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ABSTRACT

The dynamic bend ing  p r o p e r t ie s  o f  dry w ool, s i l k ,  

F ib ro la n e ,  ra m ie , F o r t i s a n ,  a c e ta te  f i b r e ,  T r i c e l ,  two 

ty p e s  o f  A c r ila n  and p o ly p ro p y len e  were in v e s t ig a te d  in  

vacuo , o v er a te m p e ra tu re  range o f -  J0°0 to  + 170°Co 

An e l e c t r o s t a t i c  te ch n iq u e  was u se d , w herein  

f i b r e s  a re  s u s ta in e d  in  l a t e r a l  v ib r a t io n  by an a p p lie d  

a l t e r n a t i n g  v o lta g e  from an  audio  freq u en cy  o s c i l l a t o r .

T ra n s i t io n  phenomena, c h a r a c te r i s e d  by r a p id  

changes in  dynamic e l a s t i c  m odulus, accompanied by  peaks 

i n  th e  lo s s  m odu lus"tem peratu re  c u rv e , a re  d isc u sse d  in  

r e l a t i o n  to  th e  m o lecu la r  s t r u c tu r e s  o f  th e  f i b r e s .  High 

te m p e ra tu re  t r a n s i t i o n s  were g e n e ra l ly  th e  r e s u l t  o f  

secondary  bond breakdown in  n o n - c r y s ta l l in e  r e g io n s , 

w h ile  low te m p e ra tu re  t r a n s i t i o n s  were due to  main o r 

s id e  c h a in  a c t i v i t i e s  in  n o n - c r y s ta l l in e  r e g io n s .

F u r th e r  su p p o rt f o r  a " c o i le d - c o i l"  - k e r a t in  

wool s t r u c tu r e  i s  e s ta b l i s h e d ,  and a " c o i le d - c o i l"  

/3 -k e ra tin  s t r u c tu r e  i s  p roposed  f o r  F ib ro la n e . A 

com parison o f th e  p r o te in  f i b r e s  w ith  ny lon  66, shows 

th e  l a t t e r  to  be more c lo s e ly  r e l a t e d  to  s i l k  in  some 

r e s p e c t s ,  and to  wool and F ib ro la n e  in  o th e r s .

la c k  o f  ex p erim en ta l ev idence o f hydrogen bond 

breakdown in  ram ie and F o r t i s a n  i s  e x p la in e d , p a r t i c u l a r l y  

by a com parison w ith  v isc o se  ra y o n .



A ce ta te  f i b r e  and T r ic e l  showed marked resem blances 

i n  t h e i r  dynamic re sp o n se s  to  te m p e ra tu re , b u t th e  

in f lu e n c e  o f hydrogen bonding in  th e  fo rm er was s t i l l  

d e t e c t a b le •

S ig n i f ic a n t ly  d i f f e r e n t  dynamic re sp o n se s  o f  two 

ch e m ic a lly  i d e n t i c a l  ty p e s  o f  A c r ila n  a re  r e l a t e d  to  a 

d i f f e r e n c e  th o u g h t to  e x i s t  in  t h e i r  r e s p e c t iv e  m anufac

t u r in g  p ro c e s s e s -  A m o d if ic a tio n  to  a p re v io u s  

i n t e r p r e t a t i o n  o f  th e  re sp o n se  o f  th e  ch em ica lly  r e l a t e d  

O rion  i s  proposed*

Three t r a n s i t i o n s  in  p o lyp ropy lene  cou ld  n o t a l l  be 

a s s o c ia te d  w ith  s im i la r  t r a n s i t i o n s  in  p o ly e th y le n e . A 

h e l i c a l  ch a in  c o n f ig u r a t io n ,  m ethyl groups and la c k  of 

b ran c h in g  in  th e  fo rm e r, were th o u g h t to  be la r g e ly  

r e s p o n s ib le •

The dynamic bend ing  p r o p e r t ie s  o f  w ool, ny lon  66 and 

v is c o s e  rayon  a t  20°C were in v e s t ig a te d  in  a p a r t i a l  

vacuum, o v e r a range o f  0 to  °0<f> r e l a t i v e  h u m id ity . F ib re  

i n t e r n a l  f r i c t i o n  i s  c a lc u la te d  by ap p ly in g  a f a c to r  which 

c o r r e c t s  f o r  th e  e f f e c t  o f  e x te rn a l  damping caused  by th e  

p re se n ce  o f  w a te r  v ap o u r.

Changes i n  th e  e l a s t i c  and lo s s  m oduli a re  d iscu ssed  

i n  te rm s o f m o lecu la r  s t r u c t u r e ,  and in  the  case  o f  wool 

and v isc o se  ray o n , w ith  s p e c ia l  re g a rd  to  th e  tw o-phase 

s o rp t io n  p ro cess*



A method f o r  p r e d ic t in g  th e  lo c a t io n ,  and 

e s t im a tin g  th e  m agnitude o f a lo s s  modulus peak of 

n y lo n  a t  d i f f e r e n t  te m p e ra tu re -h u m id ity  c o n d itio n s  i s  

su g g e s te d .

A good c o r r e la t io n  between te m p era tu re  and 

hum id ity  experim en ts i s  o b ta in e d  w ith  re g a rd  to  

d is p e r s io n  m echanism s.
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ESTTRODUCTKB

The t e r m  n dynamic b e n d in g  p r o p e r t i e s 1* i n f e r s  t h e  

modeg' o f  r e s p o n s e  o f  m a t e r i a l s  t o  p e r i o d i c  v a r i a t i o n s  o f  

b e n d in g  s t r e s s  o r  s t r a i n *  The s t r e s s  o r  s t r a i n  i s

u s u a l l y  v a r i e d  s i n u s o i d a l l y  w i t h  t im e .  The d e t e r m i n a t i o n

o f  t h e  dynamic p r o p e r t i e s ,  i n  g e n e r a l ,  o f  t e x t i l e  m a t e r i a l s ,

i s  o f  tw o—f o l d  im p o r ta n c e s

1) i n  t h e  u n d e r s t a n d i n g  o f  m o le c u l a r  p r o c e s s e s  w h ich

u n d e r l i e  t h e  r e s p o n s e  o f  p o ly m e rs  t o  m e c h a n ic a l  

f o r c e s .  The i n f o r m a t i o n  d e r i v e d  t h e r e f r o m ,  when 

com bined w i t h  t h a t  o b t a in e d  fro m  s t a t i c  o r  q u a s i - s t a t i c  

i n v e s t i g a t i o n s ,  s e r v e s  t o  g iv e  a  b r o a d e r  b a s i s  on w h ich  

t o  expound a  more c o m p le te  t h e o r y  o f  th e  r h e o l o g i c a l  

b e h a v io u r  o f  f i b r e s .  The r e s u l t s  o f  th e  s tu d y  o f  th e  

dynamic e l a s t i c  and v i s c o e l a s t i c  com ponents a s  f u n c t i o n s  

o f  f r e q u e n c y ,  t e m p e r a t u r e ,  and h u m id i ty ,  h e lp  t o  d e f i n e  

b o th  t h e  m ag n itu d e  and n a t u r e  o f  th e  m o le c u la r  b a r r i e r s  

r e s i s t i n g  f o r c e s  o f  d e f o r m a t io n ,  and th e  r e l a t i v e  c o n t r i 

b u t i o n s  o f  t h e  e l a s t i c  and v i s c o u s  com ponents o f  th e  t o t a l  

s t r a i n ,  d u r in g  d e f o r m a t io n .  P e rh a p s  t h e  m ost im p o r t a n t  

a s p e c t  o f  dynamic i n v e s t i g a t i o n s  i s  t h a t  t h e y  do p r o v id e  

a  means o f  i d e n t i f y i n g  th e  r e l a t i v e  c o n t r i b u t i o n s  o f  

th e  e l a s t i c  and v i s c o u s  com ponents o f  a  v i s c o e l a s t i c



m a t e r i a l  such, a s  a  f i b r e .

2) i n  a s s e s s i n g  t h e  s u i t a b i l i t y  f o r  p u rp o s e  o f  t h e

f i b r e s  t o  t h e i r  end u s e s .  M a t e r i a l s  a r e  o f t e n  

s u b j e c t e d  t o  su d d en  s h o c k s ,  i m p a c t s ,  l o a d s  o r  a r e  o t h e r 

w ise  de fo rm ed  u n d e r  h i g h  r a t e s  o f  l o a d i n g  su c h  a s  i n  t y r e  

c o r d s ,  f a n  b e l t i n g s  and p a r a c h u t e  m a t e r i a l s ,  and  m ust 

p o s s e s s  t h e  n e c e s s a r y  m e c h a n ic a l  p r o p e r t i e s  t o  w i t h s t a n d  

t h e s e  c o n d i t i o n s .  I n  c o n t r a s t  t o  t h e  s e v e r i t y  o f  t h e s e  

c o n d i t i o n s ,  c e r t a i n  m a t e r i a l s  a r e  r e q u i r e d  t o  p o s s e s s  

good d r a p in g  and h a n d l in g  q u a l i t i e s ,  i n  w h ich  c a s e  t h e  

b e n d in g  p r o p e r t i e s  o f  t h e  c o n s t i t u e n t  f i b r e s  m ig h t  be 

e x p e c te d  t o  b e a r  some r e l a t i o n s h i p  t o  t h o s e  o f  t h e  

f i n i s h e d  a r t i c l e .

Thus t h e  dynamic p r o p e r t i e s  o f  f i b r e s  y i e l d  u s e f u l  

t h e o r e t i c a l  i n f o r m a t i o n ,  w h ich  may a l s o  be p u t  t o  p r a c t i c a l  

u s e .  l i k e  s a y  o t h e r  p h y s i c a l  p r o p e r t i e s ,  t h e  dynamic 

m e c h a n ic a l  b e h a v io u r  m ust be m e a su re d ,  and th e  q u a n t i t i e s  

u se d  t o  c h a r a c t e r i s e  t h i s  b e h a v io u r  a r e  now d i s c u s s e d .

C h a r a c t e r i s t i c s  o f  Dynamic M e c h a n ic a l  B e h a v io u r

The two q u a n t i t i e s  u s e d  t o  c h a r a c t e r i s e  dynamic 

m e c h a n ic a l  b e h a v io u r  a r e  e l a s t i c  m odulus and i n t e r n a l  

f r i c t i o n  w h ich  r e p r e s e n t  th e  e l a s t i c  and v i s c o u s  r e s p o n s e s



3-

r e s p e c t iv e ly  of a  v i s c o e l a s t i c  m a te r ia l  such  a s  a f i b r e ,  

to  a d e fo rm a tio n . In  th e  case of th e  e l a s t i c  component 

th e  energy  imposed i s  conserved , and i s  in  phase w ith  th e  

d is p la c in g  f o r c e ,  w h ile  in  th e  case of th e  v isc o u s  compon

e n t ,  th e  imposed m echan ical energy i s  d i s s ip a te d  as h e a t ,
f i /and i s  o u t of phase w ith  th e  d is p la c in g  fo rc e  by '  2 

r a d ia n s .  The two q u a n t i t i e s  combined g ive th e  complex 

modulus and th e  r e la t io n s h ip  may be ex p ressed  as

E* = + iEg

where E* i s  th e  complex modulus

E  ̂ i s  th e  dynamic modulus 

Eg i a  th e  lo s s  modulus 

i  i s  th e  o p e ra to r .

The d e r iv a t io n  of t h i s  r e la t io n s h ip  i s  o u tl in e d  below.

Assuming sm all d e fo rm atio n s , th e re b y  av o id in g  non

l i n e a r  e f f e c t s ,  such as powers of s t r a i n  o r r a t e  of 

s t r a i n  h ig h e r  th a n  th e  f i r s t ,  th e  v a lu e  of th e  s t r a i n  in  

th e  specim en a t  any p a r t i c u l a r  moment, resp o n d in g  to  a 

s in u s o id a l ly  v a ry in g  d isp lacem en t i s  g iven  by

© = e  s in  co t    ( 1)

where e- i s  th e  dynamic s t r a i n  am plitude  

i s  th e  a n g u la r  freq u en cy  

t  i s  th e  tim e



4.

The s t r e s s  a t  t h i s  p o in t  w i l l  have a c e r t a in  phase le a d  & 

and i s  g iv en  by

f  as f Q s in (w  t  + S )  (2)

where £ i s  th e  s t r e s s  am plitude

o  i s  th e  same a n g u la r  freq u en cy  

J i s  th e  lo s s  an g le .

This may be r e w r i t te n

£ = t Q s i n u  t  cos S + f Q cosw t  s in  S . , . . ( 3 )

which in d ic a te s  t h a t  th e  s t r e s s  a c tu a l ly  c o n s is ts  o f two

components, f Q cos i in  phase w ith  s t r a i n ,  and

f 0 s in  d ou t o f  phase w ith  s t r a i n  and la g g in g  by 7 2 

r a d ia n s .

f O 0 0 8  ̂ /■ XL et E1 be th e  e l a s t i c  component, of s iz e  — — —  . . . ( 4 ;
e o 

£ s in  i
L e t be th e  v isc o u s  component, o f s iz e  -------------  . . . ( 5 )

e o
£

L e t E* be th e  t o t a l  modulus and equal to  —
eo

th e n  s u b s t i t u t i n g  in  e q u a tio n  (3 )

f  a= s i n w t  + e 0^2 cos ^  (6)

E1 £  0 * *
Irom (4)--- ----7—  = —  = E -  -  -  hence E* = 13rco s a ............. (7)co s a eQ *

E £
(5)------  — = —  = E* -  -  -  hence E? = E *sin  i  ............. (8)

s in  ( e Q
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From (7) E^2 = E* 2 eoa2 ^

(8 ) E22 = E* 2 s i n 2 i

(7) + (8 ) E* 2 = E^2 + E2 2

In tro d u c in g  th e  o p e ra to r  i  , t h i s  may be r e - w r i t t e n  

E* = E1 + iE 2

The I n te r n a l  F r i c t io n

The lo s s  modulus E2, which r e p re s e n ts  th e  i n t e r n a l  

f r i c t i o n a l  l o s s ,  can be ex p ressed  in  s e v e ra l  ways.

By d e f in in g  th e  c o e f f ic ie n t  of i n t e r n a l  f r i c t i o n ,

^  , as  th e  r a t i o  of th e  out of phase component of th e  

s t r e s s  to  th e  r a te  of change of s t r a i n ,  and hence d iv id in g  

the  second term  in  e q u a tio n  ( 6 ) by th e  d i f f e r e n t i a l  of 

eQ s in  40 t ,
E

^  and Eg =

A nother e x p re s s io n  i s  th e  lo s s  ta n g e n t, ta n  i  which by

d iv id in g  e q u a tio n  (8 ) by eq u a tio n  (7) g iv e s :

i  E2 ta n  o = —
E1

Hence lo s s  modulus in  term s of lo s s  ta n g e n t i s  g iven  by 

Eg = E  ̂ta n  i

A lthough n o t u sed  in  t h i s  in v e s t ig a t io n  two f u r th e r  m ethods



o f  m e a s u r in g  i n t e r n a l  f r i c t i o n  d e s e r v e  m e n t io n .  One i s

t h e  s p e c i f i c  damping c a p a c i t y  w h ich  i s  d e f i n e d  a s  t h e  

r a t i o  o f  th e  e n e r g y  d i s s i p a t e d  p e r  c y c l e  o f  v i b r a t i o n  to  

th e  s t r a i n  e n e r g y  when th e  s t r a i n  i s  a  maximum and i s  

e q u a l  t o  2 7Ftan i  .

The o t h e r ,  known a s  th e  l o g a r i t h m i c  d e c re m e n t  and 

e q u a l  t o  IT t a n  S , i s  u s e d  i n  f r e e  v i b r a t i o n  e x p e r im e n t s .

I t  i s  o b t a i n e d  e x p e r i m e n t a l l y  from  th e  n a t u r a l  l o g a r i t h m  

o f  t h e  r a t i o  o f  t h e  a m p l i tu d e s  o f  s u c c e s s i v e  o s c i l l a t i o n s ,  

a s  t h e  a m p l i tu d e  d i m i n i s h e s .

The Dynamic B end ing  Modulus

Hsu'*' made a  r i g o r o u s  a n a l y s i s  o f  t h e  t h e o r y  o f  

v i b r a t i o n  o f  v i s c o e l a s t i c  b a r s  and a p p l i e d  th e  t h e o r y  to  

f i b r e s ,  t o  o b t a i n  th e  s t a n d a r d  e x p r e s s i o n  f o r  t h e  dynamic 

b e n d in g  m o d u lu s ,  w h ich  i s  u se d  i n  t h i s  i n v e s t i g a t i o n .

i . e .  E1 =  0 02  (9 )

w here  E-  ̂ i s  t h e  dynamic b e n d in g  m o d u lu s (d y n e s /c i^ 2 .

p  i s  t h e  d e n s i t y  i n  g m /cc .

I  i s  th e  moment o f  i n e r t i a  o f  t h e  c r o s s
s e c t i o n  a b o u t  a  l i n e  p e r p e n d i c u l a r  t o  
th e  p la n e  o f  b e n d in g  and p a s s i n g  th r o u g h  
the.: n e u t r a l  a x i s .

c i s  a  c o n s t a n t  f o r  t h e  fu n d a m e n ta l  mode 
o f  v i b r a t i o n  and h a s  th e  v a lu e  1 .8 7 5 .

1 i s  t h e  l e n g t h  i n  cm.

£)o i s  t h e  r e s o n a n t  f r e q u e n c y  i n  r a d i a n s /



T h is  e q u a t i o n  c a n  now be t r a n s f o r m e d  i n t o  q u a n t i t i e s  

w h ich  a r e  e x p e r i m e n t a l l y  more e a s i l y  m e a s u r e a b le .  I t  

may be w r i t t e n  i n  th e  fo rm

E 1.295 n 5 0 2 l 4 V o2 ........................ £10>

w here  VQ = f r e q u e n c y  i n  c y c l e s / s e c o n d  ( a t  resorvarsce)

£* = a  shape  f a c t o r  d e p e n d in g  on th e  
e r o s s  s e c t i o n a l  s h a p e .

m^ = m a s s / u n i t  l e n g t h  (gm /cm .)

The d e r i v a t i o n  i s  t h u s :

E 1  = X ?  0
2

S in c e  <0 = V/ and f o r  a  c i r c u l a r  c r o s s  s e c t i o n  I  = 4 =
0 0 _  4n

.  4 /»
a  A . 1 .8 7 5

1 6 7T 5 ft 2 o I 4 Vo2 
A p  1 .8 7 5 4

16 II 5 a 2 I 4 V 02
1 .8 7 5 4 * hnq

1 .2 9 5  TT 5 |0 2 l 4 Vo2

“ l

The shape  f a c t o r  <  i s  i n t r o d u c e d  i n  th e  d e n o m in a to r  t o  

a c c o u n t  f o r  a  moment o f  i n e r t i a  d i f f e r i n g  fro m  t h a t  o f  a
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c i r c u l a r  c r o s s  s e c t i o n *  The p r o o f  f o r  t h e  r e l a t i o n
h= w here  I-, i s  t h e  moment o f  i n e r t i a  o f  an  i r r e g u l a r  

o
c r o s s  s e c t i o n ,  a b o u t  an  a x i s  p e r p e n d i c u l a r  t o  t h e  p la n e  o f  

b e n d in g  and p a s s i n g  th r o u g h  th e  n e u t r a l  a x i s ,  and  I Q i s  t h e  

moment o f  i n e r t i a  o f  a  c i r c u l a r  s e c t i o n  w i l l  f o l l o w  

(See  M Shape F a c t o r ,  p . 6 9 ) .

A  V oThe l o s s  t a n g e n t  i s  e x p r e s s e d  a s  t h e  r a t i o
V

w here  A  V 0 i s  t h e  d i f f e r e n c e  b e tw ee n  two f r e q u e n c i e s  0 

s t r a d d l i n g  th e  r e s o n a n t  f r e q u e n c y  V 0 , a t  w h ich  t h e  

a m p l i tu d e  o f  v i b r a t i o n  i s  — ĵ==—  o f  t h a t  a t  r e s o n a n c e .  

These q u a n t i t i e s  a r e  d i r e c t l y  m e a s u ra b le  e x p e r i m e n t a l l y .

The f o r e g o i n g  d i s c u s s i o n  s e r v e s  t o  e x p l a i n  some 

p a ra m e te r s  o f  dynamic p r o p e r t i e s ,  and i n  p a r t i c u l a r  t h o s e  

w i t h  w h ich  t h i s  i n v e s t i g a t i o n  i s  d i r e c t l y  c o n c e rn e d .  In  

o r d e r  t o  p r e s e n t  a  b r o a d e r  b a s i s  on w h ic h  t o  i n t e r p r e t  t h e  

r e s u l t s  o f  th e  i n v e s t i g a t i o n ,  f u r t h e r  fu n d a m e n ta l  a s p e c t s  

a r e  d i s c u s s e d .

