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ABSTRACT

The short lifetimes of seal/skirt svstems on
surface effect vehicles (SEV's) severely limit the
long-term serviceability of such craft. Therefore, a
systematic study was undertaken to evaluate the
effects of fabric structure on the performance of
rubber/fabric skirt materials under conditions of
high-speed, high-curvature flexing. A series of nylon
fabrics was designed and manufactured in which the
fiber denier, yarn denier, yarn twist, yarn crimp,
weave pattern and float length were varied, but in
which the tensile strength was kept constant through-
out. Each of the fabrics was rubber-coated using the
same natural rubber/polybutadiene blend and the same
coating technique.

A flex-testing apparatus was specially designed
and built for flexing the rubber/fabric composite
materials in air at an average radius of curvature of
0.28 in. at a cycling frequency of 15 Hz. The life-
times in flex of the experimental series of fabrics,
as indicated by the appearance of flex cracks 1in the
rubber layer, ranged from a low of 140,000 cycles to a
high of 21.; million cycles, a range of over two
orders of ma nitude.

A fact  1al analysis of the test results showed
that lower yarn denier, lower yarn crimp, and shorter
float length (plain-weave) in the fabric substrate
offer significant advantages in the ability of the
fabric to withstand flexing. The design of three
broad fabrics for full-scale skirt trials on the SRN4
cratt is described, and recommendations are given for
the design of future fabrics.
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FOREWORD

The high speed and versatility of Air Cushion Vehicles (ACV) offer signifi-
cant potential for military applications. However, in amphibious transit over e
land and water, the lower appendages, called fingers, are subjected to severe
flexing and abrasion, shortening the life of the finger. As a result, craft
performance is degraded and life-cycle costs increase. The objective of this
exploratory development project was to develop enough information on fabric and ®
coatings to guide development or selection of coated fabrics as finger materials

for Navy air cushion craft. A
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Volume I, the first of three, described a comprehensive evaluation of coat-

S ——

. ings for finger materials for air cushion vehicles. The approach taken, in which
materials were screened in preliminary dynamic tests in order to identify surviv-
ing candidates for further laboratory characterization, was a sensible and eco-
nomical approach. In this work, the fabric was held constant and the coating was
varied.

This volume, the second, describes the effect of fabric structure on the

performance of finger materials. Here, the coating was held constant and the

1 fabric was varied. A natural rubber/polybutadiene blend coating was common to

L both endeavors and served as a reference control tying both efforts together.

b: The design and manufacture of a high-speed flex~testing apparatus using a Ford

h Motor Companv Pinto engine was an economical innovative approach to achieve
reciprocal motion and multi-test station capacity.

Volume I[1I (to be published) describes the coated fabric as a finger

material. Performance was measured in the laboratory on a unique dynamic testing
facility called the "Drum Impactor" and in the field on operational air cushion
vehicles. The information contained in Volumes 1 and Il was used to define
coated fabric constructions, which were subsequently manufactured and tested as
detailed in Volume IIIL.

The series of experimental fabrics was produced with the assistance of
various other divisions of Albany International, including the Technical Fabrics
Division, Auburn, ME, and North Monmouth, ME, (weaving, heat-getting) and Tech-
nical Fabrics Division, Buffalo, NY, (final rubber press coating). The Arkwright
Finishing Plant, Fall River, MA, a division of United Merchants, was kind enough

to allow use of their facilities for beam-scouring of fabrics.

PP G G Y S W
el

. dandad




INTRODUCTION

In the 1950's the technology was developed for putting into practice an idea
that had been around for about a century--the idea of a vehicle that could travel
over the land or sea supported above the surface by a continuously self-generated
cushion of air.l* The first crossing of the English Channel by such a "surface

effect vehicle" (SEV) was made in 1959 by the SRN1, a forerunner of the craft

shown in Figure 1. The principal advantage of such vehicles is that the limiting
effect of drag is overcome to such an extent that oversea speeds can approach 100

knots, whereas the top speed of more conventional surface ships is about 30 knots.

The high speed and the potential for amphibious use of surface effect vehicles
have far-reaching military implications: coastline troop and equipment dispersal
may be accomplished more quickly and under far more hostile conditions of weather
and terrain than with conventional landing craft; larger vehicles, perhaps in the
3000-ton range, could be used as ocean-going '"mother ships."

Air cushion vehicles now operating in the English Channel, such as the 200-
ton SRN4 built by British Hovercraft Corporation (see Figure 1), can carry 254
to 282 passengers and 30 to 37 cars. These vehicles are propelled by aircraft
propellers and are supported on a cushion of air that is generated by high-speed
fans; air is distributed to the area under the craft from a peripheral elastomeric
ducting system called a "bag." Present-day craft maintain cushion pressures
generally in the range of 30 to 100 psf. The cushion of lifting air is retained
by a system of peripheral seals such as the "bag and finger" system of the SRN4
The articulated nature of the flexible fingers allows

0f the

illustrated in Figure 2.
the (raft to traverse obstacles or waves with a minimum loss of air.
several different seal systems in current use, all involve flexible reinforced
elastomeric panels in some form.

As the vehicle moves through the water, the tips of the skirt panels, par-
ticularly in the bow and stern regions, undergo a complicated combination of
severe dynamic loading conditions: high-frequency, high-curvature flexing and

impact. The magnitude and frequency of such potentially damaging cyclic loading

* .
References are listed on page 77.
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- Figure 1 - Surface Effect Vehicle: SRN&4 Hovercraft1 e
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have been documented by Malakhoff and Davis:2 depending on the forward speed of
the craft and the air cushion pressure, average accelerations on the order of 300
g's with peak accelerations of 400 g's have been documented at frequencies near
200 Hz., In addition to such high-speed cyclic stressing, the skirt panels are
subject to isolated, but possibly very damaging, abrasion from impact with floating lff

objects and debris.

The principal modes of failure observed in actual skirt panels include de-

lamination, abrasion, and tearing. Delamination, or separation of the elastomer-
ic coating from the woven reinforcing substrate, sometimes preceded by flex-

cracking of the elastomeric layer, is thought to represent an early stage of

?:i failure. Unsupported, the elastomer can be rapidly torn away from the substrate .
¥ and exposed to the deleterious effects of seawater. When the work described here
was originally conceived, it was believed that delamination was principally flex-
_ engendered, as evidenced by flex-cracking of the elastomer. It now appears,

%. however, from work ongoing at the David Taylor Naval Ship Research and Develop-
ment Center (DTNSRDC), that for at least some skirt material designs, high-speed

impact is a more important factor in initiating delamination than is flex fa-

tigue. The energy transmitted during impact seems to be enough in many cases to
disrupt the adhesive bond between substrate and elastomer. Protection against
abrasive damage that is not the result of previous delamination depends mainly on
the thickness of the elastomeric layer. Resistance to tearing, which occurs
principally at the skirt attachment points, is controlled by the tensile proper-

ties of the fabric reinforcement.

Although little is known in detail about the actual failure sequence and
processes, clearly the major shortcoming of SEV's is the short lifetime in use of
their skirt systems. The average lifespan of the bags on the SRN4 is 2000 hours;
of bow fingers, 500 hours; and of stern fingers, 200 hours.3 These short life-
times of the seal/skirt system severely limit the military potential and commer-

cial practicality of surface effect vehicles.

With DTNSRDC, the Albany International Research Co. has attempted to study

the effects of several fabric construction variables on the lifetime in flex of

L
N a.a 8

fabric/elastomer composite materials suitable for use in skirts. We have taken

as our mandate the opinion expressed by the Committee on Skirts and Seals for -

Surface Effect Vehicles, National Materials Advisory Board, National Research

o
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Councild: "An extensive, systematic study of the effects of fabric structure on
skirt performance should be conducted.'" Although high-speed impact may be the
loading condition that begins delamination in some currently used skirt materials
that are poorly bound together, for materials having a stronger adhesive bond,
there is still clear evidence that flex-cracking is a principal failure mode. As .;;
newer and better adhesive systems are developed, the effects of impact may become
secondary and flex-fatigue may become the dominant mode of failure of fabric-

reinforced skirt materials.

EXPERIMENTAL FABRIC DESIGN AND PRODUCTION

To i1nvestigate the effect of the construction of the woven substrate on the

flex-fatigue behavior of elastomer-coated fabrics, several fabric construction

parameters were varied while the following factors were kept constant: 3
fiber material - high tenacity nylon 6,6 - 4
fabric tensile strength - 1200 1b/in. in the two principal directions j
elastomeric coating - ]

composition - natural rubber/polybutadiene blend ECB-502 . ;
tie coat - Neoprene GNA blend ECB-341 adhesive with isocyanate curing .;J

agent -4
amount - 0.030 in. calendered sheet applied to each side .:
method of application - platen press, 300°F, 30 min, 440 psi. .

See Appendixes A and B for more details concerning the coating formulations and ;;i

coating methods, respectively. 1
The fabric construction variables studied are summarized in Table 1. They -_:;

were fiber denier, yarn denier, yarn twist, fabric float length, weave pattern,

and crimp level--six construction variables, one at three levels, five at two

levels. Four of these variables--fiber denier, yarn denier, yarn twist and weave S

pattern--are specified by absolute values: 2, 6, or 12 denier per filament (dpf);
5040 or 10,080 nominal yarn denier; 5% or 25° surface helix angle, and either a

twill- or basket-weave pattern. The two remaining factors, however, are speci-

IR
o A b,

fied at relative levels: 1 x 1 or 3 x 3 for float length, which in actual length

units depends on the denier of the yarns crossed in a particular structure and

on the count; and low and high crimp level, for which the absolute value depends

. LN
‘alalals

on both yarn denier and float length. R
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TABLE 1 - FABRIC CONSTRUCTION VARIABLES

.

FIBER: Denier Type ° 1

{ 6 DuPont 728 (714) )

\ 6, 12 DuPont 704 B

t 2, 6 Monsanto €02

YARN: Denier Twist ‘?;}é

l 5,040 Low - 0.8 tpi (59) .

