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The expansion of food-irradiation research from its
small beginnings in the 1950s has been accompanied
by an ever-increasing emphasis on packaging. Finding
the right packaging material for frradiated products
has been a primary concern of investigators. Transfer
of the irradiation’ process. from the laboratory to the
industrial plant- wiil involve even more complex in-
vestigations, -including studies of packaging design
based ‘on: research into package integrity. -

In this article, some recent data on the response of

packaging materials to irradiation are discussed. In
addition, the impact on packaging of industrialscale
irradiation processing will ‘be - considered, ‘because
much remains to be done before the packaging prob-
lem can be regarded as solved. Food & Drug: Admin-
istration -approval of canned, irradiated bacon indi-
cates that food radiation is on the way to commercial
acceptance, but it is also clear that we shall need to
know more about what happens when other packaged
products  undergo irradiation.  In this regard, it is
interesting to see what is already known.
» Possible hazards. “Safe for use after-radiation™ is
a primary criterion for packaging materials proposed
for use-in radiation preservation of foods. When pack-
aging materials are in contact with food, the possi-
bility always exists that certain extractives may con-
taminate the food. To this- end, studies using -food-
stimulating solvenis and selected packaging materials
and:an ‘appropriate radiation dose have been per-
formed to determine the amount and nature of extrac-
tives for comparison with: non-irradiated controls.
Some packaging materials- with prior food approval
show amounts of extractives not significantly different,
whether  irradiated or non-irradiated.. They can be
termed safe. But if inconclusive data are derived from
extractive studies or if the packaging materials have
not been granted prior approval, safety must be estab-
lished by appropriate animal-feeding studies (1} (num-
bers in parentheses. identify References appended).

By John I Igllloran
- S

¥ Approved maierials. For 'pés‘feurizéltmh, in which
the radiation' dose does not exceed 1.0 inegarad, the
FDA has approved use of nitrocellulose-coated cello-
phane, glassine, ethylene alkene-1 copolymer, wax-
coated paperboard, polypropylene, rubber hydrochlo-
ride, polystyrene,” polyvinylidene chloride- -vinyl chlo-
ride, vinylidene chloride copolymer-coated - ceﬂophane
and nylon films for gamma-irradiated foods (2).

For sterilization, the first packagmg matenal cleared
for radiation packagmg at an' absorption dose’ of up to
6.0 megarad ‘is vegetable parchment used as a wrap
for canned bacon, sterilized by gamma or X-ray (2).

On July 13, 1965, FDA published a “Notice of
Filing” for four films—polyethylene, polyethylene ter-
‘ephthalate, polyvmy} chlonde-vmyl acetate and nylon
6—for use in radiation sterilizing processmg of pack-
aged foods. Information needed for acceptance ﬁhng

_ of other films—polystyrene and polyvinylidene chlo-

ride-vinyl chloride—has been submltted to FDA.

¥ Induced radioactivity. When a food package is ir-
radiated at certain energy levels, the possibility exists
that radioactivity will he induced in some atoms of
the packaging material. Tf measurable radioactivity. is
induced, the packaging material is not safe. It has
been shown' that no measurable activity is mduced by
cobalt-60 or ‘cesiuni-137 or by eiectrons up to 10 MeV
in normally present elements (3.

‘In a recent study at Natlck mduced radlolsotope
activity was not found in four- ﬁhns—polyethyiene,
polyethylene terephthalate, polyvinyl™ chloride- vinyl
acetate and nylon 6~—irradiated to 5.6 megarads with
cobalt-60. No' consistent or significant differences were
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high- energy mdmtzon treatment at Natick laboratory.

found between control or irradiated samples when -

analyzed for beta-emitting and gamma-emitiing iso-
topes. Continuing research is _being performed with
regard to the dose and energy of radiation.

» Chemical effect of radiation on materials. Radiant
energy. in the form of heat or light can have a dele-
terious effect on packaging materials. One example is
the effect of heat and ultraviolet light in degrading
polyviryl chloride, Therefore, it is expected that other
forms of radiant energy could promote chemical
changes ‘in packagmg materials,

It is known that radiation forms ions and free radl-
cals in plastics. The end result varies with the particu-
lar plasilc and the condltmns of radlatlon In some
cases crosshnkmg is observed, in others, chain scis-
sion, formation of unsaturated honds, _hydrogen and
other’ gases and where the Irradlatlon is conducted in
the presence of air, ox1dat10n may occur. The net re-
“sult is governed, hOWever, by the predominant reaction
that, in turn, depends on the film’s chemical structure.