Some B a s i c  T h e o r ie s  o f  M e c h a n ic a l  P r o p e r t i e s :  

Dynamic M e c h a n ic a l  P r o p e r t i e s  and P h a se  T r a n s i t i o n s .

W ith  r e g a r d  t o  th e  u n d e r s t a n d i n g  o f  m o le c u l a r  

p r o c e s s e s  r e s p o n d in g  t o  e x t e r n a l  f o r c e s ,  th e  f o l l o w in g  

t h e o r y ,  b a se d  on t h a t  o f  M axwell , may be a d v a n c e d .

When a  p o ly m e r ic  m a t e r i a l  su c h  a s  a  f i b r e  i s  

s u b j e c t e d  t o  a  s t a t i c  s t r e s s ,  t h e  s t r a i n  c an  t a k e  p l a c e



by one o r  more o f  s e v e r a l  m ech an ism s. The m ost r a p i d

r e s p o n s e  i s  t h a t  o f  b e n d in g  o f  t h e  bond  a n g le s  a lo n g  t h e  

p o ly m er  c h a i n .  I f  t h e r e  w ere  no o t h e r  f o r c e s  i n v o lv e d  

w h ich  r e s t r a i n e d  t h i s  m o t io n ,  i t  s h o u ld  t a k e  p l a c e  

i n s t a n t a n e o u s l y .  A n o th e r  m ethod o f  d e fo r m a t io n  i s  by  t h e  

u n c o i l i n g  o f  c h a i n s  and c h a i n  s e g m e n ts .  I n  t h e  u n s t r e s s e d  

c o n d i t i o n ,  th e  p o ly m e r  c h a in s  a r e  c o n s i d e r e d  t o  be i n  a  

random ly  c o i l e d  c o n f i g u r a t i o n ,  moving a b o u t  t h e i r  lo w e s t  

e n e rg y  p o s i t i o n s  u n d e r  t h e  a c t i o n  o f  th e r m a l  a g i t a t i o n .

When a  s t r e s s  i s  a p p l i e d ,  i t  t e n d s  to  u n c o i l  th e  c h a in s  

from  t h e i r  n o rm a l c o n f i g u r a t i o n .  T h is  u n c o i l i n g  i s  

r e s i s t e d  by  s e c o n d a ry  bonds b e tw een  c h a i n  s e g m e n ts .  In  

o r d e r  t h a t  t h e s e  bonds b r e a k ,  t h e y  m ust r e a c h  t h e i r  

a c t i v a t i o n  e n e rg y  u n d e r  th e  com bined a c t i o n  o f  a p p l i e d  

s t r e s s  and th e r m a l  a g i t a t i o n .  T h e r e fo r e  t h e  b r e a k i n g  and 

re f o rm in g  o f  bonds i s  t im e  d e p e n d e n t .  The r a t e  a t  w h ich  

su ch  a  p r o c e s s  t a k e s  p l a c e  ( r )  v a r i e s  w i t h  th e  a b s o l u t e  

t e m p e r a tu r e  (T) a c c o r d in g  t o  t h e  r e l a t i o n s h i p

r  = Ae~U/ k T  

w here  A = a  c o n s t a n t

U = m o le c u la r  a c t i v a t i o n  e n e rg y  o f  t h e  
bonds in v o lv e d

k = B o l tz m a n n ’s c o n s t a n t  

A t h i r d  m echanism  by w h ich  c h a in  m o le c u le s  c an  d e fo rm  i s



by c h a i n  s l i p p i n g  and a g a i n  t h e  same p r o c e s s  o f  r e a c h i n g  

th e  a c t i v a t i o n  e n e rg y  o f  th e  bonds in v o lv e d  t a k e s  p l a c e .  

T h is  ty p e  o f  d e f o r m a t io n  i s  n o t  r e c o v e r a b l e  upon re m o v a l  

o f  t h e  s t r e s s .  C h a in - c h a in  s l i p p i n g  d o es  n o t  t a k e  p l a c e  

when th e  c h a i n s  a r e  h e l d  t o g e t h e r  by p r im a r y  c h e m ic a l  bonds 

su ch  as  c h e m ic a l  c r o s s  l i n k s ,  o r  by c r y s t a l l i t e s  a c t i n g  a s  

c r o s s  l i n k s  b e tw e e n  c h a i n s .

The above g i v e s  an i n d i c a t i o n  a s  t o  t h e  ty p e  o f  

r e s p o n s e  w h ich  may be e x p e c te d  when a  f i b r e  i s  s u b j e c t e d  

t o  a  c o n t i n u a l l y  i n c r e a s i n g  a p p l i e d  s t a t i c  s t r e s s ,  a t  a  

c o n s t a n t  h u m id i ty  and t e m p e r a t u r e .  When s m a l l  f o r c e s ,  

w h ich  do n o t  in v o lv e  th e  above m en t io n e d  t h i r d  fo rm  o f  

d e f o r m a t io n  a r e  a p p l i e d ,  s i g n i f i c a n t  m o le c u l a r  r e s p o n s e s  

may be o b s e r v e d ,  i f  a  dynamic f o r c e  i s  a p p l i e d  i n  any 

p a r t i c u l a r  d i r e c t i o n  r e l a t i v e  t o  t h e  f i b r e  a x i s  and th e  

f r e q u e n c y  i s  v a r i e d  o v e r  a  v e r y  w ide r a n g e .  S i m i l a r  

phenomena may be o b se rv e d  a s  th e  t e m p e r a tu r e  o r  h u m id i ty  

t o  w h ich  th e  m a t e r i a l  i s  e x p o sed  i s  v a r i e d ,  and th e s e  a re  

d i s c u s s e d  l a t e r  i n  te rm s  o f  t r a n s i t i o n  phenomena w i t h  

p a r t i c u l a r  r e f e r e n c e  t o  t h e i r  e f f e c t s  on th e  l o s s  m o d u lus .

B e fo re  so  d o in g  i t  may be a d v a n ta g e o u s  t o  d i s c u s s  

p h a se  t r a n s i t i o n s  i n  g e n e r a l ,  and t h e  m echanism s by w h ich  

th e y  t a k e  p l a c e .



W hile  su c h  t r a n s i t i o n s ,  a s  in d e e d  a l l  i m p o r t a n t

p r o p e r t i e s  o f  p o ly m e rs ,  depend  on t h e  m o tio n s  w h ic h  t h e i r  

bonded atom s u n d e rg o ,  u n d e r  th e  a c t i o n  o f  t h e r m a l ,  

m e c h a n ic a l  and o t h e r  f o r c e s ,  th e  g e n e r a l  d i s c u s s i o n  i s  

c o n f in e d  t o  th e r m a l  a g i t a t i o n  f o r  th e  sak e  o f  c l a r i t y .

The t h e o r i e s  a d v an ced  a r e  b a s e d  on th o s e  p r o p o s e d  by
3 4Mark and Gordon •

P h a se  c h a n g e s  o r  t r a n s i t i o n s  may t h u s  be d e f i n e d  

a s  phenomena w h ich  o c c u r  a s  th e  com plex  m o le c u la r  s t r u c t u r e  

o f  a  p o ly m er i s  a l t e r e d  by  e x t e r n a l  a g e n c i e s ,  t h e r e b y  

c o n fe r r in g  d i f f e r e n t  m e c h a n ic a l  and o t h e r  p r o p e r t i e s  on 

th e  i n d i v i d u a l  p h a s e s .  They a re  i n  p r i n c i p l e  e q u i l i b r i u m  

phenom ena, w h ich  c an  be r e p r o d u c e d  r e v e r s i b l y  r e g a r d l e s s  

o f  w h e th e r  t h e  c r i t i c a l  t r a n s i t i o n  t e m p e r a t u r e s  a r e  

a p p ro a c h e d  from  h i g h e r  o r  lo w e r  t e m p e r a t u r e s .

M o le c u le s  i n  f i b r e  fo rm in g  p o ly m e rs ,  a s  i n  a l l  s t a t e s  

o f  a g g r e g a t i o n ,  u n l i k e  ou r  c ru d e  and l i f e l e s s  m odels  o f  

them , a re  endowed w i t h  therm al m o t io n .  The t y p e s  o f  

m o tio n  t o  be fo u n d ,  b e f o r e  b reakdow n o f  t h e  m ain  c h a i n s ,  

a re  r o t a t i o n a l  i n  th e  c a s e  o f  c h a i n  s e g m e n ts ,  and v i b r a t i o n a l  

i n  th e  c a s e  o f  s e c o n d a ry  b o n d s .  Such.m ovem ents a r e  n o r m a l ly  

a r r e s t e d  i n  th e  c r y s t a l l i n e  d o m a in s ,  w h i l e  i t  i s  p r e c i s e l y  

th e  a r r e s t i n g  o r  f r e e z i n g  o f  th e  m o tio n s  i n  amorphous 

r e g i o n s  w hich  g i v e s  r i s e  t o  t r a n s i t i o n s .  The r o t a t i o n a l
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movements may be v is u a l i s e d  as la rg e  o s c i l l a t o r y  move

ments abou t bonds which have to  surm ount energy  b a r r i e r s  

to  f a c i l i t a t e  t h i s  movement. At low te m p e ra tu re s , f r e e  

volume space i s  reduced  and r o ta t io n s  a re  f ro z e n , a  p ro ce ss  

which i s  a id ed  by th e  num ber,type and s t r e n g th  of th e  

secondary  bonds in  th e  s t r u c tu r e .  The v ib r a t i o n a l  move

ments of th e  secondary  bonds may be v i s u a l i s e d  as s im i la r  

to  th o se  of t in y  f l e x ib l e  s t e e l  sp r in g s  b e in g  s t r e tc h e d  and 

re le a s e d  r e p e a te d ly . As th e  d is tu rb in g  fo rc e  in c re a s e s ,  

th e  bonds w i l l  u l t im a te ly  y ie ld .  C onversely , th e se  bonds 

w i l l  r e - u n i te  as th e  d is tu rb in g  fo rc e  d im in ish e s . The 

t r a n s i t i o n  due to  secondary  bonds w i l l  no rm ally  occur a t  

h ig h e r  te m p era tu re s  th an  th a t  due to  segm ental m o tions.

I t  i s  n o t to  be im agined th a t  only  two t r a n s i t i o n s  

can be observed  as a f ib ro u s  polym er i s  cooled (from below 

m e ltin g  p o in t  in  th e  case of m e ltin g  po ly m ers). I t  o f te n  

occurs th a t  w ith  d e c re a s in g  te m p e ra tu re s , a d i f f e r e n t  

arrangem ent of th e  c e n tre s  of g ra v i ty  of in d iv id u a l  mole

cu les  o r a d i f f e r e n t  o r ie n ta t io n  becomes more s t a b le .  This 

le a d s  to  th e  e x is te n c e  of v a r io u s  polym orphic phases which 

may be se p a ra te d  from each o th e r  by t r a n s i t i o n  p o in ts .

C e rta in  polym ers in  th e  m e lt, when coo led , have 

in d iv id u a l  m olecu les which form s tro n g  bonds w ith  each o th e r  

b e fo re  th ey  have tim e to  assume th e  r e l a t i v e  g eom etric



a r ra n g e m e n t  r e q u i r e d  f o r  t h e  f o r m a t i o n  o f  t h e  d e n s e s t  

3 - d im e n s io n a l  l a t t i c e  and a  g l a s s y  ty p e  p o ly m e r  r e s u l t s ,  

w h ich  e x h i b i t s  w ha t i s  commonly te rm e d  a  g l a s s  t r a n s i t i o n  

a t  a  c e r t a i n  c r i t i c a l  t e m p e r a t u r e .  Below t h i s  t e m p e r a t u r e ,  

r i g i d i t y  i s  i n t r o d u c e d  i n t o  th e  m o le c u la r  s y s te m ,  w h i le  

a b o v e ,  th e  p o ly m er  i s  r u b b e r y .  G la s s  t r a n s i t i o n s  a r e '  

r e a l i s a b l e  i n  some p o ly m e r s .  In  o t h e r s ,  h o w e v e r ,  su ch  

as  h i g h l y  c r o s s  l i n k e d  m a t e r i a l s  ( e . g .  p h e n o l i c s )  a n d ,  

more commonly fo und  i n  t e x t i l e  f i b r e s ,  r i g i d  m a t e r i a l s  

( e . g .  c e l l u l o s e ) ,  bond d i s s o c i a t i o n  e n e r g i e s  a r e  lo w e r  

th a n  r o t a t i o n a l  b a r r i e r s .  P y r o l y s i s  w i l l  t h e n  o c c u r  

b e f o r e  a  r u b b e r y  s t a g e  c an  be r e a c h e d  on h e a t i n g .

A g l a s s  t r a n s i t i o n  i n  su c h  ” am o rp h o u s’1 l i n e a r

p o ly m ers  a s  have  b e e n  d e s c r i b e d ,  i s  r e g a r d e d  a s  t a k i n g
5

p la c e  i n  t h e  f o l l o w in g  m anner .  (T o b o lsk y  draw s a  v e r y  

s t r i k i n g  a n a lo g y  o f  th e  p r o c e s s ) . S in c e  th e  w r i g g l i n g  

s e g m e n ta l  m o tio n  i s  due t o  th e r m a l  e n e rg y  and th e  e x i s t e n c e  

o f  f r e e  vo lum e , a s  t h e  t e m p e r a tu r e  i s  r e d u c e d  th e  f r e e  

volume becomes v e r y  sm a ll  com pared w i t h  t h e  th e rm a l  e n e rg y  

b a r r i e r  h e i g h t s  f o r  r o t a t i o n a l  and t r a n s l a t i o n  jumps o f  

t h e  po lym er seg m en ts  t o  t a k e  p l a c e .  At a  c r i t i c a l  te m p e r 

a t u r e  o r  w i t h i n  a  n a rro w  te m p e r a tu r e  r a n g e ,  t h e  w r i g g l i n g  

and d i f f u s i o n a l  m o t io n s  o f  t h e  po ly m er m o le c u le s  a r e



f ro z e n , and th e  polym er segm ents and atom ic groups can 

make only  v ib r a t io n a l  m otions as  i n  an id e a l  s o l i d .  The 

polymer has now e n te re d  th e  g la s sy  s t a t e  from  th e  ru b b ery  

s t a t e .

Sum m arising, i t  i s  re a so n ab le  to  say t r a n s i t i o n  

phases a re  many and v a r ie d .  These r e f l e c t  th e  f a c t  t h a t  

th e  g rad u a l c o n s o lid a t io n  o f a th re e  d im ensiona l netw ork  

in  which th e  in d iv id u a l  u n i t s  have a shape d e p a r t in g  w idely  

from s p h e r ic a l  symmetry and are  a t t r a c te d  to  each o th e r  by 

a v a r ie ty  of r e l a t i v e l y  weak, a n is o tr o p ic  f o r c e s ,  i s  a 

com plicated  and m u lt is te p  p ro cess  of s e t t l i n g  down to  an 

u lt im a te  arrangem ent o f h ig h e s t c o n s o lid a t io n  th ro u g h  a 

s e r ie s  of s t a t e s  o f in te rm e d ia te  s t a b i l i t y .

To exem plify  phase changes more p r e c i s e ly ,  t r a n s i t i o n  

phenomena w ith  re fe re n c e  to  th e  dynamic Young*s modulus and 

lo s s  m odulus, a s  a f f e c te d  by te m p era tu re  and freq u en cy  

changes a re  d is c u s se d . While polym orphic c h a r a c t e r i s t i c s  

may be ex p ec ted , in  o rd e r  to  avoid  com plex ity , on ly  two 

phase changes a re  co n s id e red j one due to  a g e n e ra lis e d  

segm ental m otion , th e  o th e r  due to  a r b i t r a r y  secondary  

f o r c e s .  Humidity e f f e c t s  a re  a lso  d isc u sse d .
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Frequency T ra n s i t io n s  ( a t  c o n s ta n t tem p era tu re  and r e l a t i v e
h u m id ity ) .

I t  has e a r l i e r  been im p lied  t h a t  on th e  a p p l ic a t io n  

of a sm all s t a t i c  s t r e s s ,  an u n c o i l in g  of th e  main ch a in s  

in  th e  amorphous re g io n s  i s  r e s i s t e d  hy secondary  bonds 

between them which w i l l  e v e n tu a lly  y ie ld  co m p le te ly . 

(M olecules in  c r y s t a l l i n e  domains a re  r e l a t i v e l y  u n a f fe c te d  

due to  t h e i r  h ig h  degree of pack ing  and subsequen t s tro n g  

in te r a c t iv e  f o r c e s ) .  I f  th e  d i r e c t io n  of th e  d is tu rb in g  

s t r e s s  i s  re v e rs e d , and th e  frequency  of t h i s  r e v e r s a l  i s  

g ra d u a lly  in c re a s e d  th e  c h a r a c t e r i s t i c  v ib r a t io n  of th e  

secondary  bonds w i l l  come in to  e f f e c t  and, due to  i n s u f f i 

c ie n t  tim e f o r  la rg e  r e la x a t io n s ,  th e  tendency  to  r e la x  

d im in ish e s . On f u r th e r  in c re a s in g  th e  freq u en cy , a  r a te  

of s t r e s s  r e v e r s a l  w i l l  be reached  a t  which and beyond 

which, th e se  bonds w i l l  behave r i g i d l y ,  b e in g  un ab le  to
t

a d ju s t  them selves to  th e  r a p id ly  changing s t r e s s .  This 

g radual change from  v i s c o e la s t i c  to  e l a s t i c  b eh av io u r i s  a 

t r a n s i t i o n  phenomenon. I t  a lso  e x p la in s  why th e  dynamic 

Young1 s modulus i s  g r e a te r  th an  th e  s t a t i c  Young1 s modulus 

-  th e  s t r a i n  resp o n d in g  to  a g iven  s t r e s s  becoming sm a lle r  

as th e  r e s i s t i n g  fo rc e  of th e  bonds becomes g r e a te r .

The m o lecu la r cha in  segm ents flow  q u ite  f r e e ly  a t  

low f re q u e n c ie s . As th e  imposed " e l a s t i c  v ib r a t i o n ”
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in c re a s e s  i n  fre q u en cy , i t  w i l l  a ls o  e v e n tu a l ly  m atch th e  

average r e la x a t io n  freq u en cy  of th e  m o lecu la r  ch a in  seg

m ents. (R e lax a tio n  freq u en cy  i s  d e f i n a b l e  as th e  average 

r a te  a t  which r o t a t i o n a l  jumps of m o lecu la r  ch a in  segm ents 

o c c u r .)  At and beyond t h i s  f re q u e n c y , th e  m otion o f th e  

m o lecu la r cha in  segm ents w i l l  be a r r e s te d ,  and a second 

h ig h  freq u en cy  t r a n s i t i o n  i s  r e a l i s e d .

On p a s s in g  th rough  th e se  t r a n s i t i o n s  th e  r a te  of 

in c re a s e  of dynamic Y oung's modulus i s  g r e a te s t  because i t  

i s  in  th e se  re g io n s  t h a t  th e  secondary  bonds, and ch a in  

segm ents r e s p e c t iv e ly  become r ig id ,  and due to  th e  r e s i s t 

ance o f fe re d  to  th e  d is tu rb in g  s t r e s s  th e  s t r a i n  i s  sm a lle r .

The lo s s  m odulus, b e in g  a meawure of th e  in t e r n a l  

f r i c t i o n ,  i s  p ro p o r t io n a l  to  the  s t r e s s  r e s i s t e d  by th e  

secondary  bonds and cha in  segm ents tim es t h e i r  r e s p e c tiv e  

d isp lacem en ts , o r th e  energy d is s ip a te d .  Below each 

t r a n s i t i o n  freq u en cy , th e  r e s is ta n c e  to  s t r e s s  i s  n e g l ig ib ly  

sm a ll, w h ile  th e  d isp lacem en t of th e  s t r u c t u r a l  e lem ents i s  

r e l a t i v e l y  la r g e .  Above each t r a n s i t i o n  freq u en cy , when 

m otions a re  a r r e s te d ,  th e  r e s is ta n c e  to  th e  d is tu rb in g  fo rc e  

i s  la rg e  and th e  d isp lacem en t n e g l ig ib ly  sm a ll. The p ro d u ct 

i n  each case w i l l  th e re fo re  tend  to  be sm all i n  com parison 

to  th a t  a t  t r a n s i t i o n  f re q u e n c ie s  where th e re  i s  b o th  con

s id e ra b le  r e s is ta n c e  and d isp lacem en t p r io r  to  " f re e z in g " .



17.

Hence a t  th e se  t r a n s i t i o n  f re q u e n c ie s , th e  energy  d i s s i 

p a ted  and hence th e  lo s s  modulus w i l l  p ass  th ro u g h  a 

maximum.

