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FOREWORD

This report was preparad by persontel of Sheldahl, Northfield, Minnesota,
under NASA Contriact NAS1~11694 and is based upon work perfeormed between June
1972 and June 1973 by the contractor. The work was directed and monitored by
the NASA Langley Rescarch Center under the technical direction of Mr, V,1L,
Alley, Jr., of the Director ¢ for Engincering and Operations and Mr. Austin
Mellatton, the Techniecal Rep. -entative of the Contracting 0Lfices, Systems
Bnginecring Divigion. Tunds Lor this rescarch were provided NASA by the
Advanced Regsearch Planning Agency (ARPA) of the Department of Defense.
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ABSTRACT

Although tethered ballons have been in use for over a century, the past
decade hag, produced the greatest increase in the sophilstication and complexity
of these vehicles and considerable related technology has evolved. Recently
developed, high=strength materials for hulls, fins and rigging have made a major
contribution to improved windward pexformance. The new DuPont organic fiber,
Kevlar®, offers further performance gains, Design, manufacture and testing of
laminated and coated composite materials incorporating a structural matrix of
Kevlar 1s reported in detail. The practicality of using Kevlar in aerostat
materials is demonstrated and data are provided on practical weaves, lamina-
tion and coating particulars, rigidity, strength, weight, elastic coefficients,
abrasion resistance, crease effects, peel strength, blocking tendencies,
helium permeability, and fabrication tecliniques, Properties of the Kevlar
based materials are compared with conventional, Dacron¥ reinforced counterparts,
A comprehensive test and qualification program is :iscussed and considerable
quantitative biaxial tensile and shear test data are provided. The investiga-
tion shows bthat single ply laminates of Kevlar and plastic films offer
significant strength to weight improvements, are less permeable than two ply
coated materials, but have a lower flex life, Creasling causes a significant
loss in strength for Kevlar laminates. Further rescarch is proposed to reduce
the inherenn: rigidity of the experimental laminate material, Multiaxial
toxtile constructions of Kevlar such as triaxial weaves or parallel, nonwoven

yarn arrays laminated to f£ilm gas barrviers appear to be potential fabrication
techniques of considexable merit.

*DuPont Registered Trademaric.
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1.0 INTRODUCTION

Tethered balloons have been in existence for over a century., They were
ugsed in the Civil War as a platform from which fileld artillery cbservers could
direct fire. During the Second World War, England used them rather exten-
silvely as a protection against the aircraft threat, In spite of this long
history, the technologies for these vehicler has remained largely undeveloped
until recent years. Consequently, these veh ’es were quite unreliable and
never gained widespread usage, In the past rec.de, however, improvements in
materials, the increased content and scope oi aerodynamlcs research, and the
ability to perform complex structural and stability analyses by automated
methods has permitted engineers to review these devices as potentially service-
able and useful systems, The extent of evolution and improvement in these
vehicles can be seen by observing Figures 1 through 4.

Figure 1 shows an early version of the barrage balloon. The material was
easentially a cotton structural fabric with neoprene outer coating and neoprene
between the structural fabric and the bias ply fabrie., Its strength was about
17,500 newtons per meter {one hundred pounds per inch), and its helium permea-
bility was high, This material proved quite durable, however. The cleaning,
priming, and bonding operations for making Jjoints were extremely time con-
suming and costly., The flaccid shape resulted from the fact that the
ballonet was inflated by air scoops so the hull was non-rigid in the absence
of wind.

Figure 2 shows an improved version cof the early barrage balloon that used
a more advanced nylon structural material. This material was .034 kilograms

per square meter (one ounce per square yard) lighter than 1lts predecessor, about

30% stronger and had a lower permeability. The rigidity of the vehicle at low
wind speeds was improved by the additlon of electrically powexred blowers.

Figure 3 shows the initial version of the "Family II" shape tethered
aerostat, This configuration was rigorously tested in a wind tunnel to inves-—
tigate the various stability effects of fin size and locations, center of
gravity locations, confluence position, ete., The material in this balloon
was of conventional ceated fabric, but high tenacity Dacron® instead of nylon
was used for bias and structural ply fabrics yielding a nearly isotropic
material of approximately 26,250 newtons per meter (150 pounds per inch)
ultimate membrane strength in both the warp and fill direction.

#DuPont Registered Trademark
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Figure 4 shows a system concidered to reflect the current state-of-art in
acrostat design and manufacturing technique. The major difforence between this
configuration and the balloon in Figurc 3 is a further improvement in material,
For a unit weight of only 0,292 kilograms per square meter (8.6 ounces per
square yard) the ultimate strength of the materinl was increased to 39.4 x 103
newtons per meter (225 pounds par inch) in both the warp and £ill directions.
This was accomplished with a composite structure incorporating plastic f£ilms
of Tedlar® and Mylar® lamlnated to a very strong Dacron fabric. This con~
struction provides a gas barrier with one fourth the pel.aeability of comparable
coated fabrics and adequate shear strength for the intended use.

Figure 5 compares the payload capaclty for different construction materials
of similarly shaped 7,075 cubic meter (250,000 cubic foot) balloons to be
operated at 3,048 meter (10,000 £t) altitude. The coated Dacron, two ply
materials are used in construction of the aerostat in Figure 3. ‘The Dacroa-
Mylar-Tedlar laminate was used for the system in Figure 4. The latter permits
a saving in vehicle weight of 544 kilograms (1,200 pounds) which is a 57 percent
increase in payload capacity over the former coated material, The dramatic
effect of material weight on payload capacity has been the motivation fox
further rescarch on more advanced materials having greater strength to weight
ratios, low permeability and hir' raesistance and adaptability to the environment.

Currently, extensive studies are underway in both private industry and
Government on the structural use of filomentary materials,particularly the new
organic, high strength, high modulus fiber, Kevlar® recently marketed by DulPont.
These fibers, also designated “PRD-49" (Preliminary Rescarch and Development
number 49), and "Fiber B'", offer strength to welght ratios 2 to 3% times that
of Dacron, and 10 times that of steel, The strength to weight ratio of Kevlar
exceeds that of all other materials which can be fabricated using conventional
textile technology.

The general object of the studies reported here was to determine whether or
not a practical aerostat material eould be manufactured using Kevlar. The
particular objectives were to determine weave geometrics, lamination process
details, and the effects of high fiber rigidity, strength and welght characteris-
tics under uniaxial and biaxial loading, to ohtain quantitative material
coefficients, and to determine abrasion resistance, crease efFfects, peel strength,
blocking tendency, helium permeability, and joinery techniques. In investigating
the mechanical performance of the various materials reported a macroscopic
approach has been used and no attempt was made to consider the micromechanics of
the composites., Maecroscopic data are of primary interest f[or the materials
considered since current technology is essentially limited to use of average
performance characteristics and a secarcity of such data is most evident,

A small quantity of two experimental materials and two conventional
materials (as controls) was manufactured by Sheldahl, Northfield, Minnesota,
to contract specifications and tested by the contractor for the pertinent
geomekriec and mechanical characteristics.

In the following sections the design, construction details, test methods,
results and conclusions are discussed in detail,
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2,0 TPREPARATION OF EXPERIMENTAL AND tASELINE MATERIALS

One of the experimental materionls was designed as a laminate construction
to yield a strength equal to the traditional material but with a reduction in
weight, The sccond material was designed as a coated construction to be equal
in weight to its traditional counterpart and to have a higher strength.

The two conventional materials (Figures 3 and 4) were based on a Dacron
structural fabric., The two experimental materials employed Kevlar-49 as the
structural member, Sufficient quantities of these materials were manufactured
to produce flat ~nd cylindrical specimens for testing and were manufactured on
conventional production equipment at the Sheldahl plant.

