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FINAL REPORT JULY 1988 - JUNE 30 1991

This program is narrowly fe~ed to provide constitutive relations for fibrous

materials for inc}usion in overall modeling of inechanical behavior of very long mooring

Bnes. The quantitative data developed should be of direct value in the design and

deployment of marme ropes. It is of corresponding value in characterizing the behavior of

two major classes of fibers  PET and ARAMID! for application to industrial products.

ll ~ ' d hdHtlKA PRTMh '9 d~ ' f' ' h

designated as 855T and 855TN. 11m MVQ4ID speamens were DuPont KEVLAR 960

 with ramie Mish! and 961  without!,

A wide range of physical tests were conducted on the fiber and yarn samples

furnished by the Naval Civil Engineering Department at Port Hueneme. These are induded

in the foHowing listing of properties and behavicx studies.

Tensile Stxess/Strain Behavior  Dry!

a. In original state

b. After tensile cyding to 3 86 of original breaking stress

c. After cycling to 60% af original breaking stress

Deterrnirudion of Tangent Modulus Curves

a. In original state

b. Atter 300k cycbng

c. After 6P%%d cyding

Creep Under Various Constsnt Loads  Dry!

Creep Recovery Under Zero Load  Dry!

Cheap Urdar Varmua Caeistant Laada  WNt!



Creep Rivery Under Zero Load  Wet!

Fncbon Coeffictent Under Various Loads

a. At 10', 2l ', 25', and 29'  ~!

b. At 10', 2l', 25', and 29'  Wet!

Abrasion Resistance Under Various Loads

Lateral Deformation: Pressure Volume Relations



I. TENSILE STRESS STRAIN BEHA Y IOK

KEVLAR ARAMID

Tensile tests were undertaken on 10 inch gage specimens at a strain rate of 0. 1 per

minute and a special tabbing system was used to suppress jaw breaks. The Instron data

was recorded with a NICOLET digital osciilosccye and subsequently arMyzed via an IBM

PC computer so as to provide direct printout of the stiess strain behavior.

The tensile stress strain behavior is geesented in form of sumnuuy tables and

individual stress strain curves. A seI:excite set of data is presented for tests of dty yarn and

for tests of wet yarn. In each case 5 specimens of yarn, both dzy and wet were subjected to

a single stress strain test to failure at the indicated stram rate of 0.1 per mmute, Breaking

stress  in gtt4J'denier! and breaking strain were recorded in each table,

An additional five specimens were then loaded to 3P/o of their breaking stress then

unloaded and reloaded for 10 cycles, @Acr the 10< cycle the yarn was stxesced

manotonically to failure and breaking stress and elongation to rupture were maxded.

A third set of 5 specimens was then loaded to 60% of breaking stress, unlo'ided and

reloaded 10 times before conducting the final full stress strain test. Again, breaking stress

and strains wne mmrded in the tables.

The KEVLAR yarns were gaepaami with and without marine finish. KEVLAR T960

was a 1500 denier yatn with mariiie finish and KEVLAR T961 was 1500 demer without

finish.

The KEVLAR data are presented in the following otder of tables and accompanying



SING LE LOAD STRESS STRAIN BEHAVIOR

KEVLAR T960 �500 Denier! WITH Marine Finish

Dry and Wet Tests
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S/S CURVE OF KEVLAR Z9 7950
WET, no precycte

20

19

18

17

15

15

13

12

11

10 9

i3. O60.840.02

STRAIN



S/S CURVE OF KEVLAR 29 T950
WET; with ]0 cycles at 0-50% B.S.

20

19

18

17

16

14

12

10 9 8

C O4

ST RAI l'l



20

19

18

17

16

15

14

13

12

1110 9 8 7 6 5 4 3 2

S/S CURVE OF KEVLAR Z9 7950
WET; with 10 precycies at 0 � 60%%u B.S.

0.02 0.0<

8 TRAIN



PRECYCLE S!S CURVE OF KEVLAR 29 T9 jO
WET; 10 CYCLES at 0 � 30% B.S.

20

19

18

17

14

13

12

10 9 8 7

0 0g0,0E0.040. 02

STRAIN
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PRECYCLE S/S CURVE OF KEVLAR 29 TBhO
WET; 10 CYCLES at 0-60'. B.S.

20

19

18
'I 7

16

15

tk

I3

12

10 9 8 7

4 080,060.040.02

STRAIN
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SINGLE LOAD STRES S STRAIN BEH AVIOR

KEVLAR T961 �500 denier! WITHOUT Marine Finish

Dry and W et Tests
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20

19

18

17

15

15

14

13

12

11

10
0 g

0 8

6 5 4 3
2 0

S/S CURVE OF KEVLAR 29 T961
WET; no precycle

0 cg0v60.02

ST RAI N



PRECYCLE S/S CURVE OV I'E~LAR ".~ 'I'~!~;i
WET; 10 CYCLES af 0-30'. B,S,
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19
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17
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10 9 3 2 1
0 1

0.04 0.060.02
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S/S CURVE GF KEVLAR 29 T961
WET; with 10 precycies at 0 � 30% B.S.

"05040.02
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PRECYCL- S,lS CURVE OI KEb'LAR 2.3 'I'!!hi
WET; 10 CYCLES at 0-60.o B.S,

20

19

18

17

16

15

11

13

12

ll10 9 8 7 6 5 4 3 2 1
0

0.060 040.02

STRAIN

-44-



20

19

18

17

16

15

14

13

12

11'10 9 8 7 6 4

S/'S CURVE OF KEVLAR Z9 T961
WET; with 10 precycIes at 0 � 60% B.S.

P..O6D.C2

ST RAI N



-46-



O

r

~ S
N

m ~
e

pe~uop~! en~npog
-47-

EO

o r

4
~ CO

~ cn

g

C/>



 a~~uep/6! camps

-48-



-49-



-50-



cb

O O

O CI

nl

0 0

cn Ci h
l T

 ~eiuepyo! eeayg
-51-

CI e
I-M Q v h
l

M

UO�

u! g g 4 r4 ~ 4 e a! h rD 4 W M nl
T l l l l f



u0
0

O O

c Q

4
N CV

CI

CI

 JO�0p/5! $$%l!$

-52-

m >
Q 4

U

I

A 0 8 CV ~ 0 5 Cl h N Ih f 8 CV ~ 0
T 1 I T T M l



0
0

0
e

N Q v
C

O O

0 P C! h 4 4 0 4 N ~ 0 CA 0! h, cl 4 0 6 LV ~ 9
v w ~ r v- v-

 ~ojuopy6! eeewgS

-53-



u5

O 0

r

O CI

CZ'.
C!
U

I�

c 9
ih

N Q O C/!

