The percentage change in
volume and mass of wood-polymer composites

after immersion in water at25°C for 18 h,
as a function of the evacuation pressure.

CONCLUSIONS

This investigation clearly demonstrates that through
partial-impregnation techniques wood-polymer composites
can be formed from the Pinus species grown in South
Africa with a considerable saving in monomer costs without
sacrificing the important physical properties of these
materials. This will enable us to produce wood-polymer
composites with properties comparing ve;y favourably with
that of other noble hardwoods utilized in South Africa at a
cost which will enhance the economic viability of these
materials in South Africa.
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DESIGN ASPECTS OF A
RESEARCH IRRADIATOR

P.D. GAWN

Design Department, Engineering Services,
Atomic Energy Board, Private Bag X256, Pretoria.

GENERAL

Fig. 1 shows the external features of the research
irradiator. It has been designed so that it can be safely
operated in an unshielded room, i.e. the cobalt-60 source is
enclosed in a lead shield at all times. A containe/, in which
samples are placed, can be lowered vertically frorr< ouisidc
the irradiator, to the cobalt-60 source for irradiation.

Overall dimensions are 1,8 m high x 1 m square, with a
total mass of 5 000 kg.

DRAWER ASSÏ.
FIG. 4

60,'Co SOURCE^
FIG. 2

DRIVE
MECHANISM.

FIG.5

SPLIT COLLAR
FI6.3

RADIATION SHIELD
FIG.3

OUTER
'CASING

I

Fig. 1 Cob jlt-60 research irradiator assembly

DESCRIPTION

Fig. 2 illustrates the source cage and cobalt-60 pencils.
The cobalt-6o elements are doubly encased in stainless

steel, each casing forming a vacuum-tight, welded envelope.

The physical dimensions of this envelope are: outside

diameter, 11,2 m m and length, 2 1 0 m m . Each pencil has an

activity of 5 0 0 curies. The cage can accommodate a

max imum of 2 0 pencils, giving a total activity of 1 0 0 0 0

curies.

SECONDARY
ENCAPSULATION

PRIMARY
PLAN VIEW ENCAPSULATION/

I/
COBALT SLUGS

(7 OFF)

SRACERS

COBALT-60 PENCIL
(FULL SIZE)

Fig. 2 Source carriage and elements

Fig. 3 shows the main radiation shield.
This is a lead shield encased in steel. The outer casing is

made of mild steel and the inner one of stainless steel.

Concentric with this casing is the cage which houses
the cobalt-60 source and to complete the shielding around
the source there is z steel encased plug fined above the
source cage.

Fig. 4 illustrates the drawer assembly which consists of
3 basic parts:

(a) An upper lead shield
(b) A lower shield
(c) A sample chamber.
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DRAWER ASSEMBLY
(in withdrawn position)

SAMPLE CHAMBER

SPLIT COLLAR

LIFTING LUGS

UPPER SHIELD
(lead filled)

SAMPLE CHAMBER
DOOR

SPRING-LOADED

PIN

DETAIL OF SAMPLE CHAMBER

LOWER SHIELD .
(lead t i l led)

DRAIN TUBE

I I i
j'lz/^/^T

Fig. 3 Radiation shield Fig. 4 Drawer assembly

The upper shield provides shielding when the sample
chamber is in the 'down' position, i.e. in the position for
irradiation. The lower shield provides shielding when the
chamber is in the 'up' position, i.e. in the position for
sample loading/unloading.

The lower shield incorporates a drain tube through
which any spilt liquids may drain to a container.

The sample chamber which has an internal diameter of
150 mm and a height of 210 mm, is constructed of
aluminium and has a door which is held closed by a spring
loaded pin.

Referring again to Fig. 3 the radiation shield has a split
collar which is opened to allow access to the sample
cha,,iber for loading/unloading.

The purpose of this collar is to provide radiation
shielding when the drawer assembly is moving between the
up and down positions. Finally, Fig. 5 illustrates the drive
mechanism which is by motor and reduction gearbox to a
lead screw. Rotation of the lead screw raises and lowers the
drawer assembly with end positions controlled by
microswitches. Provision is also made for emergency
manual operation should there be an electrical failure.
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Fig. 5 Drive mechanism
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Fig. 6 Control panel
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ACCELERATORS IN
RADIATION PROCESSING

T.A. DU PLESSIS

Radiation Technology Subdivision,
Atomic Energy Board, Private Bag X256, Pretoria.