Tem perature t r a n s i t i o n s  ( a t  c o n s ta n t f re q u e n c ie s  and r e l a t i v e
h u m id ity ) .

At s u f f i c i e n t l y  h ig h  te m p e ra tu re s , th e  th e m a l  energy 

to  which th e  secondary  bonds in  th e  amorphous re g io n s , a re  

su b je c te d , causes t h e i r  ru p tu re  a t  a  p o in t  where t h e i r  

d is s o c ia t io n  e n e rg ie s  a re  reach ed . On co o lin g  th e  bonds 

w i l l  ten d  to  refo rm , u n t i l  a s ta g e  i s  reached  where th e y  a re  

r i g i d .  This change w i l l  g ive r i s e  to  a t r a n s i t i o n .  On 

f u r th e r  co o lin g , th e  m o lecu la r cha in  segm ents which have 

flow ed w ith  ease  a t  e le v a te d  tem p era tu re s  w i l l  e v e n tu a lly  

be a r r e s te d  as th e  f r e e  volume spqce and r o ta t i o n a l  b a r r i e r s  

are  reduced and in c re a se d  r e s p e c t iv e ly .  A second low

tem peratu re  t r a n s i t i o n  i s  r e a l i s e d .

The e f f e c t  of th e  h ig h  tem p era tu re  t r a n s i t i o n  on 

dynamic e l a s t i c  modulus and lo s s  modulus i s  s im i la r  to  th a t  

of th e  low freq u en cy  t r a n s i t i o n  w hile  th e  low tem p era tu re  

t r a n s i t i o n  has a s im ila r  e f f e c t  to  t h a t  of th e  h ig h  freq u en cy
g

t r a n s i t i o n .  Indeed , i t  has been shown by Gnogi and Ui 

th a t  th e  low tem p era tu re  and h ig h  freq u en cy  t r a n s i t i o n  i n  

p o ly v in y lid e n e -v in y lc h lo r id e  f ib r e s  e x h ib i t  equa l lo s s



maxima and t h a t  be low  th e  low t e m p e r a t u r e  t r a n s i t i o n  th e  

dynamic m odulus i s  e q u a l  t o  t h a t  above th e  h ig h  f r e q u e n c y  

t r a n s i t i o n .

When th e  s e c o n d a ry  bonds a r e  r e l a x e d ,  t h e i r  

r e s i s t a n c e  t o  s t r e s s  i s  s m a l l ,  and a s  t h e i r  g r a d u a l  

c o n s o l i d a t i o n  c o n t i n u e s ,  th e  dynamic m odulus and l o s s  

m odulus w i l l  i n c r e a s e .  The dynamic m odulus w i l l  p a s s  

th r o u g h  a  maximum r a t e  o f  i n c r e a s e  a t  t h e  t r a n s i t i o n  

t e m p e r a tu r e  w h i le  below  t h i s  t e m p e r a tu r e  th e  dynamic 

m odulus w i l l  c o n t i n u e  t o  i n c r e a s e ,  b u t  a t  a  l e s s e r  r a t e  

u n t i l  th e  low te m p e r a tu r e  t r a n s i t i o n  i s  r e a c h e d .  T h is  i s  

due t o  th e  f a c t  t h a t  th e  s t r e s s  i s  t r a n s f e r r e d  more to  

th e  m o le c u la r  c h a i n  seg m en ts  w h ich  f lo w  f r e e l y  and show 

l i t t l e  r e s i s t a n c e .  As th e  m o tio n s  o f  t h e  c h a i n  segm ents 

become r e s t r i c t e d  on f u r t h e r  r e d u c in g  th e  t e m p e r a t u r e ,  

th e  r e s u l t a n t  s t r a i n  t o  an a p p l i e d  s t r e s s  becom es s m a l l e r  

and th e  r a t e  o f  i n c r e a s e  o f  dynamic m odulus r e a c h e s  a  

maximum as  t h e  low t e m p e r a tu r e  t r a n s i t i o n  i s  r e a l i s e d .

The l o s s  m odulus f o r  th e  same r e a s o n s  d e s c r i b e d  i n  

t h e  c a s e  o f  f r e q u e n c y  t r a n s i t i o n s ,  p a s s e s  th r o u g h  a  

maximum a t  th e  h ig h  and low  t e m p e r a tu r e  t r a n s i t i o n s .

F i g s . l  and 2 t y p i f y  th e  dependence  o f  dynamic 

m odulus and l o s s  m odulus on f r e q u e n c y  and t e m p e r a t u r e .
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The E f f e c t  o f  H u m id ity

When m o i s tu r e  i s  a b s o rb e d  by a  f i b r e ,  i t  i s  n o r m a l ly  

th e  r e s u l t  o f  w a t e r  m o le c u le s  p e n e t r a t i n g  i n t o  t h e  amor

phous r e g i o n s .  The a c t i o n  o f  t h e  m o le c u le s  i s  t o  b r e a k  

a p a r t  e x i s t i n g  s e c o n d a r y  bonds and i f  a  t r a n s i t i o n  i s  t o  be 

r e a l i s e d  and r e p r e s e n t e d  by a  maximum i n  t h e  l o s s  m odulus 

c u rv e ,  i t  w i l l  be due t o  a  g r a d u a l  i n c r e a s e  i n  d i s s i p a t e d  

e n e rg y ,  a s  t h e  s t r e s s  im posed  upon  t h e  bonds i n c r e a s e s ,  and 

a  s u b s e q u e n t  d ro p  i n  e n e rg y  d i s s i p a t e d  when bond r e s i s t a n c e  

h as  been  overcom e. A gain  an  a r b i t r a r y  s e c o n d a ry  bond h a s  

been  c o n s i d e r e d ,  b e c a u s e  i t  i s  known t h a t  s e v e r a l  ty p e s  

e x i s t .  F o r  i n s t a n c e  P eug he lm an ' s t a t e s  t h a t  th e  m o le c u l a r  

f o r c e s  h o l d in g  wool t o g e t h e r  w h ich  a r e  a f f e c t e d  by t h e  p r e s 

ence o f  m o is tu r e  a r e  Van d e r  Waals f o r c e s ,  s a l t  l i n k a g e s  

and h y d ro g en  b o n d s .  Thus i t  may be e x p e c te d  t h a t  more th a n  

one t r a n s i t i o n  can  e x i s t ,  o r  t h a t  t h e s e  s e p a r a t e  t r a n s i t i o n s  

a re  combined by one o c c u r r i n g  im m e d ia te ly  a f t e r  a n o t h e r ,  

w i th  a  c e r t a i n  amount o f  o v e r l a p .  A l t e r n a t i v e l y , a  t r a n s i 

t i o n  may n o t  be r e a l i s e d  s i n c e  u n l i k e  a  t e m p e r a tu r e  o r  f r e 

quency r a n g e ,  t h e  h u m id i ty  ra n g e  i s  l i m i t e d ,  nam ely  b e tw een  

0$ r e l a t i v e  h u m id i ty  and 100$ r e l a t i v e  h u m id i ty .  W orking 

w i th  h o rn  k e r a t i n ,  w h ich  w i l l  be e x p e c te d  t o  show s i m i l a r
Q

c h a r a c t e r i s t i c s  t o  w ool, W arburton  fo u n d  t h a t  t h e  l o g a r i t h 

m ic d e c re m e n t  i n c r e a s e d  g r a d u a l l y  from  0$ t o  15$ r e g a i n ,  and
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r a th e r  more q u ic k ly  t h e r e a f t e r ,  h u t a  maximum d id  n o t occu r.
Q

Qui^twater and  D u n e l l  on t h e  o t h e r  hand  p ro d u c e d  a  cu rv e

f o r  n y lo n  66, i n  w h ich  t h e  l o s s  m odulus had a  maximum a t
1 o60$ r e l a t i v e  h u m id i ty ,  w h i le  Kawai and T o k i t a  fo u n d  t h a t  

p o l y v in y l  a l c o h o l  showed a  p o i n t  o f  i n f l e c t i o n  b e tw ee n  25 

and 65$ r e l a t i v e  h u m id i ty ,  t h e  l o s s  m odulus b e in g  r e l a t i v e l y  

c o n s t a n t  a t  a  low  v a lu e  be low  25$> and r e l a t i v e l y  c o n s t a n t  

a t  a  h i g h e r  v a lu e  above 65$ r e l a t i v e  h u m id i ty .

The o t h e r  m echanism  by w h ich  a  l o s s  maximum o c c u r s ,  

i s  th e  a r r e s t i n g  o f  m o le c u l a r  c h a in  se g m en ts  i n  th e  am orphous 

r e g i o n s .  A ga in  c o n s i d e r i n g  a  g e n e r a l i s e d  s e g m e n ta l  m o t io n ,  

a s  m o is tu r e  i s  a d s o rb e d  n o t  o n ly  w i l l  i t  t e n d  t o  b r e a k  th e  

s e c o n d a ry  b o n d s ,  b u t  i t  w i l l  occupy f r e e  volume w h ich  had 

p r e v i o u s l y  b e en  a v a i l a b l e  f o r  bond r o t a t i o n .  A g a in , s i n c e  

th e  h u m id i ty  r a n g e  i s  c o n f in e d ,  i t  i s  t o  be e x p e c te d  t h a t  

e i t h e r  a  se co n d  l o s s  maximum w i l l  o c c u r ,  o r  a  s i n g l e  maximum 

c o n s i s t i n g  o f  two com ponen ts , one due t o  t h e  s e c o n d a ry  b o n d s ,  

th e  o t h e r  t o  s e g m e n ta l  m o t io n .

The dynam ic m odulus w i l l  g e n e r a l l y  d e c r e a s e  w i t h
A *1

g r a d u a l  m o is tu r e  a d s o r p t i o n ,  a s  many w o rk e rs  ( e . g .  v an  Wyk ,
Q 4 p

W arburton  , Speakman ) have  fo u n d  t o  be th e  c a s e .

M eredith^5 d e s c r ib e s  th e  f a l l  of to r s io n a l  r i g i d i t y  of 

s e v e ra l f ib re s ,  w ith  in c re a s e  in  re g a in  as b e in g  c o n s is te n t  

w ith  th e  id e a  th a t  t h i s  f a l l  i s  caused by the  b reak in g  of
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h y d ro g en  bonds b e tw ee n  c h a in  m o le c u le s  i n  t h e  n o n - c r y s t a l l 

i n e  r e g i o n s ,  and  t h a t  a t  s a t u r a t i o n  r e g a i n  one m o le c u le  o f  

w a te r  i s  bound t o  e a c h  a c c e s s i b l e  p o l a r  g roup  w h ich  would 

o th e r w is e  be l i n k e d  t o  a  s i m i l a r  p o l a r  g rou p  i n  a  n e ig h b o u r 

i n g  c h a in  m o le c u le  by means o f  m h y d ro g e n  bond .

12Speakman a t t r i b u t e s  t h e  f a l l  i n  t h e  r i g i d i t y  o f  

wool t o  t h e  b r e a k i n g  o f  h y d ro g en  bonds b e tw een  CO and NH 

g ro u p s  o f  n e ig h b o u r i n g  c h a in  m o le c u l e s ,  a s  w a t e r  i s  a b s o r b e d .  

I t  i s  p o s s i b l e  f ro m  P e u g h e lm a n 's  h y p o t h e s i s ,  t o  r e l a t e  t h i s  

f a l l  t o  s a l t  l i n k a g e s  and Van d e r  W aals f o r c e s  b e in g  b ro k e n  

a s  w e l l  a s  t o  t h e  b re a k a g e  o f  h y d ro g en  b o n d s .  I t  would 

f u r t h e r  be e x p e c te d  t h a t  a s  i n  a  t e m p e r a tu r e  o r  f r e q u e n c y  

t r a n s i t i o n ,  a  maximum r a t e  o f  change o f  dynam ic m odulus 

acco m p an ies  a  maximum i n  th e  l o s s  m o d u lu s , i f  s u c h  i s  t o  be 

r e a l i s e d  i n  h u m id i ty  e x p e r im e n t s .
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L i t e r a t u r e  S u rv e y

I t  a p p e a r s  t o  be l i t t l e  more t h a n  a  d ecad e  s in c e  

th e  f i r s t  s t u d i e s  o f  th e  dynamic b e n d in g  p r o p e r t i e s  o f  

f i b r e  fo rm in g  o r  f i l a m e n t o u s  m a t e r i a l s  w ere  c a r r i e d  o u t ,

w h i le  f o r  more t h a n  t w e n t y - f i v e  y e a r s ,  c o n s i d e r a b l e  

r e s e a r c h  h a s  b e en  d e v o te d  to  th e  g e n e r a l  dynam ic b e h a v io u r  

o f  su ch  m a t e r i a l s .  T e n s i l e  and t o r s i o n a l  p r o p e r t i e s  

y i e l d  u s e f u l  i n f o r m a t i o n ,  and i n  o r d e r  t o  have  a  c o m p le te  

dynamic t h e o r y ,  m ust be c o n s i d e r e d  t o g e t h e r  w i t h  b e n d in g  

p r o p e r t i e s .  To p r o v id e  a  maximum of u s e f u l  i n f o r m a t i o n ,  

th e  f o l lo w in g  c h a p t e r  t h e r e f o r e  makes r e f e r e n c e  t o  s t a t i c ,  

and , i n  g r e a t e r  d e t a i l ,  t o  dynamic i n v e s t i g a t i o n s  

in v o lv in g  t h e  t h r e e  m ain  ty p e s  o f  m e c h a n ic a l  d e fo r m a t io n  

and th e  e f f e c t s  o f  v a r y in g  f r e q u e n c y  t e m p e r a tu r e  and 

h u m id i ty  c o n d i t i o n s .

The T e n s i l e  and T o r s io n a l  D e fo rm a tio n  

o f  P o ly m ers  and T e x t i l e s ,

1 ,  S t a t i c  D e fo r m a t io n s .

N a t u r a l ,  R e g e n e ra te d  and S y n t h e t i c  F i b r e s .

The s t i f f n e s s —te m p e r a tu r e  b e h a v io u r  o f  v a r i o u s

f i l a m e n t s ,  i n c l u d i n g  v i s c o s e  and a c e t a t e  r a y o n  and s y n t h e t i c s ,
14

was i n v e s t i g a t e d 'b y  Brown , w here  s t i f f n e s s  r e f e r r e d  t o  the



m odulus a t  1 fo s t r a i n *  A l l  f i l a m e n t s ,  w i t h  t h e  e x c e p t io n  

o f  v i s c o s e  ra y o n  showed a  se c o n d  o r d e r  t r a n s i t i o n  te m p e r a 

t u r e  w h ic h  was a s s o c i a t e d  w i t h  t h e  am orphous p h a s e .  Below 

th e  t r a n s i t i o n  t e m p e r a t u r e ,  t h e  po ly m er c h a i n s  e x h i b i t e d  a  

h ig h  r e s i s t a n c e  t o  d e f o r m a t io n ,  t h e i r  seg m en ts  b e in g  

r e l a t i v e l y  im m o b ile .  Above t h i s  t e m p e r a t u r e ,  t h e  c h a i n s  

were m o b ile  i n  t h e  amorphous r e g i o n s  b u t  t h o s e  i n  t h e  

c r y s t a l l i n e  r e g i o n s  w ere  im m obile  and e x e r t e d  an  i n t e r 

m e d ia te  s t i f f n e s s .

15B ry a n t  and W a l te r  u s e d  an I n s t r o n  T e s t e r  t o  

m easure  th e  s t i f f n e s s  m odulus o f  a  w ide ra n g e  o f  w e t and 

d ry  f i b r e s ,  i n c l u d i n g  w o o l ,  c o t t o n ,  v i s c o s e  and a c e t a t e  

rayons, p o l y e t h y l e n e ,  a c r y l i c s ,  and p o l y e s t e r s .  The s w e l l i n g  

a c t i o n  o f  w a te r  was fo u nd  t o  lo w e r  th e  g l a s s  t r a n s i t i o n  

t e m p e r a tu r e  and a  c o r r e l a t i o n  b e tw een  th e  v a lu e  o f  th e  

g l a s s  t r a n s i t i o n  t e m p e r a tu r e  o f  d ry  f i b r e s  and t h e  e x t e n t  

o f  th e  lo w e r in g  o f  t h i s  t e m p e r a tu r e  i n  w a t e r  was draw n.

I t  was a t t r i b u t e d  t o  a  depen dence  on s e c o n d a ry  b o n d in g  

a lo n g  th e  po ly m er c h a i n s .

The i n i t i a l  t e n s i l e  m odulus o f  c e l l u l o s e  f i b r e s  was
16m easu red  by G u th r i e  o v e r  a  t e m p e r a tu r e  ra n g e  o f  22° t o  

100°C . W hile  th e  e f f e c t  o f  m o is tu r e  was t o  g r e a t l y  

r e d u c e  th e  m o d u lu s ,  t e m p e r a tu r e  had  o n ly  a  s e c o n d a ry  e f f e c t

on w e t f i b r e s .  S y n t h e t i c  f i b r e s ,  h o w ev er ,  w ere  e x t r e m e ly  

s e n s i t i v e  t o  t e m p e r a tu r e  c h a n g e s .



24.

17S u le im a n o v a  and  K a rg in  * fo u n d  t h a t  c e l l u l o s i c  

f i b r e s  were h i g h l y  d e fo rm a b le  due t o  t h e i r  m o le c u l a r  

s t r u c t u r e .  The d i f f e r e n t  d e f o r m a b i l i t i e s  o f  th e  v a r i o u s  

c e l l u l o s i c  f i b r e  t y p e s  were a t t r i b u t e d  t o  d i f f e r e n c e s  i n  

o r i e n t a t i o n  and p a c k in g  o f  t h e  c h a i n s .  M o is tu re  was 

fo u n d  t o  have c o n s i d e r a b l e  e f f e c t s  on th e  m e c h a n ic a l  

p r o p e r t i e s .

The t e n s i l e  p r o p e r t i e s  o f  s i l k ,  n y lo n  and V inyon
18were i n v e s t i g a t e d  by K asw e ll  a t  t e m p e r a t u r e s  r a n g i n g  

from  - 7 0  t o  +70°C. The i n i t i a l  Young’ s m odulus o f  n y lo n  

was f o u r  t im e s  a s  g r e a t  a t  -5 7°C  a s  a t  21 °C.

Rigby ̂  fo u n d  t h a t  Young’ s m odulus and s t r e s s  

r e l a x a t i o n  o f  d ry  wool f i b r e s  were in d e p e n d e n t  o f  te m p e ra 

t u r e  i n  t h e  ra n g e  1 &  t o  80°C a t  s t r a i n s  o f  1 t o  20$ and 

Young’ s m odulus was i n d e p e n d e n t  o f  t h e  r a t e  o f  s t r a i n i n g  

o v e r  th e  ra n g e  0 .7 5  t o  250$ p e r  m in u te .

20P e t e r s  and Woods , who exam ined th e  change o f  

i n i t i a l  Y oung’ s m odulus o f  w et and d ry  wool w i th  te m p e ra 

t u r e  o v e r  t h e  ra n g e  0° t o  100°C, o b s e rv e d  an  i n c r e a s e  i n  

m odulus w i t h  d e c r e a s i n g  t e m p e r a t u r e ,  t h e  r a t e  o f  i n c r e a s e  

b e in g  s m a l l e r  to w a rd s  b o th  ends o f  t h e  ra n g e  c o v e r e d .

21Bueche d e te rm in e d  t h e  i n i t i a l  m odulus o f  p o ly 

e th y l e n e  a t  s e v e r a l  t e m p e r a t u r e s  b e tw ee n  3 O0 and 140°C
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and o b s e rv e d  a  s h a r p  d ro p  a t  a b o u t  120°C. He p r o p o s e d  

a  t h e o r y  r e l a t i n g  m odulus t o  e r y s t a l l i n i t y  w i t h  v a r y i n g  

t e m p e r a t u r e ,  a  f a l l  i n  m odulus b e in g  accom pan ied  by  a  

d e c r e a s e  i n  e r y s t a l l i n i t y .

2. Dynamic D e f o r m a t io n s .

a)  N a t u r a l  and R e g e n e ra te d ,  F i b r e s
22

Meyer and L o tm ar a p p e a r  t o  be t h e  f i r s t  t o  have  

s u b j e c t e d  f i b r e s  t o  f o r c e d  v i b r a t i o n s  by means o f  an  

a c o u s t i c  m eth od . At h ig h  f r e q u e n c i e s ,  t h e y  fo u n d  t h a t  

th e  dynam ic Y oung1s m odulus o f  l i n e n ,  ram ie  and hemp 

i n c r e a s e d  s l i g h t l y  w i t h  i n c r e a s i n g  s t a t i c  t e n s i o n .

