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ABSTRACT

The objective of this study is to develop the capability to predict the relative
performance of flexible packages in the field from measurements of the . chanical
properties of the packaging materials in tne laboratory.

Methods and appropriate instrumentation were developed te closely simulate and
measure three damage modes recognized as cccurring in flexible packages under s ‘me use
situations - puncture, flexure, and abrasion. Pinhole formation resulting fiorn exposure
to these damaging actions was used as the criterion for assessing material ;esistance to
such damage. Selected films and laminates were ranked by these test methods with respect
to their resistance to pinhole formation by puncture, flexure, and abrasion. A simulated
combat use test was conducted at Fort Lee, Virginia, to ascertain the relevancy between
the laboratory instrumental determination of these mechanical properties of laminates and
the actual field performance of freeze-dried foods using these laminates. It was found
that laboratory instrumental determinations of puncture and abrasion resistances showed
excellent renk correlation with the package failures recorded in the field, while the
determination of flexing action resistance in the laboratory showed only fair to no
correlations with field performance of the food packages tested. It is therefore concluded,
supported also by scanning electron microscope examinations, that abrasion and puncture
darnaye which cause pinhole formation in the packages are the main factors causing package
failure in this f.eid use situation.

Empirical 2quations have been established between the laboratory determination of
puncture resistance and the probability of package failure in the field to facilitate the
prediction of package performance in the field from lakJratory measurements. ,

Although only freeze-dried foods in vacuum-packec flexible packages were used in
this field study, the technique of using astrumental measurements to rank materials in
the laboratory for the prediction of relative package susceptibility to failure in the field
by puncture, abrasion, or flexure could be applied to other types of products, flexible
packaging systems, and package use situations for which damage by pinhole formation
is impurtant.
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Messuraments on tho Reslstance of Flexible Packeging Matarlals to Puncturs, Abrasion,
and Flexurs and the Reletionship of these Moasurements to tha Performence of Packeges
Subjected to Conditions Ceusing' Pinhole Formation,

INTRODUCTION

The common practice in the design and selection of packaging is to construct packages
from each material under consideration and to fili them with the actual product to be
packaged. The filled pacl.ages are then subjected to rough handling ir, a simulated use
test to establish the relative practicality of the alternative materials under consideration,
This practice is usually time-consuming and costly. A capability to predict relative package
performance with respect to a given damage mode from laboratory tests on a variety
of packaging matarials would be highly desirable, such a capability could markedly reduce
the number of alternatives which must be tested.

For packeges utilizing foil-laminated flexible packaging matarials, the final sslection
of material must ba a compromise recognizing tradeoffs among many factors. Economic
and availability factors ar. highly critical. Furthermore, packages must not fail as a result
of poor sealability or as the result of delamination due to poor bonds between the laminae
as well as deleterious environmental effects upon the laminae or bonding agents. In
addition, the packaging material must be able to withstand physical abuse to which it
might be subjected and which can produce breaks or pinholes in the laminate.

Pinhole formation is recognized as an important cause of package failure associated
with the generation of breaks in the laminate due to physical abuse and damage. This
form of damage is especially evident when products with sharp edges, such as dehydrated
or fireeze-dried food products, are inclosed in fiexibie packages and are subjected to
application cf a vacuum in the course of packaging. However, there are two types of
pinhole damage that can be recognized in a foil-laminated package. One involves the
breaking of the aluminum foil only, the other layers of material remaining intact. We
call this the “foil-break pinhole”. The other involves the complete puncture of all layers
in the laminate. We call it the ““complete-puncture pinhole”. It is the complete-puncture
pinhole Wwhich has been proven to be the most important factor causing the vacuum-pack
package to lose vacuum and allowing water vapor and oxygen to enter the package.'
In this paper we are dealing solely with complete puncture pinholes. They are called
simply “pinholes” for brevity in this paper.
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It has been recognized in previous studies that pinhole formation can be attributed

to three modes of physical damage. These are puncture, tféxure, and sbrasion? For

example, pinholes due to puncture can occur wheh ‘products’ with shafp ¢6rners Such as
dehydrated carrots or apple slices ‘are inclosed i &’ flexible ‘package. Pinholes due to
flexing action can occur when the fold or seal area of a package is flexed durinig
transportation and handling. Pinholes due to abrasnon can occur when high points or
curved areas of a package rub against another paﬁkage or against the exterior container.

in military packaging, because of the space saving problem and a greater ease of
carrying ration items in a soldier’s pockets, vacium packaging of foods in fiexible' packages
is practiced to a large extent. For this réason much attentioh wiil be devoted i this
paper to the measurement of package performiance for vactuff-packed ftems.

The first objective of this study is to define the necessary instrumental techniques
and to measure those mechanical properties of polymeric films and laminate packaging
materials which have bearing on flexible package failure in the field through the formation
of pinholes. The sacond objective is to establish a relationship hetween the mechanical
property data obtained in the laboratory and the packag: performance observed in a highly
destructive field situatien. And the third and ultimate objective is to develop a capability
to predict relative package performance in the field with respect to pinhole formation
from measurements of the mechanical properties of flexible films and laminates made
in the laboratory so that it will not be necessary to construct and test an actual package
for each alternative packaging material.

O R N . o
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METHODS AND MATERIALS

i.  Instrumental Techniques for the Measuremen( of Mechanical Properties of Flaxible
Packaging Matoerials

Instrumental methods employed are based on the cor sideration that pinhole formation
in a flexible package represents damage resulting from eithur puncture, flexure, or avrasion.
Most existing test methods for polymeric materials do not simulate the type of pinhole
observed in our flexible packaging materials, therefore thay were not employed in our
test:ng.> Two existing test methods were modified and one new technique was developed

to provide test procedures which corresponded to pinhole formation due tv abrasion,
flexing, or puncture.