INTRODUCTION

This last paper of the Symposium differs from the
earlier papers in the sense that we shall now have a brief
look at fields which are not yet exploited in South Africa,
whereas the other papers dealt with work that was actually
carried out locally. The aim of this paper is to indicate
those fields in radiation processing which have proved to be
very promising overseas in order to present some food for
thought to local industrialists.

SOURCES OF RADIATION ENERGY

Little has been said about the sources of high-energy
radiation that can be used on an industrial scale. These
energy sources can be put into either isotopic sources or
electron accelerators. In general, the penetrating gamma
radiation of an isotopic source is used to irradiate the bulk
of material, whereas accelerators are used when one is
interested in irradiation to a limited depth or merely the
surface.

The main isotopic source is cobalt-60 and several
plants, each containing about a million curies of this
isotope, are now in use. The radioactive elements are often
arranged in the form of a plaque, and the material to be
irradiated is passed over it. Alternatively the material is in a
vessel surrounding a radioactive rod, or in the middle of an
annulus; liquid material can be pumped through the vessel.
The source is generally kept under six metres of water in a
deep pool, or is enclosed in massive shielding usually of
concrete or of lead, and with access via a labyrinth or a
heavy door. Personnel can enter this biological shield only
when the source is not in the exposed position, and the
utilization of interlock systems rules out the possibility of
personnel being accidentally exposed to the source. In the
case of isotopic radiation sources, radiant energy is emitted
continuously and cannot be switched on or off at will. This
implies that isotopic sources have to be utilized day and
night for economic reasons. The constant decay of isotopic
sources further means that these sources have to be
replenished from time to time to keep them at a constant
strength. The reliability of these radiation sources and the
mechanical simplicity of their operation, largely
contributed to their popularity in the past.

Accelerators, on the other hand, produce energetic
electron beams which can spread out to cover up to 0,5 m?
with a penetrating power which can be adjusted as required,
but which is generally far less that! that of the gamma rays
from cobalt-SO. The remarkable upsurge in the utilization
of radiation tor chemical processing can be ascribed mainly
to the development of very reliable accelerators in the past
decade. This in turn led to a marked drop in processing

costs of nearly a hundredfold as compared to the earlier
accelerators — a factor which had a pronounced influence
on the introduction of this processing technique in
industry. The utilization of energy from an accelerator can
be far better controlled than that ->f an isotopic source and
this fact, accompanied by the ease of handling of such
machines and the very high processing rates that can be
achieved, has made accelerators by far the most common
sources of radiation in chemical processing.

RADIATION CROSS-LINKING OF POLYMERS

Polymers normally consist of long chains of molecules
matted or intertwined together to give some rigidity. By
prior exposure to a cross-linking dose of 10 to 30 Mrad, the
molecular chains are caused to link together at a number of
crossing points, conferring greater spatial rigidity. At
moderately high temperatures, the molecules no longer gain
mobility, the polymer does not flow and the physical shape
is retained. This application of radiation to modify the
properties of polymers is by far the most successful of all
radiation chemical processes. The following are the most
important applications in this field:

(i) Cross-Linking of Cable Insulation, in terms of sales
volume, the radiation cross-linking of
polyethylene-coated wire and cable is the largest
industrial application of chemical radiation processes in
the USA, USSR, UK, Germany and Japan. During
1974 the monthly treatment of cable insulation in
Japan reached a length of almost 35 000 km, clearly
indicating the importance of this process. The use of
electric-power cabling with cross-iinked insulation has
many advantages in terms of greater heat and solvent
resistance. The product is used in central telephone
exchanges where a decrease of almost 70 % in packed
area is obtained. Cross-linking of the insulation of such
cables by a chemical process is difficult to control
because the insulation softens as the temperature is
raised to initiate the reaction, and great care must be
taken to avoid sagging of the central core towards the
outside of the cable. Radiation cross-linking, on the
other hand, is carried out at lower temperatures, and
process deficiencies are readily detected and rectified.
There is less start-up and close-down scrap and less
rejected material. Various cross-linking agents were
specifically developed for this process to reduce the
irradiation dose required and it is reported that the
Western Electric Company (USA) achieved a saving of
$4 million in the first seven months of its operation
using this technique.
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(ii) Heat-Shrínkable Film and Tubing. Although shrinkable
film, tubing and tape can be made mechanically from
polyethylene film, only that made by radiation can be
made to shrink down to 10 — 50 % in two dimensions.
This is achieved by irradiating the unstretched
polyethylene film to induce cross-linking; the film is
subsequently heated to a temperature close to its
softening point and allowed to cor,i down in the
stretched form. On subsequent heating, the cross-links
in the film result in the film returning to the
configuration which it had during irradiation — the
so-called induced-memory effect. If such film or tubing
is thus wrapped tightly around a package or a
conductor and subsequently heated, the polymer
shrinks and forms a very tight-fitting sheath around the
article. This material is widely used for packaging,
cable jackets, splice closures, termination insulation,
electrical harnesses and "thermofit" solder sleeves.
Large-diameter tubing has been used to connect ducts
and pipelines.

