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AB STRACT

The short lifetimes of seal/skirt systems on
~ * surface effect vehicles (SEV's) severely limit the

long-term serviceability of such craft. Therefore, a
systematic study was undertaken to evaluate the

K~. 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

M 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 in the
rubber layer, ranged from a low of 140,000 cycles to a
high of 21.- million cycles, a range of over two
orders oi -Ma J1itude.

A fact in] 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 militairv applications. However, in amphibious transit over S

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 S

coatings to guide development or selection of coated fabrics as finger materials

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

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

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

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

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

Motor Company Pinto engine was an economical innovative approach to achieve

reciprocal motion and multi-test station capacity.

Volume III (to be pubilished) 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 I and II was used to define

coated fabric constructions, which were subsequently manufactured and tested as

detailed in Volume III.

The series of experimental fabrics was produced with the assistance of

various other divisions of Albany International, including the Technical Fabrics

)ivision, Auburn, ME, and North Monmouth, ME, (weaving, heat-setting) and Tech-

nical Fabrics Division, Buffalo, NY, (final rubber press coating). The Arkwright

Finishing Plant, Fall River, M1A, a division of United Merchants, was kind enough

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

i'.-



INTRODUCTION

jIn 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
1*

cushion of air. 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

Iave 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

illustrated in Figure 2. The articulated nature of the flexible fingers allows

the raft to traverse obstacles or waves with a minimum loss of air. Of the

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: SR14 Hovercraft
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BAG

FINGERS

Figure 2 -Bag and Skirt Fingers: SRN4 Craft 1,
3

6



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

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

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

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

7



Council 3 : "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 investigate 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:

fiber material - high tenacity nylon 6,6

fabric tensile strength - 1200 lb/in. in the two principal directions

elastomeric coating -

composition - natural rubber/polybutadiene blend ECB-502

tie coat - Neoprene GNA blend ECB-341 adhesive with isocyanate curing

agent

amount - 0.030 in. calendered sheet applied to each side

method of application - platen press, 3000 F, 30 min, 440 psi.

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

coating methods, respectively.

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

pattern--are specified by absolute values: 2, 6, or 12 denier per filament (dpf);

5040 or 10,080 nominal yarn denier; 50 or 250 surface helix angle, and either a

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

fied at relative levels: I x I 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

on both yarn denier and float length.

8



TABLE 1 - FABRIC CONSTRUCTION VARIABLES

FIBER: Denier Type

6 DuPont 728 (714)
6, 12 DuPont 704
2, 6 Monsanto C02

YARN: Denier Twist

5,040 Low - 0.8 tpi (50) S
High - 4.1 tpi (250)

10,080 Low - 0.5 tpi (50)

High - 3.1 tpi (250)

FABRIC: Float Length Weave Pattern Yarn Crimp S

I x 1 Twill low
3 x 3 Basket High

Full Factorial Experiment - 2531 = 96 Combinations
48 Fabrics S

A full factorial expe,'ment involving each of the fabric construction vari-

ables at each level would ,quire the manufacture of 2531 = 96 fabric types, a

number which could be hal.d if the fabric were woven so that the low crimp yarns

lay only in the warp direction, and the high crimp yarns in the filling direc-

tion.

It was not possible to obtain nylon yarns of the same type in each of the -

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

C02, available in both 2 and 6 dpf. With this selection, 6 dpf fibers of three

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

728, to which it is very similar; Type 728 was unavailable at the time in this

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

construction is described in both the Figure and the Table by a string of de-

scriptors as follows: denier, number of filaments, twist, and type.

9
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Figure 3 - Stress-Strain Diagrams of Various Nylon Yarn Types
(See Text for Definition of Yarn Nomenclature)
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TABLE 2 - AVERAGE TENSILE PROPERTIES OF SINGLE AND PLIED YARNS

Initial Rupture Trans-
Yarn Construction* Denier ModuIUS Elonga- Rutr lational Tenacity

Mod tion (lb Efficiency (gpd)
(gpd) Mb)

5040-840-S-728 (DuPont) 5,140 45 16 99.2 -- 8.8
1/(5040-840-S-728)/1.OS 5,340 30 20 99.6 100 8.5

1/(5040-840-S-728)/3.OS 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-Z-704 (DuPont) 865 51 15 14.7 -- 7.7
6/(840-68-Z-704)/0.5Z 5,288 29 10 88.2 100 7.6
12(840-68-Z-704)/0.5s 10,730 29 20 182 103 7.7
12/(840-68-Z-704)/3.0S 11,590 19 25 183 104 7.2

140-68-1/2Z-C02 (Monsanto) 143 47 14 1.9 -- 6.1
36/(140-68-1/2Z-CO2)/0.5Z 5,560 25 29 75 109 6.1

72/(140-68-i/2Z-CO2)/0.5Z 10,470 30 22 141 103 6.1
72/(140-68-1/2Z-CO2)/3.0Z 11,640 14 31 139 101 5.4

630-102-Z-704B (DuPont) 635 50 14 11.0 7.8
8/(630-102-Z-704)/0.5Z 5,280 30 18 85 97 7.3

420-68-1Z-CO2 (Monsanto) 420 48 16 6.6 -- 7.1
12/(420-68-!Z-CO2)/0.5Z 5,390 30 23 73 93 6.2

•Sete text for de finition of nomnc tu lat ti"

The initial modu lIs of the varn as suppli od with little or no twist ranged

from a low of 40 gpd for DUPont Typ,- 714 , 6 dpt , to l high of 51 gpd for DuPont

Type 704, 12 dpf. Yarn t enacit ies rangetd from 8.8 gpd Jor DuPont T.ype 728, 6

dpf, to 6.1 gpd for 2 dpf, .Ionsa nt o Type C02. te clos, similarities in the

stress--strain behavior of tnte various materi.als in the earlv !;tages of stressing

were thought to be more important in the flexing experiments than differences in

Ultimate strength. The absolute strengths and tenaciti es of the yarns after S

plying and twisting are also given in Table 2.

The yarn deniers chosen for the experiment 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
Criterion: (multiples of 840) of--

2,520 3,360 5,040 7,560 10,080 15,120

To achieve 1,200 lb/in. 27 20 14 9 7 5
(at 8 gpd)

Maximum weavable in 20 18 14 12 10 8
square plain weave

Two levels of yarn twist were adopted: low (a 50 yarn surface helix angle)

and high (a 250 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 c-nstruction 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

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

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

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

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

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

.:...:. .: .S. : : .: .:. . .: : : : :



pi

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

where those constructions subsequently evaluated for flex behavior are also noted.

The large effect of yarn twist on the extent of fabric openness is illustrated in

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

III 6 10,080 7 Low

IV 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.

Finishing of the var is fabrics included scouring, heat-setting at 3500 F,

application of the adhesive tie coat, and final platen pressing of the rubber

layers onto the substrate at 3000 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-

ing. Although layers of rubber of initially controlled thickness were applied to

each construction, some variations in final thickness ensued mostly because of

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

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

ularly for those thicker fabrics consisting of high twist, high denier yarns.