Ci

lU

CL

C4

LJ
CO

C3

I

O O r 0 0

P! N

g NI-

N a

VQ

V p~R

X

 mjwpgO! en~npog
-54-



CD

R CQ

O

LL

A
tD

I

8
N

P! N

0

0

N g
5 U

I

 m~uep~O! en~npog
-55-

0 C r 'I



CI

CI

CI
CI

a CI

� P] 4PP /l6! 8+Ovlk 9



CI
CI

Q 0

c C

nl
CI
CI

0 m a! h.

 rl P J V+p /6! CSOvlg g
-57-

M CI
+J VJ

R G -�

Q u P O
N

CR

rV 0 CD CI h td Vl W 4 6 0
1 V f T T I



u!

O CI

0 CI

LJJ

U-
C!

C C

CO

UJ
rv

0 0

 JOJVOp~! OS~Q

m <Q U t
S N

0 CA tO h tb IA t H! hl ~ 0 CO 4 h 4 4 t 8 5 ~ 0
hl v- v- v- r ~ r r r



 aeiuep~! es~g

-59-



 aeiuepr6! asewyg

-60-



cb

O 0

Q O

e Q l

a 0

 ae]uopgl! ssmgq

-61-

C
e

M D

v

I

N

u0�

0 % Cl h N 4 0 6 6 8 % 4 h N C 0 4 4 0
r



tO
CI

0

C!

I�

r
0

W

C!

0 0 CA

A C!

CA

U CO

8
rv

0 N 4
V wj

e

Cll

 m!uopr I! enlnpoW

-62-



 mIuePyO! snIWo W

-63-



tb

O 0

C}
CI

Q
L.

0

 ae]uep/5! @swig

m >

Q U e I
e L

N

amaseewee-ooewee~wrv-a
r w w r



0 0

c Q

O

 we~uop/5! ssmgg

-65-

Q e
I-

M Q 0

V e I
O L

N

Vl�

a m 4 > m A W A nl Q m CI h N A W 4 r4 O
f4 v- r m v- r v- v- r r



 ~ejuopgO! e~s

-66-



a O
C3

CO
I�

CI

0

LLJ

U
C>

CK
C!

! CC
WN 0 0

I�
C/!

C/!

UJ

I�
C/!

 aeiuep~! ee~g
-67-

0 e
I-

M Q u

O g

0 Ol LO h 8 4 l H! N ~ 0 m LO h tb Ih f 0 N ~ 0
CV r w w v- w r r ~ v r



-68-



u!

O CI

O Q

C Q

<4

O

 JOJ4&p /l5!
-69-

0 e
C

5-
o

Q P
0

u0
Vl c

h % v! % H! rV ~ O m a! h N C W W rV
r m r v- v- r r



II. TENSILE STRESS STRAIN BEHAVIOR

ENKA POLYESTER

The identical tensile tests conducted on the KEVLAR yarns  with and without marine

finish! were also run on the polyester yarns produced by ENKA  with and without finish!.

Single monotonic stress strain tests were run on 1000 denier BNKA polyester yarns and

breaking load and extensions were accorded for 5 specimens of each ENKA type. Cyclic

tests were then run to 30~4 of the previously recorded bresdmag stress and after the 1&

cycle the full stress strain curve was tecorded. The ~cedure was then repeated for a third

set of 5 yarn speixnens, this time after cycling to 60% of breaking load. Each set of tables

listed below was followed by individual stress strain curves of the various yarn groups.

Finally a special set of 1000 denier RNKA polyester yarns formed into 20 ply yarn

with marine finish was ~ tested both mngly and after cycling to 30% and 60% of their

breakmg strength. Final breaking loads and extension were recorded.

-70-



SINGLE LOAD S TRES S STRAIN BEH AYIOR

ENKA Polyester �000 Denier! WITH Marine Finish

Dry and Wet Tests
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S/S CURVE OF ENKA 855TN
WET; no precycle

0 0.02 0.04 0.06 0,08 0,1 0 12 0.14 0. I E Q. IH

ST RAIN



PRECYCLE S/S CVRVE OF ENKA B55TX
WET; 10 CYCLES at 0-30% B.S.

0 0,02 0.04 0,06 0.08 0 1 12 0.14 .16 0.1Ã

STRAtN
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S/S CURVE OF ENKA 855TN
WET; with 10 precycles at 0-30' B.S,

0 0.02 0.04 0,05 0.08 0.1 0.12 0.14 0.15 0 18 .; r'

STRAIN



PRECYCLE S/S CURVE OF ENKA 855TN
WET; 10 CYCLES at 0 � 60% B,S.

10 0 0.02 0.04 0.06 Q,OB 0,1 ' 12 0. 'Ic- 0 15 0 'ld
ST RAIN
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10

S/'S CURVE OF EN/A 855TH
WEt; with 10 precycles at 0 � 60,. B.S.

0 0.02 0.04 0,06 0.08 0.1 0.12 0.14 0.16 0 1H 0.2

STRAIN



ENKA TN YARN STRESS � STRAIN GRAPH P1
10

DRY YARH

0 0.02 0,0e 0.06 0.08 0.1 C.12 0.14 0.16 0 18 0.2

STW4,,'ll
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ENKA TN YARN STRESS � STRAIN GRAPH P3

10 0 0.02 0.04 O.QS O.C8 G. 1 0 12 0. I < 0. 1 6 C. I 8 G. 2
5t~h 'l
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ENKA TN YARN STRESS � STRAIN GRAPH $4

10 0 O.C2 C.o~ e.a6 Q.CH:.i 0.~2 0.1~ C 16 G i8 0.2
5fwa i

-82-



ENKA TN YARN STRESS � STRAIN GRAPH g5

10

DRY YARN

0.12 0 14 0,15 0.18 0.20.02 0,04 0,06 0.05

6'f4' 'I

4
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ENKA 855TN STRESS � STRAIN GRAPH $1
309,' RREAKIHG STRESS 10 LOOPS