(iii) Polyethylene Foam. Radiation cross-linking is also
involved in the manufacture of closed cell polyethylene
foam, rubbers and elastomers. The sheet, in which is
incorporated a foaming agent, is cross-linked in order
to give the necessary heat stability. Heating then
liberates the gas, increasing the volume 10 to 40 times.
The irradiated product is far superior to the
non-cross-linked polyethylene foam. The latter has an
Uneven, relatively open pore structure and an irregular
surface. It is limited to use at temperatures below
75 °C. The irradiated product, even when expanded
thirty times in volume, has a smooth surface, uniform
closed pores, and good resilience and recovery. The
product is sold for use in padded interior automobile
parts, as a lining for crash helmets, camping equipment,
floor mats and fishing floats.

(iv) Preuulcanized Rubber Latex. Natural rubber latex can
be vulcanized by subjection to radiation, and can
subsequently be used in existing equipment and
moulds by evaporation of the serum at 70 °C. Such a
cross-linking of the latex results in a product which is
much tougher than the non-irradiated latex and can be
used where a very thin film with high strength is
required.

(v) Rubber Vulcanization. The application of radiation for
the rapid curing, or vulcanization of rubber products is
well established. The Firestone Tyre and Rubber
Company is investigating this technique to
manufacture radial tyres of a higher quality.

RADIATION POLYMERIZATION OF VINYL
MONOMERS

The radiation-initiated polymerization of vinyl
monomers opens another fast developing field for radiation
processing. The ionizing radiation acts as an external source
of energy to initiate the addition-polymerization process
through the formation of free radicals and ions. However,
once the reaction chains are initiated, they proceed to grow
according to conventional kinetic rules, and the

radiation-chemical action is usually limited to the initiation
step in the polymerization process. One of the advantages
of radiation polymerization lies in the simplification of the
chain-initiating process. By using radiation as an 'external'
source for the production of initiating species, much greater
control can be exercised on the chain-initiating step and
also on the subsequent chain-propagating step.
Furthermore, it is possible to synthesize polymers which do
not entrain any chemical initiators and will thus be of a
very high purity.
(i) Radiation-Cured Coatings. The coating industry has

continued its search for rapid curing methods, one of
which is the use of high-energy ionizing radiation. The
curing of most currently used, high-quality organic
coatings for automotive applications is a heat-initiated
polymerization reaction requiring times ranging from
several minutes to several hours. The result of the
curing step is the formation of a three-dimensional
polymer structure, whose properties are determined by
the chemical and physical configuration ' . the
cross-linked material. Ionizing radiation provides a
unique method for cross-linking an unsaturated
polyester, using a vinyl monomer as the cross-linking
agent; the latter also acts as the 'soivent' for the
system. Almost every dashboard made by the Ford
Motor Company in the United States passes through an
electrostatic spray coating machine and an
electron-beam curing process, and this today represents
the largest single application of radiation-curing of
coatings in the world. In a nutshell, the advantages of
radiation-curing car, be summarized as follows:

curing can be achieved at ambient temperatures,
and in a matter of seconds;
in many cases, 100 % solid systems for curing can
be prepared, resulting in a decrease in soivent costs
and pollution problems;
accelerators take up very little room as compared
with large ovens, and can be switched on and off
at will;
lastly, a far better energy utilization can be
achieved through radiation than with thermal
curing processes.

(ii) Curing Adhesives. An extension of the curing of
coatings involves the radiation-curing of adhesives and
textile finishes. The advantages of this radiation
technique are high speed, low cost, and the fact that it
is virtually a "cold cure". Accelerators are now in use
for curing the adhesive which binds copper foil to
plastic substrates for circuit board use. If this adhesive
were to be cured with conventional ovens, the material
would suffer substantial heat distortion.