High - 4.1 tpi (259) ;

' 10,080 Low - 0.5 tpi (59)

r High - 3.1 tpi (259)

. FABRIC: Float Length Weave Pattern Yarn Crimp [ ] :
I x1 Twill Tow ‘
3x3 Basket High

N )

% Full Factorial Experiment - 2°3! = 96 Combinations o

48 Fabrics [ )
A full factorial expeciment involving each of the fabric construction vari- J
. ables at each level would -quire the manufacture of 2931 = 96 fabric types, a e
number which could be halv.d i{ the fabric were woven so that the low crimp yarns ’ -ﬁ
lay only in the warp direction, and the high crimp yarns in the filling direc- o
tion. L
It was not possible to obtain nylon yarns of the same type in each of the ;;lﬁ
fiber deniers of interest. DuPont Type 728 was of principal interest because of :
its high tenacity, nearly 9 grams per denier (gpd). Since this material was
available only in 6 dpf, two other yarn types were also included in the experi- )
ment; these were DuPont Type 704, available in both 6 and 12 dpf, and Monsanto > i
C02, available in both 2 and 6 dpf. With this selection, 6 dpf fibers of three i
different types could be compared as could two different deniers of each of two ;?
fiber types. DuPont Type 714 in 10,080 denier had to be substituted for Type 'E;
728, to which it is very similar; Type 728 was unavailable at the time in this » B
denier. Typical stress-strain diagrams for each of these materials are given in ]
Figure 3 and average tensile properties are summarized in Table 2. The yarn ii;a
construction is described in both the Figure and the Table by a string of de- E-;:
scriptors as follows: denier, number of filaments, twist, and type. ; B
” 1
9 ;t"_‘..
'
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Figure 3 - Stress-Strain Diagrams of Various Nylon Yarn Types
(Sece Text for Definition of Yarn Nomenclature)
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TABLE 2 - AVERAGE TENSILE PROPERTIES OF SINGLE AND PLIED YARNS

.. Rupture Trans-
Initial El _  Rupture lati 1 Te -
Yarn Construction® Denier Modulus cngd Load ationa enacity
(gpd) tion (1b) Efficiency (gpd)
(%) (z)
5040-840-5-728 (DuPont) 5,140 45 16 99.2 -- 8.8
1/(5040-840-5-728)/1.08 5,340 30 20 99.6 100 8.5
1/(5040-840-5-728)/3.08 5,680 21 25 107 .4 108 8.6
1/(10,080-1680-0-714)/0.5S 10,640 40 20 192 -- 8.2
(DuPont)
1/(10,080-1680-0-714)/1.0S 10,650 37 20 197 103 8.4
1/(10,080-1680-0-714)/3.0S 11,400 22 24 185 96 7.4
840-68-72-704 (DuPont) 865 51 15 14.7 - 7.7
6/(840-68-2~704)/0.52 5,288 29 10 88.2 100 7.6
12(840-68-2~704)/0.5S 10,730 29 20 182 103 7.7
12/(840-68-2-704)/3.0S 11,590 19 25 183 104 7.2
140-68-1/22~C02 (Monsanto) 143 47 14 1.9 - 6.1
36/(140-66~1/2Z2-C02)/0.5Z 5,560 25 29 75 109 6.1
72/(140-68-1/22-C02)/0.5Z 10,470 30 22 141 103 6.1
72/(140-68-1/22-C02)/3.0Z 11,640 14 31 139 101 5.4
630-102-2-704B (DuPont) 635 50 14 11.0 -- 7.8
8/(630-102-2-704)/0.52 5,280 30 18 85 97 7.3
420-68-12-C02 (Monsanto) 420 48 16 6 -- 7.1
12/(420-68-172-C02)/0.52 5,390 30 23 T4 93 6.2

#*See text for definition of nomenclature.

The initial modulus of the varns as supplied with little or no twist ranged
from a low of 40 gpd for DuPont Tvpe 714, 6 dpt, to a high of 51 gpd for DuPont
Type 704, 12 dpf. Yarn tenacities ranged from 8.8 gpd for DuPont Tvpe 728, 6
dpf, to 6.1 gpd for 2 dpt, Monsanto Tvpe €C02. The close similarities in the
stress—ctrain behavior of the various materials in the carly stages of stressing
were thought to be more important in the flexing experiments than differences in
ultimate strength. The absolute strengths and tenacities of the yarns after

plying and twisting are also given in Table 2.

The yarn deniers chosen for the e¢xperiment were determined by the fabric
design criterion of 1200 pounds per lineal inch. The number of fabric ends per

inch necessary to achieve this level of tensile strength with 8 gpd yarns and

11
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various yarn deniers is compared in Table 3 with the maximum number of ends weav-
able in a square, plain-woven fabric.4 As seen from the table, only yarn deniers
above 5040 are suitable for such constructions. Fabrics were constructed from
nominally 5040 and 10,080 denier yarns only since it was thought that fabric

woven from 15,000 denier yarns would be too sleazy and difficult to handle.

TABLE 3 - DETERMINATION OF YARN DENIER FROM FABRIC STRENGTH CRITERION
OF 1,200 POUNDS PER LINEAL INCH

Number of Fabric Ends per Inch with Yarn Denier

Critertion: (multiples of 840) of--

2,520 3,360 5,040 7,560 10,080 15,120
To achieve 1,200 1b/in.
(at 8 gpd) 27 20 14 9 7 5
Maximum weav§ble in 20 18 14 12 10 8
square plain weave

Two levels of yarn twist were adopted:

and high (a 25° yarn surface helix angle).

low (a 5° yarn surface helix angle)

The low levels were to be achieved by

0.8 twists per inch (tpi) in the 5040 denier yarn and by 0.5 tpi in the 10,080
denier yarn. Similarly, 4.1 tpi would represent the high level of twist for the

lower denier yarn whereas 3.1 tpi would be suitable for the higher denier yarn.

Fabrics were to be either plain woven or 3 x 3 twill or basket weaves. Em-
phasis was placed on the twill cunstruction with only a few basket weaves to be
produced. Yarn crimp was to be controlled during fabric production and subsequent
finishing by the application of tension in the warp direction so that most of the

crimp would be in the filling direction yarns.

Six fabric warps were produced as described in Table 4. From these six warps

more than 40 different fabric structures were woven in approximately 10 yard

L
PPN

lengths, each 36 in. wide, by varying the weave pattern and filling yarn twist as
the fabrics were woven out. (These included some basket weaves, and a few 2 x 2

ronstructions, as well as some medium twist level constructions, many of which

e

were not subsequently evaluated because of budgetary limitations.) The various o

.

.l »
)

g

fabrics were produced in general by weaving with the same type of filling yarn as

*
PVl

used in the warp except that the twist level of the filling yarn was varied. How-

ever, four plain weave fabrics were woven from Warp I in which the filling yarns

12

. » e ,
e e e e .
s 8 & ata 4 . 2

S I R P R ST SR L ST T L TR UC LA SR S S s N
‘ Calr P . P T R A
PO A GG AP ALY S




» )
were constructed from different yarn types and fiber deniers than the warp yarn.
The detailed construction of each of the fabrics produced is given in Table 5 .
r‘ where those constructions subsequently evaluated for flex behavior are also noted. -
. . . . . 3
The large effect of yarn twist on the extent of fabric openness is illustrated in 4
Figures 4a and 4b for plain-woven and 3 x 3 twill constructions, respectively. :&
. TABLE 4 - EXPERIMENTAL FABRIC WARP CONSTRUCTION
Warp¥* Fiber Yarn Ends/ Warp Yarn
No. Denier Denier Inch Twist Level
I 6 5,040 14 Low
"~ {
ol I11 6 10,080 7 Low )
v 12 5,040 14 High
v 12 10,080 7 Low
Vi 2 5,040 14 Low
VII 2 10,080 7 High
®
*Construction was generally the same in both warp
and filling directions except for yarn crimp
level and filling yarn twist level.
ii ' Finishing of the var s fabrics included scouring, heat-setting at 350°F,

application of the adhesive tie coat, and final platen pressing of the rubber
layers onto the substrate at 300°F. Additional details describing these finishing

procedures and where they were performed may be found in Appendix B.

The properties of the resulting rubber-coated fabrics are summarized in
Table 6. The tensile and tearing strengths of only a few selected 10,080-denier

constructions were measured after coating because of budgetary restrictions. Test

results for individual fabrics are given in Appendix A, and test procedures are

’ given in Appendix B. In general, the fabrics were of good appearance after coat- 1
. ing. Although layers of rubber of initially controlled thickness were applied to .
i each construction, some variations in final thickness ensued mostly because of :

> variations in the thickness of the fabric substrate. The amount of coating mate- 1

rial applied was barely enough in some cases to fill the fabric structure, partic- j

.tt ularly for those thicker fabrics consisting of high twist, high denier yarns. ;A
s Cross sections of many of the coated fabrics produced are shown in Figures 5 ;S

> through 8. s
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TABLE 5 - DETAILS OF EXPERIMENTAL FABRIC CONSTRUCTION

Filling
Yarn

Yarn Count Twist

(yarns/in.) Weave Pattern Level

Warp
Warp Yarn
No. Twist
Level Fiber Denier

Warp and Filling Construction

Nominal
Yarn Denier

f

I low

6
(Type 728)

5,040

In addition, Warp I contained the following fcur fabric
basis o1 comparison between varn types:

14 x 14

plain

low*
med ium*
high*

2 x 2 twill

low
high

2 x 2 basket

low
high

3 x 3 ewill

low*
med ium
high*

3 x 3 basket

high*

constructions designed to provide a

6 5,040 14 x 14 plain low*
(Type 704)
Filling 12 5,040 14 x 14 plain low*
Direction (Type 704)
Fiber 2 5,040 14 x 14 plain low*
Denier (Type C02)
and Type 6 5,040 14 x 14 plain low*
(Type CO2)
II1 low 6 10,080 7 x7 plain low*
(Type 714) med ium
high*
2 x 2 twill low*
high
2 x 2 basket low
high
3 x 3 twill Low*
medium
high*
3 x 3 basket low*
high*
w high 12 5,040 14 x 14 plain low*
(Type 704) high*
3 x 3 twill low*
high*
S .
v low 12 10,080 7 x 7 plain low*
(Type 704) high*
3 x 3 twiil low*
high*
3 x 3 basket low*
vl low 2 5,040 14 x 14 plain low*
(Type CO2) high*
3 x 3 twill low*
high*
VIl high 2 10,080 7 x 7 plain low*
(Type C02) high*
2 x 7 twill high
3 x 3 twill Low*
high*

“Flex fatipuce measurements made.

14
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TABLE 6 - COMPOSITE FABRIC PROPERTIES
WEIGHT:
Substrate 20 to 27 oz/yd2 |
Coated Fabric 70 to 80 oz/yd2
THICKNESS : .
Substrate 0.05 to 0.09 1in. :
Coated Fabric 0.09 to 0.11 1in. :

STRENGTH:
Tenstle 900 to 1300 lb/in.

| Tear 500 to 1000 Ib/in.
L‘. The sections of Figures 5 through 8 illustrate the various levels (. uccess
[ In attaining straight warp varns and highly crimped fillins arns. 1In the plain-
L woven, 5040 denier fabrics (Figures 5a and 5b) yarn crimp i1s nearly balanced.