2.1 Material Design

Material properties which may he of concern to the balloon envelope
deslgner are:

Mechanical Streagth (under tension, tearing, puncture, shear and peel)

Weipht
Permeability (to lifting pases)

Environmental Strenpth (resistance to solar-ultraviolet denqradation and
relative immunity to temperature extremes and effects of moisture)

Efficiency of Seams (between panels of the material)

“andling Strength (resistance to abrasion and degradation from folding,
creasing and other effeets of handling, particularly when the
tielloon is in a flaccid state)

Special Regquirements (radar veflectivity, nuclear "hardness', ete.
peculiar to a balloon application)

Cost (of blank material and of secaming method)

The dusigners problem is to formulate a functional composite of fabrics,
films, adhesives and coatings to obtain an optimum balance of the above
prcperties for a given application.

Figure 6 shows cross sections of the experimental single ply laminate and
the experimental two ply coated construction. The design concept of construction
is indicated on the left of the figure and the actual construction imcorporating
necessary compromises is shown on the right., The corresponding control materials
for these two materials are shown similariy in Figures 3 and 4. In order to
achieve structural efficiency in fabricating joints from the experimental
materials, the structural lattice provided by the Kevlar fabric was positioned
near the inner side of the composite. This geometric feature generally increases
the rigidity and stiffness of the finished product and inhibits folding, creasing,
packaging and flexing. Uowever, it is considered necessary to achieve adequate
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load transmission between discontinuous yarns at scams. Joining fabric to

fabric reduces the thilckness of low stiength lamina that must transmit shear;

it minimizes erveep in amorphous visceoclastic lamina, and rveduces noa-plapar
deformations, The outer surfaces of the materials are coated with Tedlar or
Hypalon to provide a durable, tough, abrasive surface along with ultraviolet (UV)
protection for the inner constituents. The Mylar adhesive and Kevlar are
gusceptible to UV degradation and require protection for applications where
exposure to the solar spectrum for .xtended periods is a mission requiraement,

The Tedlar filters out more than 98 percent of the incident UV radiation and is
not itself significantly degraded by up to twenty years exposure to weathering,
To insure low helium permeability, a bi-lamination of Mylar [ilms is employed in
the laminate. The multi~application of adhesive coats to facllitate fabrication
and provide a Ffinished inside surface along with the outer abrasion-resistant
material afford even greater impermeability. The coated matevial has slightly
higher peormeability with the gas barvier being provided primarvily by the neoprene
and urethane membranes. The urethane also provides some UV protection to the
lamina fabrie,

Since Keviar became available only recently, the experimental materials were
limited to the available yorn deniers and weave geometry. Lamination and coating
processes had to be considered since these are affected by the weave. For
example, an open weave with wide spacing bebtween yarns 1s diffieult to laminate
because of dimensional instability of the fabric prior to combining with the
film, TIn coating operations, open weave Fubrics cause “strike through' or
bleeding of the coating through the yarn interstices, which adversely affects
coating of the opposite side. A closc weave minimizes the weight of coating
and laminate adhesive, has good dimensional stability during processing, and
is amenable to laminating or coating,

Since the ability to form joints by thermal sealing was a design objective
for the cxperimental materials, the use of coating materials like neoprone was
eliminated for exterior surfaces. The experimental fabrics were made as similar
in configuration to the traditional Dacron f[abrics as poss’ole. For the lamin-
ate, the construction is identical to the counterpart control material except
For substitution of Kevlar for lacron and changes in the yarn denier and count
in the base fabrie. For the coated fabric only the main fabric ply was changed
from Dacron to Kevlar. Dacron was used for the bias ply in the coated material
because no suitable Keviar yarn denier and weave palbterns were available.

Kevlar yarn size was limited to 195 and 380 denier. Because of the require-
ment for equal warp and £ill strength, a square weave patlern was specified.

Although the tear strength of woven Kevlar had not been measured prior to
this investigatlon, it was assumed to be adequate for balloon use due to the
high yarn strength. Consequently, a plain weave pattern was used rather than
a more complicated basket weave. IL it later bocame necessary to enhance the
tear strength, basket weave Kevlar fabric could be substituted.

It was found that the experimental laminate material could be made equal in
strength to the standard laminate Lf the Kevlar fabric weighed approximately
.06l kilograms per square meter (1.8 ounces per squarve yard) which would give
about 47,259 newtons per meter (270 pounds per inch) uniaxial strength in both
warp and [ill diyections. TFor the second coated material, the primary ply
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Kovlar fabric was made equal in weipht to that of its traditional Dacron
counterpart, .09% kiloprams per square meter (2.8 ounces per squave yard),

This was found to have a stvength of about 73,500 newtons per moter (420 pounds
per inch) in both warp and £ill directions,

Properties of the coastituont Kevlar Fabriecs used in the laminate and
conted materinls ave presenkted in Table 1-A, The a~tunl wedghts of the fabrics
usad in the prototyve materials were very close to the theoretical wedghts,

The tested strength of the 0.059 kg/m? (2.8 oz/yd®) Labric was almost exactly
ag predicted. However, the strength of the 0.061 kg/m? (1.8 oz/yd?) Fabric was

‘slightly lower than the theoretical value, The 0,059 kg/m® (2.8 oz/yd?) fabric

was a conventional weave whereas the 0,061 kp/m* (1.8 oz/yd?) fabric is a loosc
weave.  The yarnws washed of lubricanta to improve adheslon and o low twist of

4 turng per meter (0,1 turn per inch) in the yarn is typleal, A low twist yarn
yields thin lamina of low abrasive Linish. No vipstop features were included

In the weave, however, such a modification would Increase the tear resistance if
0 required. The basic mechanical properties of the Dacron [abries used in the
fubrieation are glven on Table 1-B. The pertinent propervties of interest for

the coastituent membranes used are provided fn Tabla 1-0. These data arve fov

the Tedlar, polyester adhesive, Mylar, llypalon, Neoprene and Urebhane. The
adhesive Ls a signiflicant proportion of the single ply laminate and its

properties and performance are important features in the mechanical behavior of
the composite structuve, primarily at low temperature. A vaicnl cnvironment

for materials applications reported here is -34.4° to 45.6%C. (-30° to 1120F).

The membranes and fibers remain ductile at these temperatures, but che adhesives
used become glasscous and brittle, This ean produce Lnter-laminar debterioration
and premature structural failure from loading at cold temperatures, Parallel
research is being conducted at Princcton University to obtaln suitable adhoaive&
that will not underpe glasscous transitions for tewperatures above »67.8°C (- -90°1),
The status of tliis vesearch was not sulficiently advanced to permit the usc ol these
experimental adhesives in the moterials discussed here.

2.2 Lamination Procedure

The experimental laminate and its control material were manulactured in
pilot scale quantities on Schjeldahl production laminators, Fipure 7.

2,2.1 Bauipwent.~ The laminator shown in Tigure 7 consists of chree parts: an
adhesive coating section, a drying section and a combining section. When
laminating two materials, one Is coated with adhesive and the other becomes the
combining material. The material to be coated travels from an unwind station
and over a drum rotating in an adhesive bath., 'The coated ply then travels through
a drying tunnel to remove adhesive solvents. It then is joined to the combining
material and passes between a paly of volls which apply sufficient pressure and
heat to fuse tha adhesive layer between the plys. The product is rewound for
storapge as the adhesive cools, When combining Films the product is simply wound
upon itself at the take-up station. Lamination of [abric to films may require
the insertion ol a veclease sheet ati the take up point te prevent adhesive
exposed by the fabric interstices from sticking or transferying Lo the opposite
side of the product. Polyethyene L£ilm 12 to 25p (0.5 to 1.0 mil) thick or
silicone treated, 18 kg (40 pound) kraft paper are commonly used for this
purpose.
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2.2,2 Laminati.n sequence.~ Tn the case of the laminates, the aliphatic,
polyester adhesive is appliced as an 8 percent solids solution in methylene
chloride. Because the resin and cure agent arve dispersed, the solution has

a pot life of approximately 8 hours. Water may react with the cure agent
before the agent acts on the resin producing a structurally inferior product.
The following must be recligiously observed to minimize 11,0 contamination:

+ Cure agent is stored in air tight containers and dispensed by
introducing dry nitrogen gas into the conkainers.