10

DRY YARN

0 002 0 04 005 008 0 1 012 0 14 016 018 02

STRAIN W.H I.' '
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ENKA 855TN YARN STRESS � STRAIN GRAPH $P
30% BREAKING STRESS 10 LQDPS

IO RN

Q.20 0.02 0.04 0.06 O.QB 0.1 Q. I 2 0 I 4 0 I6 0,18

STR4ll'I W.II, I,.'
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ENKA S55 TN YARN STRESS � STRAIN GRAPG $3
30% BREAKIHG STRESS 10 LOOPS

0 0,02 0.04 0,06 0.08 0.1 0.12 0.14 0.'I6 0.18 0,2

STRATI'I W.R. I'.L'
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ENKA 855 TN YARN STRESS � STRAIN GRAPG P4
307 BREAKIHG STRE S 10 LOOPS

10 0 0.02 C.G4 0.06 0.08 0.1 C.12 0.14 0,16 0,18 0.2
STRAIN W.R, T,L'
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ENKA 855 TN YARN STRESS � STRAIN GRAPG P5
]HG STRESS 10 LDOPS

10 0 0.02 0.04 0.06 0.08 0. 1 0
STRAIN W.R. 1 L'
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ENKA 855TN YARN STRESS � STRAIN GRAPH $1
60% BREAKINC STR 'SS 10 LOOPS

10 0 0,02 0.04 0.06 O.O8 O.1 O. i 2 O. 1 ~ O. i 6 O.18 0.2
STR Alii w. R. 1 . L'
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10

ENKA 855TN STRESS � STRAlN GRAPH P2
60% BREAKIHG STRESS 10 I OOPS

0.16 0.2 0.240. 120.04 0.08

STRAIN W.R.T,L'



ENKA 855TN YARN STRESS � STRAIN GRAPH $3
6Or. BREAKING STRESS 1D LOOPS

10 0 O.D2 O.D4 0,06 0.08 0.1 0,12 0,14 0.16 0.18 0.2
STRAIN W,R.T.L'
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ENKA 855TN STRESS � STRAtY, GRAPH j'4
60% BREAKING STRESS I 0 LQDPS

10

DRY YARN

5

2 � I

I

« I

~.C? C.0~ . C5 C CP. I2 ' 14 '.16 C.18 .2

SIR ~ tl H,R.1
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ENKA 855TN STRESS � STRAIN GRAPH P5
60 'J, BREAKING STRESS IO LOOPS

10

DRY YARH

0 0 02 0 04 0.06 G GH .1 0.12 0.14 0.16 G.16 G.?

ST11A ~I k R T



SINGLE LOAD STRESS STRAIN BEHAVIOR

ENKA Polyester �000 Denier! WITHOUT Marine Finish

Dry and Wet Tests

-94-



K

0 0
Z LLl
Cl

Z

K'
I-

I

V!
M
LU

K Ol
Q

O

N

U Z
40

x N Z lL

O X I K
hl
I-
N
hl

0 O.
lX
1d

Z
N
Ch

o
T

Z K C lO
tO

V z
Ul

-95-



x lO
z

I-
D

0 X I-
IX
UJ
I-
N
hl

0
CL

K
Ld

z UJ

O O O
T

Z K C I-
LO

tO

hC
Z
Id

-96-



S/& CURVE OF ENKA 855T
WET; no precycle

G 0.02 0.04 0.06 0 0': " 1 .12 0.14 ' 1; Ir'.

STR<iN
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PRECYCLE S/S CURVE OF EN[<A 855T
WET; 10 CYCLES at 0-307 B.S.

10 0 0.02 0.04 0,06 0.08 0.1 ' 1? 0.14 .: 16 0.1H .;.2
ST RAI N
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S!S CURVE OF ENKA 855T
WET; with l0 precycles at 0-30% B.S.

0 0.02 0.04 0,06 0.08 O.l Q.I2 0 14. O.I6 0.1.~ '~.!

ST RAIN
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PRECYCLE ',''5 CL'BVI' OF' ENKA 0'~5T
WET; 10 CYCLES at 0 � 60,, B.S.

10 0 0 0.02 Q.CI4 0.06 0.08 C 1 0.12 0.14 Q. 'I 6 o. I 8 '.7
STRAIN
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S/S CURVE OF EVE~A 855T
WET; with 10 precycles at 0-60" S.S,

0 0.02 0.04 0.0S 0.08 1,12 1i .; 1,":; I.",

ST RAI I' t
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S/S CURVE OF ENKA 855TN 20 PLIES YARN
WET; no precycle
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PRECYCI.E S jS CURVE OF ENIGMA 855TN 20 PI,IE.'-' 5 'II':
WET; 10 PREI:YCLES at 0 � 30,. B.S. "1
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S jS CURVE OF ENKA 855TN ZO PLIES YARN
WET; with 10 precycies at 0-30% B.S.
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PRECYCI E S!S CURVE QF ENKA BSSTN 20 PLIES 5'AI~N
WET; 10 precycles at 0 � 60% B.S.
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S/S CURVE OF ENKA 855TN 20 PLIES YARN
WE'T; with 10 precycles at 0-60% B.S.

10
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STRESS � STRAIN CURVE OF ENKA 855TN 20 PL,IES YARN
DRY; no precycIe
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PRECYCLE S/S CURVE OF ENKA 855TN ' 0 PLIE Y.-'RN
DRY; l0 CYCLES elf 0-50% 8,S.

IO

I
0 T r ~~ T~ i I

0 0.02 0.04 0.06 0,08 0 I 0, 'l2 Q. I 4 0. I 6 0. I H '-'. 2

ST RAI I'~

-128-



S /S CURVE OF ENKA 855TN 20 PI.IES YARN
DRY; with 10 precycles at 0-307. B.S.

10 0 0.02 0.04 0.06 0.GB 0.1 0.12 0 14
ST RAl H
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PRECYCLE S/S CURVE OF' ENKA 855TN PO Pf IES hARN
DRY; 10 PRECYCLES at 0-60" B.S.
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S/S CURVE OF ENKA 855TN 20 PLIES YARN
DRY; with 10 precycles at 0-60" B,S,
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Complete recovery is time consuming and is not possible for many cases.

6'~~ucntlv a re%dual deformation is observed in almost all recovery prceesses. The

typical deformation-time behavior for such filamentous material is shown in Figure 1.