Among the 10,080 denier plain-woven constructions (Figures 6a and 6b) a greater
{. difference in crimp level between warp and filling yarns can be secen. 1In the
[ longer float fabrics (Figures 7 and 8), the warp tends also to lie straighter than
[ the filling. The high tensions applied in the warp direction were obviously in-

sufficient In some cases to overcome the high transverse pressures in the press,

which tend to cqualize yarn crimp.

The fabric cross sections of Figures 5 through 8 illustrate another important
difference among the finished fabrics, namely the variation in thickness of the
rubber covering over the fabric knuckles., In fabrics woven from low denier, low
twist varns the minimum thickness of the covering laver is much greater than the
minimum thickness in the high denier, high twist tabrics. Compare Figures 5a and

6Hb .

Since the variation in twist of the two sets of varns in the fabric dramati-
cally attfects the extent of openness ol the resulting fabrice structure, as illus-
trated in Figures 4a and 4b, fabrics containing high-twist yvarns in both warp and

tilling directions present the greatest opportunity for rubber strike-through or

bridaing of the coating material. This is a potentially important feature for
producing highly effective coating "adhesion' strengths. !
-9
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FLEX TESTING APPARATUS AND METHODS

To determine the relative performance of the various fabric constructions
during flexing, a new flex tester, shown in Figure 9, was designed and built. The
tester, a modified four-cylinder automobile engine, imposes a high-curvature roll-
ing bend on 1.25 in. wide fabric strips inserted in special fixtures attached to
the pistons. The high-speed reciprocating motion is driven by an electric motor.
Each of the four pistons is equipped to hold four separate test specimens, ecach
attached at one end to a stationary center post and at the other to a movable
platform connected to the piston, as shown in Figure 10. The specimens are sub-
jected to the rolling high-curvature deformation illustrated in Figure 11 and
described more fully by Skeltons; the engine block 1s water-cooled to keep temper-
ature uniform in all the specimens. The essence of the imposed deformation is
that cach element 1in the 2.4-1in. central portion of the strip, which measures 5.0
in. n total length, undergoes a high-frequency cycle of curvature from no curva-
ture to maxirum curvature and back to no curvature in one cycle of reciprocating
motion. Minimum radius of curvature, i1.e., maximum curvature, undergone by each

element is given by the (‘xprvssionr’-(’

e = (D-t)/2.4 = 0.17 in.

where D, the distancs between paralicl supports, was set at 0.5 in. and t is the

tabric thickness. Mean radius of curvature for the 0.5-in. spacing 1s given byv:

r = (D-t)/1.% ~ 0.28 in.

i ettt Lot fabric being flexed through cach cyele 1s expressed by:

L= o2oam-0 » 2= 0,

where 3.1 in. represents the length of the piston stroke.

The tester is capable of cvelic frequencies to 18 Hzo  All of our testing was

done at a frequency of 13 Hz, or 900 rpm, in air at room temperature,

A standard skirt material produced by the Goodyear Acrospace Corp. was uscd
to prove the tester. This fabric is similar in weight, thickness and strength to

the experimental fabrics produced as part of our investigation; details of its
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construction are given in Table 7. With fine-wire thermocouples inserted into
several specimens of this fabric it was possible to monitor the equilibrium tem-
perature of the fabric specimen, generally achieved within 5 min, over a range of
cyclic frequencies up to 17.5 Hz. These temperatures are plotted in Figure 12 as
a function of cyclic frequency. At the test frequency of 15 Hz an increase in

internal temperature of approximately 40°C may be expected in undamaged fabric of

this type.

TABLE 7 - CONSTRUCTION OF GOODYEAR FABRIC XA28A504-2A,
THE FABRIC USED TO PROVE TESTER

Fabric Substrate Construction: 6 dpf nylon
4/2/840/128/72
10 x 10 plain weave

27 oz/yd?2
Fabric Welight: 82 oz/yd2
Fabric Thickness: 0.110 in.
Fabric Tenstle Strength: 1200 1b/in. nominal

Each of the four staticns of the flex tester is equipped with a dynamic force
transducer. which can be voed to monitor the force required to perform the recip-
rocating motion on cich set of fonr specimens. This force, as described by Skel-
ton?, is proportional to the bending hysteresis, or frictional work lost by the
fabric during the cycle of high-curvature deformation. Since this work loss is

the result of frictional energy dissipation, principally in the form of heat, it

was th acht that 1ts continual measurement might be used to indicate the onset of
flex tatigue.  Although the bending hysteresis loss monitored over several million
oL . . . S Lo J
cveles of flex of the Goodyear fabric did increase at the initial appearance of [
flex cracks, no promising indicator of the onset of fatlure was obscrved in the
bending hysteresis loss values for several tabrics in the experimental series. ‘.:
- . . . . . . _ . ’ b
{(Tvpical curves of bending hysteresis loss with continued cycling for the Goodvear .
M & DY 3 g ) .
-
tabric and tor the experimental fabrics are given in Appendix B.) .
T
With cach of the 16 positions on the {lex-tester fi1lled with the standard 1
N Goodvear fabric XA2RA504-2A, the number of cveles to tirst failure was documented D
- by visual inspection of each specimen.  The results, listed in Table &, 1llustrate -
: the ¢lose agreement between the average value of the group of four ~pocimens at )
i
4
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each test station with the overall average for all sixteen specimens. They also
4 show the wide range of values obtained, leading to a coefficient of variation in
§
!‘ the test data of approximately 50%. Such large variations are common in fatigue
4 data.
; TABLE 8 - NUMBER OF CYCLES TO FIRST EVIDENCE OF FLEX CRACKING
p IN GOODYEAR FABRIC XA28A504-2A
Test Initial Flex Cracking Average
Station (millions of cyeles) (millions of cycles)

1 3.9, 1.5, 1.9, 2.7 2.5
!: 2 2.2, 5.2, 1.5, 1.5 2.6

3 1.9, 2.4, 2.2, 3.9 2.6

4 0.2, 3.9, 1.7, 2.4 2.1
) Overall Mecan 2.4
P. B Range 0.? to 5.2

Coefficient of Variation 507 J

On the basits of these measurements, an indicator of fabric flex fatigue was
chosen as the average number of cycles to the first appearance of a centrally
located tlex crack ameng four test specimens mounted at a single test station.
Cveling was continued after the first instance of flex cracking until more ox-

tensive damage was sustained, generally at 10 or 20 million cveles.  The

appearance of the initial flex crack is illustrated in the photograph ot Figure

13a; more extensive damage 1s shown in Figure 13b.

FLEX FATIGUE RESULTS

Measurements of the lifetime 1n flex of the experimental tabrics described in
Table 5, which were tested on the flexing apparatus outlined In the previows wec-
tion, arv collected in Appendix ¢, Table C.1. Individual observations of the
number ot cveles to the first appearance of a centrally Jocated tiex crack are
given tor cach specimen tested, and the extent of damage 15 summarized.  The aver-
ape Lifetime of these fabrics ranged from a low of 140,000 cveles for 3 x 3 twill
construction with high-twist filling varns woven from Warp VIT (10,080 denier
varn, 7 x 7 yarns/in., high-twist warp) to a high of 21.7 million cyecles for a

plain-weave construction with Jow-twist filling varns trom Warp T (5040 denier

30
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yarn, 14 x 14 yarns/in., low twist warp). 1Initial cracking nearly always occurred
on the outside, or tension side, of the bent specimen. The extent of damage
ranged from "extensive' after 300,000 cycles to "not severe'" after about 30 mil-

lion cycles.

Several commercial fabrics designed for use in hovercraft skirt systems were

also flexed under the same conditions; these included the Goodyear fabric
(XA28A504-2A) used to first prove the tester (Tables 7 and 8), a similar fabric
produced by Goodrich Tire and Rubber Co., and one from Avon Mfg. All were roughly
the same strength and thickness as the experimental fabrics. Flex data for these
fabrics are given in Appendix C, Table C.2. Lifetimes in flex were on average
between 600,000 cycles (Avon) and 2.4 million cycles (Goodyear). (A Goodyear
fabric with an additional thick layer of rubber added to one surface was also

tested; it failed within 30,000 to 40,000 cycles, as also indicated in the table.)

The large eoffect of fabric construction on the flex-fatigue behavior of rub-
ber/fabric compesite materials is well illustrated by the test results for the
experimental series of fabrics: f{lex lifetimes span over two orders of magnitude

for materials differing onlv in fabric substrate construction. The task of sort-

ing out those differences in fabric construction that result in significant dif-
ferences in the ability of the composite to withstand high-curvature, high-fre-
quency flexing has relied principally on the statistical technique of analysis of
variance, or factorial analysis.7r8)9 Limitations on the experimental design
arising from the manner of varying fabric weave pattern and filling yarn twist -
level within a few specifically constructed warps, combined with budgetary rc-

strictions limiting the number of constructions that could be tested, precluded

attaining either a full or a balanced fractional design involving all five of the

principal fabric construction variables: fiber denier, yarn denier, yarn twist,

float length, and yarn crimp level. However, smaller, full-factorial blocks were

analyzed. Average values of flex lifetime for all experimental fabrics of the

twill weave pattern, which represent three levels of fiber denier and two levels

of the remaining variables, are gathered in Table 9. (The 1 x 1 twill construc-

tion is, of course, the plain weave.)

Yarn crimp level in Table 9 is defined by the amount of twist in the yarns of
the two fabric directions rather than by fabric direction itself, as originally

intended, since the former method of distinction results in generally larger
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comparative differences between crimp levels,
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For example, for both low or high

twist yarns in the test direction that pass over low twist varns in the opposite

direction, the crimp level may be considered low, and when high twist yarns are

crossed by either low or high twist yarns, the crimp level may be considered high.

In those cases where the yarns in both the warp and filling directions have the

same level of twist, the entry in Table 9 is the average of data obtained in the

two directions.

structio

Those entry spaces in Table 9 marked by an

n vartable

comblnations

that were

unattainable:

represent con-

low twist/low crimp from

higsh twist Warps TV and VII; and high twist/high crimp from low twist Warps 1,

Irr, v a

nd

VI.

Emptv entry spaces represent constructions woven but not tested

because of budgetary restrictions.