. Solvent grades having a low water content dre procured and stored
in tanks dosigned to prevent accumulation of walter condensate.

» Exposure of adhesive solution to air having a high relative
humidity is avoided as far as possible.

« Reverse coating rolls and other conductive metal parts of the
adhesive handling system which cool by solvent evaporation must
be heated above the dew point of the air in the coating room.

Single ply laminates were assembled by applying the adhesive solution
to one layer of Mylar with a reverse roll coaten extracting the solvent in a
drying tunnel and immediately laminating the coated sheet to the Tedlar Film.
The other Mylar layer was then coated and bonded to the previous laminate.
Finally, the three film laminate was coated and laminated to the fabric., A
final pass applied a primer coat of adhesive to the fabric side.

2,2.3 Handling.- Requirements for handling the various layers are cqually
important to the process result. Since all the plastic films had been used
previously in kthe conventiional laminate material, the only new constituent

was the Kevlar fabric. The low clongation of Kevlar results in a fabrie easily
guided by the laminator web handling cquipment. A minimum differential deforma-

tion was required between the £ilm and the fabrie. Deformation, flatness and
alignment were well within normal specifications. The final laminate was
extremely stable and easy to handle. Since a satisfactory product was so

casily achieved, it is believed that no particular problems would arise in the

event large scale production was required for this laminate.
2.3 Coating Procedure

The coating process was performed by the Haartz Mason Company as a
sub~contractor to Sheldahl. Sheldahl representatives were in attendance
at the sub-contractor's plant during the coating and combining of the
constituents.

e b

2.3.1 gGoating process.- Coating equipment consists of mixing machines for the
various coating compounds and machines for applying these compounds to fabrics,
Commonly, a knifeover-roll process is used which restricts the amount of coating
which can be applied on each pass. The fabriec first passes the knife-over-roll
coater, then travels through a drying tunnel to remove solvents. The dried
coated material is rewound and the process repeated as many times as required to
achieve the desired coating thickness.
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For Ll expecimental fabrle deseribed, 0,048 kg/md (1.4 oz/yd?) Dacron wus
coated with neoprene and cut into rhombus shapes at 45 _to the warp direection.
These segments are rotated to place warp and £ill at 45 to the machine
direction (biasing) and joined at their edges. The Kevlar was then coated with
neoprene and combined with the Dacron bias ply by a process called doubling -
Neoprene side to Neoprene side. The Dacron side was coated first with urethane
and then with hypalon. The product was trimmed to desired width and wound for
storage and transit,

2.3.2 Handling- Dimensional stability of the Dacron bias ply was very poor due to
its light weight. Strilke through of the coating material to the opposite side of
the fabric was difficult to control. Due to the difference in modulus of the
Dancron bilas and Kevlar primary plies and to the coarseness of the automated web
guiding equipment it was virtually impossible to eliminate wrinkling of the plies.

Several process changes would be required before large scale production
of coated materials with a Kevlar primary ply would be practical. To improve the
operation, the vendor proposed decreasing the yarn count in the Kevlar fabrie and
using .06l kilograms per square meter (1.8 ounces per square yard) Dacron fabvic
for the bias ply to add stability to the bias and reduce stability in the Keilar
to make the two materials more compatible. Another alternative would be to use
Kevlar for both bias and primary plies. Kevlar varn in deniers smaller than
currently available would be 'required to make this practical.

*

3.0 TEST PROGRAM

A comprehensive test program was performed on the two experimental materials
and the two conventional controls to determine their strength and durability.
Tests of unifaxial and biaxial strength, inter~laminar peel strength, crease
degradation, blocking, tear strungth, abrasion, flexibility and permeability
were also performed. The test procedures and test equipment are discussed in
the following paragraphs.

3.1 Strength Tests

Ultimate tensile strength and elastie properties +are determined by uniaxial
and biaxial testing. Inter-laminar bond strength was investigated by peel tests.

3.1.1 Uniaxial tensile tests.,~- The uniaxial or two dimensional tensile tests
conducted on these fabrics are performed using Federal Test Method 5102 which
employs a sample size .025 meter (1 inch) wide and a .076 meter (3 inches) grip
separation. The grip beparation rate for these tests is .305 meter (12 inches)
per minute. Tive specimens for each test cond;tlon were usedoas a sample
population. Test temperatures were 60° c, 22°¢ and -51% (140°F, 72°F and -60° F).

All tests were conducted using a Model 114 Instron Testing Machine shown
in Figure 8. This machine has a capacity of 4,448 newtons (1,000 pounds),
variable strain rates up to 1.27 meters/min (50 inches/min} for loads up to
2,224 newtons (500 pounds) and up to .508 meters/min (20 inches/min)} at loads up
to 4,448 newtons {1,000 pounds). Accuracy is 1 percent of Full scale reading.
The chait readout has a variable load range and can be driven to 1.27 meters/min
(50 in/min) paper speed. This model also has dial strain indicators and sample
break and slope detectors. On Figure 8(a) the Instron tester is shown without the
environmental chamber which Is the configuration for making room temperature tests.
Figure 8(b) shows the Instron with the enviroamental chamber attached for testing

at elevated and sub-zero temperatures.
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@Schleldahl / ADVANGCED PROGRAMS DIVISION

G, T, 5CHJELDAHL COMPANY » NORTHFIELD, MINNESOTA 55067 » PHONE 507-645.5633

VIA AIR MAIL
16 May 1974

National Aeronautics and Space Administration
Scientific and Technical Information Facilily
Pogt Office Box 33

College Park, Maryland 20740

Subject: Contract NAS1-11694, Final Report
Reproducihle Copy

Gentlemen:

Enclosed herewith is the reproducible copy of the final Report, NASA CR-
132411, entitled, "Investigation of Kevlar Fabric Based Materials for use
with Inflatable Structures,' by R. J. Niccum and J, B, Munson, This
was inadvertently not included with the shipment of twelve printed copies
that were forwarded to your olfice on 10 May 1974 via Parcel Post mall
pursuant to the Contracting Officer's distribution list ingtructions.

We regret any inconvenience this separale mailing may cause you,

Sincerely,

OGS

puty Director of Administration

b

Enclosures

cc: Mr, C. Ray Davis, Contracting Officer, NASA Langley, w/o enc,
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For the laminates, tests were conducted on the finished materinls as well
ag on the various f£ilm plies which comprise the gas barrier and outer surface.
Figures 9 and 10 show sample preparation mecthods, sample mounting techniques,
and typical charts,

The Thwing-Albert sample cutter shown in Figure 9 provides a uniform,
precision sample width of 25.4 mm. One cutter was used for thin £ilm specimens
and a separate cutter uged for the heavier fabric buzed specimens to preserve
the quality of cut edges on the thin £ilm specimens.

Typlcal samples of untested and failed specimens of finished materials
are shown in Figure 10 along with a specimen mounted in the Instron jaws ready
for testing. A chart recording displayed in Figure 10(c) shows the typical
stress strain relationship to fallure for each of the four materials tested.
The difference in grip travel between the two Kevlar hased materials and the
Dacron based materials indicates the low elongation to failure of Kevlar.