A. Rasistance to Puncture

Methods for measuring puncture resistance of polymeric materials have been
described by Furno et al and Lynch** Furno used a 6.4-mm steel rod as a plunger,
while Lynch used a rounded cylindrical penetrator, 4.8 mm in diameter, Based on our
observations, the pinholes that Jdeveloped in flexible packages were much smaller in size
than the two penetrators employed. Pinholes observed are on the order of 0.25 mm
in diameter and sometimes less.! An ASTM psnetration needle of 0.14-to 0.16-mm
diameter at the top of the needle was used for puncture experiments.® The overall testing
machine included an Instron Testing Machine with compression-load celi attached. An
integrator was connected with the Instron, as shown in Figure 1. Not only maximum
force required, but also total energy absorbed in puncturing were measured. The
penetration needle was held vertically in the compression cell. The flexible material was
placed in a holder which consists of a modified Thwing-Albert Vapometer cup provided
with two circuiar rigid metal disks having a 1.27-cm diameter hole cut in the center of
each. A rubber O-ring was placed between the disks along with the sample of flexible
material, and the astcembly was then clamped into the cup. The completely assembled
holder was attached to the movable bar of the Instron machine directly above the
compression cell (Figure 2).

The Instron machine was set up as follows:

a. CB compression cell, range 100 to 2,000 gm.

Q
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Figure 2. The Assembled Sample Holder and Penetration

Needle Used in Puncturing
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b. Jaw gpeed 0.2 inches per minute,
c. Chart spesd 5.0 inches per minute.

Ten rsadings for each material were taken and an averags of these readings was made.

8. Rasistance to Flexure

An MIT Folding Endurance Tester (Figure 3) together with a specia'y designed
vacuum box (Figure 4) were employed for the test.” The test sample was first given
a predetermined number of flaxes in the tester, th:n removed and mounted on the vacuum
box to test for the presence cf pinholes. Specifically, the test specimen was cut 14 by
3 cm, folded in half lengthwise, with the heat-sevlable suriace inside the fold. It was
placed in the tester jasws with the folded edge facing the body of the machine. The
tension of the jaws was set at 5G0 g. The speed war set at 180 cycles per minute. After
the predetermined flaxing cycle was completed, the sample was unfolded and taped to
the top of the vacuum box with a strip of filter paper underneath. A drop of dye solution
was placed at the flexing point of the test sample. A 59.7-cm vacuum was drawn at
the vacuum box. The appearance of dye on the filter paper indicated that flexing had
caused a pinhole in the test sample. Ten readings were taken at each number of cycles
selected for testing. When nine or ten readings out of a total of ten showed dye penetration,
this number of cycles was then taken as the one which causes pinhole formation in the
material under test.

C. Resistance to Abrasion

A new corner abrasion tester was developed and used in our testing of flexible
package maierlals.t A 7.8-cm by 7.6-om soction was cut from the tect eamnle, |t was
folded diagonally once, forming & triangle. it was folded again in the middle of the
first fold, forming a second triangle which was half the size of thg first triangle. The
twice-folded sample was then inserted into a holder in such a manner that its tip was
placed against an abrasive material, as shown in Figure 5. The abrasive material, emery
polishing paper grit No. 4/0, was mounted on & turntable. Upon the turning of the
turntable, the tip of the test sample was rubbed against the surface of the abrasive paper.
The speed of the tumntable was set at 50 rpm. The test sample was removed from the
holder after a predetermined number of revolutions was completed. A drop of dye soiution
was placed inside the sample fold, and a piece of filter paper waos used to touch the

o




Figure 3. An MIT Folding Endurance Tester used in Testing Flexing Action




A Vacuum Box used in Detecting Pinholes

Figure 4.
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tip of the fold on the outside. The appearance of dye on the filter psper indicated’

that a pinhole had developed in the test sample dus to abrasion. Ten readings at each
number of revolutions selected for testing were taken, When nine cr ten readings out
of a total of ten showed dye psenetration, this number of revolutions was then taken
as the one which caused pinhole formation in the material under test.

il. Laboratory Tasting of Food Packages
A. Packaging Materials and Methods Used

Before the actual field testing was initiated a preliminary test was set up in
the laboratory to assess the validity of our selection of materials for field testing. Appendix
VHI lists package materials, foods, and packaging methods employed, as well as results
obtained from this preliminary testing.

The six packags materials selected for this study represented a range of resistance
to pinhole formation and were selected from those listed in Appendices | to |V. The
three food products selected represented three levels of hardness: very hard (dehydrated
apple slices), medium hard (freeze-dried beef patties), and soft (flour). Two levels of
stress were imposed on the package. Vacuum packaging (evat_:uated and sealed the package
at 73.7-cm vacuum) imposed a high stress in the package, while the air packaging practically
imposed no extra stress other than the normal contact between the package and the fcod
contained,

Vacuum packaging has been found to be a convenient means of measuring
puncture resistance of a filled package. After the package is filled with the product item
and a vacuum is drawn, it is set aside for two weeks and then examined. Loss of package
vacuum {lovse package) can be regarded &5 & packags failure dus to puncture damage.
This is followed by a compressed-air under-water test {(with a 1816 g per 5.1 sq cm gage
air pressure introduced into the package) for the confirmation of puncture damage by
watching air bubbles coming out from the puncture.

For the purpose of measuring abrasion resistance of a filled package, a belt abraser

was developed. A Rockwell abrasive finishing machine was modified with a wocden
frame attached to the top of the abrasive belt.

10
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There ware two compartments within the wooden frame as shown In Flgure 8.
Packages were placad in thess compartments so thst when the machine was turned on
the packages were rubbed against the abrasive belt. Jewelox cloth 320 x 30571 was
selected as the belt material. In each test the belt abraser was run for one minute at
29 rpm,

Efforts were also made to develop a laboratory machine for measuring resistance
to flexure for a food-filled package. None of the machines tried showed a sufficient
degree of reproducibility. Therefore, the effort was abandoned.