ROW
AVERAGES .
75 o
53
38
28
19 .o
10
55
45
15
18
'3
05

IABLE Y - AVERAGE FLEX LIFETIMES OF RUBBER-COATED EXPERIMENTAL FABRICS:
TWILL WEAVES ONLY
FLEX LIFETIME (million cycles)
FIBER DENIER
2 dpf 6 dpf 12 dpf
YARN DENIER YARN DENIER YARN DENIER
5040 10,080 5040 10080 5040 10,080
(WARP YI)| (WARP YII){ (WARP 1) |(WARP IIT) | (WARP IV} | (WARP ¥)
I | Low
} U erime 89 136 18 55
i Ixl | S .
Z i HIGH
:_3 LOw { cRIMP 63 06 8.8 1 36 26
é TWIST LOW
x ‘ 1.5 68 14 16
) RIM
5 3x3 | _CRIMP
| ‘ HIGH
o [ CRIMP 05 16 o8 I
. LOW
5 CRIMP 44 10 58 09 188 23
- 1x)
2 HIGH ~_
z CRI ' 06 > 24 >
~ | HIGH MP
g | TweT Low 2. 34 04 1
£ CRIMP : v
3x3
HIGH
CRIMP 0.14 08
COLUMN 46 06 7.7 1.2 53 24
AVERAGES 26 4. 37
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Although the significance of the five principal construction variables and
their interactions cannot be examined directly by an analysis of variance of the
entire data block of Table 9, smaller full-factorial blocks involving three or L
four of the variables in various combinations were split off and looked at sepa-
rately. 1In addition, the effects of fiber type, fiber denier for the same fiber
type, and weave pattern (twill or basket) were examined by direct comparison of

the flex lifetimes of structures between which only these variables changed level. L

EFFECT OF FIBER TYPE AND DENIER

The experimental fabrics represented by the data in Table 9 were constructed
of nylon fibers of various types from two manufacturers. Sections of the low-
twist Warp I were plain-woven with low~twist filling yarns of each of the princi-
pal fiber types in the denlers available in the range of interest (see Table 5).
The effect of fiber type on flex lifetime for plain-weave constructions from Warp
I consisting of 6 dpf, 5040 denier, low-twist yarns is shown in Table 10. The
differences in flex lifetimes among 6 dpf DuPont Types 728 and 704 and Monsanto
Type CO2 fibers are not significant (at the 90% confidence level for a Student's

t-test).

TABLE 10. EFFECT OF FIBER TYPE : ;7;

Flex Lifetime (million cycles)
Type 728 Type 704  Type CO2

. "v‘v

Warp I, 6 dpf, 5040 denier, low 6.8 22.6 20.0
twist, plain weave, low crimp 6.8 22.6 19.6
(filling direction only) 8.0 19.6 22.6
>30.0 22.1 15.4

Mean >12.9 21.7 19.4 ¢

cv (%) 88 7 15

Differences not significant (90%).

The effects of fiber denier on the flex lifetime of similar constructions of L
the same fiber type but different deniers may be seen by comparison of the data in
Table 11. Differences resulting from a change in fiber denier from 2 to 6 dpf for
Monsanto Type CO2 and from 6 to 12 dpf for DuPont Type 704 were found not to be ST

significant (at both the 90% confidence level and at the 80% leve.). g
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TABLE 11 - EFFECT OF FIBER DENIER FOR FIBERS OF SAME TYPE

Flex Lifetime (million cycles)
Type C02 (Monsanto) Type 704 (DuPont)
2 dpf 6 dpf 6 dpf 12 dpf
Warp I, 5040 denier, low twist, 1.4 15.4 19.6 -
plain weave, low crimp (fill- 9.1 19.6 22.1 18.3
ing direction only 26.4 20.0 22.6 26.0
>31.6 22.6 22.6 19.6
Mean >17.1 19.4 21.7 21.3
cv (%) 83 15 7 26
Differences not significant (90%).

Some additional estimates of the effect of fiber denier and information re-
garding interactions of this factor with the other fabric construction variables
were obtained from the analyses of variance, and are described below. However, no
information is available regarding possible interactive effects of fiber type,
and, for purposes of this discussion, these effects have been assumed to be insig-

nificant.

EFFECT OF WEAVE PATTERN

Since only a few basket-weave constructions were produced among the experi-
mental fabrics, the effect of weave pattern (twill or basket) had to be assessed
on the basis of a few direct comparisons between similar constructions. Flex
lifetimes are compared in Table 12 for three distinct fabric categories woven in
both the 3 x 3 twill and the 3 x 3 basket weave patterns. None of the differences
between the three pairs of data were judged significant at the 90% confidence
level, again on the basis of the Student's t-test. The twills are preferred,
however, for their greater stability and ease of handling before adhesive and

rubber coating.
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TABLE 12 - EFFECT OF WEAVE PATTERN

Flex Lifetime (million cycles) i
Fabric Construction 3 x 3 Twill 3 x 3 Basket )
Warp I, 6 dpf, 5040 denier, 1.9 2.4
high twist yarn, low crimp 2.8 2.4
3.9 2.8 )
5.2 3.6 1
Mean 3. 2.8 1
CV (%) 41 20 '
Differences not significant (90%). ]
Warp Vv, 12 dpf, 10,080 denier, 0.6 1.9 0.9 ]
low twist yarn, low crimp 1.0 2.3 1.1
1.0 2.3 1.5
1.4 2.3 1.7 1
Mean 1.6 1.3 )
cv (%) 43 28
Differences not significant (90%). 1
\
Warp 111, 6 dpf, 10,080 0.3 0.3 ]
denter, high twist yarn, 0.3 0.3 E
low crimp 0.6 0.3 N
0.6 0.3 :
— S -9
Mean 0 0.3 )
cv (%) 38 -—
Differences not significant (90%).
ANALYSTS OF VARIANCE i
4
Three full-factorial subsets of the body of flex data summarized in Table 9 |
and given individually in Appendix C were analyzed statistically for the sigrnifi- ]
cance of main and interactive effects of the fabric construction variables as
follows: 1
Block A (Table 13) - fiber denier, yarn denier, varn twist, and float >:
length for filling direction tests only. 5
Block B (Table 14) - fiber denier, yarn denier, yarn twist, and fabric 4
direction, as an indicator ot yarn crimp, for 1
plain-woven constructions only. R
Block C (Table 15) - yarn denier, yarn twist and yarn crimp ir-

respective ot fiber denier for plain-woven
constructions only.
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Although all of the entries on Block A (Table 13) are for filling direction
tests, the crimp level was not held truly constant since all filling yarns in
fabrics woven from Warps I, III, V and VI crossed low-twist warp yarus and, hence,
were at a lower level of crimp, in general, than filling yarns of the same twist
level in fabrics woven from high-twist Warps IV and VII. 1If results were to show
either a strong effect of crimp on flex lifetime or a strong interaction between
yarn crimp and the other fabric construction variables, this "impurity'" in the
design of Block A would have to be taken into account in interpretations of the

results.

In Block B for plain-weaves, data obtained in both the warp and filling Jdi-
rections of each fabric are used to get some indication of the effect of yarn
crimp. Crimp in the filling direction was always greater than the c¢rimp in the

warp direction, although the difference was not always large.

The effect of yarn crimp can be better assessed from Block C, where the en-
tries were chosen to represent the two extremes of yarn crimp for each yarn
denier/yarn twist combination, regardless of the fiber denier used in the con-
struction. The lowest crimp level for low-twist 5040 denier yarn constructions
occurred in the warp direction of fabrics from low-twist Warps T and VI. The
highest crimp for these low-twist yarns was found in the filling direction of
high-twist Warp IV, as indicated below the data block in Table 15. Similarly, the
lowest and highest crimp condition for high-twist 5040 denier yarns occurred in
the warp and filling directions, respectively, of high-twist Warp IV. Where sets
of data tor two fabrics fulfilling the yarn denier/twist/crimp condition were
available, the two high and two low values from the combined set of eight individ-
ual test results were used in the analysis, as indicated in Block C (Table 15) by
an asterisk. The penalty paid for inclusion of crimp level with greater precision
in the analysis in this way is, of course, that yarn crimp/fiber denier interac-

tions confounded the results.

The results of the analysis of variance of each of the three Blocks are
given, along with the respective data, in Tables 13, 14, and 15, and summarized in
Table 16. Interpretation of the sometimes conflicting estimates of significance
for the various main and interactive effects in the three separate blocks is not
entirely straightforward and must rely on what is known about the confounding of

factors within cach block. There was an unequivocally significant (99%) main
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TABLE 16 - SUMMARY OF MAIN AND INTERACTIVE EFFECTS OF FABRIC CONSTRUCTION :
VARIABLES FROM ANALYSIS OF VARIANCE :
;
Significance Level (%) L
Block A* Block B** Block C#*% i
MAIN EFFECTS: !
Fiber Denier 95 78 -- )
Yarn Denier 99 99 99 ®
Yarn Twist 99 99 20
Float Length 99 -- --
Yarn Crimp -- 91 99
FIRST-ORDER INTERACTIVE EFFECTS:
Fiber Denier/Yarn Denier 99 97 -- °
Fiber Denier/Yarn Twist 40 76 --
Fiber Denier/Float Length 10 ~-- -
Fiber Denier/Yarn Crimp -~ 88 -
Yarn Denier/Yarn Twist 88 98 69 J
Yarn Denier/Float Length 91 ~-- - ®
Yarn Denier/Yarn Crimp -~ 93 98
Yarn ‘iwist/Float Length 96 ~= -- .
Yarn Twist/Yarn Crimp - 24 63 b
Float Length/Yarn Crimp - ~-= -= » ®
1
SIGNIFICANT HIGHER-ORDER INTERACTIONS:
Fiber Denier/Yarn Denier/ . 91 L "]
Yarn Crimp ) " {4
> ]
“Block A - 3123: Fiber Deniter, Yarn Denier, Yarn Twist, Float Length
(filling direction only)
*%Block B - 3123: Fiber Denier. Yarn Denier, Yarn Twist, Fabric Direc-
tion (plain weave only) 1
wiBlock € - 23 Yarn Denivr, Yarn Twist, Yarn Crimp; independent of i
Fiber Denier (plain weave only) » 4
[
]
1
. L
]
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effect of yarn denier, with lower denier favored, in each of the three blocks.

The main effect of yarn crimp was also highly significant (99%) in Block C, where
i1t was represented at its extremes and also significant (91%), although less
forcefully so, in Block B where it was represented by the smaller crimp differ-
ences between warp and filling fabric direction; a lower crimp level resulted, in
general, 1n a longer flex lifetime. A 1 x 1 float length (plain-weave) was also
significantly (99%) favored over a float-length of 3 x 3 in Block A, the only
block in which 1its effects were measured. There scems no reason to doubt this
conclusion since all but one of the fourteen comparisons of the lifetimes of sim-
1lar fabrics at the two levels of float length (which may be made f{rom the data in

Table 9) showed a longer lifetime for the plain-woven version.