Generally, uniaxial coupon tests are not a reliable indication of
material strength., This 1s particularly true for composites having diagonal
or bias structural elements. In addition, for woven fabrics, the stability of
the weave, crimp, and yarn interlock cffects are degraded in the one dimensional
stress field, Howevaer, the uniaxial test is a simple <fast and inexpensive
method adequate as an indication of strength and anisutropy and as a quality
control procedure. The deficiency of uniaxial coupon tests to fully involve and
strass the structural features of laminated fabric materials has been the motiv-
ation for more sophisticated two-dimensional biaxial testing by the eylinder
metheod,

3.1,2 Biaxial tensile testing,- Biaxial testing was performed on a fixture
which applied loads to a cylindrical test specimen having a diameter of .356
meter (14 inches) and approximate undeformed length of 1.27 meters (50 inches).
This device was capable of applying hoop, axial, and torque loads, simultaneously.
Hoop loads were produced by internally pressurizing the cylinder specimen; axial
loads were imposed by internal prossure and by a pneumatic cylinder which extends
the free cnd of the specimen. Torque loads were applied by another pneumatic
cylinder which produced a force tangent to the free end of the specimen.

Stress and strain were recorded for a seriss of biaxial loads with and
wilthout the introduction of shear. Upper limits for each of the materials was
established by performing pressure burst tests without the application of
torque or axial loads greater than that applied by the internal pressure. Torque
application tests were then performed at pressures 50 percent and 75 percent of
burst pressure with the circumferential load equal to twice the axial load.
These tests were conducted at the same three tomperatures as the uniaxial tests
discussed ahove,

Figure 11l(a) shows a sleeve specimen installed on the cylinder tester.
Figure 11(b) shows the protractor for measuring the shear deformation angle
and Figure 11l(c) shows the specimen under a shear load. The ease and simplicity
of observing the shear deformation is apparent. Figure 11(d) shows the type of
failure expericnced by the particular test specimen. ZLongitudinal and circum-
ferential tears initiated at the left end and produced the open triangular flap
shown. The white longitudinal band is the Tedlar surface of the seam splice on

the inside of the far side of the sleeve. The dark area is the inside fabric
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layer of the composite material. Generally, material tests results related to
scams or end grip effects are not considered valid., For most test materials,

it 1s difficult or impossible to make gleeve specimens without seams. Techniques
for winding yarns around a tube of film to produce splice-free sleecves are
currently being investigated at Langley Research Center.

Figure 12 illustrates the sequence for clamping the sleeves to the test
apparatus, After positioning the sleeve over the mandrel, Figure 12(a), notched,
sleeve ends are folded agalnst the end plate, Figure 12(b). A clamp plate,
Figure 12(c), secures the sleeve tabs to the end plate,

Fabricalion of a sleeve specimen from laminated shcet materials begins
with layout from a template, Figure 13(a}. Edges to be joined are abutted and
secured with thermoplastic tapes by tacking with a small hand sealing iron,
Figure 13(b)., The load bearing tape applied to the fabric side of the joint,
Figure 13(e¢) and the cover tape applied to the opposite side, Figure 13(d) are
permanent:ly bonded in place with a thermal impulse sealing machine.

3.1.3 Pgel strength testing.- DPael strength measurements on film to fabrie
bonds were made in accord with ASTM D1876, Reference 3, Figure l4(a). Film to
film bonds wera tested using QO00066, Method A, Appendix A, illustrated in

Figure 14(b). In the former method, both adherends are allowed to flex near

the line of failure through angles of approximately 90 degrees. The equilibrium
angles of flex vary depending on the relative stiffness of the adherends., In any
case, no external control over the angle was exercised, Under QO000066, Method A,
one adherend is flexed through 90 degrees or less and the other through a verv
small angle, Tigure 14(b). Due to asymmetry in adherend flexing, all film to
film prels were made from the outer surface of the laminate by mounting the fabric
side against the drum.

Film-fabric peels under D1876 were run at 0,305 meter (12 inches) per
minuce and the film to film peels at 0.051 meter (2 inches) per minute, Peel
strength is rate sensitive and measurements made at different rates cannot
genarally be compared.

o I'ive samples from the beginning and end of production runs were tested
at 22°C (72°F). One end of each specimen was immersed in methylene chlcride
for 10 to 20 seconds and the plies separated in preparation for testing,
Figure 15(b). Values obtained over the initial 12 millimeters (0.5 inch) of
peel were disregarded due to the wicking of solvent along the yarns,

The specimen in Figure 15(a) is representative of the appearance of film
fabric peel specimens after testing., Some yarns transverse to the specimen axis
would pull out of the separating fabric ply and remain bonded to the film side.

3.2 Durability Tests
The experimental and control materials were exposed to wear and durability

tests Lo measure characteristics essential to the performance of inflatable
structures. These included measurement of crease, blocking, tear, abrasion and

. flex effects.

23

e o pem——— d

e B B e — -

T VU



ONILNNOW d3ANITAD 1S31 -2 34N9l4

(Q)
(2) ONIdWY1D Ol HOI¥d (o)
3137dW0D ONILNNOW NOILVH¥Vd3Idd GN3 ONILNNOW VILINI

—




NOILVOI¥8V4 ¥3ANITAD 1S31 —'€l 34N9ld

(p) (9)
v3s 34Vl ¥3A0D TVNIS qv3s 34Vl QVO1 VNI

(9) (o)




ONILS3L 133d ='¢I 34N9I4

(9)
¥ QOH13W 99-0

(D)
9.81-0-WiSV




|-PLY CONTROL *
(0) TESTED SPECIMENS
SPECIMENS .
METHYLENE
CHLORIDE
(b) SAMPLE PREPARATION
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3.2.1 Crease effects.~ Coupon samples were cut and accordion folded parallel
to the grigs with a ,0254 meter (1 ineh) spacing between folds. The fold was
a full 180" sharp creasae, The coupons were tested per FIM-5102, Relerence 4,
like the uniaxiol tensile tests to determine the loss in strength, Filive (5)
samples were tested for o.ch material at 22°¢ (72%%).

3.2.2. Blocking test.~ The test method is described in Specification QO00041,
Appendix B, With this method a dead load of 89 newtons (20 pounds) was applied
to a sample of ,051 meter x ,203 meter (2 inches x 8 inches) folded into a .051
meter x .051 meter (2 inches x 2 inches) square. The load is applied for 24
hours at 71°C (160°F), and the force required to separate the layers is deter-
mined. TFive (5) sample specimens were investigated Lor each of the two (2)
laminate materials since the coating materials used iIn the 2-ply materials

do not exhlbit measureable blocking effects,

3.2.3 Abrasion test.~ Abrasion tests were conducted to determine the effect

of wear produced when an inflatable structure is packaged and transported in

the deflated state. The method employed uses a dead weight of 44,5 nowtons

(10 pounds) acting on a .002 squarc meter (3.14 squuare inech) circular pad

which reciprocates against a horizental plate at 60 strokes per winute, Fig. 16.
For each test, onra plece of the test fabric was sccured to the pad and anether
about 30 centimeters (1 foot) square was sccured to the horizontal plate so that
two identical surfaces were rubbed together, Laminate materionls were tested
Tedlar to Tedlar and coated materials Hypalon to liypalon., Wear faillure was
assumed to have occurred when specimens were worn down to the fabriec., One
sample of each materinl was tested at ambicent conditions., Typical sample
appearance after failure and test record forms are illustrated in Figure 16.

3.2.4 'Trapezoidal tear tests,- PFederal Test Method 5136, Refercnce &, wits
employed in these tests. Sample size forin is a vight trapezoid ,076 meter

(3 inches) high with bases of 0.0025 M (1 inch) and 0.102 M (4 inches) as
shown in Figure 17(b). The test specimen is notched on the .025 M (1 inch)
base and clamped with the two non-parallel edges gripped in the jaws as shown
in Figure 17 (a). Grip separation rate was .305 meter (12 inches) per minute.
Five epecimens of each material weve tested at a temparature of 22°C (72 F).