Cross sections of many of the coated fabrics produced are shown in Figures 5

through 8.

13
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TABLE 5 - DETAILS OF EXPERIMENTAL FABRIC CONSTRUCTION

Warp Warp and Filling Construction Filling

Warp Yarn Yarn

No. Twist Nominal Yarn Count Twist

Level Fiber Denier Yarn Denier (yarns/in.) Weave Pattern Level

I low 6 5,040 14 x 14 plain low*

(Type 728) medium*

high*

2 x 2 twill low

high

2 x 2 basket low

high

3 x 3 twill low*

medium

high*

3 x 3 basket high*

In addition. Warp I contained the following fcar fabric constructions designed to provide a

basis oi comparison between yarn types:

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 C02)

III low 6 10.080 7 x 7 plain low*

(Type 714) medium

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*

IV high 12 5,040 14 x 14 plain low*
(Type 704) high*

3 x 3 twill low*

high*

V low 12 10,080 7 x 7 plain low*

(Type 704) high*

3 x 3 twill low*

high*

3 x 3 basket low*

VI low 2 5,040 14 x 14 plain low*

(Type C02) high*

3 x 3 twill low*

high*

VII high 2 10,080 7 x 7 plain low*

(Type C02) high*

2 x 2 twill high

3 x 3 twill low*

high*

"FIx fatigue measur.ments made.

14
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TABLE 6 - COMPOSITE FABRIC PROPERTIES

WEIGHT:

Substrate 20 to 27 oz/vd 2

Coated Fabric 70 to 80 oz/yd
2

THICKNESS:

Substrate 0.05 to 0.09 in.
Coated Fabric 0.09 to 0.11 in.

STRENGTH:

Tensile 900 to 1300 lb/in.
Tear 500 to 1000 lb/in.

The sect ions of Figures 5 through 8 illustrate the vario us levels ' uccess

in attaining straight warp yarns and highly crimped fillins irns. In the plain-

woven, 5040 denier fabrics (Figures 5a and 5b) yarn crimp is nearly balanced.

Among the 10,080 denier plain-woven constructions (Figures 6 a and 6b) a greater

difference in crimp level between warp and filling yarns can be seen. In the

longer float fabrics (Figures 7 and 8), the warp tends also to lie straighter than

ithe 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 equalize yarn crimp.

The fabric cross sections of Figures 5 through 8 illustrate another important
diffrt,nce, ameng e t fished fabrics, namely the variation in thickness of the

ruibber covering over tilt fabric knuckles. In fabr ics woven from low denier, low

twist yarns the, minimum thickness of the covering, laver is much greater than the

minimum th i ckss in t h i gh denitr, hih twist fabrics. Compare Figures 5a and

Slau, the varisition in twist of the two sets of varns in the fabric dramnti-

c,"llv atflcts th' exte.nt of o, enn'ss o,, thOf r.,sulting fabric structurt, as illus-

trated in Figures 4a and 41), fabrics contaiining ligh-twi st yarns in both warp and

!ill inc: directions pres,,nt tl greate st opportIni tv for rubber strike-through or

bridging of th, coating matrial. This is a potentially important feature for

produc ing highly effective coat ing "adhesion" strengths.

23
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FLEX TESTING APPARATUS AND METHODS

To determine the relative performance of the various fabric constructions

during fltxing, 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, each

attached at one end to a ;tationary 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 Skelton 5; the engine block is water-cooled to keep temper-

ature uniform in all the specimens. The essence of the imposed deformation is

that each element in the 2.4-in. central portion of the strip, which measures 5.0

in. in total length, undergoes a high-frequency cycle of curvature from no curva-

ture' to MI:.:il.!T1 curvature and back to no curvature in one cycle of reciprocating

mot ion. Minimum radius of curvature, i.e., maximum curvature, undergone by each

It -.nTt is given by theo xprss on ,6

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

whre 1), th1, distn.nn - bt-tween par:, :,--I supports, was set at 0.5 in. and t is the

aibric thickns . >.hmn radius of cuir,'ature for the 0.5-in. spacing is given by:

r (D-t)/l.4 0.28 in.

,:Lf L o,1 fabri bin: fl,xd through -ich cy' ' is expre s;,ed by:

.I
1, = 2.2(D-t) + -- 4 i1n.

where 3.1 in. repre.sents the length oi the piston stroke.

The te:t.r is capable, of cvclic trequencie> to 18 t1z. All )I our testinc was

done at a fre.quency of 15 Hz, or 900 rpm, in air at room t emper~lt ,,re,.

A standard skirt material produced by the Goodyear Arospac Corp. was used

to prove the tester. This fabric is similar in weight, thicknes and strength to

the experimental fabrics produced as part o our in)estigatiol; details of its

-4
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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 tOm-

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 400C may be expected in undamaged fabric of

this type.

TABLE 7 - CONSTRUCTION OF GOODYEAR FABRIC XA28A504-2A,

THE FABRIC USED TO PROVE 'FESTER

Fabric Substrate Construction: 6 dpf nylon

4/2/840/12S/7Z
10 x 10 plain weave
27 oz/yd 2

Fabric Weight: 82 oz/yd 2

Fabric Thickness: 0.110 in.

Fabric Tensile Strength: 1200 lb/in. nominal

Each of the four stit ;'-is of the flex tester is equipped with a dynamic torce

tran sd (, r wh ich can be1 1 ,d to monitor the force required to perform the recip-

rocat ing motion oit et.ch set of fouir specimens. This force, as described bv Skel-

tot), is proporti,'nal to the bending hysteresis, or frictional work lost by the

fabric during th., cycle of high-curvature deformation. Since this work loss is

the r-sz;l of frictional energy dissipation, principally in the form of heat, it

was 1i ,ht that its continual measurement might be used to indicate the onset of

f k-x -t igue. Although the bending hysteresis loss monitored over s w-vral million

Y.c , of flex of the Goodyear fabric did increase at the initial appearance of

f I e: c ra ks, to promising indicator of the onset of failure, was observed in the

b.nding iy, str.sis 1, ss valuets for several fabrics in the experimental series.

(Typical curvs of bending hysteresis loss wi t h cont inued cycling for the' Goodye'ar

tabri c and ior the experirental fabrics are given in Appendix B.)

Wit h ,ach of the 16 posit ions the flex-testr I fill 'd with the standard

(;,-odvar fabric XA28A504-2A, the number of cycles to ti rst fai lure was documented

by vi sal inspe:tion of each specime.n. The results, I istd in Tfable, 8, iilustrate

thI los,' agree-ment btw en the ave.rage vilue of the group of four "i t ria at

28
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each test station with the overall average for all sixteen specimens. They also

show the wide range Of values obtained, leading to a coefficient of variation in

j the test data of approximately 50%. Such large variations are common in fatigue

data.