In this report, the creep behavior of filamentous materials has been ~ for four

samples. The samples include ENKA 855T, ENKA 855TN, KEVLAR T960 and

KEVLAR T961. The ENKAs are polyester yarns and the KEVLARs are aramids. Both

EMG4 are sirnihu. in structure but the ENKA 855TN yarns are coated with a marine

finish. Similarly, the KEVLAR T960 has a marine finish.

These yarns are the main constituents of selected ropes of interest. The creep

behavior and the creep rupture tests of these yarns provide important information regarding

the performance and failure mechamssm of these ropes. Tests have been conducted under

three different conditions for each of these samples.

� at room temperature �0 C! and relative humidity 62'lo.

� at room temperature �0'C!, with sample completely immersed in water.

� sample completely immersed in water at 40 C.

We have also run creep rupture tests at different stress levels for aU four samples in

Shown in Figure 2 is a steel frame of dimension 6. 5' x 2,5' x I'. Several aluminum

rods were clamped on the top part of the frame. Plexiglass plates �' x 1'! were fixed on

the frame as shown and graph paper was attached to the surface of the PlexighLss plates.

This arrangement served as a malurement device for the creep rate.

A sample yarn of about 4 feet was talon. The two loose ends were incr<ed inside

two rubber tubes of 5' Iong and I/4' in diameter. 1' hase ends were puHed out and

fixed to the outer wall af the tubes by small pieces of tape. %he rubber tubes and the yarn

ends were clamped between two Plexiglass plates � x 2.5'! as shown in Figure 3. This
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nrevmts t3c yarn frottt slippIng. One end was used to suspend the sample from

the top of the frame and load was applied at the other end as shown in Figure 2. Two

pieces of tapes were then attached to the yarn at a distance of 90 to 100 cm. These were

our initial reference points. A suitable load was applied and the extension was recorded at

desired time intervals. The strain values were then calculated and plotted. In this

expeiiinent the time intervals for both creep and creep recovery were 30 sec, 60 sec, 5

ininutes, 10 minutes, 30 minutes, 1 hour, 1 day, and 7 days. In a few cases we took

mew~~ments at 5 days instead of 7 days.

ln this set of experiments the Mmple was marked with ink at two points 90 to 100 cm

apart. The sample was iriserted inside a 3 feet long transparent plastic tube, a plastic

connector, and then a rubber tube �' lang and I/4 diameter!, The diameter of the plastic

tube was 3/8 . The plastic tube and the rubber tube were joined firmly by the conriecbx..

The loose end of the sample was puIIed out and fixed to the outer waH af the rubber tube.

The lower part of the rubber tube was damped between two PlexighLss plates �" x 2. 5 !.

The load was apphed to this end. The other end was prepared as in the dry creep case.

The mnple was mqxnded from the top of the frame. The plastic tube was filjed with tap

water. nie set up is shown in Hgure 4. The two ink marks provided the initial reference

points. Suitable loads were then hung, and the creep recovery was noted.

An aluminum trough 6' x 4 x 3' was Qxed firmly to the table  see Figure 5!. Four

thin steel rulers were glued on the bottom of the trough as shown in Figure 5. Mesc rulers

were used to measure the extension of the samples. A sample yam of about 6,5' iong was

taken. One end was prepared as the weight-hanging end  as in the dry creep case!. 1'

other end was inmate@ through a rubber tube  as in the previous case! and fixed to the outer

wall of the tube. niis end was pressed betw two aluminum plates � x 2 5'! and

damped ta the bottom aurfaac of the trough by twu C' dampe. Tha aample wee placed in
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t3z ttmgh Bs shown in Figure 5. Teflon cylinder was used as a guide to keep the sample

immersed in the water. Two points were inarked on the sample as the initial reference

points, The tmugh was fiHed up to 70% of its volume with water at 40'C fram the

avnstant b~~ture bath by siphoning action. Rater was siphaned from the apposite end

of the trough to a pump and then circulated back to the constant temperiiture bath. Both

flow rates in and aut of the pump were adjusted such that the sample was mmersed in

water during the entire periad of 14 days � days of creep and 7 days of creep recovery!,

Loads were aI:shod and the extension of the yarn was recorded. The creep rate was

calculated and plotted,

0 CRE P DC E CO YTESTS

Graphs for creep, creep recovery, and creep rupture tests at room temperature an:

given far different stress levels in Figures 6 to 17 inclusive. Because of the direct hne

arrangement iHustrated in Figures 2,3, and 4, frictian was not a factor in these tests.

However in test conducted wet and at a higher temperature �0'C! a speal longitudinal

trough arrangement was necaemy as shown in Figure 5. In this case however, friction

entered as an unknown quantity and cauM nat be ehnmmted despite a series of experiments

with different beatings, pulleys and Teflon rods. It was therefore decided to conduct aH

tests on the same set up, that of Figure 5 for dry creep, wet creep  room temperature!, and

hot wet  at 40'C!. The results obtained in this series of tests aie platted in Figures 18 to 28

but these cannot be considered as absolute values, rather they iridicate the relative creep

behavior Of the selected fibers under the designated etperiniental conditioris.

DISCUSS 0 OF C

The creep and creep recovery gi3phs plotted in Figures 6 to 17 inclusive reflect the

inost direct plothag of creep datL An alternate method would be to plot strmin versus load

for a given creep period, and this wiR result in a series of emeatiaHy hnear plots. But it is

more instructive to compare yarn responses to individual changes in test condition or in

yarn treatment, i.e., with or without marine fjaish.
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Consider the water effects. For both the polyester and for aramid yarns, creep rates

were higher for wet tests than for dry. The increase in wet creep rates were reflected in a

higher slope of the strain versus log time curves as is noted in comparison of Figure 12

versus 13 for dry versus wet KEVLAR T960 with marine finish. The level of the

strait%me curves of these plots is significantly different for wet versus dry KEVLAR.

And it should be noted that the wet KEVLAR T960 could not sustain creep loads above

11. 5 kg whereas the dry KEVLAR samples were intact in creep tests of 16 2 kg.

Similar behavior was noted in the KEVLAR T961  without marine finish! as seen in

Figures 15 and 16. The slope of the strain versus time curves are higher for the wet tests

as are the overaQ strain 1cvels, In addition the wet samples could not be creep tested at

loads above 15 kg,

The ENKA polyester yarns show little difference in the slope of the strain versus time

curves as seen in Figures 6 and 7, although overaH strain levels are somewhat higher in the

wet tests. As for allowable load levels in the creep tests, the wet ENKA yarns without

marine finish failed at loads above 5.2 kg but the dry ENKA yarns survived at 6.2 kg as

shown in Figure 6. The same can be said for the ENKA TN specimen with finish.