A standard trapezoidal template is shown in Figure 17(b) along with a cut
sample and a2 tested and toxn sample. The tear is normal to the warp yarns and
generally & mindmwe tear force is noted along orthogonal tears. Bius tears
require much higher tear forces. Loose uncoated weaves show greater tear
strength than impregnated and coated and/or clese weave materials. These
features allow the fabricator to desipgn for improved tear characteristies.

3.2,5 Flex kests.- YFlex tests were conducted on a Bally Flexometer,

Figure 18(a). Rectangular Eabric specimens 70 by 45 millimeters were folded
in half parallel to the shorter dimension, then folded in half again at vight
angles, Figure 18(b) and (d). Warp yarns were aligned with the 70 millimcter
dimension. Diagonally opposite from the double folded corner, the inner two
free corners ara sccured to one clamp and the outer two corners to anotheor
clamp. During the test, one clamp reciprocates alternately toward and away
from the other, causing the specimen to be flexed in the vicinity of the
double fold at 100 eycles per minute. . One specimen of ecach material type

was tested to determine the number of cyeles to failure in simulation of

the cffect of turbulent air [low over a balloon envelope.
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(a) SPECIMEN UNDER TEST

(b) TEST SPEZIMENS - BEFORE AND AFTER TESTING

FIGURE 17.— TRAPEZOIDAL TEAR TESTING
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3.3 Geometric Properties

Compogite weight and permeability depend on the geometry and constituency
of the lamina,

3.3.1 Weight measurements.~ Weight measurements were made by cutting a

0.152 m, x 0,152 m. (6 inch x 6 inch) sample of cach material and weighing it
on a laboratory balance. For the conventional laminate material another weight
parameter was measured. Since the fabric is a relatively loose weave a weave
set compound is added to afford dimensional stability., A sample of the material
was cut and weighed as above, then boiled in 2 liters of water for an hour and
welghed again after drying to determine the amount of weave set (see Figure 19),

3.3.3 Helium permeability tegts.- Federal Test Method 5460 was used for the
helium permeability tests. The unit of measure is liters of helium permeated
per square meter of material in 24 hours., Sample size was a .140 meter

(5% inch) diameter circle of material. Three (3) sample specimens of each
material were tested at 22°C (72°F). All permeability tests were performed on
virgin, uncreased and unstressed material samples.

The edges of the eircular specimen shown in the foreground of Figure 20
were coated with a soft wax and clamped between the hinged circular plates shown
at the left. Ilelium introduced through the lower plate diffuses through the
specimen and its concentration between the specimen and upper plate is sensed
by an analysis cell connected to the galvanometer throupgh a Wheatstone bridge.
Two readings taken at fixed time intervals establish the permeation rate per
unit area.

4,0 TEST RESULTS AND DISCUSSION

Strength test data have been obtained by uniaxial and biaxial testing and by
peel tests. Durability test date are avallable from crease, abrasion, blocking,
tear and flex tests. Geometric test data are furnished on helium permeability
and constituent weights,

4,1 Strength Test Results

As noted in Section 3.1.1, coupon testing of composites may yield questionable
data due to the inability to fully involve yarns ineclined at angles to the test
direction. Considerable differences in test results were found for fabric based
materials when tested biaxially and when tested unilaxially.

4,1.1 Unifaxial tensile data.~ Averages of uniaxial test data for tensile
strength and elongation in both machine and transverse directilons are shown for
the four materials and the three test temperatures in Table 2 and Figure 21.

As expected, the data show that tensile values increase as temperature
decreases and elongations vary inversely with the tensile strength. 'Tge clamging
technique used for the laminate materials had to be changed at the -517C (~60°F)
condition since excessive slippage in the jaws produced unequal filament loading
and premature specimen failure., Fiber slippage was reduced to a minimum by
snubbing the specimen ends in a pair of '"D" shaped rings in place of the
clamp-type prips. This effect was not observed with the coated materials apparently
because the yarns are held more firmly in the coating and little slippage occurs
in the jaws.
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WEAVE SET(SIZING) TEST APPARATUS
(a)

SAMPLE TEMPLATE 8 PREPARATION
(b)

LABORATORY BALANCE
(c)

FIGURE 19.— WEIGHT MEASUREMENT
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4,1,2 Biaxlal tensile results.- Biaxial test data on the ultimate strength of
the materials was limited by extensive difficulties with the test apparatus.

In previous eylinder testing, Refervence 1, hoop loads were applied
pneumatically. Since some of the Kevlar based materials belng tested had more
than twice the strength of previous materinls tested, sudden rupture of a Kevlar
sleeve presents a considerable ballistic and acoustic hazard to personnel.

To obviate these hazards, sleeves tested In this Investigation were
loaded hydraullcally by £illing them with a [luid of water and alcohol, 'The
principle difflculties with this method were:

(n) Distortion of the material speclmen from a true, axi-symmetric
form due to the Fluid weight.

(b) Delamination of the materials due to fluid leaking into imperfections
in the material surface.

(e) The extensive test cycle time produced by the modest silze of
equipmgnt useg to heat, cool, and pump the £luid, particularly
at =517C (~60°F) whera the liquld became a slurry.

(d) Control of the fluld aflter rupture,

In addition, the original clamping system used to secure the sleeves to
the end plate proved to be marginal at the high axial loads of 90,000 N
(20,000 1b) required to fall the heavier sleeve specimens. After considerable
development, end grips were obtained that would carry specimens to failure,
The final confipguration, only partially successful, consisted of a wedge-section
ring and mating insert bolted together to clamp the sleeve end. A seal was
provided by a pressurized torus between the sleeve and the end plates. The
clamping of high strength composite materials appears to be a nearly universal
problem among experimenters.

Loads werc applied by fivst pressurizing th: interlor of the cylinder
specimen, superimposing an axial load and then introducing shear stress by
turning the free end of the specimen until fallure occurred. A biaxial stress
ratlo PX/P =2 was chosen For the measuvements reported here as representative
of the conHitions in a eylindvical structure like an aerodynamlieally shaped,
tethered balloon. HBecause of the area occupied by the axial cylinder rod, a
small axial force adjustment was required in addition to specimen pressurization
to obtain a stress ratio of 2. Most failed specimens exhibited tecars along the
axial direction extending about half the specimen length.

Figure 22 shows the effect of temperature on ultimate hoop and axial stress.
Machine direction, uniaxial (PK/P =0) failure stress data (Table 2) were plotted
along the ordinates and elllps@gs Eitted by standard, least squares techniques.
Biaxial strength of the experimental (Kevlar Fabric) matevials varied ilnversely
with the temperature as might reasonably be expected Erom the temperature-
strength variations of the constituents. For the conventional, Dacron-based

materials, the resulte supgest some strength loss .u low temperatures.
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Curves developed similarly for bilaxial stress accompanied by shear,
Figure 23, exhibit similar temperature effects, It was found necessary to
apply at least 40 per cent of the biaxial failure load measured at P =0
to prevent instability and specimen huckling before shear failure octurred,

Figures 22 and 23 indicate that the relative strength levels of the
materials tested at various temperatures under combined loading could be
inferred from the uniaxial failure data. Where knowledge of absolute strength
is required, however, as in design of inflatable structures, biaxial-shear test
data approximating the anticilpated service loads should be obtained.

4,1,3 Elastic Characteristics.-Stress-strain data acquired during the
biaxial tensile tests were used to determine the biaxial elastic and shear
stiffness coefficients. Stress-strain data for the hoop direction (material
machine direction) at P,/P,=2, P_,=0 and various temperatures is shown in
Figure 24, Each line repreésents one cylinder test specimen, Elastic
coefficients for each material and temperature, Flgure 25, were determined
at 30 and ar 75 per cent of burst stress by measuring the slope of tangents
to the curves in Figure 24.