'FABLE 8 -NUMBER OF CYCLES TO FIRST EVIDENCE OF FLEX CRACKING
IN GOODYEAR FABRIC XA28A504-2A

Te st Initial Flex Cracking Average
Stat ion (millions of- cve I. ) (ii11ions of cycle.s)

1 3.9, 1.5, 1.9, 2.7 2.5

22.2, 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

OverallI Mean 2.4

Range 0 .2 to 5. 2

Coefficient of Variation 50:1

Onl the basis of- t h(se meaIsurements, an mid icaitor 01 fabric tlex tat iglie was

ho;nis the average number of cvclIes to the first aipp, arance 01- a cenlt i-aliv

Soci ated flex crack among four test spec inens mounited at aI single test sta-tionl.

CyclIing was centinuied after the first I instan[Ice( of fle "x c ra ckin11g I int I I T1- nero e-

t,.s;ive, damagek was Susqta1ined, general ly at 10 or 20 mill ion cycles. The

appearance ot the initial flex crack i s IlIu s tra ted Iin t he( p hotog ra ph o I F IgIr'

1 3a; more extensive damage i., shown in Figure 13h.

FLEX FATIGUE RESULTS

* ~~~~~~- -tait, lit s of thle li fe time in flex of the exper meiii a1 1ai o-cribdi

Tb 1c 5., whic liwere tested onl Ili fI \i ngo app:irait i ouit Iillnd inI li pre ill

tI on, aI r o I I (c( tecd Ii Append i I ,,C ,ib I . C. I . d i vi dilal ebs. u-va t io1n1, 0 1 Ii,

numb, r eveI , to t lie I i r t a1pp. Iii n t. Ot al cu]0- v I ~i1t d1 I ex\ crilck aIre

* ~ gIV, 11 or1 k.acl sp-c imcnI tes ted, and the extent of damage, I.,irriri e 11w ave r-

g. I i 1:1kin o f t lite S,( f ab r ics r.in iig d f ri n a low of 1 140, 0001 e-ve Ies f or 3 x 3 t w i II

toi t 1iiLt ioll w Ith 11i1gh- t w Ist f IlIIl ig v" irns woven t ron WarIp %VII I 10, 080 ditlier

-Irii 7 x 7 yarns;/ill. , hi gli-twi st warp) to alig f2 7ml o v ~ o

p]- plai-w(eave const riict 1 i w ith1 low t WI St f II IIng yarn1-1s from11 Wi-Ip 1 (5040(01 eier
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yarn, 14 x 14 yarns/in., low twist warp). Initial 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

Labric with an additional thick layer of rubber added to one surface was also

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

The iarg, effect of fabric construction on the flex-fatigue behavior of rub-

ber/fabric composite materials is well illustrated by the test results for the

experimental serics of fabrics: flex lifetimes span over two orders of magnitude

for materials differing only 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. 7 ,8,9 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 re-

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 an~d two levels

of tile 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

32



comparative differences between crimp levels. For example, for both low or high

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

'1mv level of twist, the entry in Table 9 is the average of data obtained in the

two directions. Those entry spaces in Table 9 marked by an "x" represent con-

strII tiln \'iriaible cornbinations that were unattainable: low twist/low crimp from

hiIh twist. Warps IV and VII; and high twist/high crimp from low twist Warps I,

1[1, V 'Ind V[. Empty entry spaces represent constructions woven but not tested

, cj:,, of budgetary restrictions.

iABLE 9 - 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 10,080 5040 10,080 ROW

(NARP"Z) (WARP II (WARPI) (WARP I") (WARP 17I (WARP' ) AVERAGES

LOW
89 136 1.8 5 5 75
lxi -- -53

z HIGH
- LOW ,RIMP 63 06 88 It 36 2 6 38

, TWIST LOWCxrCRM 1,5 68 14 16 2.8 1
o ~CRIMP 1

Hx 19L I HIGH

uj i CRIMP 05

LOW
CRIMP 44 10 5.8 09 188 23 55

Ixl - __ " 452 HIGH /
- HIGH CRIMP 06 24 15

Z TWIST LOW

CRIMP 21 _4 _ _ I I I

HIGH 
13

CRIMP 0.14 0.8 05

COLUMN 46 06 7.7 1.2 5.3 24
AVERAGES 2.6 4.1 3.7

- CONSTRUCTION NOT ATTAINABLE WITHIN PARTICULAR WARP

CONSTRUCTION WOVEN BUT NOT TESTED
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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 S

four of the variables in various combinations were split off and looked at sepa-

rately. In 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. S

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 deniers 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 C02 fibers are not significant (at the 90% confidence level for a Student's

t-test 

TABLE 10. EFFECT OF FIBER TYPE

Flex Lifetime (million cycles)

Type 728 Type 704 Type C02
0

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 0

CV (%) 88 7 15

Differences not significant (90%).

The effects of fiber denier on the flex lifetime of similar constructions of 0

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 C02 and from 6 to 12 dpf for DuPont Type 704 were found not to be

significant (at both the 90% confidence level and it th, 80. levw ).
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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)
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

Mean 3.4 2.8

CV (%) 41 20

Differences not significant (90%).

Warp V, 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

Mean 1.6 1.3

CV (%) 43 28

Differences not significant (90%).

Warp III, 6 dpf, 10,080 0.3 0.3
denier, high twist yarn, 0.3 0.3
low crimp 0.6 0.3

0.6 0.3
Mean 0.4 0.3

CV (%) 38 ---

Differences not significant (90%).

ANALYSIS OF VARIANCE

TDice full-factorial subsets of the body of flex data summarized in Table 9

an,! given individually in Appendix C were analyzed statistically for the sigrifi-

cance of main and interactive effects of the fabric construction variables as

follows:

Block A (Table 13) - fiber denier, yarn denier, yarn twist, and float
length for filling direction tests only.

Block B (Table 14) - fiber denier, yarn denier, yarn twist, and fabric
direction, as an indicator ot yarn crimp, for
plain-woven constructions only.

Block C (Table 15) - yarn denier, yarn twist and yarn crimp ir-
respective ot fiber denier for plain-woven
constructions only.

36

0



Lii

.o LL. LL 0m 0

L/*) 4- >

0 V)~IC- - L

'-4

-Lu I- -J0r

z~I - w 0 V)= C-
LL : > -iL - J M0

1i~- o)~.. co LL

-LJ LU in- C) Cir CI-
<~ < -j ) < - c
>- > L L L . -- C - 1

aUcf _j D

0L C Lu :x ~- 0 --m-jm0C-) t--------------

'3 ~ - c N'l' ~Da = Q
CO= C aa an c'' o0.

E-4

~~W OD w N ol W. 0 0 0 0- 000 -
E vw )0 0 -o ~ ____ ____ N

z z

0 o Cc owmO- 0o - 0 -

C. w W o co j jN O V'~r)'''O (J4- U

-j 00 Nl

> I- in

H ztz