These changes have a profound effect. With cross-
lmkmg, there is a marked increase in molecular. weight
‘and a conversion of the moiecule from a linear and
two- dlmensmnal structure to a three- dlmenswna] con-
:ﬁguratmn Prln(:lpally, thls results in an increase of
tensile and flexural strengths ‘and -of the softening
point. There is a correspondmg decrease in elongatmn,
crystallinity and solubility. Conversely, shortening of
the polymenc chain (through scission) results in a
loss of such propertles as tensile and flexural strengihs.
The formation of unsaturated, con;ugated double
'bonds introduces off- color. The most serious aspect is
a susceptiblhty to oxidation, and. chain scission. Forma-
tion of gases within the plastlc will result in mcreased
por051ty elther durmg xrradlatlon or subsequent €x-
posure to heat, The gases_may also lead to develop-
ment of unpleasant odors and ﬁavors _

.Relatlve stabil_lty of various polymeric materials
being investigated as candidates for packaged irradia-
tion-sterilized foods is shown in Table I.

Flexible materials, as a whole, are fairly resistant to
radiation—except for cellulosics, which are the least
radiation resistant, of common, pau:kagmor materials.
Nevertheless; only shght changes-in the: physical prop-
erties of cellulosé-type packaging materials occur at
radiation doses up to 6.0 megarad. '

Seaman (4) has reported that irradiation of cellu-
lose with high-voltage cathode rays caused reduction
in crystallinity, and simultaneous depolymerization of
the cellulose chain and extensive decomposition of glu-
cose units at doses above 100 megarads. The apparent
ratio of number of glucose units destroyed to number
of depolymerizations is 5 to 1. Charlesby (5) used
Seaman’s data to. verify a derived theoretical relation-

ship between intrinsic ‘viscosity and ‘radiation dése.

The calculated and-observed decomposition data for
cellulose are compared in Table II.

It is estimated from these data that 6 megarads of
ionizing radiation will fracture less than 1.0% of the
bonds between monomer units in the cellulose mole-
cule. It appears likely that, for each chain fracture, one
glucosyl unit is destroyed. The 1, 4-acetal hond must
be the chief site of scission; because if this bond re-
mained intact, it would be necessary to break particu-
lar pairs of ring bonds to achieve scission.

Polystyrene has remarkable radiation resistance. At
doses of about 100 megarad, in the ahsence of air,
the polystyrene molecule undergoes crosslinking with
the evolution of hydrogen gas. In the presence of air,
some surface oxidation and chain scission has been
observed (6). But the stability of polystyrene to radi-
afion-induced changes is illustrated by the total energy
—3,000 to 5,000 electron volts—requited to produce

- one crosslink (7). One explanation for this is the pres-

ence of the benzene ring, the resonance energy of
which is known to stabilize the compound. Each poly-
styrene molecule contains as many as 3,000 benzene
rings, which increases the stability (7). _

Mass spectrometric analysis of gaseous -products
evolved by exposure of polystyrene to 5.6 megarad
(cobalt-60 gamma radiation) showed that polystyrene
evolved fewer products than such other materials as
polyethylene, polyethylene terephthalate, polyvinylidene
chloride and polymonochlorotrifluoroethylene.

Exposure of polyethylene terephthalate (polyester)
film to cobalt-60 gamma radiation of 5.6 megarad pro-
duced only a few products, the major one being car-
bon dioxide. Hydrogen and saturated hydrocarbons,
both in tiny amounts, were noted. Krasnavsky (8} con-
ducted a study to determine the effects of cobalt-60
gamma radiation of 6.0 megarad on six classes -of
plastic films. Polyethylene terephthalate was found to
be highly radiation resistant. Stability was judged. on
total moles of gas evolved per gram of specimen eX-
posed to radiation..

Polyethylene terephthalate was listed as numher two
in order of stability, the polyamide from meta-xylyl-
enediamine and adipic acid being the most radiation

" resistant. The presence of a phenyl group enhances the

stability of polyesters and polyamides. .