The dynam ic t e n s i l e  m o d u li  o f  tw e n ty  t h r e e  y a m s  

and t h e i r  dependence  on s t a t i c  and dynam ic s t r a i n ,  were 

m easu red  by I i p t o n ^ 3 .  i k e  m odulus g e n e r a l l y  i n c r e a s e d

w i th  s t a t i c  s t r a i n  and d e c r e a s e d  w i th  dynam ic s t r a i n .

I n  th e  c a se  o f  m o n o f i la m e n ts ,  t h e  i n c r e a s e  i n  m odulus 

w i th  i n c r e a s i n g  s t a t i c  s t r a i n  was a s c r i b e d  t o  an  i n c r e a s e  

i n  m o le c u la r  o r i e n t a t i o n .  S m all  i n i t i a l  d ro p s  i n  m od u lus , 

a t  v e r y  s m a l l  s t r a i n s ,  were s a i d  t o  be due t o  i n c r e a s e s  i n  

m o is tu r e  r e g a i n ,  w hich  o c c u r  on s t r a i n i n g  a  y a m .  H ig h ly  

t w i s t e d  y a m s  d id  n o t  e x h i b i t  a  d rop  i n  m o du lus ,  b u t  an  

i n c r e a s e  w h ich  was a t t r i b u t e d  t o  a  l a t e r a l  c o m p re ss io n  o f  

f i b r e s  and a  r e s u l t a n t  l o w e r in g  o f  r e g a i n .  The d e c r e a s e
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in  modulus w ith in creasin g  dynamic s tr a in  was a ttr ib u ted  

to  the fa c t  that the forces o f contact between adjacent 

f ib r e s  in  a yarn in crease and tend to cause movement and 

slippage amongst a greater number of f ib r e s .

P a la n d r i^ , using a forced lo n g itu d in a l v ib ra tio n  

method, found that the dynamic Young*s modulus of yam s  

made from long f ib r e s , was independent of dynamic s tr a in  

amplitude and of frequency above 100 c /s  in  the range 

20 to  200 c / s .  In the case of yarns made from short 

f ib r e s , the dynamic Young»s modulus was found to  decrease 

with in creasin g  dynamic s tra in  am plitude.

The dynamic e la s t ic  moduli of c e llu lo s e  f ib r e s  and
2 £rayon were measured as a fun ction  of extension  by de Vries  ̂

at 6%c/o  r e la t iv e  hum idity and 20°C. The modulus remained 

fa ir ly  constant up to  a certa in  c r i t i c a l  exten sion , which 

varied according as to  whether v isc o se , a ceta te  or l i l i e n f e ld  

rayon was under examination. Beyond th is  ex ten sion , the 

modulus increased fo r  a l l  m ateria ls but the rate of increase  

again depended on the m aterial under t e s t s .  The decrease 

in  compliance (^/modulus) was proportional to  the increase  

in  the natural s tr a in . The r e su lts  of the dynamic experiments 

suggested a co rre la tio n  between the modulus and the chain 

molecule o r ien ta tio n . de Vries further estab lish ed  a 

re la tio n sh ip  between the dynamic e la s t ic  modulus and
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birefringence .of v is c o s e , a ce ta te  and cuprammonium rayons 

such th a t, beyond a certa in  y ie ld  value of ex ten sion , the  

modulus was equivalent to  the b irefr ingence as a measure 

of the o r ien ta tio n  of the filam en t.

Hamburger^ found that fo r  v isco se  rayon, c e llu lo s e  

aceta te  and nylon yarns, the dynamic Young*s modulus increased  

with s ta t ic  ten sio n  beyond the y ie ld  p o in t, but remained 

constant up to  the y ie ld  p o in t.

By means of sev era l lon g itu d in a l v ib ra tio n  methods 

Bujino et a l  measured the v is c o e la s t ic  prop erties of 

v isc o se , a ce ta te  and cuprammonium rayons, s i lk  and nylon 6 , • 

under a s t a t ic  ten sion  of 0*Ip gm. per den ier and dynamic 

stra in  of le s s  than 1 %. Generally speaking the re a l part 

of the complex dynamic modulus was constant over the  

frequency range 2 x 10  ̂ to  2 x 10^ e / s .  w ith only a 

s lig h t  in crease in  the supersonic range. The imaginary 

part of the complex modulus seemed to in crease a t both  

ends of the frequency range. I t  was concluded th a t fo r  

any t e x t i le  f ib re  the anomalous d isp ersion  i s  not as 

great as that of various rubber;— lik e  m ateria ls in  the  

same frequency range.

29Kawai and Tokita measured the dynamic Young*s 

modulus of s i lk  at 8°C and 71% r e la t iv e  humidity. Over



9a frequency range of 2 to  14 x 10 c / s . ,  a constant value

of 9 .8  x 1 0 ^  dynes per sq . cm. was obtained.

30D unell and D illo n  measured the dynamic modulus 

and energy lo s s e s  of s in g le  f ib r e s  of v isc o se  and a ce ta te  

rayons, s i l k ,  fea th er  k era tin  and nylon by a forced  long

itu d in a l v ib ra tio n  method. Both fa c to r s  were independent 

of frequency in  the range 1 to  100 c / s .  Measured va lu es  

of energy d iss ip a ted  per cyc le  were found to  be p roportional 

to  the square of the dynamic s tr a in  amplitude in  accordance 

with th e o r e t ic a l p red ic tio n .

31Lyons , however, noted th at fo r  co tton  and v isc o se  

rayon cords, the lo s s  modulus was not s t r i c t l y  independent 

of the dynamic s tr a in  amplitude at large va lu es of the 

l a t t e r .  In the frequency range of 65 to  360 c / s ,  and at 

a dynamic s tr a in  amplitude of 0 .3 $ , no s ig n if ic a n t  

dependence of the dynamic Young's modulus on frequency  

was observed, but w ith  in creasin g  dynamic s tr a in  am plitude, 

the dynamic Young's modulus was found to  decrease.

32Chaikin and Chamberlain found th a t the dynamic 

e la s t ic  modulus at 100 k c /s .  was four tim es as g?eat for  

v isc o se  rayon and Tenasco and about two and a h a lf  tim es 

as great fo r  w ool, human h air  and nylon, as the s t a t ic  

modulus. Higher va lu es at higher ra tes  of s tra in  were 

a ttr ib u ted  to the fa c t  that weak secondary bonds had no
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t im e  t o  b r e a k  and  t h e  s t r e s s  was t r a n s f e r r e d  d i r e c t l y  t o
t k e  mec.kA<\J*<v\ oP  dLe.Pof'rf>.£V.tja<\. i s

t h e  m ain  c h a i n s ,  w h i l e  a t  l o w e r  r a t e s  o f  s t r a i n  t h ey  -wer e 

d^e t o  t h e  u n f o l d i n g  o f  m o le c u l a r  c h a in s  i n  t h e  n o n -  

c r y s t a l l i n e  r e g i o n s ,  w h ich  in v o lv e d  r o t a t i o n  o f  se g m en ts  

o f  th e  c h a in s  a ro u n d  s i n g l e  bonds h a v in g  lo w  a c t i v a t i o n  

e n e rg y  b a r r i e r s ;  a t  s lo w  d e f o r m a t io n s ,  t h e  weak s e c o n d a r y  

bonds b ro k e  when s t r e s s  was a p p l i e d .

Asmussen and  A n d e r s e n ^ ?  fo u n d  t h a t  t h e  dynam ic 

Young*s m odulus was h i g h e r  th a n  t h e  s t a t i c  m o d u lu s ,  when 

i n v e s t i g a t i n g  t h e  e f f e c t  o f  l o n g i t u d i n a l  v i b r a t i o n s  on 

c e l l u l o s i c  f i b r e s .  H um id ity  had a  l e s s e r  e f f e c t  on t h e  

dynamic th a n  on t h e  s t a t i c  m odu lus .

A n d e r s e n ^  o b s e rv e d  t h a t  th e  dynam ic Young* s 

m odulus o f  v i s c o s e  ra y o n  and c o t t o n  i n  a  f r e q u e n c y  ran g e  

o f  25 t o  40 c / s .  was much l e s s  a f f e c t e d  by c h a n g in g  

r e l a t i v e  h u m id i ty  t h a n  th e  s t a t i c  m o d u lu s .  By i n c r e a s i n g  

th e  s t a t i c  s t r a i n  t h e  m odulus o f  c o t t o n  became much more 

h u m id i ty  d e p e n d e n t ,  w h i le  t h e  ra y o n  was u n a f f e c t e d .  

I n c r e a s i n g  t e m p e r a tu r e  c au se d  a  f a l l  o f  b o th  t h e  s t a t i c  

and dynamic m o d u li  o f  r a y o n ,  b u t  o n ly  th e  s t a t i c  m odulus 

o f  c o t t o n  i n c r e a s e d .

A sound  v e l o c i t y  m ethod was em ployed by B a l lo n  and 

S i l v e r m a n ^  t o  d e te rm in e  t h e  t e n s i l e  m o d u li  o f  v i s c o s e  and 

a c e t a t e  r a y o n s ,  n y lo n  and o t h e r  y a m s  a t  f r e q u e n c i e s  o f
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10,000 c / s .  T isco se  rayon showed a decrease in  modulus 

w ith in creasin g  hum idity and tem perature; f in ish e s , in  

general had l i t t l e  e f f e c t ,  although h o ilin g  in  soap so lu 

t io n  tended to  lower the modulus.

32I t  was a lso  observed by Ghaikin and Chamberlain 

that fo r  v is c o se  rayon, human h air and nylon , a s ig n if ic a n t  

decrease in  Young1s modulus occurred in  the case of v isc o se  

and human h a ir , w hile nylon showed a sm aller decrease as 

the r e la t iv e  hum idity was ra ised  from 25 to 65$.

D unell and P rice  produced curves of dynamic Young’s 

modulus and lo s s  fa c to r  aga in st temperature fo r  v isc o se  

rayon, which were s im ila r  in  shape to those fo r  high  

polymers. The percentage in crease in  modulus and changes 

in  energy lo s s  fa c to r  were much sm aller , however, in  the 

case of v isc o se  rayon. Young’s modulus increased  by 40$ 

as the temperature was lowered from 0 to  -80°C, and a w ell 

defined energy lo s s  maximum,, ascribed  to OHgOH sid e  ch a in s, 

which did not in volve breaking of hydrogen bonds was 

observed at -40°C.

37Tokita d iscovered  another d isp ersio n  in  dry v isc o se  

rayon at 80°C. As the r e la t iv e  humidity was in creased , the 

temperatures at which the d isp ers io n  occurred s h if te d  to  

lower v a lu es . At constant temperature of 20°C and r e la t iv e
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hum idity of 66$, and over a frequency range o f 0 .047 c / s .  

to  100 k c / s . ,  no lo s s  maximum was found.
70

R ussel and van Kerpel used a to r s io n  pendulum

technique to  determine the dynamic r ig id i t y  modulus and

damping of c e l lu lo s e  a ceta te  and c e l lu lo s e  t r ia c e t a te .

Ramping peaks and a sso c ia ted  modulus changes were observed

at 175°C and -48° fo r  t r ia c e ta te  and 195°C and -55°C fo r

a c e ta te , w hile the remainder of the two curves took sim ila r

shapes. The v a r ia tio n  in  temperature of the high temperature
39tr a n s it io n  w ith a c e ty l content was stud ied  by Nakamura who

38
found, in  agreement w ith R ussel and van Kerpel that the 

tr a n s it io n  temperature decreased w ith in crea sin g  a ce ty l  

conten t. Nakamura, working at audio freq u en cies a lso  

found a mechanical lo s s  peak at 60°C in  the case of c e l lu 

lo se  t r ia c e ta te  and considered  t h is  to correspond w ith  the 

30°C tr a n s it io n  which i s  obtained in  d ila to m etr ic  measure

ment. He found no peak in  the secondary a c e ta te  curve, 

which could be co rre la ted  w ith  a 55°C tr a n s it io n  obtained  

by d ila to m etr ic  methods.

40Tokita and  Kanamoru experimented w ith m odified  

v isc o se  and a ce ta te  rayons and found that the dynamic 

to r s io n a l modulus of the v isc o se  was almost constant w ith  

temperature over the range 25 to  90°C but tended to  drop 

above 60°C. Curves represen tin g  in tern a l f r ic t io n  showed
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two p e a k s  a t  4 0 ° C and 65°C f o r  th e  v i s c o s e  and  30°C and 

50° C f o r  t h e  a c e t a t e .

T o r s i o n a l  o s c i l l a t i o n s  were u s e d  by Mackay and 

D ow nes^  t o  d e te r m in e  th e  e f f e c t  o f  th e  s o r p t i o n  p r o c e s s  

on th e  dynam ic r i g i d i t y  o f  d r y  w ool, s u d d e n ly  e x p o sed  t o  

an  a tm o sp h e re  o f  61$ r e l a t i v e  h u m id i ty .  An a lm o s t  

im m ed ia te  d ro p  i n  r i g i d i t y  o c c u r r e d  w h ich  was e x p la in e d  

th e  f a c t  t h a t  t h e  o u t e r  p a r t  o f  t h e  f i b r e  had  r e a c h e d  

e q u i l i b r i u m  w h i le  t h e  i n n e r  p a r t  had n o t ,  and  f i b r e  

d ia m e te r  was c o n s e q u e n t ly  r e l a t i v e l y  u n a l t e r e d .  M oreover 

a  t r a n s i e n t  s t r e s s  had a r i s e n  fro m  th e  d i f f e r e n t i a l  s w e l l 

i n g  d u r in g  p e n e t r a t i o n .  S u b se q u e n t  t o  t h e  d ro p ,  t h e  

i n n e r  f i b r e  s w e l le d  and m odulus i n c r e a s e d  c o n t i n u o u s l y  

w i th  h u m id i ty .  Where th e  f i b r e  was n o t  s u b j e c t e d  t o  

su ch  su dden  h u m id i ty  c h a n g e s ,  th e  s i .se  o f  t h e  d ip  was 

g r e a t l y  r e d u c e d ,  and m odulus g r a d u a l l y  d e c r e a s e d  w i th  

i n c r e a s i n g  h u m id i ty .

b) S y n t h e t i c  F i b r e s

Ree e t  a l . ^  o b se rv e d  t h a t  i n t e r n a l  f r i c t i o n  o f  

S a ra n  f i b r e s  a l t e r e d  w i th  f r e q u e n c y  i n  t h e  ra n g e  1 .7 5  t o  

3 1 .5  c / s .  They f u r t h e r  o b se rv e d  t h a t  i n t e r n a l  f r i c t i o n  

i n c r e a s e d  a s  t e m p e r a tu r e  d e c r e a s e d  from  44° t o  1 4 .8 °C ; 

be low  w hich  i t  d e c r e a s e d .  B o th  th e  dynam ic Y o u n g 's
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m odulus and t h e  s t a t i c  m odulus i n c r e a s e d  s h a r p l y  b e lo w  

17°C a t  w h ic h  t e m p e r a t u r e  a  seco n d  o r d e r  t r a n s i t i o n  

p r o b a b ly  o c c u r r e d .

43S m ith  and c o -w o rk e r s  m easu red  t h e  dynamic 

m odulus o f  O r io n  y a r n  a t  r a t e s  o f  s t r a i n  v a r y i n g  f ro m  1$ 

t o  3 0 0 ,00 0$  p e r  m in u td .  The dynamic m odulus i n c r e a s e d  

w i t h  f r e q u e n c y  i n  th e  lo w e r  r a n g e s ,  b u t  became c o n s t a n t  

above 10 k c / s .

44E y r in g  e t  a l .  s u b j e c t e d  p o ly am id e  f i l a m e n t s  t o  

f o r c e d  v i b r a t i o n  o v e r  a  f r e q u e n c y  ra n g e  o f  0 .0 6  t o  6 c / s .  

and a  t e m p e r a tu r e  r a n g e  o f  0 t o  65°C . The a p p l i c a t i o n  o f  

a  s i n u s o i d a l l y  v a r y i n g  s t r a i n  to  h i g h l y  o r i e n t a t e d  f i l a 

m ents  r e s u l t e d  i n  an e n e rg y  l o s s  p e r  c y c l e  w h ich  was 

p r a c t i c a l l y  in d e p e n d e n t  o f  f r e q u e n c y  b u t  d e c r e a s e d  a lm o s t  

e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  t e m p e r a tu r e  a t  c o n s t a n t  

f r e q u e n c y .

The dependence  o f  dynamic Young’ s m odulus and s h e a r

m odulus o f  n y lo n  66 m o n o f i la m e n ts  on t h e i r  d e g re e  o f  o r i e n t a -
45 yt i o n  was i n v e s t i g a t e d  by  Adams. Young’ s m odulus a t  66$

r e l a t i v e  h u m id i ty  was t h e  same f o r  draw r a t i o s  1 and 1 . 4 ,

b u t  t h e r e a f t e r  i n c r e a s e d  c o n t i n u a l l y  w i t h  draw r a t i o .  At

h u m i d i t i e s  g r e a t e r  t h a n  40$ r e l a t i v e  h u m id i ty ,  s h e a r

m odulus i n c r e a s e d  w i t h  draw r a t i o ,  w h i le  a t  lo w e r  h u m i d i t i e s

i t  d e c r e a s e d  w i t h  draw r a t i o .

4i
U sing  a  l o n g i t u d i n a l  v i b r a t i o n  m ethod , F u j i n o  e t  a l .



examined the v is c o e la s t ic  p ro p ertie s  of sev era l h igh

polymers and found th at the e f f e c t  of in crea sin g  the draw

r a t io  was to in crease  the dynamic t e n s i le  Young's modulus.

The e f f e c t  was a ttr ib u ted  to  la t e r a l  bonding between chains

in  the amorphous reg ion s and not to  the development of
47c r y s t a l l i s a t io n .  Kawaguchi measured dynamic parameters 

of nylon and Terylene fila m en ts and compared r e s u lt s  w ith  

those p red icted  from theory . The degree of o r ien ta tio n  

was assumed to be p r in c ip a lly  resp o n sib le  fo r  a f fe c t in g  

the m echanical p r o p e r tie s , w hile the in flu en ce  of c r y s t a l l 

is a t io n  was n e g lig ib le  in  comparison. I t  was proposed 

that Young's modulus would in crease to  a maximum value of 

5 tim es th a t of the iso tr o p ic  body as the draw r a t io  was 

in creased . On the other hand, the to r s io n a l modulus would 

decrease w ith  in creasin g  draw r a t io ,  the com pletely  

orien tated  amorphous polymer ex h ib it in g  zero to r s io n a l  

modulus.

48Thompson and Woods measured the dynamic t e n s i le  

modulus and lo s s  fa c to r  of po lyethylene terep h th a la te  f i l a 

ments having d if fe r e n t  degrees of e r y s t a l l in i t y .  At a  

frequency of 1 c / s .  the main tr a n s it io n  temperature rose  

from 80°C to  125°C, w ith  in creasin g  e r y s t a l l in i t y .  A 

second tr a n s it io n  at about -40°C , was observed, which was

le s s  a ffe c te d  by changes in  e r y s t a l l in i t y  of the polym er.- 
49Kav/aguehi examined a s e r ie s  of po lyethylene terep h th a la te



filam en ts over a temperature range of -70  to  150°C and a 

frequency range of 100-200 c / s .  The main so ften in g  region  

at 120°C was in flu en ced  by the degree of e r y s t a l l in i t y  

w hile two m echanical lo s s  maxima at 80°C and -40°C were 

a lso  observed; the la t t e r  decreased in  h eigh t and moved 

to lower tem peratures as e r y s t a l l in i t y  in creased . The 

e f f e c t  of in creasin g  the water content of the polymer 

was to  in crease  the h eigh t of the low temperature lo s s  

maximum, w ithout a f fe c t in g  the temperature at which the 

phenomenon occurred.

50The same author stud ied  the dynamic and lo s s  

moduli of a s e r ie s  of polyamides and re la ted  polymers 

over a temperature range of -140 to  200°C. At le a s t  

four d isp ersio n  reg ion s were in d ica ted , ch aracterised  by 

peaks in  the lo s s  tangent curve; at -120 , -4 0 , +90°C and 

near the m elting tem perature. The a peak r e f le c te d  the 

onset of motion of large  chain p a r ts , caused by breaking 

of in term olecu lar bridges in  the amorphous reg io n s . The
51data on the (3 process supported the view of Woodward e t  a l .  

that i t  i s  the r e s u lt  of segmental motion in vo lv in g  non

hydrogen bonded amide groups. An attempt was a lso  made to  

co rre la te  the area under the (3 peak w ith  the d en sity  

of amide groups in  the s e r ie s  of polyam ides, but fu rth er



work was n ecessary  to  draw firm  co n c lu sio n s. I t  was 

furth er observed that in  general the magnitude o f e la s t i c  

modulus rose w ith  an in crease  in  amide group con cen tra tion .