0 c 0 oNw;: ( oO.~~I 1 10D NI f LSIJ 0

LL wco (% V V O -0 o r)ciIT0 0N o37t

cn0 
c P -



LuJ

0- M M rO-4 r-(D : cor' 00 0 ( -4 S-
LL. j r-cm' m 0) o-r.co m ON c'.a (3') w

C)

z ow
C) U
-(3 C)

LL Lui- LuJ (.j) V/ Lu C
ozC) -cvi Ic U
H ; - C) Ct) -? =w ) Z:
tn L, -'r -m - L LC) S--

C< C)-L -) C) >-C)

U LuJ 00 LL o Z r 0
zC) I-- <~c < ~ < Lu & Q I

w- Lu- Lu LL < < ca C

>i --L I- Lu --.- 1 LLu - < ~ M L U

V) Lu w 1' C-) = -- C) Lu. - LU4-
Li Lu C LL i uLW LL -f C) LuJ c-

Lu C)I-(- IL -)C -- C) LI.. W

LL V) 1/) LuS.u- L
L- LL c LL uj Qj(M C c (D 0-

< < - - - - <

00 tn.If

-~ ~ 0

. 0

' ' %0 C C D

.L . iz ic . ~
u- Li ODa ~loClCjCq997a

.1 z z ----- Cj JJ 'J--~
LU w2J-

-~~ ~ 0 <_ _

cn U

F- Li. Li.

Iizei
__ _ _ _ MO ? 4r. DI L .

a: IT a

.LL . . -



LA- E
- 0

m C)oO(10 l -V

U-m l mk Q -- 0

>~ 0' )S

- V) .C3 3C
I- - - 04-)

c c )-(.. L.)

C) o 0

Lu LU 34.
I- o:: Y--4

ex ce t d

Uj n - >- - V) -m_

LL. - c = - -. (M0
z C) :K =I C) LU LUL :3 CU

LU cm -- (/)

0= 0. E > ~
LL LU f 0 LULU ce 0

LU 0I- u 0)i-.*.

C4

LO U') O(0 tO-CD
-c 1- z~ K DJ ro oWOJ j MTU- C() a. ~

o~2C~C5CC56 Ixe

0 
3__9 _ _

o 0 I- 0 O D;
w -J iiO iC~c coji (D ) CL C ON

Ci)~( CD *.L**~

_ _ _ _ _ _ C D c 2

u n1 JD O \ 0 ODCIo cr 'l D

0 D

0r C:) CL

*~~~~~~r - -- -- a.., . -.~~.



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 yarils 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. If results were to show

either a strong effect of crimp on flex lifetime or a strong interaction betweei

yarn crimp and the other fabric construction variables, this "impurity" in thc

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 di-

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 tile crimp 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 WarpF I and VI. Tile

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, tile

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 for two fabrics fulfilling the yarn denier/twist/crimp condition were

available, tile 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. Tile 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

ent i rely straightforward and must rely on what is known about the confound ing of

9 factors within each block. There was an unequivocally significant (997) main

40
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TABLE 16 - SUMMARY OF MAIN AND INTERACTIVE EFFECTS OF FABRIC CONSTRUCTION
VARIABLES FROM ANALYSIS OF VARIANCE

Significance Level (%) SBlock A* Block B** Block C"** !

MAIN EFFECTS:

Fiber Denier 95 78 -

Yarn Denier 99 99 99

Yarn Twist 99 99 20 S
Float Length 99 ....
Yarn Crimp -- 91 99

FIRST-ORDER INTERACTIVE EFFECTS:

Fiber Dnier/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
Yarn Denier/Float Length 91 ....
Yarn Denier/Yarn Crimp -- 93 98

Yarn 'iwist/Float Length 96 ....

Yarn Twist/Yarn Crimp -~ 24 63

Float Length/Yarn Crimp -

SIGNIFICANT HIGHER-ORDER INTERACTIONS:

Fiber Denier/Yarn Denier/
Iarn Crimp 91

*Blck A - 3123: Fiber Dcnier, Yarn Donier, Yarn Twist, Float Length
(filling direction only)

':Block B - 3123: Fibter Denier. Yarn Denier, Yarn Twi.st, Fabric Direc-
tion (plain wkeave, only)

'**Block C - 23. Yarn Dni,,r, Yarn Twist, Yairn Crimp; indepe.ndent of
Fiber Deni,,r (p1a in wv e onIv)

4
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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

it 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, in a longer flex lifetime. A I x I 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 its effects were measured. There seems no reason to doubt this

conclusion since all but one of the fourteen comparisons of the lifetimes of sim-

ilar fabrics at the two levels of float length (which may be made from 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 ef-

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 in Table 1I. 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 deni,'r

is, in 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 it was as-

stimed 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 99% confidence level. In 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 is insignificant in both

Blocks A and B and the effect of fiber denier can, therefore, probably be dis-

counted. Thus, it would seem that the estimate of the effect of yarn twist in

Block C is the "t rue" result, while those from Blocks A and B actually ret lec t 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 in Blocks A and B is real or the result of the undefined effects

of yarn crimp. However, the fairly strong three-way interaction between fiber

d( nier, yarn denier and yarn crimp (fabric direction) in that Blo k B would ;('clm

4 2
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to suggest the latter. In 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

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 yarns (and yarn count of the structure), it is not surprising that thes,,

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, yarn crimp level, and fabric float

length. The preferred levels or directions of each of the five variables studied,

determined from the analysis of variance and by direct comparison of the data for
similar fabrics given in 'Fables 9, 13, 14 and 15, are listed in Table 17. The

fabrics among those studied with the longest average lifetime in flex--21 million

cycles (see Appendix C)--were plain-woven from low-twist, 5040 denier yarns that

contained 6 or 12 denier filaments.

TABLE 17 - PREFERRED DIRECTION OF FABRIC CONSTRUCTION VARIABLES

Sign i f i cance leve I Preferred Level
Factor (7) or Direction

Fibe r D,-nir -- '; 6 or 12 dpf

Yarn Denie: 99 5040

Yarn TW'.-,c -- " low
FloaIt Il1gt I 99 1 x I
Yarn Crimp 99 1,ow
W,av,, Pattern < 0 twill or b,]sk,'t

S(
1
, ii t inc t jimat b at a s. of cOln -OuId iIIn, of r, t t w ti t

CI-i ' , [T ie Se t oxt

EI1FE(CT OIF FABRIC SBISTRATE THICKNESS

Fabric t'libs trates coilst i1tt ed from low denier, Iow-twist varn nIit 1l-,] lijv,

IlwO .r VgArn1 c'rImp l,1vel t and, ajs aI cons,(itnnc', are thinn1 er than f, ri -) s ofk t II

WO w-i ,ht woven from Ihifh lor-de.niecr, high-twist y,.Irns. l'h,, r,.Ilt ion hip bets -

1.)br: ',str~lt, th1icknes: s and t lx I t li nei was sagnil icintl' hich,. r tii
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0