B. Food Products Employed

The hardness and texture of the food products employed were determinad by
the Food Chsmistry Division, Food Laboratory, NLABS. The purpose was to find out
the relationship between the product texture and package failure in & vacuum-packed
flexible package. Penetration tests were carried out using a 10-mm dlameter punch at
a spead of 2 cm/min on an Instron Universal Testing Apparatus. |n measuring dehydratad
apple slices, the only meaningful parameter was the maximum force (Fp4) obtained during
compression, Dehydrated apple slices were twisted and curled and good contact between
the punch and sample, and between sample and load cell, could not be cbtained. In
measuring freeze-dried beef patties, the parameter of maximum force was not very
meaningful because the product .acked a definite rupture point. The force would increase
with incressing deformation while the material was Yeing compacted. With flour the
penetration force was extremely low. The only meaningful indication was the maximum
force. Other important measurements obtained for freeze-dried beef patties, freeze-dried
pork with escalloped potatoes, and freeze-drie. spaghetti with meat sauce were 1) the
force at rupiure {FR) which was relawed to the ultimate strength of the product, 2) the
strain at rupture (Eg) was ultimate strain which was related to the present of deformation
the product would tolerate before rupturing, and 3) the wurk at rupture (WR) which
was the area under the force-deformation curve.

1. Field Testing of Food Packeges

A simulated combat use test of flexible paci:ages filled with freeze-dried foods
was conducted at Fort Lee, Virginia, o~. 3 through 18 June 1971. Five types of flexible
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packeges filled with two freeze-dried foods were tested, The packege size was 11.4
cm x 17.8 cm, and each packege was fllled with approximatsly 40 grams of freeze-drisd
product. Packages were heat sealed under a vacuum of 74.9 cm. The seal area of the
filled packege was folded ovar to reduce the size of the package and the filled package
was placed in a 14 cm x 165 cm scrim/A1. foil/polyethylene pouch (Military
Specification MIL-B-131D) sealed on three sides, Scrim pouch was sealed on three sides
to allow the filled packay2s to be examined as many times as necessary during the course
of field tecting. Detailed field testing procedures were described in the Final Letter
Repo:rt® issued by the U. S. Army Gensral Equipment Test Activity at Fort Lee,
Virginia. Briefly, ten enlistcd men carried flexible packsges in the pockets of xtandard
fieid clothing, inciuding field jackets, while traversing the obstacle course. The course
consisted of nine obstacles. Two traversals of the course constituted one test run. All
packages were -ubjected to two traversals of the obstacle course unless failure occurred
earlier, There were two "nspection stations for each traversal of the course. Four
inspections were made to identify the point of package failure during each test run.
Figures 7 and 8 show enlisted men traversing two obstacles of the course, One thousand
packages were field tested. A detailea visual examination of each package was made at
each checkpoint. A loose package showing loss of vacuum constituted a failed package.
Thes psukage failures ware further confirmed in the laboratory under-water test with
compressed air.

B -SULTS AND DISCUSS!ON
.  Instrumontsl Measurements on Fiims and Laminates
A. Resistance to Puncture

Results of measuring single film vesistance to puncture are listed in Appendix 1,
and laminate resistance to puncture in Appendix Il. Testing of different film thicknesses
of polyamide (Nvlon 6), polyethylene terephthalate, polytrifluoromonochlorcethylene,
low density and medium density polyethylenes shows clearly (see Appendix !) that an
increase in tiickniess of flexible material :yicreases its puncture resistance. It should also
be noted (see Appendix 1) that there are notable differences in forces and energies between
the puncture initiated from the “outside” or from the “inside” cf a laminate. When
the puncture is inidiated from the heat seal side, i.e., the polyethylene or vinyl chloride




Figure 7. Enlisted Men Carrying Flexible Packages in Pockets

of their Clothing while Traversing Obstacle Course
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Figure 8. An Enlisted Man Going Down a Slide and at a Checkpoint
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layer side in the laminates used, it Is refarred to as from “inside’; if initlated from the
laminate side corresponding to the extsrior of a package, i.e., from the polysthylene
terephthalute side of a laminate, it is refirred to as from “outside’”, There has been
no general rule found as to which direction ¢¢ puncturing requires greater force and energy.
It seems to depend on the thickness and physical characteristics of the components that
make up the laminate.

1. Effects of Lamination

When several films are brought together to form a laminate, thickness is increased,
and therefore puncture resistance is increased. When the relationship between the puncture
resistance of a laminate and that of the components that make up the laminate is examined,
the former is usually less than the sum of the latter. In other words, we usually do
not get the total amount of puncture resistance expected on the basis of individual
components in the laminate. This is indicated by our results as shown in Table I. For
example, in Table | for the first laminate, we determined that the maximum force required
to puncture the laminate from the polysthylene side was 178 g, which is smaller than
the sum of the components determined separately of 205 g. This effect was also observed
for the total energy absorbed in puncturing.

Because of the adhesive used in the laminates and the possible synergistic effect
of materials. one might expect the force required to puncture a laminate to be greater
than the sum of the components determined individually. Qur results show the contrary.
An explanation probably lies in the analysis of strength of materials used.

2. TheAnslysis of Strength of Materials

It 12 well known that in an axially londed member of two or more materials
of the same length, the unit stress in each is directly proportional to its modulus of
elasticity.!® It is also obvious that, other things being equal, failure resistance of a
component is directly proportional to the tansile strength of the material involved. Because
of these two determining factors - modulus of elasticity and tensile strength -- there are
several possible combinations in a laminate. For example, the component with high
modulus of elasticity may have low tensile strength; or the component with low moduius
of elasticity may have high tensile strength, in relationship to the other components. One

16
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typical example is shown in Figure 9, in which F; and F, are forces required to cause
failure of components 1 and 2 used in a laminate but determined individuall/; P, and
P, are forces supported by components 1 and 2 when they are in a laminate under Load P,.