The real significance of the main effects of fiber denier and yarn twist is
more difficult to determine from the results of the factorial analyses. The cf-
fect of fiber denier was not found to be significant (<90%) in Block B where the
effect of fabric direction was substituted for yarn crimp; neither was it found
significant in the comparisons 1in Table 1l1. However, in Block A, fiber denier was
significant at the 95% level. Probably this latter estimate reflects the con-
founding effect of differing yarn crimp levels in Block A and that fiber deniecr
is, 1n reality, not significant as a main effect. If this is so, we may have
greater confidence in the results of the analysis of Block C in which 1t was as-

sumed that fiber denier plays an insignificant role.

In Block C the effect of yarn twist was found to be insignificant as a main
effect, while in both Blocks A and B yarn twist was estimated as significant at
the 997 confidence level. 1In Block C the effect of yarn twist Is straightfor-
wardly estimated, unencumbered by the effects of other variables except fiber

denier. However, the fiber denier/yarn twist interaction 1s insignificant in both

Blocks A and B and the effect of fiber denier can, therefore, probably be dis-
counted. Thus, 1t would seem that the estimate of the effrct of yvarn twist in ]
Block C is the "true" result, while those from Blocks A and B actually retflect the .

confounding effect of a relatively uncontrolled yarn crimp in these blocks.

It is not clear whether the strong interaction indicated between fiber denier
and yarn denier 1n Blocks A and B 1s real or the result of the undefined effects
of varn crimp. However, the fairly strong three-way Interaction between fiber -

denter, yarn denier and yarn crimp (fabrie direction) in that Block B would scem
) P
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to suggest the latter. 1In addition, if we assume that fiber denier was insig-
nificant as a main effect, as discussed earlier, its interactive effects are less
{‘ likely to have been significant. No other interactions involving fiber denier

were significant.

The yarn denier/float length and yarn denier/yarn crimp interactions were

i‘ both significant, whereas the yarn denier/yarn twist interaction probably was not.
Since the absolute level of both yarn crimp and float length depends on the denier

of the varns (and yarn count of the structure), it Is not surprising that thesc

factors should exhibit significant interactions with yarn denier.

In summary, the fabric construction variables that most influenced flex-life
of rubber-coated fabrics were yarn denier, varn crimp level, and fabric float
length.  The preferred levels or directions of each of the five varitables studied,
determined from the analysis of variance and by direct comparison of the data for
similar fabrics given in Tables 9, 13, 14 and 15, are listed in Table 17. The
fabrics among thosc studied with the longest average lifetime in flex~-21 million
cveles (see Appendix C)--were plain-woven from low-twist, 5040 denier varns that

contained 6 or 12 denier filaments.

TABLE 17 - PREFERRED DIRECTION OF FABRIC CONSTRUCTION VARIABLES

Significance Level Preferred Level

Factor (%) or Direction
Fiber Denier - 6 or 12 dpt
Yarn Denies 399 5040
Yarn Tw'st -- low
Float Leangth 99 I x 1
Yarn Crimp 99 low
Weave Pattern <90 twill or basket

crim

p level,

“Contlicting estimates becanse of
text.

confounding of results with

EFFECT OF FABR

[C SUBSTRATE

THICKNESS

®
Fabric =snbstrates constructed from low denier, low-twist varas naturally boave
lower varn crimp lovels and, a conscquence, are thinner than fabrices of
wame welpht woven from higher-denier, high-twist varns.  The relationship between
L tabric substrate thickness and {lex lTifetime was significantly hivher tor the
L.
= 43
3 .
) " .
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experimental fabrics (measured in the filling direction) is graphed in Figure 14

(and tabulated in Appendix A, Table A.4). Flex lifetime was significantly higher

among those fabrics represented in the region of lowest substrate thickness.

Since all of the fabric substrates tested were about the same welght, and the
same welght of coating material was applied to each, the total thickness after
coating of each fabric in the series was about the same. Therefore, the rubber
laver covering the fabric knuckles in the composite structure was thicker when the
fabric substrate was thinner. Thickness of the rubber laver also varied more iIn
those composites containing the thicker, more open weaves. The contours of the
rubber lavers in the filling direction ot several fabric constructions represent-
g a wide range of flex lifetimes are presented in Figure 15; these profiles were
tehen Lrom photopraphs of fabric cross scctlons such as those of Figures 53 through
8. Irn general, fabrics with a more uniformly thick rubber covering layer were

most resistant Lo flex-cracking.

Examination of failed specimens that were tlexed until extensive damage had
been done showed that the rubber tends to crack in the thin regions covering the
knucklies, or floats, or the wvarns running in the opposite direction to those being
flexed. A 4 result, the portern of flex cracks takes on the image of the under-
Pving tabric weave poattern in the damaged specimens, as illustrated in Figure 16.
Fte thin vreztens of pebber at the composite surface on the outside of the bend are
shiect to th oLootest teasile strains imposcd by the bent configuration and are

additrengi T vainerable because of stress concentrations in these areas.

o denier, lower varn twist, and lower varn crimp all result in lower

veower pninos Lo hetohit results anoa more uniformly thick rubber laver, as shown in
Fileere 10 However, it is ditticult to see from cither Figures 5 through 8 or
frove Froare 15 oany advantage in the rubber-layer thickness or contour of the plain
weve s e cempared to the 3 x 3 twills.  Perhaps the performance of the longer
float twilie Cor basket-weaves) was significantly poorer than that of the plain
wodaves Becaase the longer thin rubber regions running in the direction perpendic-
nlar te the flexed direction in the twills had an increased probability of failure

duriny anv cyele ot flex.

CieoEnick e hershitooas shown in o the fabric cross wections of Figures 5 through 8.
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AVERAGE
FLEX LIFE PLAIN WEAVES
{million cycles)

12.9 5040 DENIER, LOW TWIST WARP AND FILLING

-'vav""‘.

2.2 10,080 DENIER, LOW TWIST WARP AND FILLING

1.0 5040 DENIER, HIGH TWIST WARP AND FILLING

0.6 10,080 DENIER, HIGH TWIST WARP AND FILLING !

3X3 TWILL WEAVES

6.8 5040 DENIER, LOW TWIST WARP AND FILLING

0.8 10,080 DENIER, LOW TWIST WARP AND FILLING

0.8 5040 OENIER, HIGH TWIST WARP AND FILLING

0.14 10,080 DENIER, HIGH TWIST WARP AND FILLING

Figure 15 - Profiles of Rubber-Layer in Several Rubber/Fabric
Composites (Filling Direction)
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It was impossible, however, within the bounds of the experimental design, to
separate the effects of the fabric construction variables as they influence fabric
and rubber-layer thickness from other effects that fabric construction may exert
directly on fabric performance. Fiber strains, the number and nature of inter-
fiber contact forces, and ultimately the level of frictional losses within the
composite material as it is bent through multiple cycles of curvature depend in

complicated ways on the yarn and fabric structure and on the level of bonding.

EFFECT OF ADHESIVE BONDING AND FLEXURAL RIGIDITY

r:i High-frequency drum impact tests on skirt fabrics from several sources which
are being conducted separately at DTNSRDC, have shown the AI series of experimen-
tal fabrics to perform poorly relative to some commercial fabrics produced by the
Goodyear and Goodrich rubber companies. 1In fact, the level of adhesive bonding
between the rubber layers and the fabric substrate, as measured by the strip peel
test (see Appendix B), was quite low (20 to 25 1b/in., Appendix A), in those of
the experimental fabrics with little or no open area to permit bridging of the

rubber through the substrate structure; however, more open fabrics, in which

bridging occurred, reached acceptable levels of peel strength (48 1b/in., Appendix
A). We decided that some of the experimental fabrics should be rubber-coated by
one of the commercial skirt material manufacturers so we could compare perform-
ance, particularly in drum impact but also in flex-cycling. Goodyear Aerospace
subsequently rubber-coated approximately one square-yard pieces of several of the
experimental fabrics; their proprietary adhesive and natural rubber/polybutadiene
rubber formulation NA555 were applied; final fabric thickness varied between 0.12
and 0.14 in.--thicker than the materials coated at AI, which averaged 0.10 in. iIn

thickness.

Although some difficulty was encountered in determining the peel strength of
the Goodyear-coated fabrics, such results as were achieved (Appendix A, Table A.4)
indicate no consistent or dramatic increase in adhesive bond strength above the
levels obtained in the fabrics coated at AI. Four of the Goodyear-coated materi-
als were flex-tested under the same conditions as were theilr counterparts coated
at AI; the Al-coated fabrics performed consistently better in flex as summarized
in Table 18 (individual measurements are given in Appendix C, Table C.3). Some

reverse correlation is indicated in Figure 17 between lifetime in flex and level

48
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of adhesive bonding: structures that were more open and exhibited the greatest

peel s:rengths generally performed more poorly in flex.

No correlation was found between flex lifetime and the flexural rigidity of
the various rubber/fabric composite structures (Figure 18). (Values of flexural
rigidity for each fabric construction are given in Appendix A and the method of

determination described in Appendix B.)

TABLE 18 -~ COMPARISON OF AVERAGE FLEX LIFETIMES OF FABRICS COATED AT
ALBANY INTERNATIONAL RESEARCH AND AT GOODYEAR

.. At et et o,
atataa‘atlatatadatiar

Fabric Const i Flex Lifetime (million cycles) Ratio

: . s v

¢ vonstruction Coated at Al Coated at Goodyear Al/Goodyear

Warp V, Type 704 nylon,

12 dpf. 10,080 denier yarn,

7 x 7, low twist warp:
plain weave, 5.8 2.6 2.2
low twist filling
3 x 3 twill weave, 1.0 0.37 2.7
low twist filling

Warp VI, Type CO2 nylon

2 dpf, 5040 denier yarn,

14 x 14, low twist warp:
plain weave, 7.0 >6.3 ~1
low twist {i:iiing

Warp VIT, Twvp. CO2, 2 dpf,

10,080 denier varn, 7 x 7,

high tw. st warp:
DiIn Weave <(}.55 0. 35 it
hioh twist tilling

DESTGN OF BROAD FABRICS FOR SKIRT TRIALS ON SRN4 CRAFT

Manufacture of three rubber-coated fabrics, in widths and lengths suftficient
for full-scale skirt panel construction, was next reguired.  Two of these broad
fabrics werce to be designed to duplicate closely the construction ot the tabric
substrate in Goodyear skirt fabric, GAC 591; the base fabric 1n this material is
designated RF-477 and is a 10 x 10 count, plain-weave woven from 4/2/840/125/7Z,
6 dpf nylon yarn. The choice of this fabric design was based on the superior
performance of GAC 591 in the DINSRDC drum impact test. This performance is, in

large part, attributable to the high adhesive strength resulting from the large

49
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20¢

© COATED BY AI
@® COATED BY GOODYEAR

16}

12t

FLEX LIFETIME ({million cycles)

O

9‘0@0
O@.Q_L&D o

o 10 20 30 40 50

L. 1

PEEL STRENGTH (lb/ in)

Figure 17 = Relationship Between Flex Lifetime and Peel Strength
for Rubber/Fabrice Composites
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fabric pores available for rubber penetration and bridging. One of these two
broad fabrics modelled after the Goodyear design was to be rubber-coated by Good-

year Aerospace Corp. and the other, by the B. F. Goodrich Co., both of Akron,

Ohio.
- Design of a third trial fabric was based on the use of a novel yarn construc-
4 - .
: tion=-a wrapped, or covered, varn of slightly lower total denier (5880) than the
F 6720 denier plied yarns used in GAC 591. The purpose ol this proposed construc-

Lion was to nalntain a round-varn configuration and, thercefore, significant frec
open arca, but without asing hipghly twisted varns.  Flex-testing of the cuperimen-

tal sertes of tabrics had not vet been complvted when this Jdesign was proposed,

tat the many test results available gt that time andicated a strong offect of yarn
wist oon tlea Titetime as in Blocks A and B, Tables [3 and 14, It now appears
trom othe complete analvsis of variance thoet the perceived offect of yarn twist per
SCs o ccoaficant in relation to the experimental error, or variation, in test
results.  Sevortheless) the overall average flex lifetime for each "low-twist' row
in Table 9 ts greater than for the comparable "high-twist"” row, and the design of
the third broad fabric offers the potential of eliminating any deleterious effects

of highly twisted yarns.