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 weight, and the

same weight 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

liver covering the fabric knuckles in the composite structure was thicker when the

fabric substrate was thinner. Thickness of the rubber laver also varied more in

those composites containing the thicker, more open woevs. The contours of the

rubber layers in the filling direction of several fabric con:tructions represent-

in.gA a wide range of flex lifet imes are presented in Figure 15; these profiles were

-ron photographs of fabric cross sections such a t Oh.f<of Figures 5 through
-. I .ceneral, fabrics with a more uniformly thick rubber covering layer wor,

mos t r- t. ',t to flex-cracking.

Examination of failed specimens that were tlexed until extensive damage had

beecn done 4howed that the rubber tends to crack in the thin regions covering the

knuckles;, or ftoats, or thL .. arnis running in the opposite direction to those being

I -t. ti", p Mtorn oi flex cracks takes on the image of the under-

I , I r,- w ,v .v:' r iIn tho damaged spc'im<,ns, as illiist rated in Fi gr, 16.

Iuti, th [n Ii r,-4 .: I : itebber at the ci-pos i t c urftaco- on the outside; of the bond arc

: t t I, ..... t.st tens i le strains npsod by rho bent con i guration and ar,

-.,iji t j , ii: eabl,, b'catlse of stress coucuntrattiun in thes, areas.

S , r loweV yarn twist, and I .Vr vaIn crimp I I r' su lt in ow,'r

i ,. . i lit, as shown in th, n bric cro s -. t ions of F gIIrs 5 through S.

- I I::, I. , s 'It r.stI in a mor, 11ni formIly thick cubt%'r layer, as shown in

*i" . . hw cr, it is ditff icuIl t to s,e Irom e i tIr Figures 5 thro iighI 8 or

1 1 .i. - in. dvatage in the rubber-layer thickiss or contour of the plain

wv. . . rsp.ird to the 3 x 3 twills. Perhaps the performance of the longer

I., t I.' I i r basket-weaves ) was significantly poorer than that of the plain

w, iv,. -, i,-te tin longer thin ribber regions running in the direction perpendic-

sJlir to, th, Ie V ,ed dirtctiin in the' twil Is had an incroased probabi lity of failure

dilrill " TIV tnV ,' oI flOx.

• .- • , • - . . . . - - . . . . - . - , , . . " - - . -. . % - % . . .- " ,

,-~~........_..... _: . _. ._ .. "..-.-......-.... . . . . . . . . . . .
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AVERAGE
FLEX LIFE PLAIN WEAVES
(million cycles)

129 504 DEIR O WW N ILN

12.2 10400 DENIER, LOW TWIST WARP AND FILLING

2.2 000 DENIER. LOWH TWIST WARP AND FILLING

0.0 040 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 -

Mw vs M
0.8 5040 DENIER, 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

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. In 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 lb/in., Appendix A), in those of

the experimental fabrics with little or no open area to permit bridging of the

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

bridging occurred, reached acceptable levels of peel strength (48 lb/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 Al, which averaged 0.10 in. in

'* 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 Al. Four of the Goodyear-coated materi-

als were flex-tested under the same conditions as were their counterparts coated

at Al; 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 strengths 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.)

'FABLE 18 - COMPARISON OF AVERAGE FLEX LIFETIMES OF FABRICS COATED AT
ALBANY INTERNATIONAL RESEARCH AND AT GOODYEAR

Fabric Construction Flex Lifetime (million cycles) Ratio
Coated at Al Coated at Goodyear Al/Goodyear

Warp V. Type 704 nylon,
12 dpf. 10,080 denier yarn,
7 x 7, !ow 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 C02 nylon
2 dpf, 5040 denier yarn,
14 x 14, low twist warp:

plain we.ave, >7.0 >6.3 -"1
low twist fI A1110

Warp %'I.Ts: CO2, 2 tipf,

10,080 diir yarn, 7 x 7,
h igh l.-,'t %..,l-p :

I wI t I I I I(). I). 5 .

DESIGN OF BROAD FABRICS FOR SKIRT TRIALS ON SRN4 CRAFT

Mant afcture 0f three rubber-coated fabrics, in widths; and lcngtht stiff ic ent

for ful -scahU skirt pan, 1 coistruction, was next requir, d. lw , thes broad

fabrics wer. to be designed to duplicate closely the const r t ion (i the fabric

substrate in Goodyear skirt fabric, GAG 591; the base fabric in thi maiterial is

designated RF-477 and is a 10 x 10 count, plain-weave woven from 42/840/12S/7Z,

6 dpf nylon yarn. The choice of this fabric design was based on the superior

performance of GAC 591 in the DTNSRDC drum impact test. This pe-rformance is, in

large part, attributable to the high adhesive strength resiilting from the large
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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-

in-a raippcd, or covered, varn of slightly ]liwer' total denier (5880) titan the

6720 denier plied yarns used in GAC 591. The pur-posel 01 t hi proposed eon st rue-

Son wIs o ~ lil~t a I Ii -I ound-vair n CLon f I glu rait i on aIn d , t hero 171 ore t , !, I g I ICanITIt IT01

11a 11 11"A , hit t w/Ithou( it 11iin , bici1i1 t'..I I"d vIarn>l. F 1 (- - t tu[1g o-f tV - :.t r p r I men-

vl; tS, ri et il);- had not ;, t been o'epltd wit n this 1, sign was proposed.

Ktil :,III testsa l t s '1,i iilohlc Ia iLt h,, t t ime I nd I catd ,t srotg effec t o f yarn

I t ','et I 171t as In it cks A ni h i> and S. It now appears

1 7' [!1,, nialesis"at variance that ti irceived fftect of yarn twist per

cicnt I n re lat I on to tilO cxp r tinnal error , or vari at ion , in test

*~-V r titsthilSS , thel overall alverage flex lifetime for each "low-twist' row

* Ln 'Fab le 9 is grt e pto t han for till comparabl Ic'hi gl-twi st'' row, and the des ign of

* the third broad fabric offers the potential of eliminating any deleterious effects

of highly twisted yarns.

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

were- produced hv Fri Deve lopment . inc-. of Quiakertown , PA, using a 70 denier, 34

1,iant I'v1 18(1 n'a vl on covcri;.g earn appl ied at 2-7 wraps per inth. The

1i ' t .i 1. prodiic d was reasunabl V god aind tini farm. A 10 x 10 count

w is Its' p wi- 0 i(1 h t lv podtc d Iremi- th Ivi I n V Ir1 . Srtd iitt I v waI

tt I t I t I.

I' I(. ~ '~ f tI t li itit t)ii t wi p t!x i i a ric w