52 53Schmieder and Wolf 9 in v e s t ig a te d  the frequency  

and temperature dependence of sev era l high polymers in  

dynamic to r s io n a l experim ents. For c r y s ta ll in e  polymers 

such as polyamides and p olyethylene they found three lo s s  

peaks. A peak above room temperature was ascribed  to  

motion of the a c tiv a ted  amorphous segments, w hile the low  

temperature peaks were sa id  to be due to  the ro ta tio n  of 

CHg lin k s  in  the amorphous reg io n s .

51Woodward and co-workers stud ied  nylons 66 and 610 

and a copolymer in  the audio frequency range and at temp

eratures of -193°C to  near the m elting p o in t. D isp ersion s  

were observed in  a l l  cases at 225, 77, -23  and -77°C. The 

a peak was due to  chain m o b ility  in  the c r y s ta l l in e  regions  

the a* peak was a ttr ib u ted  to  the onset of motion of large  

chain p a r ts , the (3 (second order tr a n s it io n )  to  segmental 

motion in vo lv in g  amide groups in  the amorphous regions  

which are not hydrogen bonded.. The dependence of the 

peak on the polyamide te s ted  and i t s  proxim ity to  the low 

temperature peak of polyethylene and ce r ta in  m ethacrylate 

e s te r s ,  was in  agreement w ith  a proposal that i t  was caused
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■by t h e  o n s e t  o f  c o - o p e r a t i v e  movement o f  t h e  CHg g ro u p s  

be tw een  amide l i n k a g e s  i n  t h e  am orphous p a r t .

54.Woodward e t  a l . i n v e s t i g a t e d  sp e c im en s  o f  p o l y -  

h e x am e th y len e  a d ip a m id e  c o n t a i n i n g  b e tw ee n  0 and 6 .4 $  by 

w e ig h t  o f  w a t e r ,  o v e r  a  w ide t e m p e r a tu r e  r a n g e .  I t  was 

foun d  t h a t  w i t h  i n c r e a s i n g  w a te r  c o n t e n t ,  t h e  l o s s  p e ak  

and a s s o c i a t e d  m odulus d i s p e r s i o n  a t  -1 0 0 °C  i n  t h e  d ry  

m a t e r i a l  d e c r e a s e d ;  th e  l o s s  p e ak  and m odulus d i s p e r s i o n  

a t  100°C i n  th e  d ry  m a t e r i a l  s h i f t e d  t o  lo w e r  t e m p e r a t u r e s  

r e a c h i n g  a  v a lu e  o f  7°C f o r  6 .4 $  w a te r  c o n t e n t .  A t h i r d  

damping p e ak  a p p e a re d  a t  a b o u t  -3 0 °C , and t h e  m odulus i n  

th e  -1 2 0  t o  -2 0 °C  r e g i o n  i n c r e a s e d  w h i le  above and be low  

t h i s  ra n g e  t h e  r e v e r s e  was t r u e .

P r i c e  e t  a l . i n v e s t i g a t e d  th e  dynam ic m e c h a n ic a l  

p r o p e r t i e s  o f  n y lo n ,  p o l y e t h y l e n e  and v i s c o s e  and a c e t a t e  

r a y o n s ,  by a  f o r c e d  l o n g i t u d i n a l  v i b r a t i o n  m ethod i n  a  

f r e q u e n c y  ra n g e  o f  5 t o  50 c / s .  The dynam ic m odulus 

i n c r e a s e d  w i t h  d e c r e a s i n g  r e l a t i v e  h u m id i ty  w hich  was 

lo w e re d  from  98 t o  28$. I t  was fo u n d  t h a t  t h e  d i s s i p a t i o n  

o f  e n e rg y ,  p e r  c y c l e ,  i n c r e a s e d  w i th  i n c r e a s i n g  r e l a t i v e  

h u m id i ty .

g
Q u is tw a te r  and D u n e l l  m easu red  th e  dynam ic t e n s i l e  

and l o s s  m odulus o f  n y lo n  66 f i l a m e n t s  a t  a  c o n s t a n t  

t e m p e r a tu r e  o f  35°C, and o v e r  a  ra n g e  o f  11 t o  96$ r e l a t i v e



hum itidy. The t e n s i le  modulus increased  w ith  decreasing  

r e la t iv e  hum idity, hut was only s l ig h t ly  dependent on the 

frequency over the range covered. The lo s s  modulus was 

e f f e c t iv e ly  independent of frequency at r e la t iv e  

hum id ities between 50 to  6 0 At  lower h um id ities a 

decrease in  energy lo s s  and at higher h um id ities an in crease  

in  energy lo s s ,  occurred w ith  in creasin g  frequency. At an 

arb itrary  value of A} = 100 s e c .”  ̂ the va lu es o f the lo s s  

parameter and t e n s i le  modulus were p lo tted  aga in st r e la t iv e  

humidity. A maximum in  the energy lo s s  = Eg) la y  at

60io  r e la t iv e  hum idity. P lo tt in g  lo s s  tangent aga in st 

r e la t iv e  hum idity, the maximum sh if te d  to 2Q fo r e la t iv e  

humidity. Small v a r ia tio n s  of energy d is s ip a t io n  w ith  

changes in  frequency were such as to  suggest that the 

d isp ersion  region  extended over a wide frequency range and 

that at low humidity, an energy lo s s  maximum could be 

expected at a frequency below 1 c / s .  I t  was thought that 

an in crease in  the amount of water absorbed by the polymer 

w ith in creasin g  r e la t iv e  hum idity, led  to a p la s t ic is a t io n  

and consequent in crease in  freedom of motion of chain  

segments in  the amorphous reg ion s of the f ib r e .

56The same authors extended th e ir  work by measuring 

the same p rop erties at 9° and 60°C over the same humidity 

and frequency range (10 to  10 c / s . ) .  The dynamic
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t e n s i l e  m odulus a t  9°C was in d e p e n d e n t  o f  f r e q u e n c i e s  a t  

h u m i d i t i e s  lo w e r  t h a n  60$ b u t  i n c r e a s e d  w i t h  i n c r e a s i n g  

f r e q u e n c i e s  a t  h i g h e r  h u m i d i t i e s .  The t e n s i l e  m odulus 

was s i m i l a r l y  a f f e c t e d  by f r e q u e n c y  a t  60°C. At t h i s  

t e m p e r a t u r e ,  a  w e l l  d e f in e d  maximum i n  t h e  e n e rg y  l o s s  was 

o b s e rv e d ,  s i m i l a r  t o  t h a t  o b t a i n e d  a t  35°C b u t  a t  a  some

what lo w e r  m o is tu r e  c o n t e n t .  T h is  e f f e c t  was e x p e c te d  

i f  b o th  t h e  i n c r e a s e  i n  t e m p e r a tu r e  and m o is tu r e  c o n t e n t  

f a c i l i t a t e d  s e g m e n ta l  c h a in  m o tio n ,  and i f  su c h  m o tio n  

p ro d u ced  i n c r e a s e d  e n e rg y  d i s s i p a t i o n  up t o  a  p o i n t  a t  

w hich  f u r t h e r  i n c r e a s e  i n  e a s e  o f  m o tio n  c o r r e s p o n d e d  to  

su ch  a  d e c r e a s e  i n  i n t e r m o l e c u l a r  f o r c e s  t h a t  e n e rg y  l o s s  

d e c r e a s e d  a g a i n .  I f  a  maximum o c c u r r e d  i n  e n e rg y  l o s s  a t  

9°C, ( i t  was n o t  w e l l  d e f i n e d ) ,  i t  was n e a r  100$ r e l a t i v e  

h u m id i ty .

The dynam ic m e c h a n ic a l  and e l e c t r i c a l  p r o p e r t i e s  o f  

p o l y e t h y l e n e  were m easu red  o v e r  a  w ide t e m p e r a tu r e  ra n g e  by 

R obinson  and O a k e s '^ .  P eak s  a t  - 1 0 0 ,  0 and 70°C were 

a s s o c i a t e d  w i t h  movement o f  c e r t a i n  GE  ̂ l i n k s  i n  t h e  m ain  

po lym er c h a i n s ,  s i d e  c h a in  m o b i l i t y  and l a r g e  s c a l e  m o b i l i t y  

o f  th e  po lym er c h a in s  i n  b o th  th e  c r y s t a l l i n e  and am orphous 

p h a s e ,  r e s p e c t i v e l y .  T em p era tu re  d i f f e r e n c e s  b e tw ee n  

m e c h a n ic a l  and e l e c t r i c a l  l o s s  p e ak s  were o b se rv e d  and 

a t t r i b u t e d  t o  t h e  f a c t  t h a t  th e  fo rm e r  were o b ta in e d  a t
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200 c / s .  and the la t t e r  at 11 ,000 c / s .

58Reddish in v e s t ig a te d  the d ie le c t r ic  p ro p ertie s  of

polyethylene terep h th a la te  over a wide frequency range 
2 7(10 to  10 c / s . )  and a temperature range of -80  to 180°C.

Three d ie le c t r ic  p rocesses were id e n t i f ie d ,  and i t  was 

suggested th at one of these i s  co rre la ted  w ith m echanical 

and thermal p ro p ertie s  of the polymer and i s  th erefore  due to  

the re la x a tio n  of d ip o le s .in  the main polymer chain . A second 

process was a ttr ib u ted  to the presence of OH groups and a 

th ird  which occurred a t low freq u en cies and high tem peratures 

was a sso c ia ted  w ith  the conduction of charge through the 

m ateria l.

59Ward employed a nuclear magnetic resonance method to  

study polyethylene terep h th a la te  and re la ted  polymers which 

contained in  the g ly c o l re s id u e , between four and ten  

methylene groups. A temperature range of -180 to  200°C 

was covered. Second moment data from both the s in g le  broad 

absorption below the g la ss  tr a n s it io n  tem perature, and the 

broad component o f the composite s ig n a l above the g la s s  

tr a n s it io n  temperature suggested  th a t most of the methylene 

groups in  the stru ctu re ( i . e .  even the c r y s t a l l i t e s )  

underwent hindered ro ta tio n s  a t high tem peratures.

The nuclear magnetic resonance absorptive and dynamic 

mechanical p rop erties of T erylene, nylon and p la s t ic s  were 

student by ITohara.^ In the temperature range -  70 to 200°C



i t  was o b s e rv e d  t h a t  t h e  p -p h e n y l  ene  g roup  i n  T e r y le n e  

was h i n d e r e d  a t  a b o u t  110°C, w h e re a s  th e  two m e th y le n e  

g ro u p s  s t i l l  r o t a t e d  a t  lo w e r  t e m p e r a t u r e s .

(c )  R u b b e rs ,  P l a s t i c s  and o t h e r  f i l a m e n t o u s  P o ly m ers  

6 1E c k e r  s u rv e y e d  and i n t e r p r e t e d  t h e o r i e s  o f  t h e  

h ig h  e l a s t i c i t y  o f  m a c ro m o le c u la r  s u b s t a n c e s ,  and r e f e r r e d  

t o  m ethods o f  m e a s u r in g  p l a s t i c - e l a s t i c  b e h a v io u r  o f  h ig h  

p o lym ers  by means o f  f o r c e d  l o n g i t u d i n a l  v i b r a t i o n s .

N o l l e ^ ’ ^  u s e d  f i v e  m ethods t o  s tu d y  t h e  changes  

i n  dynam ic Young’ s m odulus and l o s s  t a n g e n t , o v e r  a  f r e q u e n c y  

ran ge  o f  0 .1  c / s .  t o  100 k c / s .  and a  t e m p e r a tu r e  ra n g e  o f  

- 6 0  t o  100°C, o f  v a r i o u s  r u b b e r - l i k e  m a t e r i a l s .  Y o u n g 's  

modulus i n c r e a s e d  w i t h  d e c r e a s i n g  t e m p e r a tu r e  and i n c r e a s i n g  

f r e q u e n c y ,  w h i le  t h e r e  was no i n d i c a t i o n  t h a t  i t  was a  

f u n c t i o n  o f  a m p l i tu d e  when m easu red  by a v i b r a t i n g  r e e d  

m ethod, w i t h  th e  e x c e p t i o n  o f  n a t u r a l  r u b b e r  whose r e s o n a n t  

f r e q u e n c y  depended  s t r o n g l y  on th e  a m p l i tu d e  o f  v i b r a t i o n .

I n  g e n e r a l  t h e r e  were t e m p e r a tu r e  r e g i o n s  i n  w h ich  t h e  l o s s  

t a n g e n t  showed maxima , w hich  were accom panied  by maximum 

r a t e s  o f  change o f  m o d u li  i n  th e  same t e m p e r a tu r e  r e g i o n .  

Dynamic m odulus a p p ro a c h e d  a  maximum v a lu e  a s  th e  t e m p e r a tu r e  

became v e r y  low  and f r e q u e n c y  v e r y  h ig h .



The f r e q u e n c y  and t e m p e r a tu r e  depen d en ce  o f  t h e  

e l a s t i c  l o s s e s  o f  n a t u r a l  r u b b e r ,  p o l y v i n y l  c h l o r i d e  

(P .V .C .)  and b u t a d i e n e - s t y r e n e  c o -p o ly m e rs  (G-.R.S.) were 

s t u d i e d  by Sack  e t  a l . ^  who u s e d  t h r e e  v i b r a t i n g  r e e d  

m e th o d s .  N a t u r a l  r u b b e r  a t  t e m p e r a t u r e s  above 20°C and 

P .V .C . , e x h i b i t e d  f r e q u e n c y  in d e p e n d e n t  l o s s e s ,  t h e  

m echanism s o f  w h ich  were n o t  f u l l y  c l e a r .  The r e s u l t s  

f o r  r u b b e r  be low  2 0 ° C, and f o r  G-.R.S. were e x p la in e d  by 

a  r e l a x a t i o n  t h e o r y .  The b e h a v io u r  o f  t h e  e l a s t i c  l o s s e s  

a l s o  r e f l e c t e d  th e  e x i s t e n c e  o f  secon d  o r d e r  t r a n s i t i o n s  

below  w hich  r o t a t i o n  o f  c h a in  segm en ts  were ham pered .

The s h e a r  wave v e l o c i t y  and a t t e n t u a t i o n  o f  G-.R.S. 

B u ty l ,  Hevea, H ycar and P a r a c r i l  r u b b e r s  were m easu red  by 

Cunningham and I v e y ^  i n  a  f r e q u e n c y  ra n g e  o f  0 .2  t o  7 m c /s .  

and t e m p e r a tu r e  ra n g e  o f  - 6 0  t o  20°C. To a  f a i r  a p p r o x i 

m a t io n  i n  t h e  rq n ge  i n v e s t i g a t e d  i t  was c o n c lu d e d  t h a t  th e  

r e a l  and im a g in a r y  p a r t s  o f  th e  dynam ic Young’ s m odulus 

were t h r e e  t im e s  th e  c o r r e s p o n d in g  v a l u e s  o f  th e  dynam ic 

s h e a r  m o d u lu s . I t  was fo u n d  a l s o  t h a t  th e  c l a s s i c a l  

S t o k e s ’ a s s u m p t io n  t h a t  t h e  b u lk  v i s c o s i t y  was n e g l i g i b l e  

i n  co m p a r iso n  t o  t h e  s h e a r  v i s c o s i t y ,  was r e a s o n a b l e  f o r  

some, b u t  h o t  a l l  t h e  r u b b e r s .

Pukada  showed t h a t  th e  c a l c u l a t e d  v a l u e s  o f



dynamic shear modulus and lo s s  tangent from creep exp er i

ments w ith  polym ethyl m ethacrylate agreed s a t i s f a c t o r i ly  

w ith those observed.

2Maxwell in v e s t ig a te d  poiym ethyl m ethacrylate and

h is  r e s u lt s  in d ica ted  th at over a temperature range of -20
- 4  2 /to 80°C, and a frequency range of 6 x 10 to  1 .6  x 10 c / s .

three re la x a tio n  mechanisms were in vo lved .

6 7G-ordon found a main peak at 160°C when examining 

the same polymer, w hile a t 70°C, a shoulder in  the energy 

curve occurred and was a ttr ib u ted  to  the CÔ Me sid e  ch a in s.

Yamamoto and Wada^ stud ied  the dynamic Young's 

modulus and lo s s  fa c to r  of polymethyl m ethacrylate, poly

styrene, nylon 6 and a p o ly e ster  ovur a temperature range 

of —70 to  90°C, at very high freq u en c ies . The tr a n s i

tio n  in  polymethyl m ethacrylate produced a lo s s  fa c to r  

d isp ersion  at -20°C.

6 9Kawaguchi found th a t the dynamic and d ie le c t r ic  

p rop erties of polycaproamide were in t r in s ic a l ly  co rre la ted . 

Over a range of -60  to  200°C, three d isp ers io n s were 

observed. A change in  dynamic modulus and the a sso c ia ted  

lo s s  maximum a t 80°C was a ttr ib u ted  to  hydrogen bonding 

w hile one observed a t -45°C was a sso c ia ted  w ith  d ip o le  

in te r a c tio n  between amide l in k s .

70Deutch, Hoff and Reddish stud ied  the dynamic and



d i e l e c t r i c  p r o p e r t i e s  o f  v a r i o u s  a c r y l i c  p o ly m e rs  and 

fo u n d  t h e s e  a l s o  t o  be i n t r i n s i c a l l y  c o r r e l a t e d .  They 

p ro p o s e d  t h e  h y p o t h e s i s  t h a t  e a c h  m e c h a n ic a l  a n d ' d i e l e c t r i c  

d i s p e r s i o n  r e g i o n  i n  a  g iv e n  p o lym er was a s s o c i a t e d  w i t h  a  

d e f i n e a b l e  s t r u c t u r a l  f e a t u r e  i . e .  a  g roup  o f  a tom s i n  t h e  

po lym er s u c h  t h a t  e a c h  g roup  gave r i s e  t o  a  m e c h a n ic a l  

d i s p e r s i o n  and i f  p o l a r ,  a l s o  t o  a  d i e l e c t r i c  d i s p e r s i o n  

i n  t h e  same t e m p e r a tu r e  r e g i o n .  The p o s s i b i l i t y  o f  t r a c i n g  

th e  same d i s p e r s i o n  fro m  one po lym er t o  a n o t h e r , p r o v id e d  

th e y  a l l  c o n ta in e d  t h e  same g ro u p , was s u g g e s t e d .

71H o ff ,  R ob in son  and W i l l b o u m 1 d e t e c t e d  f o u r  d i s p e r 

s io n s  i n  a c r y l i c  e s t e r  p o ly m e rs .  The m ain  s o f t e n i n g  

p r o c e s s  was a s s o c i a t e d  w i th  s l i p p i n g  o f  c h a in  seg m en ts  p a s t  

one a n o t h e r  and was shown t o  be i n f l u e n c e d  by th e  sh ap e  and 

s i z e  o f  th e  s i d e  c h a i n s .  The p r e s e n c e  o f  p o l a r  a tom s i n  

b o th  s i d e  and m ain  c h a i n s ,  by i n f l u e n c i n g  t h e  i n t e r c h a i n  

c o h e s iv e  f o r c e s ,  had t h e i r  e f f e c t  on t h e  m ain  s o f t e n i n g  

r e g i o n .  A s e c o n d a ry  maximum was i n f l u e n c e d  by s i d e  c h a in  

f l e x i b i l i t y ;  two low  t e m p e r a tu r e  p r o c e s s e s  a t  - 3 0  and

-150°C  were s i m i l a r l y  i n f l u e n c e d .

70
S harpe  and M axw ell ' a t t e m p te d  t o  r e l a t e  s h e a r  

m o du lus , Y o u n g 's  m odulus and P o i s s o n ' s  r a t i o  f o r  v a r i o u s  

p l a s t i c s .  G e n e r a l ly ,  a t  ^ 0 °0 ,  a g re e m e n t  be tw een  p r e d i c t e d  

and e x p e r im e n ta l  v a l u e s  o f  P o i s s o n ' s  r a t i o  was r e a c h e d .  I t



was o b s e rv e d  t h a t  p o l y s t y r e n e  a p p ro a c h e d  th e  t h e o r e t i c a l  

v a lu e  o f  P o i s s o n ’ s r a t i o  o f  a  t r u e  e l a s t i c  s o l i d ,  w h i l e  

c e l l u l o s e  t r i a c e t a t e  b u t y r a t e  a p p ro a c h e d  t h a t  o f  a  l i q u i d .

73Newman m easu red  th e  dynamic Young’ s m odulus o f  

c r y s t a l l i n e  p o l y s t y r e n e  o v e r  a  t e m p e r a tu r e  ra n g e  o f  20 to  

1 6 0 °0 . A maximum i n  damping was fo u n d  a t  120°C.