The wrapped yarns, whose structure is depicted schematically in Figure 19,

were produced bv Fulric Development. Inc. of Quakertown, PA, using a 70 denier, 34

filament Type 3800 “wpent nyvlon covering varn applied at 27 wraps per inch. The
qo Tite o i diin produced was reasonably peod and uniform. A 10 x 10 count,
plalnimw oot was subsequently produced tror this varn.,  Some difricnlty was

oo brine weaving, becanse the covering ob the wirp varns strippest haok

ara e b thy b the heddios, The guality G thie tabri was oo ven.
P : notractosir of coach of thie thres hrood cabra ! o i
A ' P i twie bt plhied=varn Tabhei o wee ad et d A G e
arooelo o teresn = oty tar o Fach o the tiaee broadt sy e wae e an
Sl G S KALN S O At e thesde cmplosed o the i hine ot the cxperiment o ahraes
and deseribed o Appendix B0 She Dindshed tabrics berore coating are dllastrated

in Figare 200 One of the plicd varn tabrics and the wrapped-varn fabric were

rubber-coated by Goodycar Acrospace Corp.; the second plicd-varn fabric was coated - g

. . . . A

by B. F. Goodrich. Both companies used proprictary adhesives and natural rub- T
ber/polybutadiene formulations for the coating material, which was applied in ,

4
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sheet form by calender rolls. The coated fabrics were shipped directly to DTNSRDC
and will be used to prepare skirt panels for trials on the English Channel-cross-

@ ing hovercraft, the SRN&4.

TABLE 19 - BROAD FABRICS FOR SKIRT TRIALS ON SRN4 CRAFT

i R Fabric Weight (oz/yd2) Thickness (in.)
Yarn Const . . i

i rn tons ructloni 450"?!1’\19!‘{95\“ = Uncoated ] _Coated WUnénged Coated Coating

1. 4/(1680-280-Type plain weave 25 110 0.072 0.137 Goodyear - same adhesive

728)/128/%52 10 x 10 and natural rubber/poly-
butadiene formulation
used for GAC 591
2. 4/(1680-280-Type plain weave 25 117 0.072 0.162 Goodrich - natursl rubber/
728)/128/52 10 x 10 polybutadiene formulation
r:i 7815
» 3. 7/(840-140-2-Type plain weave 18 95 0.060 0.116 Goodyear - same adhesive
s 728)/0‘524 10 x 10 and natural rubber/poly-
) VraPped with 70 butadiene formulation used
X denier yarn at for GAC 591
. 27 wraps/inch
. (3-4% of total
-_ yarn weight)
@
Samples of these three trial fabrics were cycled on the flex tester under the

- same conditions used for flexing of the experimental fabrics. Individual test

results are given in Appendix C, Table C.4. The plied-yarn fabric coated by
Goodrich has an average flex lifetime of 4.4 million cycles in the warp direction

and 3.4 million cycles in the filling direction; that coated by Goodyear had 1in

average flex lifetime of only 1.2 million cycles in the warp direction and 1.3

million cycles in the filling direction. Both fabrics were 0.14 in. thick. The -ll

wrapped-yarn fabric, 0.12 in. thick, had a greater flex lifetime in the warp

direction, 4.3 million cycles, and in the filling direction, 1.6 million cycles,

than the plied-yarn fabric also coated by Goodyear. The much better performance ’

of the wrapped-yarn fabric in the warp direction probably results from the con- )

siderably lower warp crimp in this fabric compared with the more balanced crimp in )
L the plied-yarn fabrics, as illustrated in the fabric cross sections presented in -
?f Figure 21. ,i
b 4
L;. Although none of the three broad fabrics was distinctly superior to the other 1
t, two in the laboratory flex-test, the sca trials, during which the fabrics will be
[~ subjected to high-speed impact in addition to the high-curvature f{lexing, may R

differentiate more fully among them. 4
2 5
- .
o .
3 -
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a PLIED-YARN FABRIC, RUBBER- COATED BY GOODYEAR

b PLIED-YAKN FABRIC, RUBBER- COATED BY GOODRICH

c. WRAPPED-YARN FABRIC, RUBBER-COATED BY GOODYEAR

Filionre 21 = Cross=Sections of Rubber=Coated Fabrics tor skirt Trials on SRNG
Cratt:  Plaimm~Weaves, 10 x 10 i
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RECOMMENDATIONS FOR DESIGN OF SKIRT FABRICS

The flex-fatigue studies reported here and the work with the drum impact
tester carried on independently at DTNSRDC (data not yet published) have identi-

fied some of the structural characteristics of the fabric substrate in rubber/fab-

PPN ST S S SR R W

ric composites that lead to good performance as an SEV skirt material. To resist

flex-cracking over many cycles of high-frequency, high-curvature bending, thinner 1

fabric substrates composed of lower denier, lower crimp yarns are preferred. Re-

sistance to delamination during high-energy impact, however, requires levels of

rubber-to-fabric adhesion that, for the present at least, are best achieved when

‘— the structure is mechanically interlocked by '"bridges'" of rubber formed in the :
o fabric pores. Unfortunately, the need for an appreciably open fabric structure

with large pores for rubber strike-through is somewhat incompatible with fabric

design features that promote long lifetimes in flex: thinner, lower crimp struc-

r tures with sufficient yarn density to meet the tensile and tearing strength re- !

quirements generally have little or no free open area.

How can these opposing needs for flex and impact resistance both be satisfied ]

in the design of a fabric substrate for SEV skirt materials? One solution 1s to

use a fiber stronger than the nylon (or polyester) yarns currently in use. A
stronger material would permit a lower yarn density in a thinner fabric having

greater free open area.

.
|
DuPont's Kevlar 29 fiber achieves a tenacity of about 16 gpd in low-crimp _i
woven structures, in contrast to a maximum of about 8 gpd for high-tenacity nylon ’ y
or polyester. Perhaps the higher strength of this material can be exploited in ‘
the design of fabrics such as those outlined in Table 20. In this table the maxi- K
mum number of ends of Kevlar 29 weavable in a square, plain-weave construction 1is ]
compared with the number needed to meet the strength criterion at 1200 1b/in. ]
With yarn deniers of 1000 and above sufficiently strong fabrics can be made with-
out jamming. Round-yarn diameter, free fabric open area, and fabric thickness are K
also estimated for yarn deniers between 1000 and 6000 in the manner indicated in ]
the table. 1
The entries in Table 20 reveal that a suitably strong, thin, and open plain-
weave fabric substrate could be constructed from 1500 denicer Keviar 29 varns woven R

23 ends to the inch or from 2000 denter Keviar 29 varn woven 17 varns to the inch.
Such fabrics with some degree of crimp balance shonld be between 0,04 to U,00 in,

s
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thick with a free open area greater than 30%, more than enough for the formation

of rubber "bridges" through the structure during the final coating process.

To specify how much rubber should be applied to the fabric substrate for
maximum flex resistance of the composite structure, some knowledge is needed of
the influence of coating weight on flex lifetime. This question was not addressed
as part of our study, but a determination of the effect of various coating amounts
applied to a single fabric substrate would be invaluable for design of the optimum

composite fabric.

Although the flex-fatigue behavior of Kevlar 29 itself in such a structure is
not known, this material has been used successfully in rubber/fabric composites
for which endurance of high-frequency flexing is required (automobile tires). The
geometrical features of such a structure as reinforcement for SEV skirt material
seem sufficiently attractive to warrant production of a full-scale trial fabric of

this design.

SUMMARY AND CONCLUSIONS

The effect of fabric substrate design on the capacity of rubber-coated fab-
rics used in the construction of SEV finger panels to withstand high-speed, high-
curvature bending deformation has been systematically studied. A series of fab-
rics was designed and produced which were composed of high-tenacity nylon yarns of
5040 or 10,080 denier containing tibers of either 2, 6 or 12 denier. The tensile
strength requirement of 1200 1b/in. dictated a yarn density of 14 ends per inch in
each direction of the 5040 denier fabrics and 7 ends per inch in the 10,080 denier
fabrics. Yarn twist and yarn crimp level was varied between high and low levels,
and both plain weaves and 3 x 3 twill and basket weaves were produced. All of the
fabrics were scoured, heat-~set, and rubber-coated on a platen press under identi-
cal conditions with the same natural rubber/polybutadiene blend applied to cach
after spray-coating with the same necoprene-based adhesive tie-coat. In this way,
many composite fabrics were produced that were identical except for the structure
of the substrate. The coated fabrics ranged between 70 and 80 oz/yd? in welght

and 0.09 and 0.11 in. in thickness. Tensile strengths averaged about 1100 1b/in.

The flex-fatigue behavior of the various experimental fabrics was evaluated
by means of a flex-testing device specially designed and built to subject fabric

strips to relatively high-speed (15 Hz) and high-curvature (3.6 in.”h cvelic
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bending in air. The results of the flex-cycling tests revealed a difference of

more than two orders of magnitude in the number of cycles that composite materials

could withstand before the appearance of flex-cracks in the rubber layer--from ]

140,000 to 21.7 million cycles, depending on che structure of the fabric sub-

strate. _<j
A factorial analysis of the flex-test results showed yarn denier, yarn crimp, _.J

and float-length to be the fabric construction parameters primarily important for
determining flex lifetime: the lower yarn denier (5040), the lower levels of
crimp, and the shorter float length (plain-weave) resulted in fabrics with signif- 1

icantly greater lifetimes in flex. No preference for the twill or basket-weave

r
!: pattern in the longer float weaves was found.
The effects of fiber denier and yarn twist were not so straightforwardly
evident because of the confounding effect of yarn crimp in the experimental design.
4 However, laterpretation of the results of the analysis of variance applied to 1
@

several subsets of data involving various combinations of construction factors
indicated that neither {iber denier nor the level of yarn twist had a significant

main effect on flex tifetime.