Radiation stability. of polyamides from: (1) hexa-
methylenediamine and adipic acid {Nylon 66), (2) the
11-aminoundecancic acid (Nylon 11) and (3) meta-
xylylenediamine and adipic acid (MXD-6) were sub-



jected to cobalt-60 gamma radiation at dosages of 6,
36 and 60 megarad. Mass spectrometric analysis of
the three polyamides irradiated at 6 megarads showed
that total number of moles of gas evolved per gram of
film were less than 5 micromoles for each polyamide.
The order of decreasing stability was polyamide MXD-
6, nylon 11, and nylon 66. This shows polyamides to
be remarkably radiation resistant, placing them in the
class of polystyrene and polyesters (7).

It is of much interest that the materials most stable
to irradiation appear to be those that contain a phenyl
group and/or an amide linkage. The added amide
linkage seems to increase the stability of polymers con-
taining a phenyl group, a fact attributed to the ionic
character of the amide linkage.

Gamma radiation of polyethylene at 6.0 megarads
.produces hydrogen ({about 90%) and carbon dioxide,
carbon monoxide and, in the case of low-density poly-
mer, such light hydrocarbons as propane and ethane.
The oxides may result from oxidation of the poly-
ethylene prior to radiation. The production of hydro-
carbons by the low-density material was attributed to
cleavage. of shori-chain branches (11).

If the amount of hydrogen produced is subtracted
_from the total weight of each polyethylene, it will be
found that, on the basis of total products evolved, the
polyethylenes rank immediately behind the most radia-
tion-resistant polystyrenes, polyesters and polyamides.

The evolution of hydrogen from polyethylene results

in crosslinked structures with improved properties.
Tripp and Crowley have shown that small changes in
tensile strength, elongation, greaseproofness, water-
vapor transmission rate, oxygen permeability and film
sealability occur when polyethylene is radiated at 6.0
megarad or less (9). Wright reported that the main
effects of electron radiation on the properties of high-
density polyethylene were to decrease its melt index
and to increase its resistance to environmental stress
cracking. Density and softening point were changed
only :slightly. Ultimate tensile strength and impact
strength increased with radiation, but doses of about
25 megarad were required to cause a noteworthy
change in these properties (10).

Extractive data were performed by
Hazelton Laboratories (11) on seven

No satisfactory fundamental study of radiation be-
havior of polyvinyl chloride and vinyl chloride-vinyl
acelate copolymers has been made. The work reported,
so far, has been of a practical nature and, conse-
quently, there is no information as to the mechanism

- and energy requirements of reactions leading to cross-

linking and scission. The technical literature indicates
that halogen-containing polymers—polyvinyl chloride,
polyvinylidene chloride copolymers and vinyl chloride-
vinyl acetate copolymers—liberate traces of hydrochlo-
ric acid at radiation dosages of about 100 megarad.

Nitta (12) studied the radiation chemical process at
various temperatures in polyvinyl chloride by means
of electron-spin resonance and measurement of gas
evolution. Gas yield vs. temperature of reaction showed
that at 10 deg. C., hydrochloric acid gas was produced
in small amounts at a radiation dose of 20 megarad.
In packaged irradiated foods with PVC as the food-
contacting film, the acid produced by radiation will be
neuntralized by the buffering action of the foed to form
traces of chloride salts. These salts are present in foods
normally, particularly in meat.

Atchison (13) performed an investigation of the
free radicals in unplasticized polyvinyl chloride at 5.9
to 7.3 megarad at room temperature in the absence of
air. Spectrophotometric data indicated that conjugated
double bonds were introduced into the polymer mole-
cule as a result of radiation.

Impact of radiation on packaging

It is not yet possible to assess the full impact of
radiation preservation on packaging, but it is worthy
of note that research is being oriented increasingly
toward commercial application. This is evident in a
recent review by Wierbicki and Killoran (14). The
goal has been flexible containers capable of providing
protection during rough handling and storage.

Since this goal requives a rugged, dependable con-
tainer, initial efforts were concentrated on the metal
can. As a package for radiation-processed foods, how-
ever, its physical, chemical and protective character-
istics have had to be evaluated anew, including the

commercially available plastic laminates
with low-, medium- and high-density

Tabte I: Order of stability of plastic films to Gamma radiation

polyethylenes on the food-contacting
sides. Evaluation of the laminates was
the same as that used in the AEC

radiation pasteurization study on ex-
tractives for FDA regulation 121.2543..
Samples of the laminates were irradiated ~
with cobalt-60 at 6.0 megarads with three
foed-simulating solvents (water, acetic
acid, and n-heptane). Radiation caused
no significant change in chloroform ex-

ethylene

terephthalate

Polymonochiorotrifluoro-

Polystyrene
Rubber hydrochloride

Below 1 ‘ 1ta5 5to 10 10 to0 20 Over 50
: micro- micro- micro- micro-
mole/gm. moeles/gm. moles/gm. moles/gm. moles/gm.
Polyamide: meta-xylylene- Mylon 11 Polyvinytidene Polyethylene Polyacetal
~ diamine and. adipic acid chloride (high density)
Polyester: polyethylene - Nylonr 66. . . Polyethylene

{low density)

Polycarbonate Polypropylene

tractives for seven packaging structures.