Creep tests at 40 C were emsidered nectsmy and here the hceixntal trough device

for Figure 5 was employed. The test results for 40'C wet immersion are potted in Figures

8, 11, 14, and 17, Comparison of these data with the creep results for dry tests run at

room temperature as platted in Figures 6, 9, 12, and 15 shows the hot creep to less than the

room temperature, dry creep contrary to expsctatirm. This reversal was attributed to the

friction incuiToi in the change of thamcHine dime. Accordingly it was decided to run a

full set of creep tests with the same threadbne path but with nominal fri~. Data from

such tests would be relative, not absolute. Such data are plotted in Figures 18 - 28. A

omsistent pattern of behavior is noted.

Creep of dry polyester and aramid yarns is rniniinal run at roc' tenperature, and

creep recovery ia generally ma'.dmmrL Creep af ~t yarns at room temperature exceeda



that Of dry yarns at room temperature as seen for example in Figures 18-28. Creep

recovery of wet yarns at room temperature is less than that for dry yarns.

Creep of hot wet yarn is generally greater than that of wet room temperature yarns

both in the case of polyester and aramid, Creep recovery of the hot wet yarns is less or

greater than that of the cold wet and the thy yarns depending on the loads apphed during

the test.
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CREEP, CREEP RECOVERY hND CREEP RUPTURE

TESTS

EN K A 8 55T, EN K A 85 5TN, KEVLAR T960

and KEVLAR T961
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Figure 3 � � Plexiglass Specimen Clamps
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FIGURE 4 --- WET CREEP ARRANGEMENT
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CREEP AND RECOVERY TEST

ENKA 8557�000 Denier, w/o finish! dry yarn
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CREEP AND RECOYERY TE$T

ENKA 855T �000 Denier, w/o finish! wet yarn
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Figure 7
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CREEP AND RECOVERY TEST

ENKA 855TN �000 Denier, w! finish ! dry yarn
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Figure 9
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CREEP AND RECOVERY TEST

ENKA 855 TN �000 Denier, w/finish! wet yarn

 Test at 40 ciegrees C!

0.15

0. 14

0. 13

4! O.12

C e 0.1 1
0.1

C 0.09
o.o5

Im
O OO7

0.05

0.05

C 0.04

t0
a 0.03

N o.o2

0.0 1

log seconds!
~ � Creep period Recovery period

7dayS 7day$

Theorethai expected recovery chring the 8'st 30 seconds

after the load removal

Figure 11
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CREEP AND RECOVERY TEST

KEVLAR 7960�600 Denier, w/finishj wet yarn
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Figure i3
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CREEP AND RECOVERY TEST

KEVLAR 7881�600 Denier, w/o finish! clry yarn
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CREEP AND RECOVERY TEST

KEVLAR T98 5�600 Denier, w/o finish! wet yarn
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Figure 16
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CREEP AND RECOVERY TEST

KEVLAR T861�600 DENIER! WET YARN

 TEST AT 40 DEGREES C}
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Figure 17
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Figure 20
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IV. CREEP RUPTURE

KEVLAR AND ENKA POLYESTER

Application of a dead load to a polyxnenc fiber will in time cause its failure even

though the load is well below the conventionaHy tested breaking strength. The

phenomenon is that of creep, with the end point the fracture of the fiber or yarn designated

in tixne to rupture far a given dead load.

For the creep rupture tests run for ENKA Polyester and KRVLAR Aramid both with

and without finish and both wet and dxy, the dead loads were expxemsd as percentages of

normally run breaking strengths. Because of the statistical variation in yarn properties it

was found that creep rul.'4m times cevexxxl a range for each fractional  percentage! load.

As expxted the creep rupture tixnes increased significantly as the dead loads were

decreased. This is reflected in the creep rupture tables and in the ~aphs plotted of the data,

Clearly more data on this yarn behavior is warranted but the time requirements for such

tests wexe a bar&+ to pxovidlng a coxxxplete perfarxnaxice pattern.
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CREEP RUPTURE

KEVLAR AND ENKA POLYESTER

-j69-



CREEP RUPTURE RANGES

KE VLAR T 9 6 0  w/ finish!

KEVLAR T 9 6 1  w! o f inish!
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CREEP RUPTURE RANGES

ENKA TN  w/ finish!

ENKA T  wlo finish!
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ENKA 855T �000 denier, w jo finish! YARN

DRY creep tee B,S.=1S.7 Ib100
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Figure 1
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ENKA 855T�000 denier,w jo finish! YARN
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Figure 2
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ENKA 855TN�000 denier,w/finish! YARN

DRY creep test  B.S.=17.7lbs!
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Figure 3
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ENKA 855TN�000 denier,w/finish! YARN

WET creep teat B.S.=17.7 tb!
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Figure 4
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KEVLAR T960, 1500 denier w/finish! YARN

DRY creep teat B.S.=46 Ib!
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Figure 5
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KEVLAR T960,1500 denier w/ finish! YARN

WET creep teat B.S,=46 Ib!
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Figure 6
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KEVLAR T961, 1500 denier,w/o finish ! YARN

DRY creep teat B.S. =58 Ib!
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Figure 7
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KEVLAR�961, 1500 denier, w/o finish! YARN

WET cmep teat 8,5.=58 Ib!

90

80

70

60

50

30

20 log TI4IE  sec!

Figure 8
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V. FRICTIONAL PROPER I iRS

KEVLAR AND ENKA POLYESTER

Friction is one of the major causes of deterioration in machines and material systems.

In the case of ropes and other tensile slreWre friction has been shown to be a key factor

leading to internal abrasion, which in turn leads to premature failure [ If. Fricticeal force

betvnen solids is a function of contact surface materials, the surrounding media and ihe

external apphed forces. In the case of Qbers and yarns it is aiso a function of orientation of

the surfaces. To understand the process of frictional detericmtion this force has to be

studied and the effects evaluated. In the present experiment we have used a yarns-yarn

test to study the effect of surface fiction on ENKA 85FT', ENKA 855TN, KEVLAR T960,

and KEVLAR T961 yarns. These yarns are aH made up af continuous fihunents and are

the main constituents of several ropes of interest The goal is to gain some insight into the

frictional deterioration and failure mecharnsms of ropes constituted of these yarns.