Fabric structures in which both yarn denier and yarn twist are low tend also

D .

to have lower varn crimp levels, lower knuckle height and, as a result, are thin-

0

DV SPAr Ly rar

ner than fabrics of the same weight composed of higher denier, high twist yarns.
When coated with the same welight of rubber, so that overall composite thickness is
the same. the minimum thickness of the rubber layer covering the yarn knuckles
will he wreater in the fabrics with the thinner substrate than in those with a
thicker one.  Flex-testing of the experimental rubber/fabric composite materials
srovided evidence that resistance to flex-cracking 1s greatest in composites hav~
ing a thinner fabric substrate. Greater thickness of the rubber layer in these
structures, therefore, may be the reason that lower yarn denier and lower vyarn
crimp resnlt in fabrics with greater flex lifetimes. However, such an interaction o
between fabric structure and thickness of the rubber layer cannot be separated in oo
the current study from the offects that the various fabric construction parameters
may have had on such factors as fiber bending strain and the number and nature of
fiber interscctions, which mav also intluence tlex lTifetime.  Neither did we ad-
dress the intlucence on flex Titetime of greater or lesser total amounts of rubber

applied to the tabric substrates during manutacture.
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No correlation was found between flex lifetime and either the flexural rigid-
ity of the composite material or the level of adhesive bonding between rubber and
substrate. However, independent studies at DTNSRDC of the behavior of rubber/fab-
ric composite miterials under impact revealed that good adhesion between rubber
and fabric is necessary for high impact resistance. Fabric having a significant
free open area to allow mechanical interlocking or '"bridging' of the rubber layer
through the substrate promote higher effective adhesive strengths. Unfortunately,
such fabric structures are usually thick and they are the fabrics identified as

having poor resistance to repeated flexing.

To take advantage of the greater impact resistance of the more open fabric
constructions, three broad fabrics produced for full-scale skirt trials on the
SRN4 Channel-crossing vessel were modelled after commercial fabrics having a high-
twist, plied-yarn substrate structure. These fabrics have large pores for rubber
strike-through. Two broad, plied-yarn fabrics were produced from 4 ply, 6720
denier, Type 728 nylon yarns which were plain-woven at 10 x 10 yarns per inch.

One of these two identical fabrics was rubber calender-coated by Goodyear Aero-
space Corp. and the other by the B. F. Goodrich Co., each of whom applied its own
proprietary adhesive tie-coat formulations and natural rubber/polybutadicne blend
of coating material. A third fabric consisting of 5880 denier, Type 728 yarn,
wrapped rather than plied, was also woven in a 10 x 10 plain-weave construction
and rubber-coated by Goodyear. This fabric attained about the same degree of
openness as the plied-yarn fabrics but without the use of highly-twisted yarns.
Limited laboratory flex~-testing of these three trial fabrics in one direction
only, showed better performance by the Goodrich-coated (4.4 million cycles) than
the Goodyear-coated (1.2 million cycles) plied-yarn fabric. The wrapped-yarn
fabric survived longer in the flex test (4.3 million cycles) than the similarly
coated plied-yarn fabric (1.2 million cycles), probably because of the lower crimp

of the yarns in the test direction of this fabric.

A fabric design is proposed which takes advantage of the higher intrinsic
strength of Kevlar yarns to produce a thin, low crimp structure in which there is
still significant free open area. A rubber/fabric composite containing such a
fabric, plain-woven from 1500 or 2000 denier Kevlar yarns at 23 or 17 yarns per
inch respectively, could combine the qualities of strength, flex and impact re-

sistance needed by skirt materials for surface effect vehicles.
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APPENDIX A
PROPERTIES OF TEST MATERTALS
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TABLE A.1 - FORMULATION OF CONTROL ADHESIVE ECB-341

Ingredients

Parts by Weight

Neoprene GNA

Raven 1040 (carbon black reinforcer)
Hi-Sil1 215

Sundex 790

Wingstay 100

Antioxidant 2246

Stearic Acid

STAN MAG-Beads (MgO - retardant)
Kadox-15 (ZnQ0 - curing agent)

ECB-341
l1,1,l-trichloroethanc
Add 4% PAPI (isocyanate) just before use

100
25
10

5

1
1
0
4
5
Weight (%)

16
84

TABLE A.2 - FORMULATION OF CONTROL COATING ECB-502,

A NATURAL RUBBER/POLYBUTADIENE

BLEND

Ingredients

Parts by Weight

SMR-5L (standard Malavsian rub' er)

CIS-4 1203 {polvbutadienc)

ISAF-1.S (carbon black)

Hi-Sii 215 (silica - fine beads)

Sundex 790 (oil and plasticizer)

Medium Pine Tar (high viscosity plasticizoer)

Cumar MH (resin)

Zinc Oxide (cure activator)

Stearic Acid (cure activator)

Sulfur (curative)

Santoguard PVI (retardant)

NOBS Special (delayved action accelerator,
280°VF)

Agerite Hipar § (antiozonant/oxidant)

Antioxidant 2246

Cure Pressure:
Slab Cure:

100-700 psi (coating fabric)
30 minutes at 3000F

65
35
35
25
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L TABLE A.3 - PROPERTIES OF RUBB.R/FABRIC COMPOSITES . '.J
:' Tensile Tear Peel Flexural :
i Warp . L. Thickness | Weight Strength Strength Strength Rigidity#* .
b . . . 2 A
_ No. Fabric Description (in.) (oz/7d®)]  (1b/in.) (1) (1b/in.) (1b-in.%/in.) !
Warp Fill | Warp Fill ] Warp Fill | Warp Fill 4
3
F 1 {Type 728 nylon, 6 dpf, 5040 denier
y yarn, 14 x 14, low twist warp:
3 plain weave, low twist filling 0.105 81 - - ~— -— -- -- 0.062 0.065
3 plain weave, high twist filling 0.105 81 -- -~ ~- - - -—- 0.076 0.074
3 x 3 twill, low twist filling 0.103 79 -- -~ - - -- -- 0.057 0.060
3 x 3 twill, high twist filling 0.103 81 - -~ ~- - -- -~ 0.069 0.060 4
N 3 x 3 basket, high twist filling 0.105 82 -- -~ ~- -- -- -- 6.075 0.083
e plain weave, low twist filling:
6 dpf, Type 704 0.096 76 - -~ - -- -- -- 0.058 0.055
b 12 dpf, Type 704 0.103 80 -- -~ - - - — o011 o.07
t_ 2 dpf, Type CO2 0.101 78 -- -~ -- -- -- -- 0.066 0.058
6 dpf, Type CO2 0.104 78 -- -~ - - - -- 0.066 0.046 R
It Type 714 nylon, 6 dpf, 10,080 deaier
r yarn, 7 x 7, low twist warp: 1
o plain weave, low twist tilling 0.103 80 1260 1070 630 590 28 32 0.073 0.071
b plain weave, medium twist filling 0.099 74 1300 1140 645 565 - - 0.052 0.050 1
plain weave, high twist filling 0.108 82 1140 1040 605 710 -- -- 0.071 0.060
2 x 2 twill, low twist filling 0.092 71 1230 1080 765 705 —-- -- 0.053 0.064 )
2 x 2 basket, low twist filling 0.114 81 -- -~ -- -- - - 0.057 0.053
2 x 2 basket, high twist filling 0.103 73 1350 1110 940 >1060 - -- 0.055 0.051 1
3 x 3 twill, low twist filling 0.098 74 1270 1320 940 970 35 - 0.056 0.042 :
3 x 3 twill, high twist filling 0.106 81 1190 1060 795 930 24 -- 0.066 G.062 g
3 x 3 basket, high twist filling 0.106 76 1180 940 915 1150 -- -- 0.047 0.043
w Type 704 nylon, 12 dpf, 5,040 denier R
yarn, 14 x 14, high twist warp:
plain weave, low twist filling 0.103 71 -- - - -- - - 0.033 0.03 e
plain weave, high twist filling 0.103 76 -- -- - - 26 -- 0.048 0.041 B
3 x 3 twill, low twist filling 0.099 17 -- -- - - -- - 0.051 0.052 B
3 x 3 twill, hig. twist filling 0.102 79 -- - - -- -- - 0.056 0.052 ’
V | Type 704 nylon, 12 dpf, 10,080 denier
varn, 7 x 7, low twist warp; -
plain weave, low twist filling 0.099 69 1250 1160 530 530 23 35 0.053 0.042
plain weave, high twist filling 0.102 75 1230 1130 525 715 23 23 0.048 0.056
Vox 3 twill, low twist filling 0.105 18 1330 1020 1060 905 | 3347% 26,48 0.043 0.033
3 x 3 twill, haigh twist filling 0.101 79 1170 900 625 840 -- - 0.040 0.030
3 x 3 basket, low twist filling 0.091 67 -- - - -- 21 25 0.046 0.041
VI Type €02 nylon, 2 dpf, 5,040 denier
yarn, 16 x 14, low twist warp:
plain weave, low twist filling 0.10] 76 -- -- -~ -- 21 25 0.053 0.054
plain weave, high twist filling 0.102 78 -- -- - -- -- - 0.055 0.057
3 x 3 otwill, low twist filling 0.100 77 - - -= -- -- - 0.050 0.066 4
J x 3 twill, high twist filling 0.100 78 -- -- - - - -- 0.056 0.048 i
VIT | Type €02 nylon, 2 dpf, 10,080 denier -
varn, 7 x 7 hiagh twist warp: " 1
plain weave, low twist filling 0.106 77 - C-—- - -- 4l 43 0.045  0.049 ','.‘
plain weave, high twist filling 0.109 79 -- ~- -= -- 43 42 0.050  0.049 B
Ix 3 otwiil, low twist filling 0.104 76 -- - -- - - - 0.060 0.053
3o« 3 twill, high twist filling 0.103 77 -- -~ -- -- -- -- 0.052 0.056
4
Goodyear Fabric (A28A506-2A 0.110 82 - -~ -- -- -- -- 0.144 -- Y
.9
*at averape tadins of curvature of 0.25 iach. --‘1
XARepresents two sepirate coating runs. R
K
R
65
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TABLE A.L - FABRIC SUBSTRATE [HICKNESS IN RUBBER/FABRIC COMPOSITES
, Average Flex Lifetime,
Warp . Substrate . .
N Fabrio Desoripty oo Thickness Fllllng Direction
(miliion cveles)
(in.) !
1 Tvpe 728 nvlon, 6 dpr, 5040 denter vara,
16 % 14, low twist warp:
plain-weave, low twaist tilling 0.050 >12.9
plain weave, hieh twist tilling 0,49 5.8
Jx 3 twill, low twist Yilling 0.047 6.8
3 ox 3 twill, haish twist talling 0.055 3.4
3 x 3 baswet, high twist t1lling 0.068 2.8
platn weave, low twist tilbing:
b dpt, T4 0.049 21.7
12 dpt, 704 0.048 21.3
2 dpt, Sorn 0.051 >17.1
hodpf, Tvpe (02 0.04R 19 4
[t Tope 71w nvlon, o dpt, 10,080 denter
varn, 7 ox 7, loaw twist warps
platn we. oo lew twist o tailling 0.053 2.2
plain weave, hich twist talling 0.071 0.9
Jox 3 otwill, low twist tiiline 0.0 .8
ox 3 twill, hicsh twizt 1Hling 0.071 0.4
3 ox 3 basket, high twist filling 0.075 0.3
v Tvpe 704 nvlon, 12 dpt. 5000 denter
varn, v x 14 hagh twist warp:
platn weave, low twist tillinay 0.053 3.6
plain wever s hieh twist tilling 0.059 1.0
3 x 3 twill, lLow twist falling 0.051 0.8
3 x 3 twill, hish twist t:liing 0.065 .&
'y 0L vion, 12 dpr, 10 0A0 denyer
vara, Jox o7, low twist o warp:
piarn weave . lTow twist tilling 0. U6Ha 5.8
platn weave, hioch twist f1lline 0. 08 2.3
boxo 3 twill, Vo twist tilling 0. 06 1.0
3ox 3 otwill, havho twist 1illbing IR 1.1
J % 3 basket, low twi t tilliny 0.058 1.3
VI Tvpe COL nylon, 2 dpr, 5040 denter
varn, 4 x T4, Jow twist warp:
platn weave, low twist tilling 0.050 m.y
plain weave, high twist tiliing o2 Y
I x 3 otwill, 1w twint tiiiing 0.0l 1.5
3 x 3 rtwill, high twist rillaoy 0,058 2.1
VIl Typr €02 nvlon, X dpt, 1o, uxn donaer
varn, /7 x 7, high twist warp:
plain weave, low twist rilling 0.078 0.h
plain weave . hich twi.t talloing (AL 0.6
3ox 3 otwill, low twior tilane 0. U778 0.9
I x 3 twill, hivh twit tiliing 0. 085 0.14
(818
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TABLE A.5 -~ COMPARISON OF PEEL STRENGTHS OF EXPERIMENTAL FABRICS COATED BY
GOODYEAR AND ALBANY INTERNATIONAL (FILLING DIRECTION)
¥
Fabric C . Peel Strength (1b/in. width)
ric tonstruction Coated by Goodyear Coated by AI .
A
Warp V: ;
plain weave 4
low twist filling 27 35 B
high twist filling 38 23
3 x 3 twill
low twist filling 33 26,48
Warp VI: .
plain weave ]
low twist filling 32 25
Warp VIT:
plain weave
high twist filling 36 42 1
1
1
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APPENDIX B
PROCEDURES USED IN RUBBER/FABRIC COMPOSITE PREPARATION
AND PRELIMINARY TESTING