il by B.11 F0.oodr)ch. oth tonpant use I' roTpr lh- 11dtyhf ive and b natral rb

ber/polybutadiene formulations for the coating material, which was applied in
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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 SRN4.

TABLE 19 - BROAZ FABRICS FOR SKIRT TRIALS ON SR4 CRAFT

Yarn Construction Fabric Weight (oz/yd
2
) Thickness (in.)

Construction Uncoated Coated Un~oated Coated Coating

i. 4/(1
6
80-280-Type plain weave 25 110 0.072 0.137 Goodyear - same adhesive

728)/12S/5Z I0 X 10 and natural rubber/poly-
butadiene form lation
used for GAC 591

2. 4/(16
8
0-280-Type plain weave 25 117 0.072 0.142 Goodrich - natural rubber/

728)/12S/5z 10 X 10 polybutadiene form lation

7815

3. 7/(8
4
0-140-Z-Type plain weave 18 95 0.060 0.116 Goodyear - same adhesive

728)/0.5Z 10 x 10 and natural rubber/poly-
Wrapped with 70 butadiene formulation used
denier yarn at for GAG 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 in

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

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

the plied-yarn fabrics, as illustrated in the fabric cross sections presented in

Figure 21.

Although none of the three broad fabrics was distinctly superior to the other

two in the laboratory flex-test, the sea trials, during which the fabrics will be

subjected to high-speed impact in addition to the high-curvature flexing, may

differentiate more fully among them.
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WARP DIRECTION -

aPLIED-YARN FABRIC, RUBBER-COATED BY GOODYEAR

b PLIED-YARN FABRIC, RUBBER-COATED BY GOODRICH

CWRAPPED-YARN FABRIC, RUBBER-COATED BY GOODYEAR
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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-

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

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

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-

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 is 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 Kuvlar 29 fiber achieves a tenacity of about 16 gpd in low-crimp

woven structures, in contrast to a maximum of about 8 gpd for high-tenacity nylon

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-

mum number of ends of Kevlar 29 weavable in a square, plain-weave construction is

compared with the number needed to meet the strength criterion at 1200 lb/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

also estimated for yarn deniers betwoen 1000 and 6000 in the manner indicated in

the table.

The entries in Table 20 reveal that a sultably strong, thin, and open plain-

weave fabric siihstrate could be, construicted from 1500 denier Kevar 29 yarns wov,.n

23 ends to the inch or frem 2000 dnit1r Ktvlar 29 V.an w0Vkn 17 v-rns to the iech.

Such fabrics with ;or' dk-gr-,e of crimip 1'.. , thi it,1 b t 1t, wtc n I.0t t,, ().(I) ill.
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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.

40

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 lb/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 each

after spray-coating with the same neoprene-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 2 in weight

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

The flex-fatigue behavior of the various experimental fabrics was eva I iated

by means of a flex-test ing dev ice special ly designed and bui I Lt to sub ject fabric

s trips to relatively high-spe td 15 lz) and hi h-curvature 3.6 in. -1 
c Vl ic
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bending in air. The results of the flex-cycling tests revealed a difference of

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

could withstand before tile 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.

A factorial analysis of the flex-test results showed yarn denier, yarn crimp,

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-

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

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 tile experimental design.

However, iinterpretation of the results of the analysis of variance applied to

several subse(,ts of data involving various combinations of construction factors

indicAted that neither fiber denier nor the level of yarn twist had a significant

main effect on flex tiftim,:

Fabrir structures in YIich both yarn denier and yarn twist are low tend also

to have lower yarn rimp levels, lower knuckle height and, as a result, are thin-

oe r than fabrics of th same weight composed of higher denier, high twist yarns. -

Whe"n co,,t ed wi t 1 thie, same we ight of rubber, so that overa 11 composite thickness is

tli sAm , t iinimum thickness of the rubber layer covering the yarn knuckles

will Iater in the, fabrics with the thinner ubstrate than in those with a

thi. L' r o1- e. Flex-tcsting of the experimental rubber/fabric composite materials

-rOvided kvidence that rea.l stance, to flex-cracking is greatest in composites hav-

* jg ait tlii urn r faibric substrate. Greater thickne ss of the rubber layer in these

"tr,- iir ., tlirefore, may be the reason that lower yarn denier and lower yarn

crimp r lt in f,ibrics with greater flex lifetimes. Howover, such an interaction

b0tw0,'T fibric tr-uc tir and thickness of the rubber 1a er cainnot be ;eparated in

th,, ciirr,-nt ;tudv from the eff cts that the varioiius fabric constriiction parametels

My have hald o n slch factors is fiber bending stri in and th,, niimbr and naturt ot

her inter-,ctions, which myiv ailso Iluinc,, fIx Ii f t ime. Nithir did we ad-

(Irs s tha, inIlII c oil I lex Ii Iet in, of r,,rk ,r i ir less,,r total amount-, of rubber

,ipp I1ld t( tHie abr c substrates dir jig maninuliicture
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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

dsubstrate. However, independent studies at DTNSRDC of the behavior of rubber/fab-

ric composite materials 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 substrat& 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 'he 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/polybutadiene 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-coatt-d by Goodyear. "['his 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 strucrure 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 surfact effect veh icless.