In equilibrium, P, = P, + P,

When load P, is increased and displacement is increased, component 1 (supposed
to have high modulus of elasticity but low tensile strength), as shown in Figure 9, carries
more of the load,

until P, F, (component 1 fails)

then P, = P, (component 2 must now support the entire load),

Py is increased further
until P, = F, {laminate failure takes place)
" at the laminate failure, P, = F, < F, + F,
The path of the load on a laminate is indicated by the direction of the arrows in Figure 9.

The above derivation implies that the two components in a laminate brezk at
two different points in the loading process, thus contributing to a lower force than the
sum of the two components determined individually. In spite of several possible
combinations of modulus of elasticity and ten 'e.trength of one component in relationship
to other components, the force required to cause failure of a laminate is always less than,
or at the most is equal to, the sum of the components determined individually, This
behavior of the axially loaded member coincides with our observations for the puncture
of laminates, including the case illustrated in Figure 9, where the two components in
a laminate can actually fail at two different points as indicated by two peaks in the force
displacement chart as shown in Figure 10. These conclusions were obtained according
to our interpretation of strength of materials in a laminate. They appesr to be consistent
with the results obtained experimentally in our measurements of puncture resistance of
flexible laminate materials.
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Figure 10. Force displacement chart showing twou peaks of two lsminates
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B. Resistance to Flexure

Results of measuring single film and laminate resistance to flexura are listed
in Appandix Ill. Testing of different film thicknssses of polyethylene terephthalate and
polytrifluoromonochloroethylene shows clearly that an increase in film thickness decreases
their resistance to flexure. This observation also applies to the effect of lamination. In
lamination the thickness is increased; as would be expected, the resistance to flexing action
of laminates decreases drastically as shown in Table I,

C. Resistances to Abrasion

Results of measuring single film and laminate resistances to abrasion are listed
in Appendix IV. Testing of different film thicknesses of polytrifluoromonochloroethylene
shows clearly that an increase in film thickness increasss its resistance to abrasion. This
observation also applies to the effect of lamination. In laminaticn the thickness is increased;
as would be expected, the resistance to abrasion of a laminate increases drastically, as
shown in Table 1li,

D. Laminate Variations in Resistance to Pinhole Formation

When puncture, flexing action, and abrasion resistance are all taken into
consideraticn, many laminates under study show up strong in one or two resistance
properties but weak in others. Typical examples are shown in Table 1V. With the available
laminates which we have determiner!, few of them can be considered to be strong in
resistance to all three damage modes. For practical applications compromises sometimes
have to be made, and the mode of damage most important in the packaging application
should be ascertained before an intelligent choice of laminate material can be mads.

E. Effects of Variation in Testing Speed
Consideration was given to the use of different speeds in test procedures. The
objective was to determine if speeds other than the one used in the adopted test procedure

would change the relative position of materials with respect to their resistance to pinhole
formation,

21
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TABLE III

Effects of Lamination on Abrasion Resistance

Laminate

Conetruction

(a) 2-mil Polyethylene
Terephthalate

(b)  .35-mil Al. Foil

(c) 2-mil Vinyl
Chloride

Revolutions of Abrasion to Cezuse
Pinhole Formation

3 Individual Com-
ponents Determined
Separately

3-Component
Laminate

(a), (b), & (e)

50

v

10

900
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1.  Resistance to Puncture

The jaw speed in the Instron machine (controiling the pg:.»tration needle
travel) used in our routine tasting was 0.2 inches per minute. With our experimental
setup we found that the maximum spsed which can be employed and stili get accurate
readings was one inch per minute. At a speed of two inches per minute the laminate
usually broke too quickly to get accurate readings. In general, our results indicated that
the maximum force and energy required for puncture increased when the speed of puncture
was increased. However, when speed was increased from 0.2 to 1 inch per minute, the
relative position of laminates did not change, as shown in Appendix V.

2. Resistance to Flexurs

Our results did not permit us to draw a firm conclusion as to ths effects
of flexing speed on flexure resistance. Results from two speeds of flexing action are
shown in Appendix V! and show no change in the relative position of materials under
study.

_ 3. Abrasion Resistance

Our results show that an increase in the turntable speed of our abraser
increases the number of samples with pinhole formetion. In other words, increasing
abrasion speed has a more damaging effect on the samples tested. In general, the relative
position of materials with respect to abrasion resistance did not change. Data obtained
are presented in Appendix Vil.

. Laboratory Testing of Food Packagas

A preliminary est of food packages was conducted in the laboratory prior to the
actual field test to datermine if the failure of packages would have a sorrelation with
the resistance to physical damage of the packaging materials. Table V summarizes the
mechanical properties of package materials used in the test, while Table VI summarizes
the texture and hardness of the ‘ood products used. Due to ease of obtaining samples
for testing, dehydrated apple s..es, freeze-dried beef patties, and cake flour were used
for this preliminary testing, while freeze-dried pork with scalioped potatees and
freeze-dried spaghetti with meat sauce were used for actual field testing.
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Resuits of this preliminary testing, bacause of their lengthy nature, are summarized-
;. in Appendix VIII. In axamining the data presented ir that Appendix, it is obvious that:

1. The harder the food product was, the greater the package
failure for a given leminate material attributed to puncture and abrasion. For example,
the dehydrated apple slices were very hard, causing the greatest amount of package failure;
freeze-dried beef patties were of medium hardness, causing a medium amount of package
failure; and the flour was very soft, causing little package damage in testing (food product
hardness is listed in Table VI).

2. The vacuum packaging caused greater package failure, both in
puncture (due to stress imposed on the package) and abrasion, than the air packaging.