74A c co rd in g  to  S a u e r  and K l in e  p o l y s t y r e n e  e x h i b i t e d  

a  l a r g e  r i s e  i n  i n t e r n a l  f r i c t i o n  a t  80°C and an accom panying  

drop i n  m o d u lu s .  M o le c u la r  movement i n v o lv i n g  e n t i r e  

c h a in s  was th o u g h t  to  be r e s p o n s i b l e .  No l o s s  p e a k s  w ere  

e v id e n t  i n  th e  t e m p e r a tu r e  ra n g e  c o v e r e d .  T e f lo n  and 

p o ly p ro p y le n e  showed two p e a k s ,  a  room te m p e r a tu r e  p e a k  and 

d i s p e r s i o n  r e g i o n s  a t  -7 5  and 100°C r e s p e c t i v e l y .  The low  

te m p e r a tu re  p e a k  i n  t h e  c a s e  o f  T e f lo n  was a s s o c i a t e d  w i th  

a l t e r n a t i v e  c o n f i g u r a t i o n  o f  t h e  m ain  C-C l i n k s  i n  

amorphous r e g i o n s  b e tw e e n  c r y s t a l l i t e s  and was i n d i c a t i v e  

o f  a  g l a s s  l i k e  t r a n s i t i o n .

75S a u e r  e t  a l . s u b j e c t e d  r o d  l i k e  sp e c im en s  o f  

c r y s t a l l i n e  and amorphous p o ly p r o p y le n e  to  t r a n s v e r s e  

v i b r a t i o n s  and m easu red  th e  dynamic e l a s t i c  m odulus and 

i n t e r n a l  f r i c t i o n  o v e r  a  t e m p e r a tu r e  r a n g e  from  —L00°C t o  

n e a r  t h e  m e l t in g  p o i n t .  Three d i s p e r s i o n s  w ere  o b se rv e d  

-  a  h ig h  t e m p e r a tu r e  t r a n s i t i o n  a s s o c i a t e d  w i t h  l a r g e  s c a l e
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m o tio n  o f  p o ly m e r  c h a i n s ,  a  room t e m p e r a tu r e  t r a n s i t i o n  

a s s o c i a t e d  w i t h  t h e  p r im a ry  g l a s s  t r a n s i t i o n  o f  th e  amor

phous p h a se  o f  t h e  p o ly m e r ,  and a  low  t e m p e r a tu r e  t r a n s i 

t i o n  a t t r i b u t e d  t o  t h e  o n s e t  o f  s m a l l  s c a l e  c h a in  m o tio n  

i n  th e  am orphous r e g i o n s .  The low  te m p e r a tu r e  t r a n s i t i o n  

o c c u r r e d  a t  a b o u t  - 5 0 °  C i n  am orphous p o ly p r o p y le n e ,  and 

-110°G  i n  p o l y e t h y l e n e .  T h is  d i f f e r e n c e ,  i t  was s u g g e s t e d ,  

was a  r e s u l t  o f  h i n d r a n c e s  t o  m ain  c h a in  r o t a t i o n  cau sed  

by t h e  p r e s e n c e  o f  a  m e th y l  g roup on e v e ry  o t h e r  c a rb o n  

atom .

76B a c c a re d a  and B u t t a  d e te rm in e d  th e  dynam ic e l a s t i c  

m odulus and dam ping c h a r a c t e r i s t i c s  o f  s e v e r a l  p o ly th e n e s  

h a v in g  d i f f e r e n t  d e g r e e s  o f  c r y s t a l l i n i t y ,  o v e r  a  te m p e ra 

t u r e  ra n g e  o f  - 7 0  t o  + 50°C and a t  f r e q u e n c i e s  o f  be tw een  5 

and 30 k c / s .  A t r a n s i t i o n  t e m p e r a tu r e  a t  -2 4 °C , in d e p e n d 

e n t  o f  th e  d e g re e  o f  c r y s t a l l i n i t y  was n o t e d ,  b e in g  s h a r p e r  

th e  more am orphous th e  m a t e r i a l .  At t e m p e r a t u r e s  above 

t h i s ,  Y o u n g 's  m odulus i n c r e a s e d  w i t h  i n c r e a s i n g  c r y s t a l l i n 

i t y  i n  th e  case  o f  u n c r o s s - l i n k e d  o r  w eak ly  c r o s s - l i n k e d  

p o ly m e rs .  T h is  was a t t r i b u t e d  t o  o v e r l a p p in g  o f  

c r y s t a l l i t e s  w h ich  u n d e r  t h e s e  c o n d i t i o n s  fo rm ed a  more 

r i g i d  fram ew ork  th a n  th e  m o le c u l a r  segm en ts  i n  t h e  am orphous 

r e g i o n s .  Below t h e  t r a n s i t i o n  t e m p e r a t u r e ,  Y o u n g 's  m odulus 

seemed t o  be lo w e r  i n  t h e  more c r y s t a l l i n e  t h a n  i n  t h e  more
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amorphous sam ples#  I t  was s u g g e s t e d  t h a t  t h i s  c o u ld  be 

due to  s t r o n g e r  i n t e r m o l e c u l a r  f o r c e s  e x i s t i n g  i n  th e  g l a s s  

l i k e  s t a t e  o f  t h e  amorphous r e g i o n s .

77Dynamic t o r s i o n a l  m easu rem en ts  by N i e l s e n  on a

number o f p o l y e t h y l e n e  c o -p o ly m e rs  showed t h a t  th e  te m p e r 

a t u r e  o f  t h e  a t r a n s i t i o n  d e c r e a s e d  fro m  o v e r  100°C f o r  t h e  

p u re  po ly m er to  0°0 f o r  a  c o -p o ly m e r  c o n t a i n i n g  2 6 .7 $  

v i n y l  a c e t a t e .  A (3 p e a k  was d e t e c t e d  a t  —25°C, w h ich  was 

in d e p e n d e n t  o f  th e  q u a n t i t y  o f  v i n y l  a c e t a t e  w h i le  a  low 

te m p e r a tu re  p e ak  a t  -110°C  i n c r e a s e d  i n  h e i g h t  o r  te m p e r 

a t u r e  w i t h  i n c r e a s i n g  am ounts o f  c o -p o ly m e r .

70
K lin e  e t  a l . s t u d i e d  t h e  e f f e c t  o f  th e  e x t e n t  o f  

c h a in  b r a n c h in g  o f  p o l y e t h y l e n e s  on th e  v a r i o u s  d i s p e r s i o n s  

found  b e tw een  -1 9 3  and 107°C by d r i v i n g  r o d  l i k e  spec im ens  

in  t h e i r  t r a n s v e r s e  m odes. The a d i s p e r s i o n  a t  97°C 

s h i f t e d  to  h i g h e r  t e m p e r a tu r e s  w i th  d e c r e a s e d  b ra n c h in g  i n  

a c c o rd  w i t h  th e  s h i f t  i n  m e l t in g  t e m p e r a tu r e  w i t h  d e g re e  of 

c r y s t a l l i n i t y .  The p t r a n s i t i o n  a t  -43°C  d e c r e a s e d  i n  

m agn itu de  w i th  d e c r e a s e d  b ra n c h in g  and f o r  p o l y e t h y l e n e  

w h ich  h a s  n e g l i g i b l e  b r a n c h i n g ,  i t  was a lm o s t  e n t i r e l y  

a b s e n t .  T h is  s u g g e s te d  a d i r e c t  r e l a t i o n  b e tw ee n  th e  

number o f  b ra n c h  p o i n t s  and th e  s i z e  and shape  o f  t h e  

p e a k .  The d i s p e r s i o n  r e g i o n  n e a r  -103°C was s h a r p e r

and s h i f t e d  to  h i g h e r  t e m p e r a tu r e s  w i t h  d e c r e a s e d  b r a n c h in g



t h i s  was a t t r i b u t e d  t o  a  n a r r o w in g  o f  t h e  r e l a x a t i o n  

t im e s  a s s o c i a t e d  w i t h  t h e  movement o f  a  s m a l l  num ber o f  

GHg u n i t s .

The e f f e c t  o f  c r o s s - l i n k i n g  p o l y e t h y l e n e  by means

o f p i l e  r a d i a t i o n  was s t i id i e d  o v e r  a  t e m p e r a tu r e  ra n g e  o f
79-1 9 3  t o  177°C by D e e le y  e t  a l .  D e f i n i t e  c h an g e s  i n  t h e

dynamic m odulus w ere  o b s e rv e d .  T hree  m e c h a n ic a l  lo®s 

p e a k s ,  a t  - 1 0 8 ,  - 8  and 8 2 ° C w ere n o t e d .  The low te m p e r

a t u r e  p eak  i n c r e a s e d  i n  h e i g h t  and p e ak  t e m p e r a tu r e  a s  

dosage i n c r e a s e d  b u t  a t  h i g h e r  d o sa g e s  a  m arked d e c r e a s e  

i n  th e  damping o c c u r r e d .  The p e ak  a t  -8°C  d e c r e a s e d  i n  

h e ig h t  and s h i f t e d  to  h i g h e r  t e m p e r a t u r e s  w h i le  t h e  82°C 

p e a k , a t t r i b u t e d  t o  t h e  m e l t in g  o f  th e  c r y s t a l l i n e  p o r t i o n s  

o f  th e  sa m p le ,  d e c r e a s e d  i n  h e i g h t  and s h i f t e d  to  lo w e r  

t e m p e r a tu r e s  a s  i r r a d i a t i o n  dose  i n c r e a s e d .

I r r a d i a t e d  p o ly e th y le n e  was a l s o  i n v e s t i g a t e d  by 
80B u t ta  and C h a r le s b u r y  . Three  d i s t i n c t  t r a n s i t i o n s  w ere

found  a s s o c i a t e d  w i t h  th e  g l a s s y  s t a t e  (T ) s o f t e n i n g  o f

amorphous r e g i o n s  (T s ) and m e l t in g  o f  th e  c r y s t a l l i t e s

W ith  i n c r e a s i n g  d o s a g e ,  T d e c r e a s e d ,  T i n c r e a s e d ,  w h i lein
T showed a  minimum v a lu e  f o r  a  r a d i a t i o n  dose  e q u a l  toO
th e  c r i t i c a l  v a l u e .  At t e m p e r a t u r e s  above t h e  m e l t i n g  p o i n t  

o f  th e  c r y s t a l l i t e s  T , l i g h t l y  c r o s s - l i n k e d  sam p les  showed 

r u b b e r  l i k e  e l a s t i c i t y ,  b u t  h i g h l y  c r o s s - l i n k e d  sam p les  

showed th e  same dynamic b e h a v io u r  a s  h i g h l y  c r o s s - l i n k e d
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amorphous m a t e r i a l .

S c h m ied er  and W olf^2 ’ -^  c o n d u c te d  dynam ic t o r s i o n a l  

e x p e r im e n ts  on a  s e r i e s  o f  r u b b e r s ,  am orphous and  c r y s t a l l 

i n e  p o ly m ers  i n c l u d i n g  p o l y e t h y l e n e ,  p o l y v i n y l  c h l o r i d e ,  

p o l y i s o b u t y l e n e  and p o ly a m id e s .  Three  dam ping p e a k s  were 

o b se rv e d  i n  p o l y e t h y l e n e  and p o ly a m id e s ;  low  t e m p e r a tu r e  

p e ak s  were a t t r i b u t e d  t o  r o t a t i o n  o f  CHg g ro u p s  i n  am orphous 

r e g i o n s ,  and th e  h ig h  t e m p e r a tu r e  p e a k s  t o  s t r a i n s  on 

amorphous seg m en ts  w h ich  c o n s e q u e n t ly  had d i f f u s i o n a l  

m o t io n .  Amorphous p o ly m e rs  showed t r a n s i t i o n  r e g i o n s  and 

a  se c o n d ,  lo w e r  t e m p e r a tu r e  d i s p e r s i o n  cau sed  by s i d e  c h a i n s .  

When lo n g  and m o b ile  s i d e  c h a in s  were p r e s e n t  a  t h i r d  damp

i n g  peak  o c c u r r e d .

81Koppelman m easu red  th e  e l a s t i c ,  s h e a r ,  t o r s i o n a l  

and l o n g i t u d i n a l  wave m o d u li  o f  p l a s t i c i s e d  p o l y v in y l  

c h l o r i d e  o v e r  a  f r e q u e n c y  ra n g e  o f  10”  ̂ t o  4 x 1 0 ^  c / s .  The 

d i s p e r s i o n  r e g i o n s  o f  th e  d i f f e r e n t  m odu li  were fo u n d  t o  be 

a t  d i f f e r e n t  f r e q u e n c i e s ,  and th u s  th e  r e l a x a t i o n  b e h a v io u r  

depended upon  th e  ty p e  o f  s t r e s s  a p p l i e d .  The r e l a t i o n  

be tw een  th e  m o d u li  o u t s i d e  th e  d i s p e r s i o n  r e g i o n s  ( b u t  n o t  

w i t h in )  c o u ld  be e x p la in e d  by s im p le  e l a s t i c  t h e o r y .  I t  

was a l s o  fo u n d  t h a t  th e  d i s t r i b u t i o n  o f  r e l a x a t i o n  t im e s  

was d i s p l a c e d  t o  h i g h e r  f r e q u e n c i e s  i n  t h e  c a se  o f  s h e a r  

m odu lus , t h a n  i n  th e  c a se  o f  c o m p re ss io n  m o d u lu s .  A t



t e m p e r a t u r e s  above f r e e z i n g  p o i n t  th e  i n n e r  s t r u c t u r e  and  

a p p a r e n t  a c t i v a t i o n  e n e rg y  changed  c o n s i d e r a b l y  w i t h  

t e m p e r a t u r e ,  w h i le  a t  h i g h e r  t e m p e r a t u r e s  t h e  ch an g es  were 

s m a l l e r  and th e  c h a in  seg m en ts  p r o b a b ly  moved more f r e e l y .

82F i t z g e r a l d  m easu red  th e  complex s h e a r  m odulus o f  

p o ly v in y l  s t e a r a t e  b e tw ee n  50 and 5 ,0 0 0  c / s .  and fo u n d  

s e v e r a l  s h a r p  r e s o n a n c e s  i n  th e  c o m p l ia n c e .  The a p p a r a t u s  

c o n s i s t e d  o f  two s m a l l  d i s c s  o f  th e  sam ple clam ped b e tw een  

m e ta l  s u r f a c e s  and s u b j e c t e d  to  s i n u s o i d a l  dynam ic v i b r a t i o n  

i n  a  d i r e c t i o n  p e r p e n d i c u l a r  t o  th e  s t a t i c  c la m p in g  s t r e s s e s  

U s in g  th e  same a p p a r a t u s ,  Sheldon®^ m easu red  th e  complex 

s h e a r  co m plian ce  o f  f r a c t i o n a t e d  p o ly  n - d o d e c y l  m e t h a c r y l a t e  

A method o f  re d u c e d  v a r i a b l e s  gave su p e r im p o se d  c u rv e s  f o r  

th e  r e a l  and im a g in a r y  com ponents o f  th e  com plex c o m p lia n c e ,  

a g a i n s t  f r e q u e n c y ,  and f o r  c re e p  co m p lian ce  a g a i n s t  t im e ,  

e x c e p t  f o r  an anom aly be low  -2 8 °C , i n t e r p r e t e d  a s  due t o  

c r y s t a l l i s a t i o n  o f  t h e  s i d e  g ro u p s .

10I t  was shown by Kawai and T o k i t a  t h a t  th e  dynam ic 

Y oun g 's  m odulus o f  am orphous f i l m s  o f  p o l y v in y l  a l c o h o l  

i n c r e a s e d  o n ly  s l i g h t l y  a s  th e  r e l a t i v e  h u m id i ty  was r a i s e d  

t o  35$, w h e r e a f t e r ,  a  r a p i d  d e c r e a s e  o c c u r r e d ,  w h i le  t h e  

l o s s  t a n g e n t  was a lm o s t  c o n s t a n t  up t o  25$ and i n c r e a s e d  

r a p i d l y  up  t o  65$ r e l a t i v e  h u m id i ty  above w hich  i t  rem a in ed  

r e l a t i v e l y  u n a l t e r e d .  The i n t e r p r e t a t i o n  o f  th e  r e s p o n s e



o f  dynam ic Young’ s  m odulus was t h a t  w a t e r  m o le c u le s  w ere 

i n i t i a l l y  a t t r a c t e d  t o  th e  C-H r a d i c a l s  i n  t h e  am orphous 

r e g i o n s ,  h u t  a t  h i g h e r  h u m i d i t i e s  th e  e x i s t i n g  h y d ro g en  

honds were b ro k e n .

84S h in o h a r a  i n v e s t i g a t e d  t h e  t e m p e r a tu r e  dep en dence  

o f  th e  t o r s i o n a l  r i g i d i t y  and l o s s  a n g le  o f  g r a f t  p o ly m e rs  

o f  n y lo n  6. A l l  s a m p le s  showed a  r e l a x a t i o n  p e ak  a t  80°C. 

A seco n d  p eak  was o b se rv e d  w h ich  i n c r e a s e d  i n  h e i g h t  a s  

th e  d e g re e  o f  g r a f t i n g  i n c r e a s e d .  I t  was th o u g h t  p r o b a b le  

t h a t  t h e  two p e a k s  o f  t h e  g r a f t  c o -p o ly m er  were due t o  t h e  

o n s e t  o f  s e g m e n ta l  m o tio n  o f  th e  t r u n k  n y lo n  po ly m er and  

th e  g r a f t e d  v i n y l  p o ly m e r .

An e l e c t r o s t a t i c  fo rm  o f  v ib r o s c o p e  was em ployed by 

S t a u f f  and Montgomery®^ t o  d e te rm in e  th e  e f f e c t  o f  a i r  

damping on r e s o n a n t  f r e q u e n c i e s  o f  f o r c e d  v i b r a t i o n s  o f  

s t r e t c h e d  g law a  f i l a m e n t s ,  by o b s e r v in g  th e  s h i f t  i n  

f r e q u e n c y  w i th  re d u c e d  o r  i n c r e a s e d  a tm o s p h e r ic  p r e s s u r e s .

I t  was fo u n d  t h a t  t h e  f i n e r  t h e  f i l a m e n t  t h e  g r e a t e r  t h e  

s h i f t  i n  r e s o n a n t  f r e q u e n c y  b e tw een  t h a t  m easu red  i n  a i r  

and t h a t  i n  a  vacuum . The f r e q u e n c y  s h i f t s  a g re e d  w e l l  

w i th  t h o s e  p r e d i c t e d  from  S to k e s '  t h e o r i e s .  The t o r s i o n a l  

m odulus o f  g l a s s  was fo u n d  t o  be d e p e n d e n t  on t h e  a tm o sp h e re  

i n  w h ich  i t  was m e a su re d ,  by E is e h e n  . T h is  depen dence  

was a t t r i b u t e d  t o  changes  i n  th e  s u r f a c e  e n e rg y .



The E l  e x io n  o f  T e x t i l e  M a t e r i a l s

1. Ba, S t a t i c  M ethods

a) N a t u r a l ,  R e g e n e r a te d  and S y n t h e t i c  g i b  r e s  

87Sen m easu red  th e  s t a t i c  b e n d in g  m odulus o f  a  

f r i n g e  o f  j u t e  f i b r e s  by c la m p in g  them a t  one end and

c a u s in g  a  d e f l e c t i o n  a t  th e  o t h e r  w i th  an a p p l i e d  l o a d .
88W ith a  s i m i l a r  t e c h n i q u e ,  K h a y a t t  and C h am b erla in  fo u n d  

t h a t  wool had a  s l i g h t l y  lo w e r  b e n d in g  th a n  t e n s i l e  

m odulus , and t h a t  t h e  e f f e c t  o f  d e s c a l i n g  t h e  f i b r e s  was 

to  re d u c e  b o th  m o d u li  by s i m i l a r  am oun ts ;  and R o d er® ^  

m easured  t h e  f l e x u r a l  r i g i d i t y  o f  a  v a r i e t y  o f  f i b r e s  

i n c l u d i n g  v i s c o s e  and a c e t a t e  r a y o n s ,  O r io n ,  D acron  and 

p o ly a m id e s .

Kawakami and I k e d a ^  e s t a b l i s h e d  a  m ethod  o f  m ea su r

i n g  th e  f l e x u r a l  r i g i d i t y  o f  f i l a m e n t s , t h e i r  sy s te m  b e in g  

b a sed  on th e  t h e o r e t i c a l  t r e a t m e n t  o f  t h e  b e n d in g  o f  a  

beam by T.. B o u s in e s q .  R e l i a b l e  v a lu e s  i n  th e  d e n i e r  ra n g e  

1 .5  t o  15 were o b t a i n e d  w i th  s i l k ,  n y lo n  and g l a s s  f i l a m e n t s .

C a r l e n e ^  and P r i n s ^  u s e d  lo o p  m ethods t o  d e te rm in e  

f l e x u r a l  r i g i d i t i e s  o f  y a r n s .  C a r le n e  i n v e s t i g a t e d  t h e  

v a r i a t i o n  o f  f l e x u r a l  r i g i d i t y  o f  v i s c o s e  ra y o n  w i th  m ass 

p e r  u n i t  l e n g t h ,  w h i le  P r i n s  showed t h a t  th e  f l e x u r a l
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r i g i d i t y  o f  a  y a r n  was e q u a l  t o  t h e  sum o f  th e  f l e x u r a l  

r i g i d i t i e s  o f  t h e  i n d i v i d u a l  f i l a m e n t s  i n  an  u n s i z e d  y a m  

o f  low  t w i s t .