0 Y

Figure I shows the experimental set up. The experimental apparatus is comprised of

This corlsists of a frame with several bearings and puQeys attached to control the

direction of the test yarn and to allow the yarn to twist on ihself at a given hehx angle.

Three different sets of bearings are provided to allow for changing the heBx angle, Other

beatings and puHeys ccemW the sample yarn to the applied load  i.e., the dead weight! at

one end and the load ceH at the other end. The entire frame is attached to the crosshead of

the Instxon tensile tester. As the crosshead is raised and lowered the yarns in the helix twist



zone rub past each other causing friction and wear. The configuration of the contact point

is shown in Figure 2 in enlarged form.

The system is driven by the Instron machine, By selecting a prier crosshead speed

�0"/minute! we can produce the required motion of the contact point of the yarn in the

interwrapped zone under each given load  see Figure 1!.

The load ceH of the Instron machine is connected to a NICOLEI' oscilloscope. 'Ihe

osciRcea~ recorded the tensile force registered by the load cell in terms of volts as a

function of time for a few cycles. The data are shred on a floppy disk and are then

processed on an IBM PC with Lotus 1-2-3 softy The results are presented for a typical

case in Figure 3.
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FIG 1
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DIAGRAM OF CONTACT POINT



7[ME VS AMPLITUDE FOR ENKA 8557 YARN
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The present experiment was done in both wet and dry conditions. In the wet

conditions the test yarns were immersed in tap water 24 hrs prior to the experiment. Care

was taken to keep the contact point coveted with thin fRm of water during the entire

exI:eriirient. This was done by regularly adding drops of water to the contact point.

In the course of these experiments the helix angle was changed to three different

values and the magnitude of dead weight was also changed to three different values for

each yarn type mentioned above. Fcx each yarn type for a given helix angle and dead

weight three samples were tested, Combined with wet and dry testing each yarn type for

each sample underwent 18 different test variations.

The coefficient of friction can be estimated from the geometrical relatioriships and the

tension T 1 and T2  see Rgure 4!. The derivation of the Mction coefficient is based on a

single yarii wrapped over a cylinder with a constant hehx angle q, For the differential

element of a yarn along the yarn path, iilu!~ted in Figures 5a and Sb, equihbrium of the

force can be written as [ 2j.

1! Ahng the yarn path

d8 d8
IT+ d7jcos - Tcos � - pf dL = 0

2 n n

2! PetTeridicular to the yarn path

<f8 . d8IT+ d7j sin 2 + Tan 2 - f~�- 0
�!
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DIFFERKNTIAL LENGTH OF YARN
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FIG 5p
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FIG 5b

DIAGRAMSOF DIFFERENTIAL ELEMENT IN YOY TESTER
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T, dT: increment of local tension as the differential wrapping angle increases,

differential increment of local tension as the differential wrapping angle

increases,

d8: wrapping angle along the yarn path on diKerential element

i: differential length of yarn

f�: normal force per unit length at 8

Since d8 is vanishingly small, equation �! and �! can be written as

dT
n

Td8
n

From the two above equations we can obtain

dT
� = pd8
T

Since dOc8 is equal to the local curvature k

�!

The Mlmal force per unit length can be expressed as

f�= Tk
�!

Since the wrapping angle, 8 is the angle measured along the helical path, it cannot be

measured directly; however, it can be related to base angle, g which is the twist angle with

reqmct to the axis of the twist zone, from geometrical constraints. The differential yarn

length, d1, corresponding to a differential base angle, c+ and d8, can be expressed as:
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!/2
2

m=  Q+ tan q}

 9!

r: radius of the cylinder

base angle

q: local hehx angle

From the differential geometry, the local curvature of a circular helix can be exposed

2
$Hl Iqj

r �0!

From the equations 6, 9, and 10 the relationship between 0 and 4 can be derived as

d8 = sin  qIdg

The differential reMonship between tension and twist angle, and local normal force

csin  qj dg
dT

�2!

2
T~  qj

n
�3!

Integrating equation �2! for constant q and considering both twist sides we get

Tg~

t �4!
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�5!

tota1 wrapping base angle t etween pcsnt 1 and 3,

total wrappmg base angle betvmen point 4 and 2.

Since the total wrapping angle can be expressed as the number of turns in the contact

zone, +g, and ~ are the same and can be expressed as Q.

*-As -Az

4~ = »err

where

N<. total number of turns in the YOY test

Then the friction coefficient of the YOY test can be expressed as:

T2
h- T1

�xN, sin  q!!
�8!
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The number of wraps in the entire experhmmt is kept ccsLMjt at a value of 1/2. By

using equation �8! we have calculated the coefficient of friction, p, in all cases. 'Iten p

was plotted against the displaeenlnt of the contact point from the initial shtrting position.

Because of time constraints it has not been possible to plat the entire data shown in Rgure

3 for ail the tests, instead only the first half cycle is plotted, i.e., the bftmg of the dead

weight by the sample from the lowest posi5on to the highest position. The coefficient of

friction p ls plotted as function of displacement for ENKA 855T dry yarn and are

presented m Hgures 6, 7, and 8, 'Ile values of p for aQ different conditions for the four

yarn types are tabulated and presented in Tables 1, 2, 3, and 4.



In this study sl.~~ens of two categories have been studied. The ENKA yarns are

one category and the KEVLAR yarns are the other. Both ENKA yarns are the same

mabmial and structure except ENKA TN has been given a marine surface finish. Similarly

both KEVLAR yarns are same material and.~ture and T960 has a marine surface fmish.

Friction coefficient, p varies inversely with both helix angle and dead weight

according to equation �8!. The plots of p vs dead weight for a helix angle of 25 degrees

are shown in Figures 9, 10, 11, and 12. 1hese results agree with the theory. Ae variation

of p with helix angle as seen in Tables 1, 2, 3, and 4 has a few discrepancies. The value

of p for heiix angle of 29 degrees is expected to have a slightly lower value than for 25

degrees, but in almost all cases there are slightly higher values for 29 de~mes than 25

degrees. The reason for this behavior of the yarn is not clear.