Criterion: evolution of gaseous products at 6 megarad (10~ mm. Hg.).



Figure 2. Irradiated bacon in cans, approved '
for use by FDA, was packed in a recent test
for consumption by the military.

effect of radiation on tin coatings, internal enamels
and seal compoun&s A tinplate container with various
enarnels’ of epoxy phenohc, pelybutadiene or ' oleorés-
inous-types compounds (15) and such can-sealing com-
pounds a3 unvulcanized butadiene rubber, butadiene-
acrylonitrile rubber, natural rubber or neoprene (16)
was determined to be an efficient package for radiation-
sterilized foods. Recently, under a contract with the
Army, 30,000 lbs. of bacon were packaged by a com-
mercial source in 1-Ib. metal containers and irradiated
at 4.5 to.5.6 megarads at the Brookhaven National
Laboratory. This production test represents the first
effort to procure a food sterilized by irradiation on a
commercial scale. The bacon will be consumed by the
Army and Air Force in the United States.

" Foods—whether frogen, irradiated or heat-processed
—have very similar packaging requirements, all re-
lated to the integrity of a flexible package. These re-
quirements concern sealablhty, durability, extractives,
microbial and insect penetration, shelf life and accept-
ance {17}. Behavior under radiation has already been
discussed. To be considered now. is behavior under
field conditions.

One of the major objectives of the Department of
the Army’s program for radiation preservation of
foods is development of flexible containers to ‘replace
metal cans, Initial effort was devoted to scréening nu-
merous commercially available plastic films to deter-

mine both their protective qualities and resistance to-

radiation. Not a single commercially available film
that could meet all requirements was found (18).

. Recognizing a need for mere basic information,
Continental Can Co., under contract to the Department
of the Army, evaluated three newly developed packag-
ing-materials for food compatability, low-temperature
resistance and resistance to microbial and insect pene-
tration. As a result, a flexible laminate incorporating
nylon 11 as the food-contacting film was recommended
for  single-service packaging of ham, chicken and
bacon. This material was the only one that maintained
adequate seal and bond strengths and retained its lami-
nated structure in various lest environments for 12
months. All three packaging materials maintained their
integrity during shipping vibration tests and resisted
penetration by boring insects (19).

Five commercially available plastic laniinates were -
screened for in-package radiation-sterilization process-

ing of bacon, ham, and pork. One plastlc lammate was .
transparent’ and had med1um~&en51ty po]yethylene in
contact with foed. The ‘other four laminates had either
paper or Mylar on the outside, aluminum foil as an
oxygen barrier in the middle and/or Jow: densﬂy poly
ethylene, medium-density polyethylere, ‘high-density
polyethylene or polyvinyl chloride as the food-contact
surface.” All samples were packed under vacuum. Con-
trol samples were: (1) irradiated meat products in
melal containeis stored at 23 deg, C. and 50% RH
and (2) non-irradiated ‘meat products in metal con-
tainers and pouches stored at —20 deg C. Test sampies
were meat products’ packaged in flexible pouches,
irradiated at 4.5 to 5.6 megarads ( cobalt-60 radiation)
and stored at 23 deg. C. and 50% RH for 12 months.

The evaluation phase of the investigation included
observations for odor, leakage and color changes and
determination of physical-property changes in flexible
pouches. Edch meat prodict was subjected to organo-
leptic and chemical testing. At the end of six months,
four of the ﬁex1ble-packagmg ‘materials were removed
from the study ‘because of off-odor and/or off-color
that developed in the meat products. Swelling of these
pouches was not observed. However, there were pin-
holes, delamination and loss of vacuum. One laminate,
containing medium-density polyethylerie as the food-
contactlng malterial, was found satisfactory for packag-
ing meat products .and for storage over a one-year
period. Small changes in physical properties of such
pouches did not affect their functional performance.