I s s h i ^  d e s c r i b e d  a  b e n d in g  t e s t e r  f o r  f i b r e s ,  y a m s  

and f a b r i c s ,  w h ich  m easu red  b e n d in g  m oments. The b e n d in g  

moment o f  c o t t o n  y a r n s  showed s t e e p  i n i t i a l  i n c r e a s e s  b u t  

l a t e r  te n d e d  t o  f a l l  w i th  c u r v a t u r e .  The b e n d in g  moment o f  

c o t t o n  f a b r i c s  had a  s l i g h t  convex te n d e n c y  to  t h e  c u r v a t u r e ,  

and i n c r e a s e d  n e a r l y  i n  p r o p o r t i o n  to  th e  b r e a d t h  o f  f a b r i c .

Dynamic and s t a t i c  m ethods f o r  d e te r m in in g  f l e x u r a l

r i g i d i t y  and b e n d in g  m od u li  o f  v i s c o s e  ra y o n  and P e r l o n  were
qa

employed by F r i e d e r m a n n ^  who c o n c lu d e d  t h a t  t h e  b e n d in g  

m odulus o f  P e r l o n ,  w h i le  in d e p e n d e n t  o f  d e n i e r ,  i n c r e a s e d  

w i th  i n c r e a s i n g  draw  r a t i o .  Dynamic m ethods y i e l d e d  h i g h e r  

v a lu e s  f o r  f l e x u r a l  r i g i d i t y  t h a n  s t a t i c  m e th o d s ,  t h e  r a t i o  

o f  t h e s e  v a l u e s  v a r y i n g  a c c o r d in g  to  th e  p a r t i c u l a r  ty p e  o f  

v i s c o s e  o r  P e r l o n  u n d e r  t e s t .

2. By Dynamic M ethods

a )  N a t u r a l  and R e g e n e ra te d  F i b r e s

QK
P e i r c e ^  u s e d  a  S e a r l e ' s  d o u b le  pendulum  t o  m easu re

th e  b e n d in g  m odulus o f  c o t t o n  f i b r e s  i n  a  f r i n g e .  U s in g
10a f r e e  v i b r a t i o n  sy s te m , he fo u n d  v a l u e s  o f  27 x  10 and 

101 4 x 1 0  dynes p e r  sq .c m . f o r  t h e  dynam ic b e n d in g  m odu li
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o f d ry  and w et c o t t o n  r e s p e c t i v e l y .

96L o ch n e r  made th e  f i r s t  e x p e r im e n t s  on t h e  dynamic 

b en d in g  p r o p e r t i e s  o f  s i n g l e  f i b r e s .  F o r  wool and a c e t a t e  

i n  f o r c e d  v i b r a t i o n ,  th e  damping c a p a c i t y  was g r e a t e r  i n  

b e n d in g  t h a n  i n  t o r s i o n .  A b s o lu te  v a lu e s  o f  dynamic 

b en d in g  m odulus f o r  q u a r t z ,  a c e t a t e ,  a r d i l ,  n y lo n  and 

c a s e i n  a re  q u o te d .

The dynamic b e n d in g  m odulus and damping c a p a c i t y  o f

w ool, u n t r e a t e d ,  a c i d  c a r b o n i s e d ,  and c a r b o n i s e d  and n e u t r a l -
97i s e d ,  w ere m easu red  by L in c o ln  a t  d i f f e r e n t  m o is tu r e  

r e g a i n s .  B ending  m odulus was fo u n d  t o  d e c r e a s e  w i th  

i n c r e a s i n g  r e g a i n ,  w h i le  damping c a p a c i t y  i n c r e a s e d  a lm o s t  

l i n e a r l y  w i t h  i n c r e a s i n g  r e g a i n .  The damping c a p a c i t y  o f  

d ry  wool was fo u n d  t o  be u n a f f e c t e d  by c a r b o n i s i n g  

t r e a t m e n t ,  w h i l e  w ool a t  10$ r e g a i n  showed a  much h i g h e r  

damping c a p a c i t y  when c a r b o n i s e d  th a n  when u n t r e a t e d  o r  

when c a r b o n i s e d  and n e u t r a l i s e d .

v a n  W y k^  e s t a b l i s h e d  t h a t  th e  dynamic b e n d in g  m o d u li  

of w o o l,  m o h a ir  and human h a i r  w ere  r e d u c e d  t o  one t h i r d  o f  

t h e i r  v a l u e s ,  from  d ry n e s s  t o  s a t u r a t i o n .  The shape o f  

th e  c u rv e  r e l a t i n g  b e n d in g  m odulus t o  a d s o rb e d  w a t e r  was

fo u nd  to  be s i m i l a r  t o  t h a t  o f  t o r s i o n a l  r i g i d i t y .  I t  was 

shown t h a t  due to  f i b r e  s w e l l in g  th e  s t i f f n e s s  o f  th e  f i b r e s  

was re d u c e d  by a p p ro x im a te ly  one h a l f  o f th e  e x t e n t  to  w h ich  

th e  ben d in g  m odulus was re d u c e d  on th e  a d s o r p t i o n  o f  w a t e r .



55.

Q

W arb u r to n  r e c o r d e d  s l i g h t l y  h i g h e r  r e s u l t s  f o r

th e  b e n d in g  m odulus o f  h o rn  k e r a t i n  i n  a d s o r p t i o n  t h a n  

i n  d e s o r p t i o n  o v e r  a  r a n g e  o f  0 t o  30$ r e g a i n .  The v a r i a 

t i o n  o f  b e n d in g  m odulus w i t h  r e g a i n  was v e r y  much g r e a t e r  

t h a n  t h a t  o f  t h e  t e n s i l e  m odulus a s  o b s e rv e d  by Woods^®

b u t  compared b e t t e r  w i t h  th e  v a r i a t i o n  o f  t o r s i o n a l
QQ 1 00

r i g i d i t y  a s  m ea su re d  by SpeaJ^man . D usenbury  e t  a l .

compared th e  dynam ic e l a s t i c  p r o p e r t i e s  o f  goose f e a t h e r

b a rb s  and down f i l a m e n t s  by means o f  a  v i b r o s c o p e .  The

e x t e n s i o n a l  p r o p e r t i e s ,  t h e  b e n d in g  and t o r s i o n a l  m o d u l i ,

o f  th e  fo r m e r  were fo u n d  to  be g r e a t e r .  The e f f e c t  o f  a i r

damping was fo u n d  to  be r e l a t i v e l y  sm a l l  b u t  s i g n i f i c a n t  i n

th e  d e t e r m i n a t i o n  o f  e r o s c  s e c t i o n a l - a r e a - a n d b e n d in g

m odulus , b u t  th e  o b se rv jea b le  e f f e c t s  i n  th e  c a se  o f  t o r s i o n

were much s m a l l e r .  I t  was o b se rv e d  t h a t  t h e  e f f e c t s  on

c ro s s  s e c t i o n a l  a r e a ,  b e n d in g  m odulus and t o r s i o n a l  m odulus

caused  by d r y i n g  th e  sam p les  from  65 t o  Ofo r e l a t i v e  h u m id i ty ,

were much g r e a t e r  th a n  th o s e  caused  by a i r  dam ping.

101G u th r ie  and c o -w o rk e rs  i n v e s t i g a t e d  th e  b e n d in g  

and t o r s i o n a l  r i g i d i t i e s  o f  s e v e r a l  f i b r e s  i n c l u d i n g  v i s c o s e  

ra y o n ,  n y lo n ,  T e ry le n e ,  O r io n  e t c . ,  t h e  fo rm e r  by b o t h  s t a t i c  

and dynamic m e th o d s ,  t h e  l a t t e r  by o n ly  a  dynam ic m ethod .

The v a lu e s  o f  dynamic b e n d in g  r i g i d i t i e s  w ere h i g h e r  t h a n  

th o s e  o b ta in e d  i n  s t a t i c  e x p e r im e n ts ,  w h i le  f o r  m ost f i b r e s ,
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t h e  t e n s i l e  m odu lus  l a y  b e tw een  th e  dynam ic and  s t a t i c

m o d u li  o f  b e n d in g .  C e r t a i n  c o n t in u o u s  f i l a m e n t s  y i e l d e d

h i g h e r  b e n d in g  and lo w e r  t o r s i o n a l  r i g i d i t i e s  t h a n  t h e i r
1 0r e s p e c t i v e  s t a p l e s .  V a lu es  o f  4 .4 ,  4 .6 ,  and 10 x  10 

dynes p e r  sq .c m . w ere  o b t a i n e d  f o r  th e  dynam ic b e n d in g  

m odu li  o f  w oo l, F i b r o l a n e  and th e  a c r y l i c  X51 r e s p e c t i v e l y  

u n d e r  c o n d i t i o n s  o f  65°/o r e l a t i v e  h u m id i ty  and 20°C.

The i n f l u e n c e  o f  a i r  damping on r e s o n a n t  f r e q u e n c y

was c a l c u l a t e d  w i t h  th e  h e lp  o f  e q u a t io n s  deduced  by S to k e s ,
»i -i op

by K arrho lm  and S h r a d e r  . E x p e r im e n ta l  v e r i f i c a t i o n  was 

p e rfo rm ed  on m odel c i r c u l a r  v i s c o s e  ra y o n  u s i n g  a  c a n t i l e v e r  

v i b r a t i o n  m ethod . I t  was shown t h a t  Young’ s m odulus by 

b e n d in g  was 1 .5  t im e s  t h a t  by s t r e t c h i n g .  V a lu es  o f  t h e  

m oduli  f o r  w ool, n y lo n  and human h a i r ,  were o b t a i n e d .  Two 

v a lu e s  o f  r e s o n a n t  f r e q u e n c y  were r e c o r d e d  a ro u n d  t h e  p r i n 

c i p l e  a x e s  o f  i n e r t i a  i n  t h e  c a se  o f  t h e  e l l i p t i c a l  h a i r s ,  

t h e  r a t i o s  o f  t h e s e  f r e q u e n c i e s  b e in g  e q u a l  t o  t h e  r a t i o s  

be tw een  t h e  a x e s  o f  t h e  e l l i p s e .

K a r r h o lm ^ ^  s t u d i e d  t h e  e f f e c t  o f  v a r y i n g  am ounts o f  

fo rm a ld e h y d e  added  t o  v i s c o s e  r a y o n  on t h e  b e n d in g ,  s t r e t c h 

i n g  and t o r s i o n a l  m o d u l i ,  and fo u n d  t h a t  a  maximum v a lu e  f o r  

e a c h  was o b t a in e d  f o r  a  5$ fo rm a ld e h y d e  c o n t e n t .  The 

r e s u l t s  i n d i c a t e d  t h a t  be low  5$, t h e  num ber o f  c r o s s - l i n k s  

i n c r e a s e d  s t e a d i l y ,  w h e rea s  above 5$, th e  l e n g t h  o f  t h e



cross-link was greater.
104Okajim a and S u z u k i  u s e d  a  v i b r a t i n g  r e e d  m ethod  to  

m easure  t h e  b e n d in g  m odulus o f  v i s c o s e  r a y o n .  The mean 

r e s o n a n t  f r e q u e n c y  o f  f o u r  r e a d i n g s  t a k e n  a t  r i g h t  a n g le s  

t o  one a n o t h e r  was u s e d  a s  a  b a s i s  f rom  w hich  to  c a l c u l a t e

th e  b e n d in g  m o d u lu s .

105S c h ro d e r  d e s c r i b e d  a  s im p le  m e c h a n ic a l  d e v ic e  

w hich  d e te rm in e d  th e  dynamic b e n d in g  s t i f f n e s s  o f  s i n g l e  

f i b r e s .  Tyre c o rd  ra y o n  was foun d  t o  be l e s s  s t i f f  t h a n  

c o t t o n  f i b r e s  u se d  i n  t y r e  c o r d s ,  b u t  th e  l a t t e r  showed a 

l a r g e r  s c a t t e r  o v e r  10 r e a d i n g s .  T h is  was a t t r i b u t e d  to  

th e  i r r e g u l a r i t y  n a t u r a l l y  i n h e r e n t  i n  th e  c o t t o n .

H orio  e t  a l . m easu red  th e  e f f e c t  o f  f r e q u e n c y  

over a  ra n g e  o f  20 t o  200 c / s .  on th e  b e n d in g  m odulus and 

v i s c o s i t y  c o e f f i c i e n t  o f  ro und  v i s c o s e  f i l a m e n t s .  Modulus 

i n c r e a s e d  s l i g h t l y  w i t h  f r e q u e n c y ,  th e  dependence  becom ing 

more p ro m in e n t  a s  t h e  o r i e n t a t i o n  o f  th e  c e l l u l o s e  i n c r e a s e d  

This dependence  was c o n s i s t e n t  w i t h  r e l a x a t i o n  m echanism s 

and a s l i g h t  i n c r e a s e  i n  m odulus w i t n  f r e q u e n c y  c o u ld  have  

s u g g e s te d  an e n e rg y  d i s p e r s i o n  a t  low f r e q u e n c i e s  (be low  

1 c / s . )  and a t  h ig h  f r e q u e n c i e s  (above  10^ 1 e / s . ) .  The l o s s  

t a n g e n t  i n c r e a s e d  l i n e a r l y  w i t h  o r i e n t a t i o n  a t  f r e q u e n c i e s  

up to  90 c / s . ,  above w h ich  i t  was in d e p e n d e n t  o f  o r i e n t a t i o n  

I t  was p ro p o se d  t h a t  w i t h  i n c r e a s i n g  o r i e n t a t i o n ,  th e  l a r g e r
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num ber o f  c r o s s - b o n d s  c a u se d  h i g h e r  r e s i s t a n c e  t o  n

s l i p p a g e  a t  low  f r e q u e n c i e s ,  w h i le  a t  h i g h e r  f r e q u e n c i e s ,  

th e y  c o u ld  n o t  a d j u s t  th e m s e lv e s  t o  r a p i d  c h a n g e s ,  and 

behavBd a s  f i x e d  p a r t s  o f  t h e  c h a in  se g m e n ts .

107H orio  and Gnogi u s e d  a  f o r c e d  v i b r a t i o n  te c h n iq u e
10to  o b t a i n  a  v a lu e  o f  3*3 x 10 dynes p e r  sq .cm . f o r  t h e  

b e n d in g  m odulus o f  c e l l u l o s e  a c e t a t e  f i l a m e n t s .  I t  was 

a l s o  n o t e d  t h a t  t h e  m odulus was i n d e p e n d e n t  o f  f r e q u e n c y  

o v e r  a  ra n g e  o f  45 to  1 1 ,0 0 0  c / s .

(b) S y n t h e t i c  Fibres

1 08W akelin  e t  a l . fo u n d  t h a t  a s  th e  draw r a t i o

i n c r e a s e d  from  one (undraw n) to  s i x ,  t h e  b e n d in g  m o d u li  o f  

n y lo n  66 and D a c ro n  i n c r e a s e d  by f a c t o r s  o f  3*5 and 5*8 

r e s p e c t i v e l y .  I t  was c o n c lu d e d  t h a t  t h e  h i g h e r  th e  draw  

r a t i o ,  t h e  l e s s  i s o t r o p i c  th e  m a t e r i a l s  re m a in e d ,  s i n c e  th e  

r a t i o s  o f  Y o u n g 's  m odulus t o  t h r e e  t im e s  s h e a r  m odulus w ere 

3 and 5 f o r  t h e  n y lo n  and D acron  f i l a m e n t s  r e s p e c t i v e l y  

w h i le  f o r  hom ogeneous, i s o t r o p i c  m a t e r i a l s  h a v in g  a  

P o i s s o n ' s  r a t i o  o f  0 .5 ,  t h i s  r a t i o ,  s h o u ld  be u n i t y .

M a r lo w ^ ^  compared th e  e f f e c t  o f  draw r a t i o  on t h e  

b e n d in g  m odulus o f  n y lo n  f i l a m e n t s  w i t h  t h e  t e n s i l e  m odulus 

o b t a in e d  by A d a m s ^ .  The c o n s i d e r a b l e  ag re em e n t b e tw een  

th e  two s e t s  o f  r e s u l t s  i n d i c a t e d  t h a t  i n  b e n d in g ,  t h e
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m odulus o f  c o m p re s s io n  was n o t  v e r y  d i f f e r e n t  f rom  t h e

m odulus o f e x t e n s i o n .  Marlow worked a t  a u d io  f r e q u e n c i e s ,

w h i le  Adams w orked  a t  0 .1  c / s .

110Gnogi and Ando u s e d  t h e  v i b r a t i n g  r e e d  m ethod  to  

m easure  t h e  f l e x u r a l  r i g i d i t i e s  o f  f i l a m e n t s ,  y a m s  and 

f a b r i c s .  F l e x u r a l  r i g i d i t y  and Y o u n g 's  m odu lus  o f  f i l a 

m ents  were u n a f f e c t e d  by com m erc ia l  s o f t e n e r s  and  t h e

m odulus o f  e l a s t i c i t y  o f  y a m s  u i a s  0 .0 2  t o  0 .0 2 5  t im e s

t h a t  o f  th e  s i n g l e  f i l a m e n t s .  Thus t h e  s o f t e n e r  d id  a p p e a r  

to  re d u c e  t h e  r i g i d i t y  o f  y a r n s .

-v-' ' ' / vxJ‘ 3-:. ■',/t3:;
■•■nA, ,

3^3:9!  In  -S ^ " * * 4 C.&nnn n -.'x

•*'tx : J.ed n ln n g  the  l i f e r s  ios.g thc l-o 'r-’-' nn- 

A&'iVv t-tmi. nbn X & tte r  i n  n

, .• Uv \r CXlC Vv- r-‘ 3^ Onn • :ii 3^.3

t  , ai-i n i^ c tn -



EXPERIMENTAL

The b a s i c  p r i n c i p l e  i n v o lv e d  i n  dynam ic  b e n d in g  

e x p e r im e n ts  c o n s i s t s  o f  f o r c i n g  a  f i b r e  i n  th e  fo rm  o f  a  

c a n t i l e v e r  i n t o  s u s t a i n e d  l a t e r a l  v i b r a t i o n  and  m e a s u r in g  

th e  r e s o n a n t  f r e q u e n c y  and th e  b a n d w id th .  T here  a r e

s e v e r a l  ways o f  d o in g  t h i s  e . g . ,

(1) by a t t a c h i n g  one end o f  th e  f i b r e  t o  t h e  d iap h rag m
1 01o f  a  t e l e p h o n e  e a r p i e c e  ( c . f . G u th r ie  e t  a l . •

and L i n c o l n ^ ) ,  o r  t o  an  e l e c t r o m a g n e t i c a l l y  e x c i t e d  d a m p  
/  11 102  \( c . f .  K arrho lm  and S c h r o d e r  ) ,  o r  t o  a  p ie z o  e l e c t r i c  

gramophone c u t t i n g  head  ( c f .  l o c h n e r ^ ) .  I n  su c h  c a s e s  

th e  clamped end o f  t h e  f i b r e  i s  u s u a l l y  m e c h a n ic a l ly  d r i v e n .

(2) by m o u n tin g  th e  f i b r e  r i g i d l y  and p l a c i n g  i n  a  sound 

f i e l d  ( c - .f .  L o c h n e r ^ )  o r  a l t e r n a t i n g  e l e c t r o s t a t i c
1 OR

f i e l d  ( c . f .  W ake lin  e t  a l . ) .  I n  su c h  c a s e s  a  d i s t u r b i n g  

f o r c e  i s  e x e r t e d  a lo n g  th e  f i b r e  l e n g t h .  L o c h n e r ^  showed 

e x p e r i m e n t a l ly  t h a t  t h e  l a t t e r  m ethods w ere b e t t e r  i n  t h a t  

th e  s h i f t  i n  r e s o n a n t  f r e q u e n c y  due t o  a i r  f r i c t i o n  was 

s m a l l e r .