In the process of evaluating package failure (as a filled package) against the
instrumental cetermination of resistance to mechanical damage of a packaging materiai,
a rank correlation was run.“ The number of package failures observed for the
dehydratad spple slices for each testing methed were arranged in order of size. Then
a rank was assigned to each size of damage. The largest number (size} of package failures
was assigned a rank of 1, and the least number of package failures a renk of 6 (because
6 types of package were used in testing). In a similar way, the packaging laminate requiring
the largest force to puncture in the instrumental determination was assigned a rank of
6, and that requiring the smallest force a rank of 1. Then a rank correlation coefficient
was calculated. This and a comparable rank coefficient for energy to puncture, as well
as one for package failure due to abrasion in relation to the testing of packaging material
in our vbrasion tester are ‘isted in Table VIl. A rank correlation coefficient of +1 indicates
a perfect agreement. Therefore, the rank corrclation coefficients found in our tests,
ranging from 0.715 to 0.986 (see Table VII), showed good to excellent agreement between
the instrumental determinations on materials alone and the testing of filled packages. These
results aave us & strong indication that data obtained from instrumental determinations
on films and laminates in the laboratory could be used for predicting package performance
! in the field.

- —————————— s ol —_

I, Field Testing of Food-Filled Packages
A. Fiold Test Data and General Relationships Observed

A simulated comYat use test (field test) was conducted at Fort Lee, Virginia,
on 8-18 June 1971. Table VIIl summarizes the package failures obtained in the field

28
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test. The data were taken directly from the final raport Issued by the U, S, Army Genera!
Equipmant Test Activity, Fort Lee, Virginia’ on their conduct of the fisld test. It should
be noted that 100 of each of the 10 varlations In package/food combinations were usad
in the test, A total of 1,000 packages were field tested. At each checkpoint (4 checkpoints
in each test run) any package which showed failure by the evidence of a lost vacuum
was taken out and replaced by a dummy package, thus diminishing the total number
of packages in the test run to be completed. A calculated adjustment on a 100-package
basis for each checkpoint was made and included in Table VIII.

Table IX shows the number of package failures recorded in the field test in
relation to the instrumental determination of the packaging material properties conducted
in the lshoratory. When the data on puncture resistance are examined carefully, it is
quite obvious that the combination of energy and maximum force to puncture (E x F)
matches the ranking of the probability of package failure much better than either the
energy or maximum force related separately. There is a valid reason for this occurrence.
The packaging materials which we used are all made of laminatas consisting of several
layers of material adhered together. Relatively, one layer of material may have a higher
force than energy to puncture, while the other layer of material may have higher energy
than force to puncture. Therefore, the combined data of energy and force {(E x F) show
a better correlation to the observed package failures than the energy and force .-eated
separatelv, The factor of “E x F” is arbitrarily named “puncture resistance factor . It
is recognized that a thorough dimensional analysis should be made to gain insight into
the correlation between the instrumental determination and field pe-formance. Due to
the complex nature of the puncturing of a laminated material, our understending of the
puncture mechanism is not considered adequate for us at this time to proceed with the
dimensional analysis on a logical basis.

Also, in Table IX rank correlation coefficients were calculated between the
instrumental determinations and food products A and B packaged in five package types
used in field testing. A rank correlation of ~1 indicates a perfect agreement. |t is clearly
, evident that both the puncture resistance factor and abrasion resistance show excellent
' rank correlations with the probability of package failure, while resistance to flexure shows
only fair to no correlation. These correlation indicators imply that abrasion and puncture
damage are the main factors in causing package failure in the field. The flexing damage
, mode apparently played a minor role in this field usage test.
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The instrument used for measuring abrasion resistance was a prototype developed
in our own laboratory. It is not yet avaliable outside of the U. S, Army Natick
Laboratories. On the other hand, the Instron testing machine used for measuring puncture
resistance is readily .available and is a well developed instrument equipped with many
control features. Since the puncture resistancs data are easily and widely obtainable,
it was decided to utilize these data for the prediction of package failure in the field.
Figure11 shows plots of probability of package failure against the puncture resistance
factor. As can be readily seen, 1) the freeze-dried spaghetti with meat sauce which has
a harder texture (see Table VI for texture and hardness determination in food products)
creates a much higher package failure level than the freeze-dried pork with scalloped
potatoes which has a relatively softer texture; 2) except for the packaging material number
5 (refer to Table VI for the code number) which has a very high package failure level
with low resistance to puncture for the laminate, the rest of the materials seem to have
a linear relationship between the puncture resistance factor and the package failure level.

B. Empirical Relation between the Puncture Resistance Property of Laminates and
the Probability of Packags Failure

The empirical relation between the puncture. resistance factor, t, and the
probability of package failure under field test is found by assuming a normal distribution
for the failure probability. Then a Least Squares polynomial fit is carried out between
the reduced normal variable, y, and t ™. The relation between y and t may be expressed
as follows:

N
y=ECj(t")j N=1or2
=0

Cj are constants. The predicted probability of failure, P, associated with a
material having puncture resistance factor, t, then is P=F(y), where F(y) is the distribution
function for a standardized normal veriable. Teble X shows a listing of puncture resistance
factor, t, vs, standardized normal variable, y. Since the relative puncture resistance factor
of package No. 5 (.5-mil polyester/.35-mil Al foil/2,0-mil L/D polyethylene) is very low,
accompanied by an extraordinarily high package failure rate relative to the other materials
tested, this type of material would ordinarily not be considered for use with freeze-dried
food products in a vacuum pack under conditions for which the formation of pinholes
by puncture was a critical damage mode. Therefore, data on this package were excluded
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in developing smpirical equations. Table XI shows-the linear as well as quadratic equations
relating the variables, The linesr relations were found to be almost as good as quadratic
ones and were adopted for use,

IV. Scanning Electron Microscope for the Examination of Field Testing Samples

Samples from packages damaged during the simulated use test conducted at Fort Lee,
Virginia, were examined under a scanning electron microscope. The purpose of the
examination was to show evidence, if possible, of the mode of damage ‘which occurred
in the field usage. A high-resolution scanning electron microscope manufactured by
Advanced Metal Research Corp., AMR Model 800, was used in this examination,

First, the hole size of the damage area was measured under a binocular microscope.
The hole shape was quite irregular, ranging from nearly round to stringlike, and to concave
in shape, Therefore, the size measurement was only an approxirnation which ranged from
96 x 102 to 1.4 sq mm.