RADIATION GRAFTING

If polymerization is initiated in the surface of a
substrate, the surface properties of the substrate material
can be modified to a large extent whilst retaining the
original bulk properties. This is a speciality field where
high-cost materials can be tailored for limited specific use.
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In some cases radiation graft-copolymerization is the only
process known to produce a material suitable for the given
application.

(i) Textile Modification. In industrial durable-press
finishing treatments for fabrics, the use of radiation
provides a means of effecting grafting or cross-linking,
in addition to the use of heat.
Deering-Milliken hnve been operating an industrial
process to improve the crease-resistance and soil-release
properties of polyester-cotton fabric. The fabric is
irradiated to produce active sites in the material, and
the monomer present grafts on at these sites. A
di-functional monomer is used so that the heat of
pressing the made-up garments causes cross-linking
which retains the pressed creases in trousers, etc. Cone
Mills use the reverse of this process and hereby avoid
the possibility of patent infringement. By the use of
both radiation and heat, the two operations can be
controlled independently.

Radiation grafting of monomers onto textile fibres can
be used to modify the surface properties and thus
make fabrics with better heat-setting, dyeing, water
shedding, abrasion-resistant and rot-resistant
properties. Acrylonitrile radiation grafted onto
polyvinyl chloride fibres reduces its heat-shrinkage
properties over twentyfold. With the present emphasis
on reducing the flammability of garments, there could
be further applications in the textile field.

(ii) Graft Polymerization onto Films and Paper. The
radiation-grafting of monomers onto the surfaces of
polymer films and paper can be used successfully to
modify the surface properties of these materials.

RADIATION DEGRADATION

Some polymers degrade rather than cross-link under
irradiation. Such is the action of the radiation that the main
chains of the polymer are much more likely to undergo
scission than the side chains — an effect which not only
leads to a reduction in the average molecular mass of the
polymer, but also tends to narrow the molecular mass
distribution.

(i) Radiation Depolymerization. The Union Carbide
Corporation (USA) decided to undertake the
marketing of polyethylene oxide in a wide range of
applications, which in turn required a wide spectrum of
molecular masses. Rather than attempting to adjust
processing conditions to provide the molecular mass
requirements of each application, UCC decided to
produce a high molecular mass product under constant
plant conditions and to subject the product to an
inexpensive radiation degradation to meet individual
customer needs. A gamma-induced chain reaction in
the presence of oxygen was to serve as the degradation
step.

(ii) Degradation of PTFE. Radiation degradation is being
used in both the USA and Japan to degrade waste

polytetrafluoroethylene (PTFE) to form a very finely
divided powder which is utilized in the manufacturing
of spray lubricants. In this way a pollution problem
can be solved and the waste material utilized,

(iii) Depolymerization of Cellulose. The bacterial spoilage
of wood chips used in making paper pulp can be
inhibited by radiation, while the wood is degraded at
the same time, facilitating its conversion to pulp. The
economy of this process is currently being assessed in
the USA.

BIOLOGICAL APPLICATIONS

(i) Radiation Sterilization. Although the radiation
sterilization of medical supplies by means of
accelerators is still in its infancy as compared to the
utilization of cobalt-60 for this purpose, the future for
accelerator sterilization seems to be very bright. Apart
from the speed of processing, the radiation sterilization
of medical devices made from certain polymers has
distinct advantages. It is well known that
polypropylene degrades to a far lesser extent during
accelerator sterilization as compared to cobalt-60. This
phenomenon can be ascribed mainly to dose-rate
effects.

(ii) Treatment of Solid Waste. Because of its very high
processing capacity, there can be little doubt that the
large scale utilization of radiation for the treatment of
solid waste will have to be carried out by means of
accelerators.

FUTURE PROSPECTS FOR RADIATION PROCESSING

Although oversold in the early days of atomic energy
and subsequently neglected, radiation processing has been
found to be economically and technically the preferred
technique in a range of specific industrial applications. Two
factors which may have a profound effect on the future of
this technology are costs and environmental problems. The
dramatic drop over the past decade in operating costs of
electron accelerators undoubtedly opens up new avenues
for radiation processing and, with the expected further
decrease, one of the earlier objections to radiation
processing is falling away. Radiation processing already
lends itself favourably to processes in which pollution is
minimal as compared with the conventional processes. In
addition, we live in a world which becomes more
energy-conscious every day, and the application of
radiation to initiate processes presents a very efficient
means of energy utilization. It can thus be expected that
radiation processing will in future play an increasingly
important role in our dailv life.