1
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TABLE A.1 - FORMULATION OF CONTROL ADHESIVE ECB-341

Ingredients Parts by Weight

Neoprene GNA 100

Raven 1040 (carbon black reinforcer) 25

Hi-Sil 215 10

Sundex 790 5

Wingstay 100 1

Antioxidant 2246 1
Stearic Acid 0.5
STAN MAC-Beads (MgO - retardant) 4

Kadox-15 (ZnO - curing agent) 5

Weight (%)

ECB-34 1 16

1, I,1-trichloroethane 84

Add 4% PAPI (isocyanate) just before use

TABLE A.2 - FORMULATION OF CONTROL COATING ECB-502,
A NATURAL RUBBER/POLYBUTADIENE BLEND

Ingrdi ents Parts by Weight

SMR-5L (st ILnd rd >I. 1v, v i ;n rub' er) 65

CIS-4 1203 'polvbutadien,) 35

ISA,'-I.S (caibon black) 35

Hi-Sil 215 (silica - fine bads) 25
Siindex 790 (oil and plasticizer) 7

Medium Pink, Tar (high viscosity plasticizer) 2

Cumar MH (resin) 4

Zinc Oxide (cure activator) 5
Stearic Acid (cure ;jctivator) 4.25

Sulfur (curat iw,) 2.7

Santoguard PVI (retaqrdant) 0.15

NOBS Special (delavd action acclcrator, I

280')F)
Agcr i t e Hi par S (ant iozonan t lox i dant ) 2

Ant iox i dant 2246 1

Cuir' resumre,: 100-700 psi (coat iig fabric)

SI.ab Cure: 0 nniinut e s at 100oF

00
6/4

0 5.



TABLE A.3 - PROPERTIES OF RUBB.ER/FABRIC COMPOSITES

Tensile Tear Peel Flexural
Warp Fabric Thickness Weight Strength Strength Strength Rigidity*
No. (in.) (oz/yd

2
) (lb/in.) (lb) (lb/in.) (lb-in.

2
/in.)

Warp Fill Warp Fill Warp Fill Warp Fill

I Type 728 nylon, 6 dpf, 5,040 denier
yarn, 14 x 14, low twist warp:

plain weave, low twist filling 0.105 81 .. .. .. .. .. .. 0.062 0.065
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
3 x 3 basket, high twist filling 0.105 82 .. .. .. .. .. .. 0.075 0.083
plain weave, low twist filling:

6 dpf, Type 704 0.096 76 .. .. .. .. .. .. 0.058 0.055
12 dpf, Type 704 0.103 80 .. .. .. .. .. .. 0.071 0.074
2 dpf, Type C02 0.101 78 .. .. .. .. .. .. 0.066 0.058
6 dpf, Type C02 0.104 78 .. .. .. .. .. .. 0.066 0.046

[It Type 714 nylon, 6 dpf, 10,080 denier
yarn, 7 x 7, low twist warp:

plain weave, low twist filling 0.103 80 1260 1070 630 590 28 32 0.073 0.071
plain weave, medium twist filling 0.099 74 1300 1140 645 565 -- - 0.052 0.050
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
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 0.062
3 x 3 basket. high twist filling 0.106 76 1180 940 915 1150 -- 0.047 0.043

IV Type 704 nylon, 12 dpf, 5,040 denier
yarn, 14 x 14, high twist warp:

plain weave, low twist filling 0.103 71 --.. .. .. .. .. 0.033 0.034
plain weave, high twist filling 0.103 76 .. .. .. .. 26 - 0.048 0.041
3 x 3 twill, low twi't filling 0.099 71 .. .. .. ...-- . 0.051 0.052
3 x 3 twill, hig. twist filling 0.102 79 .. .. .. .. .. .. 0.056 0.052

V Type' 704 nylon, 12 dpf, 10,080 denier
yarn, 7 x 7, low twist warp;

plain w,'av,, low twist filling 0.099 69 1250 1160 530 530 23 35 0.053 0.042
p1.ii, -.av , high twist filling 0.102 75 1230 1130 525 715 23 23 0.048 0.056
I . I twill, ,w twist filling 0.105 78 1330 1020 1060 905 33;47 * 26;48* 0.043 0.033
3 X l twill, hilgh twist filling 0.101 79 1170 900 625 840 -- -- 0.040 0.030
3 x 3 ba-kt, low twist filling 0.091 67 -- -- -- -- 21 25 0.046 0.041

VI fypo C02 nylon, 2 dpf, 5,040 denier

Yarn. 14 X 14, lw twist warp
pl.in w,. - , lw twist filling 0.101 76 .. .. .. .. 21 25 0.053 0.054
plain w-av-, high twist filling 0.102 78 .. .. .. . -- -- 0.055 0.057
5 x I twill, lw twist filling 0.100 77 .. .. .. .. .. .. 0.050 0.066
J a 3 twill, high twist filling 0.100 78 .. .. .. .. .. .. 0.056 0.048

VII Type (02 nylon, 2 dpf, 10,080 denier
van, 7 . 7hh twist warp:

plain w.'iv.,, low twist filling 0.106 77 .. ... .. .. 41 43 0.045 0.049
plin w, iv,,, high twist fLIlling 0.109 79 .. .. .. .. 43 42 0.050 0.049
I X I twill, low twist filling 0.104 76 .. .. .. . -- -- 0.060 0.)53

I 3 t'il , high twist filling 0.103 77 .. .. .. .. .. .. 0.052 0.056

Ge ly i iri ~ XA28AS04-2A 0. 110 82 .. .. .. 0.144 --

*4t i.v r , r,,tis of c- rvaturo of 0.25 inch.

R r 1W, .. p irate coat ing rlins.

65
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PABIIE A. - FABRIC -. ['BS lA I II( KNESS IN RUBBER FABR IC C(IMPOS IFES
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TABLE A.5 - COMPARISON OF PEEL STRENGTHS OF EXPERIMENTAL FABRICS COATED BY

GOODYEAR AND ALBANY INTERNATIONAL (FILLING DIRECTION)

Fabric Construction Peel Strength (lb/in. width)
Coated by Goodyear Coated by AI

Warp V:
plain weave

low twist filling 27 35
high twist filling 38 23

3 x 3 twill
low twist filling 33 26,48

Warp VI:
J| plain weave

low twist filling 32 25

Warp VII:
plain weave

high twist filling 36 42

..
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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 0 F. The scouring

solution consisted of 0.25% TSPP (trisodium pyrophosphate) and 0.1% Triton X-l00,

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

0 rate. The fabrics were air dried. Chloroform extraction of the fabric before and

after scouring revealed that the approximately 1% by weight of original spin fin-

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 350°F. , 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

perforat,'d, revolving drum, approximately four feet in diameter, through which hot

air is 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/mini; this was enough time for the fabric to reach

th. 350"F temperature of the, hot air. Tension was applied in the warp diri.ction

of the fabric duiring setting to maintain length in that dirct ion; no rt-;traint

was applied to prevent shrinkage in the filling direction.

Adh,.sive Appl ication

flh. neoprene-based aidhesive t i,-coat formulation, ECB-341 , with PAPI i,-e. V-

:jnot,. curing agent (see TalI( A. I) was -ipli I(d to the !su rfac , of It lit- I alri, in

thsn fourm it a ,pray. This m,-thod f appl ic.It ion w.,s clo n ti) prwvid,. ( i ,rl

.0) .
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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

In.tron tensile test machine using double-pin self-tightening jaws. The gauge I

length of the specimen between attachment points 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 lb/in, width.

FEAR STRENGTH TESTS S