Pictures were taken under the scanning electron microscope. For comparison
purposes, the first set of pictures was taken of the inside surface of the sample of a
failed package and then of the outside surface of the sample package. Magnifications
were 50X, 100X, and 200X, Figures 12 to 16 show the damage area of the five types
of package filled with freeze-dried spaghetti with meat sauce. The top row of pictures
shows the interior view of the damage area, while the bottom row shows the exterior
view. They all seemed to have well defined holes or openings from the interior view,
but smaller and sometimes partial openings from the exterior view. Moreover, in some
cases, plastic laminates forming the packaging materials seemed to have been pushed out
from the interior, causing them to form broken !evers opening outward. These effects

ars sspecislly apparent in Figure 13 and Figure 14,

Examinations made and pictures taken by using the scanning electron microscope
indicated that the abrasion damaga (friction between the hard edge of the freeze-dried
product and the packege) was the main factor in causing the package failure. This is
consistent with the finding that the probability of packege failure in the field has an
excallent rank correlation coefficient with abrasion resistance and puncture resistance
factors of materials determined in the laboratory.
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SUMMARY

1. Methods and appropriate instrumantation have been either developed or adapted
to closely simulate and measure three damage modes known to occur in flexible packages --
puncture, abrasion, and flexure. Pinhole forrmation resulting from these damaging actions
was used as the criterion for measuring material resistance to such damage.

2. Important findings from laboratory instrumental determinations on films and
laminates are:

a. An increase in thickness of flexible material increases its puncture and
abrasion resistance but decreases its flexure resistance.

b. When several components {or films) are brought together as a {aminate,
the puncture resistance of the laminate is greater than the lowest resistance of the individual
components, but it is usually less than the sum of the individual components,

c. When several components are brought together as a laminate, the flexure
resistance of the laminate is reduced drastically. This is consistent with the results
obtained in testing indvidual components with respect to material thickness in which the
increase of material thickness decreases resistance to flexure damage.

d. When several components are brought together as a larninate, the abrasion
resistance of the laminate increases dramatically.

e. Changes of speed within the limits allowed in the laboratory testing
procedures do not appear to change the relative position of materials ranked with respect

to resistance to pinhole formation.

3. Results of a prelimit.ary testing of food packages in the laboratory clearly show
that:

a. The harder the food product used, the greater the degree of package failure
attributed to puncture and abrasion damage.

b. Vacuum packaging causes a much greater degree of package failure due
to puncture and/or abrasion than air packaging (or N, packaging).
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4, A simulated combat use test was conducted at Fort Lee, Virginia, 0 ascertain
the relevency of the package performance predictions from relative material rankings based
on laboratory instrumental determination of film and laminate properties to the package
behavior in actual field usage. It was found that:

a. For puncture damage correlation purposes, the ranking of laminate materials
by the combination of energy and maximum force to puncture a leminate as datermined
in the laboratory (called puncture-resistance factor) matcies the ranking of package failure

in the field much better than is achieved by ranking materials by either the energy or
force separately.

b. Both puncture-resistance factor and abrasion resistance as detarmined from
laboratory measurements show excellent rank correlation with the packuge failures recorded
in the fleld, while the laboratory determinations of flexure resistance show only fair to
no correiations. It Is therefore postulated that abrasion damage and puncture damage
due to food contact with the packaging r..terial which eventually causes pinhole formiation
in the packeging material is the main factor causing package failure In this field test
situation, while the flexure damage mode only plays @ minor role in this field usage test.
The above conclusions are applicable only to this field test situation using selected
freezedried foods in vacuum-packed flexible packages; the results do not imply that flexure
cannot be an important damage mode under other field situations.

c. The above conclusion with respect to the important damage mode is further
supported by a scanning electron microscope examination of damaged samples.

5. Empirical equations have been established between the puncture-resistance factor

which can be determined bv laboratory maasurements end the prebability of package failure
in the field.
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CONCLUSION

Methods and appropriate instrumentation have been developed to measure mechanical
properties of film materials associated with damage by pinhole formation which is
recognized as occurring in foil-laminated flexible packages when subjectsd to conditions
;;ermitting puncture, flexure, or abrasion of the laminate. It has been shown that these
laboratory instrumental determinations can be used to rank materials in the laboratory
with respect to the probability of failure in the field by these damage modes of packages
made from these materials, Time and cost savings will be possible in evaluating newer
materials and laminates for potential field usage where these damage modes are important
through application of these laboratory techniques. Although only freeze-dried foods in
vacuum-packaged flexible packages were utilized in this field study, the technique of using
instrumental measurements to rank materials in the laboratory for the prediction of relative
package susceptibility to failure in the field by puncture, abrasion, or flexure could be
applied to other types of products, packaging systems, and package use situations for
which damage by pinhole formation is important,
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APPENDI |
Puncturs Resistancs of Single Films ‘
Maximum
Energy to Force to
Thickness Puncture Puncture
Films (mil) {gram-cm) (grams)
Nylon 6 0.5 3.99 45.3
0.75 4.55 58.1
1.0 5.66 78.0
3.3 9.93 195.0
5.4 16.89 314.0
Polyethylene Terephthalate 0.5 3.73 106.0 3
1.0 6445 184.0
1.5 9.37 271.0 |
2.0 11.07 331.0 i
4.0 18.44 252.0
Polytrifluoromonochloro-
ethylene 0.6 1.22 40.5
1.0 2.54 7446 ‘
2.0 3.53 107.0 g
5.3 9.91 240.0 i
Low Density Polyethylene 1.25 1.65 2l.6 %
1.5 1.85 23.9 |
2.0 2,31 31.2 ;
3.0 2.87 39.5 |
4.0 3.73 50.5