E:mniziation of Tables 1 and 2 shows that ENKA 855T has a higher value of

coefficient of friction than ENKA 855TN both in dry and in wet conditions. The marine

finish applied to the ENKA 85SFN is likely the cause of its lower value of coefficient of

friction.

Similarly examination of Tables 3 and 4 shows that KEVLAR T960 has a greater

value of p than KEVLAR T961 under dry conditions but in the wet cors3ilicn the effect is

reversed, It was ckeerved that when iimremxi in water the fibers in T960 yarn stick

together compactly but the fibers in T96 I yarn s~mds out completely. This behavior of

the two yarns in water en>~ement leads to their diffenmce in frictional prcgerhes, We can

spemlate that the marine fmish given on T960 inaeaes the coefMent of friction in dry

conditions where as deaeases the same in wet concHtion by keepmg the fkers together.

The last effect is the stick-st effect which is present in ahnost aI cases in different

magmtudes. The effect is beanise of the puhatory motion of the contact point under an

apphed load. In general the effect increases with applied load. This can be seen from



Figures 6, 7, and 8. This effect arises when the static coefficient of friction is markedly

greater than kinetic coefficient of friction [ 3j.
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TABLE t

FRICTION COEFFICIENT OF ENKA 855T YARN

~lX AhKkZ 29 DEGREES

HLN ANGE 26 DEGREES

FELIX A93LE 24 DEGREES



TABLE 2

FRICTION COEFFICIENT OF ENKA 855TN YARN

tKLIX MI6LE 29 DE BEES

AUX ANTE 26 OEQREKS

fKJX AbQLE 21 DBKEES
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TABLE 3

FRfCTION COEFFICIENT OF KEVLAR T980 YARN

%LN AN6tE 29 DEHKE8

FELIX MNEME 26 DEGREES

MIEUX AISLE 21 DEG%ES
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TABLE 4

FRICTION COEFFICIENT OF KEVLAR T881 YARN

tKLN AN XZ 29 OECNEES

FELIX AhlXZ 25 DE9%K8

~ AhlGLE 21 DEQ%E8



TABLE 5

FRICTION COEFFICIENT OF ENKA 855T YARN

IELIX ANGLE 10 DEGREES

FRICTION COEFFICIENT OF ENKA 855TN YARN

tKLIX AHAB' 10 DEGREES
I



TABLE 6

FRICTION COEFFICIENT OF KEVLAR T860 YARN

t%UX ANI3LZ 10 DEGREES

FRICTION COEFFICIENT OF KEVLAR TOBE YARN

t%UX ANCE 'IO DEGREES
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FRICTION COEFFICIENT VS DEAD WEIGHT
DRY YARN, HELIX ANGLE 25 DEGREES
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FRICTION COEFFIC IENT VS DISPLACEIVIENT
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FRICTION COEFFICIENT VS DISPLACEMENT
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FRICTION COEFFICIENT VS DISPLACEMENT
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FRICTION COEFFICIENT VS DEAD WEIGHT
DRY YARH,HELIX AHGLE 25 DEGREES, 1000 DENIER
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V I. YARN ON YARN ABRASION

KEVLAR AND ENKA POLYESTER

INTRODUCTION

Ropes in use are subj~ to various loadmg conditions defending upon

environmental conditions. During the deployment of marine ropes relative movements

occur between rope components  i.e., plied yarns, yarns, and fibers!. These relative

moveinents cause friction and abrasion leading to ultimate failure even in the absence of

exteriiai abrasion due to foreign objects and surfaces. Thus the study of abrasion

phenomena is essential to determine the efficiency and performance of various types of

Yarn-on-yarn abrasion testing is coirunon and is considered to be a method prefened

to the fiber-on-fiber tests since the yarns are easier to handle.

In this report yarn-on-yain abrasion tests are conducted for 4 types of yarns. They

ate ENKA 85ST, ENKA 855TN, KEVLAR T960 and KEVLAR T961. The EN104 are

polyester yarns of similar structure except the ENKA 855TN is coatixi with a maine finish.

The KEVLARs are aramid yarns, similar in structure with KEVLAR T960 has a inarine

finish on it

The experimental set up and the fatms acting on the yarn at different points are

sketched in Figures lA and IB. With the movement of the driving end, the yarn surf+ms

rub against each other. Ihe direction of rubbing changes with each half cycle. 'The

frichmQ form at the pomt of contact causes the abrasion of the yarn. The cycle of rubber

was counted by an electronic counter.
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Operational data as per Figures 1A and 1B:

� Number of yarn wraps

� Frequency of test, 30 cyclesfminute

� Stroke length 3 inches

� Helix angle q = 25

-209-



YARN END MOVEMENT

w DEAO

NE I GHT

HELIX

ANGLE

A . O FRICTIONLESS
BEARINGS

C!

B ~
3 *

-210-

figure f A,B DIAGRAM PF' YARN-ON-YARN TESTER  YOY! AND ITS
CONTACT POINT-



The results are plotted and the numerical values are given in Tables 1 and 2.

From Figure 2 it is seen ENKA 855TN has slightly higher abrasion resistance than

ENKA 855T, Similarly Figure 4 shows that KEVLAR T961 has a higher value of

abrasion resistance than KEVLAR T960.

Abrasion resistance of KEVLAR yarns are much less than that of ENKA yarns.

ENKAs can sustain 30Yo of their breaking load where as KEVLARs can take only up to

15% of their breaking load  Figtire 7!

Figure 7 shows that ENKAs have two distinct regions of abrasion resistance. The

turning point is seen to be as approximately l 5'Yo of their breaking load. Below this region

both the ENKAs are similar. Above this p6nt ENKAs show different behavior. The

slopes of the curves are different in both regions. KEVLARs do not have this

char~tie.
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TABLE 1

Yarn-on- Yarn Abrasion Test for ENKA 855T Yarn �000denier, wjo finish!
B.S breaking stress! of ENKA 855T is 8.7 gm/denier.

Wgt wt in%
 kgs! of B.S,

Number of Cycles Avg log avg
nl n2 n3 n4 n5  /cycles! g cycles!

Yarn-on-Yarn Abrasion Test for ENKA 855TN Yarn �000denier, w/ finish!
B.S, breaking stress! of ENKA 855TN is 8.48 gm/denier.

Wgt wt in%
 kgs! of B.S.

Number of Cycles Avg log avg
nl n2 n3 n4 n5  /cycles! g cycles!