The shear stress-strain relations obtained at 50 and 75 per cent of the
bilaxial burst load were quite linear from zerc shear up to shear failure,
The slope of these relations were taken as a measure of the shear stiffness,
Figure 26,

The Kevlar comprsites display increased dimensional rigidity relative
to the control materials as would be expected from use of the high modulus
fibers. Tor example, the single ply Kevlar laminate, Figure 25, shows about
three times the stifiness (Bt} in the machine direction as the single ply
Dacron control material. The two-ply Kevlar material has about ten times the

stiffness of the corresponding Dacron, two-ply. The high rvigidity of the Kevlar

composites is an advantageous characteristic for many struectural applications,
but is a disadvantage in applications requiring folding and high density
packaging,

Most of the materials tested showed high vardability of shear stiffness
with temperature, Figure 26. Although the film components in the single
ply fabric laminates probably determine the shear load at fallure (Tigure 23),
the sipnificant contribution of the fabrie to shear stiffness 1s indicated by
the more than two-fold increase in ghear stiffness produced by replacing
Dacron with Kevlar in the experimental laminate. The data indicate that shear
stiffngss riges with an increase in the biaxial stress field. Tor example,
the 22°C (72°F) shear stiffness of the single ply control and two ply exper-
imencal materials increased more than f£ifty per cent when the biaxlal stress
level was increased fram 53 to 75 per cent of ultimate.

Adequate characterization of the elastic behavior of these materials
will require further testing.

4.1.4 Peel strength data,- The film to film (A and B, Table 3) peel strengths
of control and experimental materials were fairly consistent, The addition of
the adhesive wash coat reduced the peel strength of the film-fabriec interface
(C-Table 3) in about the same proportion as water immersion. The "dry" peel
strength of this interface for the Kevlar experimental laminates was about
two-thirds of the Dacron laminate, The wider yarn spacing in the Dacron fabric
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All Data Are Mean Values of 5 Specimens Peeled Along The Machine Direction
Newtons /Meter (Pounds/lnch)
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TABLE 3

PEEL STRENGTH FOR 1-PLY LAMINATES

Interface *
(See Inset)

Control Laminate

Exverimental Laminate

A (dry) 403 (2.3) 432 (2.5)
B (dry) 315 (1.8) 380 2.2}
C Before wash
coat
(dry) 2420 (13.8) 1720 (9.8)
(wet) 1960 £11.2) 530 (3.0)
C After wash
coat
(dry) 2190 (12.5) 1500 (8.0)
(wet) 1750 (10.0) 1120 (6.4)
[ (Tedlar) (Tedlar)
(A) |
(Mylar) (Mylar)
(B) [
(Mylar) (Mylar)
(c)
- (Dacron) (Kevlar)

Wash coat of !

adhesive

44

*”Het" refers to 72 hour H20 immersion before testing

Wash coat of adhesive was applied to fabric side as a separate operation




(Table 1) may account for some of the difference since the adhesive flow
around the yarns would be greater than for the more tightly woven Kevlar.
Interface € for Kevliar appears to he more sensitive to water than for Dacron
gince the addition of the wash coat to the otherwise exposed Kevlar fabric
slgnificantly reduced the effect of the water immersion.

4,2 Durability Test Results

Test data for crease effects, abrasilon, blocking, tear, and flexibility
relate to performance of the materials under handling, packaging, and wear
in service.

4.2,1 Crease tests.- The crease test data presented in Table 4 shows signi-
ficant degradation of the experimental sinpgle ply fabric strength from folding
and a slight decrease in observed strength for each of the two ply materials
when compared with the data in Table 2. This may be due to the fact that the
Kevlar has a very low elongation at failure (4 percent). This phenomena was
not observed in the single ply control material because the Dacron has a lower
modulus and much larger allowable elongation to failure., For the coated two ply
fabric, the minimum attainable bend radius is several times that of the single
ply fabric. Sctrength loss from folding appears to be one of the shortcomings
of Kevlar which could be minimized by Further development. Use of a more
ductile gas barricr than Mylar f£ilm or positioning the Kevlar more closely to
the neutral axis of the composite to increase the effective radius of bend
would decrease fold damage., Alternative weave patterns could be employed

to enhance the strength retained after creasing., Although crease sensitivity
is an undesirable feature for inflatable materials applications, the increased
strength to weight ratio cffered by Kevlar composites may justify refined
handling and packaging techniques that use mandrels and liners to control
minimum bend radii.

4,2.2 Abrasion test data.- The number of cycles required to expose the fabric
by erosion of the £ilm or coating on the outward side of the materials when
abraided against themselves was:

1-Ply Control 40,000 cycles
1-Ply Experimental 69,000 cycles
2-Ply Control 21,000 cycles
2-Ply Experimental | 21,000 cycles

The superior abrasion resistance of the Tedlar film on the exterior of the
laminates is primarily responsible for their greater abrasion life. Wear
effects on the Tedlar were not visually evident for the first 15,000 to 20,000
cycles, The difference in abrasion life between Dacron and Kevlar fabric is
probably due to the difference in yarn size and count. Since wear begins at
the points of greatest pressure, where yarns in the fabric cross, the coarse
weave Dacron concentrated the wear on a smaller area than the finer weave
Kevlar fabric.
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4.2.3 Blocking test data.,- No blocking was observed for either the control or
the experimental laminate. Blocking 1s not expected to be a problem with
materials of this type unless major changes in the adhesive or coatings are made.
Since blocking forces were lower than the measurement threshold (10 mg.), no
quantitative results are recorded for these tests. The material samples used

in the blocking tests were unlubricated (unstarched, unpowdered).

To maintain control over the bloecking tendency of polymeric materials,
explicit curing and storage conditions are prescribed. The laminates tested
were stored at 40°C (100 F) for 48 hours to cure the filn~to-film bonds and for
72 hours to cure the f£ilm~to-fabric bond.

4.2.4 Tear test data.- Trapezoldal tear test results are presented in Table 5,
As expected, the single ply control exhibited the best tear resistance. The
experimental single ply fabric ylelded values nearer to those of the comtrol
two ply fabric due to the tight weave and the small yarn size which reduces the
abllity of the fabric to withetand the load at the tear root.

The tear resigtance of the experimental two ply fabric appears tuv he better
than either of the experimental single ply or the control two ply, as may be
expected, since the unlaxial tensile strength is nearly twice that of either
the control or single ply experimental materials. In general, coated materials
do not provide as much tear resistance as lamiiated materials since open weave,
high denier fabrics haviug high inherent tear strength cannot be used iu the
former because of coating strike-through.

Except for £ill direction tearg in the coated fabries, all tears uzcurred
by progressive fracture of successive yarns in the fabric, For most of the
£il1ll directlon tears in the coated material, the fabric plys separated without
yarn fracture,

No criteria have been established for minimum tear resistance of tethered
balloon envelopeés, Standards for single wall, ailr supported buildings based
on a ten-year study of about 900 structures indicates the minimum trapezoidal
tear resistance of a cylindrical structure subject to aerodynamic loading
should be directly proportional to the diameter (Reference 5)., For example,
the minimum trapezoidal tear strength for a l5-meter (45,foot) dlameter
structure would be 95N (21 1lbs) when operated at 250 N/m® (1 dinch H O)internal
pressure in winds up to 33 m/s (65 knots).

4.2,5 Flex test data.—- At 1000 cycles on the Bally Flexometer, the single ply
control laminate showed severe failure of the film gas barrier by cracking and
delamination, At 3000 cycles, the single ply experimental laminate began to
exhibit small pinholes. At 4200 cycles, failure of the experimental laminate
had proceeded to the same level as the control laminate at 1000 cycles, and
both laminate specimens showed broken yarns. The two ply coated fabrics showed
delamination at about 24,000 cycles with the experimental, Kevlar material
having the more extensive failure.