APPENDIX I - Page 2
Maxzimum
Energy to Force to
Thickness Puncture Puncture
Films (mil) (gran-cm) (grams)
Medium Density Polyethylene 1.0 1.72 23.8
2.0 2.46 38.6
3.0 2.59 43.3
305 2069 4404
High Density Polyethylene 3.0 533 7646
Vinyl Chloride 2.0 10.54 90.0
Polyurethane 2.5 23.55 | 175.0
Modified Polyolefin 3.0 2.49 42,6
, Polymer Coated Cellophane 1.5 1.72 89.0
Cellulose Acetate i.0 2.79 108.0
25-Pound Pouch Paper 1.5 2.64 129.0
Aluminum Foil 0.35 0.33 22.7
0.5 0.38 26.2
1.0 1.24 63.0
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APPENDIAL III

Registance to Flexure

! Cycles of Flexure
I Thickness to Cause

; Films or Laminates (mil) Finhole Formation
' Polyethylene Terephthalate 0.5 > 10,000
3 2.0 5,000

4.0 700

Polytri fluoromonachloro=-

| ethylet.e 0.5 ) 5,000
; 0,75 3,000
:
! 2.0 ‘ 700
4 5.0 300
2
3
; Polyamide (Nylon-6) 0-5 > 10,000
§3 2.0 > 10,000
ﬁ 5.0 > 10,000
i
{
‘; H/D Polyethylene 3.0 5,000
Aluminum Foil 0.35 25
H 0.5 5

. P

Polyethylene Terephthalate/ 0.> polyethylene
Foil/Polyolefin blend terephthalate

0.35 Al. foil > 10,000

3.0 polyolefin blend

> Preceding page blank
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AREENDRX JI1 - Page 2

Filue or Lanipates

Thickness

(mil)

Cycles of Flexure
to Cause
Pinhale Formation

Polyethvlene Terephthalate/
Foil/H.D. Polyethylene

Poiyethylene Terephthalate/
Foil/L.D. Polyethylene

Nylon-6/P.E./Foil/L.D.
Polyethylene

Nylon-6/Fcil/Polyolefin

Polyethylene Terephthalate/
Foil/Vinyl Chloride

0.5 polyethylene
terephthalate

«35 Al. foil

3.0 H/D polyethylene

0.5 polyethylene
terephthalate
0.35 Al, foil

2,0 L/D polyethylens

1.0 Nylon-6
#10 L/D polyethylene
0.35 Al. foil

2.5 L/D polyethylene

Nylon-6
0.35 Al.

foil -

3.0 polyolefin blend

2.0 polyethylene
terephthalate

0.35 Al. foil

3.0 wvinyl chloride

e Akt S o

700

500

1, 5000

> 19,000

3,000



Cak Cad

el

APPENDIX IV

Resistance to Abrasion

Pevolution of Abrasion

LA A T

Films or Thickness to Cause
Laminates (mil) Pinhole Formation
Polytrifluoromonochloro- 0.5 20
ethylene¥®
0.75 40
1.0 140
Vinyl Chloride 2.0 10
Polyethylene Tereph- 2.0 30
thalate
Polyethylene Tereph- 0.5 polyethylene tereph-
thalate/Foil/Polyolefin chalate
Blend
0.35 Al. foil 800
3.0 polyolefin blend
Polyethylene Tereph- 0.5 polyethylene tereph-
thalate/Foil/H.D. Poly- thalate
ethylene .
0.35 Al. foil 1,000
3.5 H/D polyethylene
Polyethylene Tereph- 0.5 polyethylene tereph-
thalate/Foil/L.D. Poly- thalate
--7lene
0.35 Al. foil 50

2.9 L/D polyethylene

59
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Revolution of Abrssion

Filme or Thickness to Cause
Laminates (mil) Pinhole Formatjion
Nylon-6/PE/Foil/L.D. 1.0 Nylon-6

Polyethylene

10 1bs L/D polyethylene
0.35 Al. foil 500

2.5 L/D polyethylene

Nylon-6/Foil/Polyolefin 2,0 Nylon-6
Blend

0.35 Al, foil > 1,500
3,0 polyolefin blend

Polyethylene Terepi- 2.0 polyethylene tereph-
thalate/Foil/Vinyl Chioride thalate
0.35 Al. foil 900

2.0 vinyl chloride

Aluminum Foil 0.35 2

*NOTE: Strathmore Urawing board, 100% cotton fibre #235-62 was
used as the abrasive material for polytrifluorcmono-
chloroethylene films, while Emery polishing paper grit
No. 410 was used as the abrasive material for the rest

of the films or laminates tested.
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R SR WP SRS




¢
W auafAylakiog °q*1 TTW
“ SE°L ©  65°L %8°S 8L°9 L11 611 911 011 ceg/i¥0d - * 1¥® G¢°/ousTdyza
H -f1og . O1/9-WOTAN TI® T *9
i . :
P 4 sue1Ayzekiog *g*7 IFU
f ) § &l yh°S L2y L9°% 641 1341 Y1 8€T 2/1T0d *1IV 13w GE°/33e18Yl
W -yldaaay auaifyiddiogd 1™ G¢* °§
: UTIOTOATOI TTW

€L°9 68°S 16°6 7%°¢ €81 191 691 LST €/1704 *IV TIW GE°/238IBy3
! -gdaxag suatiulsdiog IFW-C °%
: €21 e8°01 61°21 26°8 861 LT 161 6ST puatg uyyeyodfod 1T €
| /1704 °IV TT® §€°/9-UoTdN TR 2 °€
* sustAy3akiod °*Q°H TTW
M es°L 91°L %L 89°9 802 181 €02 8L1 €/1T04 °IV ITW GE° /337Ul
; -ydaxaz, ouatdAyladiog I¥m G °2
M 14uts 1™ o
i 9991  9°62 | 09°21  %9°92 10% 74 €ce 806 g/1104 *IV TTW SE°/938TBUI
m -ydexay. suafdyzsdtod 1v@ 2 °1
W PIs IpIs apxe apTIs apIs opIs 2p¥s apte
; =® » 0 n 1 u " UOTIONIISUO) IIBT
i =300, -ufx,, -Ino, -7, Jlugz -ug, -3InY,, -ug, ¥ 3 el