FABRIC FINISHING PROCEDURES

Scouring

After completion of weaving the experimental fabrics were scoured to remove
spinning oils and lubricants. Scouring was done at the Arkwright Finishing Plant,
a division of United Merchants, in Fall River, MA. The fabrics were wound on
perforated steel beams and immersed in a 500-gal bath at 160°F. The scouring
solution consisted of 0.25% TSPP (trisodium pyrophosphate) and 0.1% Triton X-100,
a non-ionic surfactant. The solution was circulated from the interior of the beam
through the fabric layers at the rate of 1000 gal/min during the 30-min scour.
Three hot 10-min rinses and one cold 10-min rinse followed at the same circulation
rate. The fabrics were air dried. Chloroform extraction of the fabric before and
after scouring revealed that the approximately 17 by weight of original spin [in~-

ish was reduced to less than 0.02% by scouring.

Heat-Setting

In order to stabilize the fabric structure and prevent shrinkage during sub-
sequent rubber lamination and curing, the fabrics were heat-set at 3509F., Set-
ting was performed on a large through-air dryer at the Technical Fabric Division
plant of Albany International in Auburn, ME. The dryer consists of an openly
perforated, revolving drum, approximately four feet in diameter, through which hot
air 1s forced at a controlled temperature and rate. The fabric remained in con-
tact with the surface of the drum for a total time of 4 min during its passage
over it at the rate of 1.5 ft/min; this was enough time for the fabric to reach
the 350°F temperature of the hot air. Tension was applicd in the warp direction
of the fabric during setting te maintain length in that direction; no restraint

was applied to prevent shrinkage in the filling direction.

Adhesive Application

The neoprene-based adhesive tie-coat formulation, ECB-341, with PAPT 1socv-

anate curing agent (see Table A1) was applied to the surface of the fabrics in
the form of a spray. This method of application was chosen to provide unitorm
0OY
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cover and minimum penetration of the adhesive into the yarn structure of the fab-
rics. The sprayer used pumped the adhesive solution through a wide-angle nozzle
at a uniform rate, but because the sprayer was operated manually some difficulties

in maintaining a uniform covering layer were encountered.

Rubber Lamination

The fabric substrate was finally coated with metered layers of the natural
rubber/polybutadiene blend, ECB-502 (see Table A.2) in an oil-heated Adamson plat-
en press at the Technical Fabrics Division plant of Albany International in Buf-
falo, NY. The working surface of the press measured 90 in. by 10 ft. A layer of
calendered rubber, nominally 0.030 in. thick, was cold-pressed onto each side of
the fabric before curing in order to form a single sheet for ease of handling
during the hot-pressing stage. The rubber/fabric composite was subsequently cured
for 30 min at 300°F under a pressure of approximately 440 psi. The appearance of

the finished product was excellent.

TENSILE STRENGTH TESTS

The rupture load of 2.0-in.-wide rubber-coated specimens was determined on an
Instron tensile test machine using double-pin self-tightening jaws. The gauge
length of the specimen between attachment poilnts was approximately 12 in.; during
the test the specimens were extended at the rate of 10 in./min. The target ten-

sile strength of the fabrics was 1200 1b/in. width.

TEAR STRENGTH TESTS

The tearing strength of the coated specimens was measured by the Bird-wing
tear method. The configuration and dimensions of the test specimen are shown in
Figure B.l. During the tear test the varns being ruptured are aligned in the
dircction of applied tensile lead but are held only by the surrounding rubber
matrix rather than being gripped dircetly in the jaws. The target tearing
strength of the rubber-coated specimens was 607 of tensile strenath, or approxi-

miatelv 720 1b,

FLEXURAL RIGIDITY TESTS

The bending stittness ot the various rabber-coated tabrics was determined

from measurements of the torce required to bend [.2%-1n.-wide strips of each
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fabric between flat, parallel plates. This test was performed on an Instron

tensile test machine as illustrated in Figure B.2. An initial plate scparation

slightly more than 1/2 in. was gradually reduced to approximately 1/4 in. with the

applied load continuously recorded. Calculations of f{lexural rigidty at an aver-
o

age radius of curvature of 0.25 in. (plate separation, 0.45 in.) are reperted in
g s I

Table A.3. These values were calculated according to the relationship:

¢ t}g‘frw
where
G = flexural rigidity
D = plate separation minus tabric thickness
P = load at plate separation, D
W = specimen width.

EVALUATION OF BENDING HYSTERESIS LOSSES

Throughout the course ot flex-cycling ol most ot the fabrics tested, the
total force required to perform the flexing motion was monitored at each station

(4 specimens per station) with a piczoclectrie force transducer.  Since bending
hysterests loss 1s proportional to this driving force?, changes in hvstoresis loss
for the different fabric constructions ¢an be casily tollowed as cveling proceeds.
During cycling of Goodyear tabric XA28A504-2A, a significant increase in hending
hvsteresits loss was observed to accompany the initiation of flex=vracking in the
material, as 1llustrated in Figure B3, The typical trend for bending hvatoeresi:
loss for most of the fabrics in the experimental series 1s reprosented i Fireoare
B.4.  In most cases the bending hysteresis loss for the experimental tabrics de-
creased sharply at the outset of cveling and then either fevellod ot or contime d
to decreace pradually arrespective ot the ocenrrence of tlex-cracks or the In-
creasing ceverity of damage.  Some tabrics exhibited o more rapird docrease an
bhystercsis loss than that illsatrated in Fipnre Bo4 . but tor only one conctruction
witn a4 pradoal but slight rnerease observed. The overall Tevel of hv ctereas o

varted trom 0.5 to 104 dno=1b/in. with no clear correspondence ot Tevedl with par-

ticalar construction features of the tabrice
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TABLE C.1 - FLEX LIFETIMES OF VARIOUS EXPERIMENTAL RUBBER/FABRICS (cont)

(15 HERTZ; AVERAGE RADIUS OF CURVATURE, 0.28 IN.) 4
. . Test J
. st . .
Warp . - Thickness Test F.l,rq. Failure Duration Ultimate o
Fabric Description . . . (million cycles) S - .
No (in.) Direction — (million] Specimen Condition 1
Individual Avg.
cycles)
| - R AT 0 SR
111 3 x 3 twill weave 0.106 warp 1.5 1.5 1.6 10.0 Severe damage, ten- :
(cont high twist filling 1.5 1.9 sion side; some
cracking & buckling,
compression side _1
fill 0.3 0.3 0.4 9.4 Extensive cracking )
0.6 0.6 on tension side, )
some damage on com=- 4
pression side 4
3 x 3 basket weave 0.106 fi1} 0.3 0.3 0.3 9.4 Severe cracking on
high twist filling 0.3 0.3 compression side
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{ 5.1 6.2 ]
plain weave 0.103 warp 0.9 1.3 3.8 8.5 -~
3 high twist filling 4.4 8.5
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o 1.0 1.2 tension side; no
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; side
3 3 x 3 twill weave 0.099 fill 0.15 0.1s5] 0.8 0.0 Extensive damage, .
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TABLE O % - G TEN DIFETIMES OF VARTOU. PNPRERIMENTAL FABKICS COATED BY COODYEAKR
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