Preference scores, obtained from an organoleptlc
evaluation, indicated that the products were acceptable.
Storage time had no pronounced effect on organoleptm
acceptability (18).

Low-temperature irradiation

Irradiation at cryogenic temperatures can maintain
superior quality in such flesh products as beef, ham,
pork and chicken. Texture, color and flavor of these
products are greatly 1mproved To' date, low-tempcra
ture irradiation *has been the “only mieans “found to
assure consistently palatable items of beef. Radiation
has been performed ‘at temperatures as low as —180
deg. C. More recently, it has been shown that the
lowest temperature need not exceed —80 deg C. (20).

Questions are posed as to whether metal cans and
flexible packaging materials will pcrform satisfactorily
at these low temperatures What is the effect of tem-
perature on interior enamels and end- sealmg com-
pounds? Does the Gombination' of radiation and low
temperature promote “tin-rot” in metal cans? Hun-
dreds of metal cans _containing-vario.us- meat: products
have been jrradiated at. —18Q deg. C. using liquid
nitrogen as a coolant. Seme failures have occurred
because of nitrogen pickup (as indicated by headspace-
gas analysis) which causes swelling of the: cans,

In pack tests of beef and ham, flexible-laminate
pouches of 0.5-mil Mylar (outside), 0.5-mil aluminum



foil (center) and 2.mil food-centacting films, such as
nylon 11 and medium- den51ty polyethylene, have per-
formed satlsfactorlly when sub]eeted to electron and
cobalt:60 irradiation (4.5 megarads) at temperatures
as low as —80 dég. C. Swelling, leakage and delamina-
tion were not observed in any of the pouches tested.
Preference scores, obtained from organoleptic evalua-

tion, indicated that beef and ham 1rrad1ated at —80

deg. C. with cobalt-60 and electrons were equally ac-
eeptable The obvious’ advantage of Iow -temperature
radiation was noted in the Jmproved texture, and de-
creased oﬁ odor and radiation flavor, in both beef
and hamn.” Flexible pouches posmoned for irradiation
are shown in Figure 1.

In the recent produetlon test of 30, 000 Ibs. of ir-
radiated bacon, 12 tinplate cans (303 by 509} of bacon
were placed in a fibreboard box as shown in Figure 2.
Seven boxes, stacked oue above the other, were gamma
irradiated at one time. The advantage of packing the
cans prior to 1rrad1at10n is obvious. However, the
effect of radlatmn on fibreboard contalners could be
a problem Laboratory screening, tests of fibreboard
components (V2s, V3s and V3e) have shown that a
radiation ‘dose of 6.0 megarads caused some loss in
the protective characteristics of these materials. For

“example, Mullen burst strength of the three fibreboard
materials tested in the dry state were reduced by 19%,
22% and 28%. B .

Conclusmn

Research is’ contmumg to estabhsh the safety of
flexible packages for irradiated foods. CorreIatmn data
between the “Iaboratory paekage-mtegnty test methad”
and ‘actual field usage on a military obstacle course
will be obtained. Flexible packages are ideal for elec-
tron irradiation. -

At the present time, there is no generally accepted

method that can be used to. indicate whether a food -

package has been irradiated and how much radiation
has been applied. The packaging material, itself, ap-
pears to offer an ideal indicator through such physical
or chemical changes as thermolummescence

" The U. S. Atomic Energy Commission and the U. S.
Department of Commerce have agreed to join .in a
cooperative program with mdustry to construct, and
“operate a pilot-plant irradiation facility for processing
meat and poultry products. The U. 5. Depa'rtment of
Defense will support the faelhty for at least three years

by procuring a minimum of 300,000 lbs. annually of

the acceptable shelf stable foods The procurement will

Table ;. Decumposition data for
irradiated ceilulose (wood puip)

Radiation dose, Roenigen® o108 . 107 108
Calculated decomposition, ' % ~ 16 1.6 s . .
Observed decompcsmon. % —_ 5 17 -

*Note: at 800 kv, absorbed :dose: is' 0.93 rad/Roentgen.

reIate to products———both food and-.packagmg—cleared
by FDA and USDA and will: be use_;'_'by the military.

'Imtlaﬂy, ‘the foods W1lI be’ packaged in ‘metal cans;

subsequently, in ﬂexﬂ;ﬁe packages leared by FDA.
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