wozg woag wozg wog oy woxy woxI woxg

) ups/uy 1 ujm/ur 2° ujm/uy | ujw/uf g2°
w-w3 ‘A£3x>3uz ~u8 ‘aoaog

. s T T

gpoadg JuaxalJTQ ' 2OUBISEEIY IInITUN

A XIANAddV

3
§

. v ~g - A
e R, ST e A, o 7o




¢ T8

i

o1 8 00S auatdyzaliog °*q*1 1=
L 6 00€ 2/110d *Iv 1T® Gg*/a3ereys
1 2 002 ~ydaxay suafdylekjod {I® G§° °¢€
6 6 00L suatdy3ladiog °d°m IIW
% 3 00S /1704 *1IV 1TW Gg°* /33wyl
0 1 00€ -ylozey oustdAylekicg 1I® ¢* °2
o1 8 000°€ 14uzps 1F@
1 0 00S g/itad IV 1I® Gg*/a3eTeul
o 0 00€¢ ~izdaxaz onetdylekyog @2 °I
*utl/s21°24D 081 uiw/e9a104D 2¢1 89794) ToTIONIISUOCD
Jo H@n—gz 2JvaFUR]

(saydwmes Q1 JO 3Ino)
. TOFIBWIOH
afoyutg Sujmoyg sojdmes Jo zaquny

spoadg JUaIOIITQ ' SOULISTEIY SINXIYS

IA XIGNAJAV

Preceding page blank

63




P o
X

B ST

e e

{
r

Bl W o e Y
¥ TrEn Y

AT e M S A sty B SR s T L KT i S o i e S . . st s 3 <mtn 4 o w e o

01 6 006 9pFIOTY)
9 S 00§ TAUTA 1TW-Z/1T04 °*1V
€ A 002 TrO-GE* /9-uoTAN [TU-Z  °€
auatdy3zaliiog
: o1 6 000°1 a/H 17U-¢/1T0d *1V
8 9 00S TTm-gg° /a3e1eyaydaxay
€ 2 002 auafly3zakiod Iru-G* °g
w
Vi 0 005 ‘1
] 0 006 ITFaToh1og TTU-€/T¥od
0 0 00§ *IV 1¥W-GE*/9-uofAN [Fm-z  °I
wdx Qg wdx g% SUOTINTOA3Y ’ U0FIONIIsU0)
(s91d ™ g 30 300) 30 I8qumN S3IFUFTEY
TOTIPWIOS SToyUETg
Bupmoyg sajdueg yJo aaquny

8poadg JuaI93JTIQ ' 20UBISTEIY UOTSEIQY

IIA XIaANAdIdV

Preceding page hiank

65




APPENDIX VIII

Regults of Laboratory Testing of Food-Filled Packages

The complete listing of packaging materials, packaging methods, and
food products employed for the preliminary testing are as follows:

Packaging Materials (pouch size: 11l.4 ¥ 17.8 cm, heat sealed on four
sides)

1. 0.5-mil polyethylene terephthalate/0.35-mil Al. foil/3.0-mil poly-
olefin.

2. 0.5-mil polyethylene terephthalate/0.35-mil Al. foil/3.0-mil H/D
polyethylene.

3. 0.5-mil polyethylene terephthalate/0.35-mil Al., foil/2.0-mil L/D
polyethylene.

4. 1.0-mil Nylon-6/ 10-1bs polyethylene/0,35-mil Al. foil/2,5-mil
L/D polyethylene

5. 2.0-mil Nylon-6/0.35-mil Al. foil/3.0-mil polyolefin blend.

6. 2.0-mil polyethylene terephthalate/0.35-mil Al. foil/2.0-mil vinyl.

Psckaging Methods

A. Vacuum packaging (evacuated and sealed at 73.7 cm vacuum Hg).

B. Air packaging (no air pressure differential inside and outside

of the package).

Food Products Employed
1. Dehydrated apple slices (32 g. per package).
2. Freeze-dried beef patties (42 g. per package).

3. Cake flour (70 g. per package).
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APPENDIX VIII - Continued

The code numbers used in the following table are:

The first number indicates ths packaging material. The capital letter

following the first number indicates the packaging method. The number

following the capital letter indicates the food product employed. For
example, 1-A-1 indicates packaging material #1 which is 5 mil polyethylene
terephthalate/35 mil Al. foil/3 mil polyolefin blend, with vacuum packag-

ing and filled with food product of dehydrated apple slices.

Code Number for the Number of Packages Number of Packages
Combinations of Failed due to Package Failed due to Abrasion
Packaging Materials, Stressing by Vacuum Testing on the Belt
Methods, and Food Packagiug (out of 84  Abraser (out of 84
Products Employed packages) packages)
1~4-1 5 20
1-A-2 1 18
1-A-3 0 16
1-B-1 0 12
, 1-38-2 0 12
' 1-B-3 0 0
' 2-4-1 4 10
| 2-4-2 1 o
1 2-4A-3 0 0
2-B-1 0 2
2-B-2 0 2
2-B-3 0 0
3-A-1 40 24
3-A-2 21 24
3-A-3 0 24
3-B-1 0 24
3-B-2 0 24
3-B-3 0 24

(SR - Am - - n i ———— [



ABPENDIX VIII - Continued

Code Number for the Number of Packages Number cof Packages
Combination of Failed due to Packasge Failed due to Abrasion
Packaging Materials, Stressing By Vacuum Testing on the Belt
Methods, and Food Packaging (out of 84 Abraser (out of 84
Products Employed packages) packugeg)
4 -A-1 12 14
4 -A-2 2 17
4 -A-3 0 3
4-B8-1 0 8
4-B-2 0 8
4 -B-3 0 8
5-A-1 2 6
5-4-2 1 6
5-A-3 0 0
5-38-1 0 2
5-B-2 0 2
5-B-3 0 0
6-4-1 0 17
6-A-2 0 16
6~4A-3 0 0
6-B-1 0 6
6-B-2 0 6
6-B-3 0 4
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