Since the adhesive Mylar and Tedlar films used in the lamination have
from 2 to 5 times the tensile stiffness of the urethane and neoprene coatings
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used in the two ply materilals, the above results are not surprising, High

flex life is an advantage In applications where an iInflatable structure must be
deflated and repackaged a large number of times or where the structure must be
handled by relatiyely unskilled personnel,

T

4.3 Geometric and Mechanical Properties

o me

4.3.1 Helium permeability.~ Helium permeability data are presented in Table 6,
The laminate materials had a lower permeability than the coated fabries. Pin-
holes in the outer layer of coated materials allow helium to flow along yarn
filameats of the fabric and through pinholes in the additional layers of
coating., The two layere of Mylar film bonded with adhesive prevent lateral
flow of any helium passing through one layer of film., The two to one ratio of
permeability between the film laminates the coated materials and is typical for
these materials. Permeability of creased or multi-cycle stressed material
gsamples generally show significant increases over virgin materials. Typical l

T T

permeability acceptance levels for balloon materials are uvie to two liters per
square meter per 24 hours on unstressed, uncreased material samples,

s Vel

L T T o

TABLE 6
HELIUM PERMEABTLITY TEST DATA

(1/m?/24 hr at 300 N/m? pressure)

Single-Ply Materials Two~Ply Materials
Control Experimental Control Experimental
0.3 0.6 o 0.4
0-3"'0'5 Oa4 0.8 0.6
0.3 0.7 0.5
Avg.. 0.4 0.3 : 0.7 0.5

4,3,2 Constituent weights.- Finished weights of the experimental and eontrel
composites and the breakdown of constituent weights are given in Table 7.

. To put the weight information into more megningful terms, aerostats
normally use materials in the range of .02 kg/m® (3 oz/yd<) to .408 kg/m2
(12 oz/ydz) because of strength requirements and currently achievable strength
to welght ratios.

of .102 kg/m (3 oz/yd=) and 26,250 N/M (150 ib/in) strength which corresponds
to current materials welghing .408 kg/m? (12 oz/yd?). The two experimental

el

Further development with Kevlar based materials may achieve material
.
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materials represent the strenpth-to-welght improvement that was a major
objective of this contractual effort. The objective for the laminated
material was to reduce welght while malntaining the sume stren tn ag conven-
tional materials, 43 kN/m (250 1bs/in) For .203 kg/m? (6 oz/yd2). 'he
abjuctive for the eoated materials was to achieve brentur ercngth for
conventional weight, 70 kN/m (400 1bs/in) for .406 kg/m? (12 oz/yd2). The
data in Table 8 indleate that these objectives have been azhieved.

TABLE 7

ANALYSIS OF CONSTTITUENT WEIGHTS

Controls Experimental Materlals
2 2 2 2
Constituent kg/m®  (oz/yd”) Cons tituent kg/m™  (oz/yd®)
Tedlar 064 (1.89) Tedlar . 064 (1.89)
Adhesive .007  (0.20) sdhestive .007 (0.20)
o u Mylar 008  (0.25) Mylar 008 (0.25)
g Adhesive .005  (0,15) Adhesiva . 005 (0.15)
@ ot Mylax .008  (0.25) Mylar .008 (0.25)
3 9 Adhesive 0400 (L.17) Adhesive 040 (1.17)
g Dacron .129 {3.8) Kevlar 064 (1.89)
Adhesive 010  (0.29) Adhesilve -010 (0.29)
TOTAL 271 (®.00) TOTAL 206 (6.09)
" Hypalon .068  (2.0) Hypaleon .068 (2.0)
o Urethane .085 (2.5) Urethane .085 (2.5)
LR Dacron 065 (1.9) Dacton .048 (1.4)
=l Neoprene JA19 0 (3.5) Neoprene .119 (3.5)
g3 Dacron 119 (3.5) Kevlar .092 (2.7)
TOTAL 456 (3.4 TOTAL 412 (12.1)

4.4  Other Characteristics

The materials deseribed were not analyzed for creep and relaxation
effects or such thermal and electrical characteristics as absorptivity,
emissivity, reflectivity, transmissibility, heat capacity, conductivity,
dieclectric strength, outgassing and vapor conductivity.
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5.0 SUMMARY AND CONCLUDING REMARKS

Two composite, sheat matevials for use in inflatable structures usiag Tabrile
of the new huPont organiec Fiber "Kevlar" have been designed, manufactured in
"nilot! scale quantities and tested. 'lwo conventional materinls, similar to the
above, oxcopt for the use of Daevon Fabrie In place of Kevlar were produced omd
testad as experimental controls. One palv of control and experimental materinls
was produced by adhesive laminatior of [ilm and fabric plys. 'The other pair
of materials was produced by coatilng fabrles with varlous elastomeric substances
(Table 1), Laminated materials contained a single ply of square weave fabric.
Coated materlals each had two plys ef square weave labric orlented at 45 degrees
to each other for improvad dimenslemal stability.

Lamination of the single ply of Kevlar fabrie to film gas barriers
presented no unusual difficultfes. The tensile stiffness of the fabric
produced o Firm, stable web on process machinery.

Asscmbly of the conted Kevlar ply and Dacron bias ply on standarvd, coating
equipment was complicated by the dilfevence in clasticity between the Kevlar
allgned with the machine divection and the Dacron [abric tensioned on the bias.
The automatle gulding cquipment used to allgn the plys was not sufficiently
sensitlve to prevent fabuvic wrinkles which were set in place when the plys
wera bonded toponther.

The four materials were tested for tensile and shear strength, tear,
abrasion, crease and flex rvesistanece, bloclking and permeability. Mean values
of representative propertlies are given in Table 8.

Comparing corresponding contrel and experimental materials indieates the
effect of replocing Dacron fabric with Kevlar, Tensile and shear break strengths
wvere inereoased by about one-fhind for the one ply lominuates and were more than
doubled for the two ply coated materinls. Tensile stiffnegs was increased about
threa fold for one ply and ten [old for the two ply matecials., Shear stiffness
of tlie one ply materials was doubled.

The one ply, Kevlar lamlnate exhibited considervable strength loss afcer
creasing., The coated Keviar material was muech less alfocted by the same tveat-
ment, Relocation of the Kevlar fabrie nearev the neutral planc of the lominate
would probably reduce the effect of creasing.

Trapezoidal tear strenpth tended to vary as the strength of individual
yarms. The one ply, Dacron laminate had yarns more than twice as strong as the
Kevlar yarns used in the corresponding laminate. The size of Kevlsr yarn uscd
was determined in this case by avallability. Tor the coated fabrics, yarn size
is generally determined by the allowable fabric welght and space between yarns.
Any appreciable opening between yarns In a fabric to be costed allows the coating
material to bleed through, which interferes with the coating operation on the
reverse side, Wlchin these constralnts, tear strenpth can be lucrenged by
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inereasing the size and spacing of the yarns.

The Tedlar BVF film on the laminates exhibited about twice the abrasion
resistance of the elastomeric coatings on the two ply materials, lowever,
the coated materials'resistance to repeatad flexure was about an order of
magnitude better than that of the laminates., Flex life of the laminates
could probably be improved by relocating the fabric near to the neutral plane
and by substituting a more ductile Film such as Hytrel® or Saran** for the
Mylar gas barrier,

Permeability levels for all materials were well within the usual limits
specified for tethered acrostats. The f£ilm laminates showed about half the
permeation rate of the coated materials.

The processing difficulties described do not present a serious obstacle
to the manufacture of Kevlar-based composites. The blas ply fabriec could be
replaced or obviated by use of a multiaxial yarn construction such as triaxially
woven fabric or parallel, non-woven yarn arrays like those widely used for
reinforeing polyethylene tarpaulins and vapor barriers for building construction.

The reduction in resistance to handling (creasing, flexing) from the
Dacron based materials to the Kevlar materials is attributed to the high
modulus of the Kevlar fibers and to the high film moduli in the case of
the laminates. Although these characteristics are undesirable for inflatable
structures, the improved strenpth to weight ratios offered by Kevlar com~
posites may justify more complex handling and packaging techniques for
flexible structures incorporvating Kevlar [ilaments.