29.4 26 7 22 16 15

23.5 512 387 463 511 722

17,6 1871 1946 1758 1763 1840

11.7 3401 4707 5547 5033 4721

5.89 10618 14418 23342 12197 18177

1.18 244611 218382 132508 103052

0.58 316471 752412 453020
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5,74 16327

1.14 244611

.574 316471

1

166

1520

4594

13015

218382

752412

2

179

1750

4364

17565

132508

2 1

176 200

1821 1899

4277 4955

17254 16515

103052

453020

1.6

205.6

1887.8

4676.4

16135.2

174638.2

507301.0

17.2

519

1835.6

4681.8

15750.4

174638.2

507301.0

0 0.204

2.313

3.275

3.669

4.207

5,242

5,705

1.235

2,715

3.263

3.670

4197

5,33

5.63



TABLE 2

Yarn-an- Yarn Abrasion Test for KEVLAR T960 yarn �500denier w/ finish!
B.S. breaking stress ! of KEVLAR T960 yarn is 15.02 grn/denier.

wt in%

of B.S.
Number of Cycles Avg log avg

nl n2 n3 n4 n5  /cycles! g cycles!
Wgt

 kgs!
12 13 11

22 18 16

29 26 30

62 82 70

639 336 305

1381 941 1318

8511 7484 7032

19177 15054 10317

42185 52351 53381

Yarn-on- Yarn Abrasion Test for KEVLAR T961 �500 denier w/o finish!
B.S. breaking stress! of KEVLAR T961 ykrn is 16.26 gm/denier.

wt in%

of B.S.
Number of Cycles Avg log avg

nl n2 n3 n4 n5  /cycles! g cycles!
Wgt

 kgs!
13 12 13 ll

17 15 19 16

24 29 27 22

31 40 40 40

79 89 90 104

285 295 273 330

1556 1272 1291 1075

5839 7991 4995 3854

14598 130805 16973 14669

33880 32380 39769 33893

14 12.6 l. I

16 16.6 1.22

27 25 8 141

42 38,6 1.58

127 97.8 1,99

270 290.6 2.46

265 1091.8 3.03

3842 5304,2 3.72

13369 38082.8 4.58

34980.5 4.54
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14.M

12.31
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8.2
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4.1

2,0
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0.20

12 11

19 17

31 30

64 76
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1562 1216
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YOY TEST FOR ENKA 855T AND 855TN YARN

log of cycles of failure

ENKA 855T�000 denier w/o flnlsh!

+ LANKA 855TN  '1000 denier w/ flnbh!

Figure 2
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YOY TEST FOR KEVLAR 7960 AND T961 YARN

log of cycles of failure

a KEVLAR T960 �500 den1er w/ f1n1sh!

+ KEVLAR T961 �500 den1er w/e f1n1sh!

figure 3
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YOY TEST FOR KEVLAR AND ENKA YARN

log of cycles af failure

ENKA 855T 1000 DENIER WITHOUT FINISH

+ ENKA 855TN 1000 DENIER WITH MARINE FINISH

KEVLAR T950 1500 DENIER WITH MARINE FINISH

KEYLAR T951 1500 DENIER WITHOUT FINISH

Figure 4
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YOY TEST FOR ENKA YARNS
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YOY TEST FOR KEVLAR YARNS

40

35

'Q 05
30

Ch
C

25

I

20

0

15

o< 10 log af cycles of failure
~ KEVLAR T950�500 denier w/ finish!

+ KEVLAR T951�500 denier w/o finish!

Figure 6
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YOY TEST FOR KEVLAR AND ENKA YARN
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Figure 7
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V II. LAT E RA L DE FORMATION

KEVLAR AND ENKA POLYESTER

RES SIO TEST

The yarn sample prepped for the compression test is shown in Rgure I. One layer

of yarns was formed by winding the yarn on a sken winder. The layer then was taped and

cut at suitable places to provide the desired sample length. The width of the layer was

detertnined by the number of windings and the space between the yarns. In this experiment

the width of the samples was one inch and the length of the sample was ten inches. The

number of windings for all samples in this test was 60, except for the ENKA 855TN.

ENKA TN was used in the form of a plied yarn and the number of windings was 13.

The equipment for the coml:cession test is shown in Rgure 2. The frame cansists of

two parts which move relative to each other. The fixed part of the frame was connected to

the load cell which was continuously monitored by a digital oscilloscope. The moveable

part of the frame was damped to the crosehead of a screw driven lnstran. An aluminum

channel was firmly placed between these two parts of the frame as shown in Flue 2. The

width of the channel was one inch and the length was five inches.

The yarn samples were gathered m pansnel and placed in the channel to fill about 2/3

of its volume, A block dimenssmed to Qt the channel piece dosely was placed over the

bundle of yarns. When the ae@Lhead of the Instr m was moved dmamward the block was

pressed by the top edge of the moving part of the frame. 11m pressure was reccnded by the
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load cell along with the oscilloscope. Displacement of the block down into the channel was

converted to fiber/yarn votume. The recorded trace of the oscilloscope  voltage vs, time!

was converted to pressure vs. volume fraction of fiber. A typical case of five compression

cycles is shown in Figure 3. Each assembly was run through multiload cycles. The initial

and the tinal cycles were plotted for most of the samples, Then a few layers were removed

from the channel and the whole process was repeated. This test was done for four types of

yarns � ENKA 855T, ENKA 955TN, KEVLAR T960, and KBVLAR T961. The results

are plotted and given in the foBawing figures.
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Figure 1
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OSCILLOSCOPE

LO ART OF THE FRAME

ALUMMINUM CHANNEL

COMPRESSOR BLOCK
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MOVEABLE PART OF THE FRAME

FIXED TO CROSSHEAD OF INSTRON

EXPER!MENTAL SETUP FOR COMPRESSlON TEST

Figure 2
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Voltage vs Time Graph

Enka yarn 30 iayers compressian cycies

2,82,41.2
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Figure 3
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Pressure vs Volume Fraction
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Figure 4
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Pressure vs Volume Compression

ENKA 855TN 20 PL}ES YARN�000 DEN}ER!, 8LAYERS
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Figure 5
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Pressure vs Volume Compression

ENKA 865TN 20 PLIES YARN�000 DENlfR!, 6 LAYERS
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Figure 6
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Pressure vs Volume Fraction

KEVLAR 7980, 1500/1000 YARN, 13 LAYERS
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Figure 8
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