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.1. During the tear test the yarns being ruptured are aligned in the

direction of applied tensile load but are held only by the surrounding rubber

matrix rather than being gripped directly in the jaws. The target Lear ing

streng th ot the rubbe r-coated spec illIens was 60 of Lensile strcn, th, or app roxi-

matelv 720 lb.

FILEXURAL RIGIDITY TESTS

'Th ( be nding sti I n s. ot tiL v lriolls r, 1ib r- i t I I .iihri s was It rmind

from measur,,ments ot the tOre, r'qtiire.d to bend I .25-iM.-wide strip, "I t,:)ch

/ 1)

,,.{ )'. .- .



fabric between flat, parallel plates. This test was performed on an Instron

tensile test machine as illustrated in Figure B.2. An in tial plate separati(n

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

applied load continuously recorded. Calculations of flexural rigidtv at an aver-

age radius of curvature of 0.25 in. (plate separation, 0 .45 i u . ) are repcrted in

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

PD2

2.85W

where

G = flexural rigidity

D = plate separation minus tabric thickness

P = load at plate separation, D

W = specimen width.

EVALUATION OF BENDING HYSTERESIS LOSSES

Throighout t lie course of f lex-cyc I ing of most of the' fabrics tested, tie

total force required to perform the flexing mtion was; mo itored at each station

(4 specimens per station) with a pi ezoe lec-tric force transducer. Since bendin g

hysteresis los is proportional to this driviuc forco 5 , changes in hvst eresis l oss

for the differi'nt fabric constructions can he e sily followed is ycling proceed,.

During cycling of Goodyear fabric XA2ZASO4-2A, a significant inctreat, in bending

hvstiresis loss was observed to accompainy te initiation of flt x- rackin, in the

mat'rial, -Ias illu trated in Figr' i.3. lii, typika l trtend for , ndi lb, l'v I.rt.i

lw ;:: for monst of the hbrics in the t'xp'ril.talitail .trl ,> i" ra prtp ai t' .d in l itr

1 .4 . In mo t c s a s t li t hand( i rig livtire i h les for t lie' txpt I- i ri, t ii I ,r i itb,' do

srt -(I I i she r'p 1'. t a I t f i' t! '* L ott f ,v k I i sI llI I i t 1 i1i i I Iii r I o V aI I 1 j ! o out i III:'(

ft d t -,'t le -grad la IIv i rr'eptct iv, (of tihot , itetrr.n o I I 1,,x-cr, k. 1 t i. il-

r,',i lL:. i II - .over itv oI (],m)a ,go. . Some, I al, h i c .:hit)it k(I i , i a, r pI )Id rl, , !

hy~ t .rw.>i I ons t lain that iIsli~q t rat,,d i n F i ,,urp B{.4 , htit i,, ,I- ln v ,, o ,i ,, ,t I t ion

W: I I bu~t~~r l t 1 I : i u(h l re,a, ( ,h >;,..' V d . Ih a. o ,.r'lI I ,, v,. I a,1 Itv" , i I,.o

Valr (I' I r (,iln . t o 1.4 in . - Ih/ ii ll. u I I t k,. o IrI p0 d,. ' , . , wilka 0 1 o W 111l, I p r -

0

" .' " , " '% ' " ."." " " ' .
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APPENDIX C

FLEX LIFETIMES OF RUBBER/FABRIC COMPOSITES



IAliLE C. I I l ,[ : I.; I I ' : A XI' " l : tRI .l NIAI. RI'BBER/FABRICS

N.,
Al.',

fpr nt iiv

I,, r I - t, vp 6) Apti" i ;': ,! ,

],,w t '; - I 'l I :

twl l f l ing (. 10 w .irp 4. 1 . 8.. 30).0 Cr n,.

10.7 I ,

till 2.8 3.0 .. ' i 0 .

.() 9 .3

3 x 3 twill w..-v. >1(7O till ." 7.2 '1. !tt, r2 . ,., ,i w,5

l'w tw' . filing .7 .7

3 x i , i w,'.. I, li3I . I2.8 ' i. . 4 I -, t

t> t ,. , l , .i - ; . r t ; : : : ~ l i ,

xi ,ifT

Tl ivp, / [ w !. . 1" 11 g, '

I: .r ! w , t' ... 1, , . . . 1 " 1 . r . * tnr
't 7'i. n *n

. '1^ p i in '

' ' r., k i n

w~~~~l. I. p 2 1 r , 1 i

1 38 i dP . 148 warp i 1.2 0>,t. > x .' ri king,
* II . i lin;: 1.2 1.3 tv I H .,: rn ,

1~~~~. 1 .vo009
ill [ . 3 .O t:,:,P, .II; (4

]~~~ .1 l: t , 1 . h-

: ". . , it w .vi,.(,92 till (.7 .8 I:ti ', I.:

3 x 3 i ll " (...'.' p 1. I .i I I I '. ,t1.C 14e

lw .i. ' I I I 1, g: n ,,

II P.' (.8i ii .,II

* ".I . • . ' . . ' - * . . . •-I. .,-
,- : , . . . . ... .- .. , - . - , .,- .. .- - . . . . -_ - ., ., 7 7 . . . -. .-. - . - . , . . -. . . - . -. : ,-. ,- . . - . ,. . . . . . , .. -. , .. .. 7



* TABLE C.1 - FLEX LIFETIMES OF VARIOUS EXPERIMENTAL RUBBEI-/FABRICS (cont)

(15 HERTZ; AVERAGE RADIUS OF CURVATURE, 0.28 IN.)

First Failure Test
Warp FarcDsrpin Thickness Tet (oilliun cyles) Du ra t i on Ultimate

No.~ ~~~~ ~ FarcDsrpin(n)Ts (millio Specimen Condition
N.(n) Direction Individual Avg. cycle-s)

111 3 x 3 twill weave 0.106 warp 1.5 1.5 1.6 10.0 Severe damage, ten-
(coot high twist filling 1.5 1.9 sion side; some

cracking & buckling,
compression side

fill 0.3 0.3 0.4 9.4 Extensive cracking
0.6 0.6 on tension side,

some damage on com-
pression side

3 x 3 basket weave 0.106 fill 0.3 0.3 0.3 9.4 Severe cracking on

high twist filling 0.3 0.3 compressicon side

IV Type 704 nylon, 12 dpf,
5040 de-nier yarn, 14 x 14,
high twist warp:

plain weave (1.103 warp 5.5 9.5 >18.8 30.0 Extensive iracking
low twist filling >30.0 >30.0 tension side, no

damag-, compression
side

fill 1.3 1.6 3.6 10.0 Same as above
5.1 6.2

plain weave 0.103 warp 0.9 1.3 3.8 8.5 -

high twist filling 4.4 8.5

fill 0.8 0.8 1.0 10.0 Extensive cracking

*1.0 1.2 tension side; no
damage, compression
si do

3 x 3 twill weave 0.099 Lil 0.19 0.15 0.8 10.0 Extensive damage,
low twisc filling 1.3 1.6 tension side-slight

damage, compression
side

3 x 3 twill weave' .102 till 0.15 0.15 0.8 J0.0 Same as above-
highi twist warp) 1.3 1.6

V Type, 7(04 nvl n, 1.- dp ,

10(180 ilenie-r varn:, iX 7,
low twi .t warp:

plain v0-i. 0L99 warp 2.3 4.0 5.1 1(1.0 R,a!i %- IY m in or

l , w .t i Kling 7.1 7.1 damag,' , tension side

fill 41.8 4.8 5.8 9.3 Relritively minor
6.2 7.5 damage, tension side

pi 0 a,(.10-1 warp 1.8 2.7 2.6 7.0 Minor damiige, ten-

cici-- t fill ig 2.7 3. sion side

fill 0.8 1.1 2.3 9.3 Extensive cracking
2.6 4.8 tension side

I x 3 twill waIve 0.10J warp 1.9 2 .3 2 .2 10.0 Minor damage on

*liw twist t1ilig 2. 3 2 .3 tension side; ex-
tensive delamina-
tion on compres-
sion sd

fill 0.6 1(0 1.0 7 .0 Some' minor damage

1.0 1.4 on tension side;

'vi'' damage on

s,,mpr,'-ion side

* 1sI twill w. av.' 0_10! warp .0 1 .0 1.1 7.0 Fsti'n'iv, dlamage

hi' !WO " i t illing 1.0 1 .4 on tension side;

some damage, eom-
pre!ssion side

ill 1.0 1. 1.1 7.0 Sam- a, aibove
1.0 1 .4

1 ~Iha'(-t way,' 10 1 till 1i 1.1 1.3 1iC.0 crsjkini tonsion

lw vitil ig1.5 1 .7 ' idec sevSi i dam-

0 ,qi- , S , ;W i d aI -

nit nn, iilr
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