The prime objective for the experimental laminate was to reduce weight
while maintaining the same strength as in conventional counterparts. The
prime objective for the experimentul coated materials was to obtain greater

gtrefigth for the same weight, The test program reported in this paper
indicates that these objectives have been achieved.

*DuPont Trademark
*%Dow Chemical Trademark

53

e i Tt




1{.4..1‘1: £l

54

REFERENCES

Niccum, R. J., "Comparison of Polyester, Film-Yarn Composite, Balloon
Materials Subjected to Shear and Biaxial Loading," NASA Contractor
Report CR-2047, June, 1972,

Alley, V., L., Jr., and Falson, R. W., "Experimental Investigat'on of
Strains in Fabric Under Bilaxial and Shear Forces," Journal of Alrcraft
Vol. A, No. 1, January, 1972, pp. 55-60, by the American Institute of
Aeronautics and Astronautics,

ASTM Method D 1876.
Federal Test Method 5136.
"Minimum Performance Standard for Single-Wall Air-Supported Structures,"

March, 1971, by Alr Structures Division of Canvas Products Assn,,
International,

TR




l,'(.ll-"“- Fet

1.0

2,0

3.0

4.0

o T IR I T e I

APPENDIX A
Peel Test Methods for Laminates

Scope

1.1 7This specification details a mcthod for determining the

relative vesistance to delamination and/or bond strengths of
laminates and tapes.

Equipment

The following cquipment and appavatus are required in order to test all
methods of this speeification:

Instron testing machine

Rotary drum, 5" diamecter x 3" wide

Hand sealing iron

Pressure sensitive double backad masking tape, 3M No. 40P
Thwing-Albert 1" Precision sample cutter

Scilssors

Goeneral Comments

Peel values are not an absolute yard stick as to how well the material
will serve its intended purpose.

Peel results will vary with the type of materials being tested, their
angle's of separation, adhesive thickness, speeds of separation,
adhesive type, etc.

A relatively rigid adhesive will tend to give test vesults that are
artificially low since the stress will be concentrated in 2 narrow
line at the point of separatien. By contrast a ductile or elastic
adhesive system, because it can eleongate and distribute the force
over a larger area, will appear much stronger in peel

Rigid adhesives gencrally require a large force to initiate peel
and a small force to sustain peel.

Chart Interpretation and Recording

4.1 General

Unless otherwise specified, the minimum and maximum values of each
test shall be recorded on the Laboratory Request form. A minimum
of 3 specimens shall be tested for each location or direction. BRach
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set of readings shall be totaled and averaged to provide a minimum
and maximum average bond strength. Interpretation of strip chart
shall be in_accordance with the following instructions. Readings
shall be reported in lbs/inch, unless otherwise specified,

Minimum, Average and Maximum Values

Most peels are reported as minimum bond., This can generally be
described as an average of the 3 to 5 lowest points, disregarding
spikes, on the chart (see Figure 1), The first Y" and last 1" of

peel shall be excluded for purposes of obtaining the peel value. r

c B
I
L |

N ——

d‘//faf"' Disregard last 1/4"

3=5 highest points

3-5 lowest
points

' }\
I Disregard first 1/4"

A l.

i |
P

0 B

FIGURE 1

A = Minimum bond value. Note that the extreme spike is not to
be included as it is not truly representative.

=
i

The maximum bond value (average of 3 to 5 highest points).

C = Mean value or average load value.

|
NOTE: Generally the arithmetic average of the minimum and maximum !
bond values should approximate the actual average load value |

from the chart, |

|

\

|
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Extreme Low Values

Low extreme spikes are normally discarded unless they represent the
true condition of the material., In some cases they will be
representative.,

Cyclic Peel

Certain adhesive systems will produce a cyeclic trace on the chart
like the following:

Ave. Bond

—
—_——

/ Max. Bond

i

I
I
Min Bond.—.l l
I
I
I
I
I

"Stick"

m (1] "

Surface of Peel

i - Peeled
I e
Specimen |
: Exhibits
Striations

In this event, read minimum and maximum bond values for general
recording purposes and identify the peel as "eyvelic peel”.

With a rigid adhesive system characterized by the above read out,
it is recommended that the average load value be used because it is
most representative of the true peel strength.

Failure Mode

Ideally the peel test should separate the adherends by splitting

the adhesive layer (cohesive failure) with part ot the adhesive
remaining on both substrates. In practice this seldom occurs. It
is important that the failure mode be identified and recorded during
peel testing.

Failure modes may be one of or a combination of the following:

AF = Adhesion failure. Adhesive will stay entirely with one adherend.

’ Adhesive

Film < ~ .

—




Ly,

Cs = Co jve failure of substrate. Experience is required to distinguish
this condition from that of adhesion failure.

L

Film <
Adhesive —-l

—
b’c
o>
f——
CA = Cohesion failure of adhesive. Adhesive splits and leaves some
adhesive on both metal foil and plastic film.

Surf f led cimen exhibits
—— pefifm EB:, marks

\ Adhesive

Film <

r

5.0 Conduct of Test

5.1 Sample Preparation

(a) Cut on Thwing=Albert precision cutter.
(b) Sizge - 1" x 12", to + 0.5% accuracy.
(¢) Edges must not be nicked or marred in any manner.

(d) Samples must be identified by number for each condition.
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5.2 Test Procedure

)

(b)

(c)

(d)

(e)

(f)

Separate the adherends at the ond of each sample using o
palr of seissors apd a hot hand iron,

Place a 2" wide strip of double hacked pressure sensitive
tape all around the drum. PFasten the drum into the lower
Jaw receptacle on the Instron cross head.

Press one side of the specimen onto the tape aad clamp the
other adlierend inte the upper jaw,

fat the Instron at the following conditions:
Crogshead travel: 2" por minute
Churt spoed: 2" per mimtte

Full seale load switeh at ten pounds

Peol gample for approximately ovae (1) minuste go that 2" of
the speeimen 4ds separated,

Read the minipum and maximum values from the chart and record

values on the Laboratory Report Form,

59




o

60

APPENDIX B

Blocking Test for Laminates and Adhesive Coated Materials ;

1.0 Scope

This specification describes the procedures to be used when testing the
blocking of laminates and adhesive coated materials,

2.0 _Apparatus
2.1 Instron Testing Instrument
2.2 Controlled temperature chamber

2,3 Weights, 20pound, 2" x 2" base

3.0 Procedure

3.1 Fold a 2" x 6" sample of the laminate to be tested (adhesive side in
on the first fold) twice so that a 2" x 2" square is formed. See

Figure 1. This procedure may be reversed for laminates with coating
on the film side.

|

i

l

|

2.4 A press capable of exerting 5 psl at 130°r 1
|

]

]

Adhesive
1st Feold (j_ Side

2nd Fold (; )

_)‘ﬁ’,,—- Adhesive Side

}_’__ R

FIGURE 1

3.2 Place one weight (2.3) on the sample so that the weight covers the

sample exactly. Condition one samp%e under weight for 24 hours at
room temperature and another at L60°F,

3.3 After 24 hours, place the sample in the Instron as shown in Figure 2.
Be careful not to pull the center fold open.




W Sample

e Adhesive Side

FIGURE 2 ——— Grip

3.4 Seot the Instron as follows:

Crosshead: 1.0 in/min.
Chart speed: 1.0 in/min.
Jaw spread: 2 inches

3.5 Start the crosshead and chart., Reeord the average peeling force on
the test request form,

3.6 Acceptance Criteria for Laminates

3,6.1 For open scrim laminates failure will be deseribed as
blocking sufficient to make a hole in the f£ilm barrier.

3.6.2 For clath laminates the maximum tolerable peel force must be
specified on the test request form. '
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