I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  an  e l e c t r o s t a t i c  m ethod 

i s  u s e d ,  i n  w h ich  th e  f r e e  end o f  a  n e g a t i v e l y  c h a rg e d  f i b r e  

s i t u a t e d  b e tw een  two e l e c t r o d e s  i s  c au se d  t o  v i b r a t e  by an
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a l t e r n a t i n g  v o l t a g e .  The e f f e c t  o f  t e m p e r a tu r e  i n  t h e  

ran g e  - 7 0  t o  170°C on t h e  r e s o n a n t  f r e q u e n c y  and b a n d w id th  

o f  bone d ry  f i b r e s  was o b se rv e d  i n  t h e  f i r s t  s e r i e s  o f  

e x p e r im e n ts  w h ic h  was p e rfo rm e d  i n  v a c u o . I n  t h e  se co n d  

s e r i e s ,  t h e  r e s o n a n t  f r e q u e n c y  and b a n d w id th  o f  f i b r e s  a t  

c o n s t a n t  t e m p e r a tu r e  and i n  a  h u m id i ty  ra n g e  o f  0$  to  

90fo r e l a t i v e  h u m id i ty  w ere  m ea su re d ,  a t  re d u c e d  p r e s s u r e s  

w hich  w ere gov e rn ed  by h u m id i ty .  A l l  m easu rem en ts  o f  

r e s o n a n t  f r e q u e n c y  a r e  made i n  th e  fu n d a m e n ta l  mode o f  

v i b r a t i o n .

A p p a ra tu s  and I n s t r u m e n t s : C hanging  T em p era tu re  -  0jo
R e l a t i v e  H um id ity

The M ounting  H ead. ( se e  f i g u r e  3 ) : T h is  c o n s i s t s  o f  a

n o n -p o ro u s  d i s c  o f  B a k e l i t e ,  i n t o  w hich  and below  w h ic h ,  i s  

f i t t e d  a  g round  g l a s s  p lu g  o f  a b o u t  2 cm. d ia m e te r  a t  i t s  

b r o a d e r  end , and  j o in e d  t o  th e  B a k e l i t e  d i s c  by means o f  

A r a l d i t e  cem ent t o  g iv e  a  h e a t  and m o is tu r e  r e s i s t a n t ,  

vacuum t i g h t  j o i n t .  Copper w i r e s  (18 s . w . g . )  w h ich  c o n n e c t  

th e  e l e c t r o d e s  t o  t h e  c i r c u i t  p a s s  th r o u g h  and a r e  f i x e d  to  

th e  B a k e l i t e  t o p ,  a g a in  w i t h  A r a l d i t e .  The s p a c in g  o f  th e  

e l e c t r o d e s  i s  a d j u s t a b l e  by s im p le  b e n d in g ,  a  d i s t a n c e  o f  2 

t o  3 mm. a p a r t  b e in g  s u i t a b l e  t o  g iv e  r e a s o n a b l y  s i z e d  

v i b r a t i o n  o f  m ost f i b r e s .  A c o p p e r - c o n s t a n t a n  (40 s . w . g . )
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th e rm o c o u p le ,  whose h o t  j u n c t i o n  i s  s i t u a t e d  i n  c lo s e  

p ro x im i ty  t o  t h e  m ounted  f i b r e ,  and m e a su re s  th e  te m p e ra 

t u r e  i n s i d e  t h e  g l a s s  v e s s e l  a l s o  p a s s e s  th r o u g h  th e  

B a k e l i t e  t o p ,  i s  s i m i l a r l y  s e a l e d  w i t h  A r a l d i t e ,  and i s  

p o s i t i o n e d  b e h in d  a  c e n t r a l  e a r t h e d  c o p p e r  w i r e  (18 w .w .g . )  

on to  w h ich  t h e  f i b r e  i s  mounted by means o f  D u r o f ix .

T h is  m a t e r i a l  i s  u s e d  i n  p r e f e r e n c e  t o  m e c h a n ic a l  c la m p in g  

to  a v o id  d i s t o r t i o n  o f  t h e  f i b r e  c r o s s - s e c t i o n .  D u r o f ix  

has  t h e  added a d v a n ta g e s  o f  b e in g  h e a t  and m o is tu r e  r e s i s t 

a n t ,  q u ic k  d r y i n g ,  and i f  c a r e f u l l y  a p p l i e d ,  o f  a l l o w in g  

c le a n  em ergence  o f  t h e  f i b r e  from  i t s  p o i n t  o f  f i x a t i o n  

and c o n se q u e n t  a c c u ra c y  i n  th e  m easu rem en t o f  f i b r e  l e n g t h .  

The e a r t h e d  c o p p e r  ro d  i s  s e a l e d  to  th e  B a k e l i t e  to p  w i t h  

A r a l d i t e ,  o r  w here i t s  v e r t i c a l  movement i s  r e q u i r e d ,  w i th  

s e a l i n g  wax. V e r t i c a l  movement i s  o b t a in e d  by m anual 

a d ju s tm e n t  and a t  t h e  d e s i r e d  p o s i t i o n  t h e  ro d  i s  s e c u re d  

by means o f  a  sc rew  i n s e r t e d  h o r i z o n t a l l y  i n  th e  B a k e l i t e  

to p .

A t th e  b o t to m  end o f  t h e  ground  g l a s s  j o i n t ,  a  f i t t e d  

B a k e l i t e  d i s c  a c t s  a s  a  g u id e  and s t a b i l i s e r  by means o f  

a p p r o p r i a t e  h o l e s  d r i l l e d  i n t o  i t ,  t o  t h e  e l e c t r o d e s ,  

c e n t r a l  ro d  and th e rm o c o u p le  w i r e s .

F i b r e  E x c i t a t i o n : The m ounted f i b r e ,  w i t h  i t s  f r e e  end

s i t u a t e d  b e tw een  t h e  e l e c t r o d e s ,  i s  c h a rg e d  t o  a  p o t e n t i a l
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o f  120 v o l t s  by m eans o f  a  d ry  b a t t e r y  i n  th e  e l e c t r i c  

c i r c u i t  ( s e e  f i g u r e  4 ) .  A s t e p - u p  t r a n s f o r m e r  a m p l i f i e s  

th e  v o l t a g e  fro m  a  J a c k s o n  Audio F re q u e n c y  O s c i l l a t o r ,  

m o d i f ie d  by f i t t i n g  c o n d e n s e r s  i n  s e r i e s ,  t o  r e a d  t o  an  

a c c u ra c y  o f  0 .1  c / s .  a t  100 c / s .  and 0 .2 5  c / s  a t  400 c / s .  

The v o l t a g e  can be v a r i e d  to  a  maximum o f  400 v o l t s ,  b u t  

i t  was fo u n d  t h a t  f i n e  d e n i e r  f i b r e s  v i b r a t e d  w i th  s u f f i 

c i e n t l y  l a r g e  a m p l i tu d e s  a t  50 v o l t s ,  w h i le  t h i c k e r  wool 

and ram ie  f i b r e s  r e q u i r e d  150 v o l t s ,  i n  v a c u o .

The f r e q u e n c y  ra n g e  was c o n f in e d  to  one o f  100 c / s .  

to  400 c / s .  a l t h o u g h  th e  m ethod would work s a t i s f a c t o r i l y  

from  30 to  1 ,0 0 0  c / s .  The lo w e r  l i m i t  i s  s e t  by th e  

a m p l i tu d e  o f  v i b r a t i o n ,  w h ich  d e c r e a s e s  w i t h  i n c r e a s i n g  

f i b r e  l e n g t h  a t  a  c o n s t a n t  a p p l i e d  v o l t a g e .  S in c e  h ig h  

f r e q u e n c i e s  r e q u i r e  s h o r t  f i b r e  l e n g t h s ,  t h e  u p p e r  l i m i t  

depends upon  th e  s h o r t e s t  f i b r e  l e n g t h  w h ich  can  be 

s a t i s f a c t o r i l y  m e a su re d .

H e a t in g  System : The m o u n tin g  head  i s  i n s e r t e d  i n t o  t h e

to p  end o f  a  v e r t i c a l  g l a s s  tu b e  f i t t e d  w i t h  a  g round  g l a s s  

j o i n t  and a  s i d e  arm n e a r  th e  b o t to m  o f  t h e  tu b e  w h ich  i s  

c o n n e c te d  to  th e  vacuum pump. The tu b e  i s  h e a t  i n s u l a t e d ,  

by s u c c e s s iv e  l a y e r s  o f  a s b e s t o s  p a p e r  and a s b e s t o s  s t r i n g .  

A g round  g l a s s  j o i n t  a t  t h e  b o tto m  end o f  t h e  tu b e  h a s  a  

f l a s k  annexed  to  i t ,  w h ich  h o u se s  th e  p h o sp h o ru s  p e n to x id e
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r e q u i r e d  t o  d ry  sp e c im e n s .

H e a t in g  i s  p r o v id e d  by s u p p ly in g  th e  o u t p u t  o f  a  

c o n s t a n t  v o l t a g e  t r a n s f o r m e r  (230 v o l t s )  t h r o u g h  a  v a r i a c  

(by means o f  w h ich  t e m p e r a tu r e  can  be q u i c k l y  a l t e r e d  from  

room t e m p e r a tu r e  t o  170°C) and a  b r i d g e  ty p e  f u l l  wave 

m e ta l  r e c t i f i e r ,  t o  h e a t i n g  c o i l s  w h ich  c o n s i s t  o f  Nichrome 

r e s i s t a n c e  w i r e  u n i f o r m ly  wound a ro u n d  th e  g l a s s  t u b e .

The p u rp o se  o f  t h e  r e c t i f i e r  i s  t o  e l i m i n a t e  p o s s i b l e  i n t e r 

f e r e n c e  o f  th e  a p p l i e d  a l t e r n a t i n g  v o l t a g e  u s e d  t o  e x c i t e  

th e  f i b r e ,  by t h e  e l e c t r i c  f i e l d  from  a  50 c / s .  a l t e r n a t i n g  

c u r r e n t  i n  th e  c o i l s .

I n s u l a t i o n  i s  p r o v id e d  by a  l a y e r  o f  a s b e s t o s  p a p e r  

(betw een th e  g l a s s  tu b e  and th e  r e s i s t a n c e  w i r e )  and 

s u c c e s s iv e  l a y e r s  o f  a s b e s t o s  s t r i n g .  An e a r t h e d  p i e c e  o f  

m e t a l l i c  p a p e r  be tw een  two l a y e r s  o f  s t r i n g  p r e v e n t s  th e  

a c c u m u la t io n  o f  e l e c t r i c  c h a r g e s .  The u n i t  i s  a s se m b le d
, 1 H Z »l N

m  such  a  way a s  t o  have two windows ( — X ) on o p p o s i t e
2 8

s i d e s ,  t o  e n a b le  v ie w in g  o f  t h e  f i b r e s .  By d i r e c t i n g  a  

s t r e a m  o f  c o o l  a i r  a t  t h e  a s se m b ly ,  i t  can be r a p i d l y  c o o le d  

from  h ig h  to  room t e m p e r a t u r e .  (See f i g u r e s  5 and 5A).

C o o lin g  U n i t ; T e m p e ra tu re s  down to  -70°C  a r e  r e a c h e d  by 

means o f  a  Townsend and M erce r  Minus S e v e n ty  T h e rm o s ta t  

B a th  w h ich  u s e s  s o l i d  c a rb o n  d io x id e  a s  th e  c o o l in g  a g e n t
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and p e t r o le u m  e t h e r  a s  t h e  h e a t  t r a n s f e r  medium. The 

h a t h  h a s  a  d o u b le  g l a s s  window a t  t h e  f r o n t  th r o u g h  w hich  

th e  f ib re ;*  now removed t o  a  second  g l a s s  tu b e  i s  v ie w e d .

The 11 c o o l i n g ” tu b e  ( s e e  f i g u r e  6) h a s  a  g round  g l a s s  j o i n t  

a t  i t s  to p  end t o  accommodate th e  m o u n tin g  head  and a  

v e r t i c a l  s i d e  arm w hich  i s  c o n n ec te d  t o  th e  vacuum pump. 

P h o sp ho rus  p e n to x id e  i s  h o used  a t  th e  lo w e r  end o f  t h e  

tu b e  w h ich  t h r o u g h o u t  th e  h ig h  t e m p e r a tu r e  e x p e r im e n t  i s  

c o n n ec te d  t o  t h e  vacuum sy s te m .

V iew ing  o f t e n  becomes d i f f i c u l t  a t  v e r y  low  te m p e ra 

t u r e s  a s  t h e  p e t r o le u m  e t h e r  t e n d s  t o  become c lo u d ly  and 

condensed  m o is tu r e  fo rm s on th e  s u r f a c e  o f  t h e  window.

T h is  was overcome by d i r e c t i n g  a  s t r e a m  o f  room a i r  a t  t h e  

lo w e r  end o f  t h e  wihdow.

F i b r e  S e l e c t i o n ,  P r e p a r a t i o n  and C o n d i t io n in g

S e l e c t i o n : By c a r e f u l  m ic r o s c o p ic  e x a m in a t io n ,  s t r a i g h t

f i b r e s  o f  u n i f o rm  t h i c k n e s s  a r e  s e l e c t e d  f o r  u s e  i n  th e  

v i b r a t i o n  e x p e r im e n t s .  C onsequent c a l c u l a t i o n s  o f  Young* s 

m o d u li  demand t h e s e  p r e r e q u i s i t e s ,  s i n c e  th e y  a r e  b a s e d  on 

th e  v i b r a t i o n  o r  b e n d in g  o f  s t r a i g h t  and u n i fo rm  b a r s .

Some d i f f i c u l t y  i s  e n c o u n te r e d  w i th  wool and ram ie  b u t  

s u i t a b l e  sp ec im en s  up t o  a b o u t  1 cm. i n  l e n g t h  were o b t a i n e d .



FIG. 6.

T O V A C U U / A  PU/AP

P h o s p h o r u s
PE.NTOXIDEL

C O O L I N G  T U B E



67.

t h i s  t e m p e r a tu r e  f o r  10 m in u te s .  T h is  rem oves i n t e r n a l  

s t r a i n s  and e n a b l e s  t h e  e f f e c t  o f  t e m p e r a tu r e  t o  be c le a r ly -  

shown. The t e n s i o n i n g  w e ig h t  i s  th e n  q u i c k l y  removed and 

a f t e r  r e p l a c i n g  th e  m o u n tin g  head  i n  th e  h e a t i n g  sy s te m , 

r e s o n a n t  f r e q u e n c y  i s  checked  a t  s u c c e s s iv e  t im e  i n t e r v a l s  

t o  e n su re  t h a t  no m o is tu r e  h a s  b e en  a d so rb e d  d u r i n g  th e  

rem oval o f  t h e  w e ig h t .  M easurem ents  o f  r e s o n a n t  f r e q u e n c y  

and b a n d w id th  a re  t a k e n  a t  5 t o  10°C i n t e r v a l s  a s  th e  

t e m p e r a tu re  i s  lo w e re d  s p e e d i l y ,  a b o u t  two m in u te s  b e in g  

a l lo w e d  a t  e a c h  t e m p e r a tu r e  to  a l l o w  th e  f i b r e  t o  r e a c h  

e q u i l i b r i u m  w i t h  i t s  s u r r o u n d i n g s .  At room t e m p e r a t u r e ,  

th e  m o u n tin g  head  i s  t r a n s f e r r e d  to  t h e  c o o l i n g  tu b e  and a  

s i m i l a r  p ro c e d u re  i s  a d o p te d  u n t i l  t h e  l o w e s t  t e m p e r a tu r e  

i n  th e  e x p e r im e n t  i s  r e a c h e d .  A l l  m easu rem en ts  o f  r e s o n a n t  

f r e q u e n c y  and b a n d w id th  a r e  made i n  vacuo  .

Q u a n t i t i e s  M easured and M ethods o f  M easurem ent

R esonan t F r e q u e n c y : The f r e e  end o f  th e  f i b r e  i s  v iew ed

w i th  a  low  power m ic ro sc o p e  ( 2 .5  x 15 i n .  m a g n i f i c a t i o n  

and 2 ” o b j e c t i v e  l e n s ) .  The f r e q u e n c y  a t  w h ich  t h e  a m p l i 

tu d e  o f  v i b r a t i o n  i s  a  maximum i s  th e  r e s o n a n t  f r e q u e n c y ,  

and i s  r e a d  d i r e c t l y  from  th e  a u d io - f r e q u e n c y  o s c i l l a t o r .

The a m p l i tu d e  o f  v i b r a t i o n  i s  m easu red  a g a i n s t  a  s c a l e  i n  

th e  e y e p ie c e ,  h a v in g  100 d i v i s i o n s ,  o f  0 .0 5  mm. e a c h .
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B a n d w id th : At two f r e q u e n c i e s  s t r a d d l i n g  th e  r e s o n a n t

f r e q u e n c y ,  t h e  a m p l i tu d e  o f  v i b r a t i o n  i s  — =  o f  th e
' /  2

maximum. The d i f f e r e n c e  b e tw een  t h e s e  two f r e q u e n c i e s  

i s  t h e  b a n d w id th .

To f a c i l i t a t e  v ie w in g  o f  th e  v i b r a t i n g  f i b r e ,  a  

P h i l i p s  S t ro b o s c o p e  (Type PR9103) i s  em ployed.

F ib r e  L e n g th : A f t e r  t h e  t e m p e r a tu r e  e x p e r im e n ts  a r e  com

p l e t e d ,  t h e  l e n g t h  o f  th e  f i b r e  i s  m easu red  a t  20°C w h i le  

i n  th e  c o o l i n g  t u b e .  The low  power t r a v e l l i n g  m ic ro s c o p e ,  

w hich  r e a d s  to  0.01 mm., i s  a g a in  em ployed.

F ib r e  W e ig h t : The f i b r e  i s  removed from  th e  c e n t r a l

copper  ro d  by means o f  a  r a z o r  b la d e  and i s  c o n d i t i o n e d  f o r

24 h o u rs  a t  20°C and 65$ r e l a t i v e  h u m id i ty .  I t  i s  th e n

w eighed on a  m o d i f ie d  d o u b le  c a n t i l e v e r  b a la n c e  w h ich  r e a d s

to  0 .0 2  m ic ro  grammes. The a c t u a l  l e n g t h  o f  f i b r e  w e ighed

i s  th e  d i f f e r e n c e  b e tw een  t h e  t o t a l  l e n g t h  and  t h e  r e s i d u e

re m a in in g  on t h e  c o p p e r  ro d  on rem oval o f  t h e  f i b r e .  The

mass p e r  u n i t  l e n g t h  i s  c a l c u l a t e d  by p r o p o r t i o n  and t h e

d ry  v a lu e  i s  o b ta in e d  by a p p ly in g  th e  a p p r o p r i a t e  c o r r e c -
112

t i o n  f a c t o r  f o r  m o is tu r e  r e g a i n  J .

F ib r e  C r o s s - S e c t i o n :  A f t e r  w e ig h in g ,  a  t h r e e - s t a g e  m ethod
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i s  u s e d  t o  i d e n t i f y  t h e  c r o s s - s e c t i o n a l  sh a p e .  (When 

d e s i r e d ,  a r e a l  d im e n s io n s  a r e  m easu red  by means o f  a  400 X 

m ic ro sc o p e  w i t h  a  s q u a re  e y e p ie c e  s c a l e )

1) a t t a c h i n g  th e  f i b r e  t o  a  r o t a t a b l e  arm ( s e e  f i g u r e  6A )

and v ie w in g  h o r i z o n t a l l y  a t  d i f f e r e n t  p o i n t s  a lo n g

th e  l e n g t h  and from  d i f f e r e n t  a n g l e s .

2) b e n d in g  th e  arm th r o u g h  90° and  f o c u s s i n g  v e r t i c a l l y  

on th e  f i b r e  t i p .  An a c c u r a t e  i d e a  o f  f i b r e  sh ap e

and d im e n s io n s  i s  o b t a i n e d .

3) rem o v ing  th e  f i b r e ,  d raw in g  i t  t h r o u g h  a  c o n ic a l
/

h o le  i n  a  c o rk ,  and a d o p t in g  a  s i m i l a r  p ro c e d u re  t o  
114-t h a t  o f  S t e f f e n s  . The m o u n tin g  medium i s  UHU, a  c l e a r  

and u n ifo rm  q u ic k  d r y in g  a d h e s iv e ,  n o t  u n l i k e  D u r o f ix .  The

f i b r e  i s  r e a d i l y  i d e n t i f i e d  and r e a d i n g s  c o n f i rm  th o s e  i n

s ta g e  2),<axcept uv Dke C3.se of Pir\e fibres of ur\ifor/»\ cross secTVcw 
ujke.ne. tke_ ska.-pe. be  corvfasect witk. /rnpeo fecTTo/vs irv fk e  r>\oo/\T//\^
m.e.c(iorv. Ik  ""'■sTh/xc.es s r r o ^  0 2.) are. osecf.

Shape f a c t o r : The fo rm u la  f o r  th e  f l e x u r a l  r i g i d i t y  o f  a

f i b r e  b e n d in g  a b o u t  a  n e u t r a l  a x i s  i s  g iv e n  by

y  = & V  . E1  (11)
4 ir

where Y = f l e x u r a l  r i g i d i t y
A = c r o s s - s e c t i o n a l  a r e a  

= b e n d in g  m odulus 
g / = a  sh ape  f a c t o r  d e p e n d in g  on t h e  

c r o s s - s e c t i o n a l  sh a p e .
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S in c e  th e  f l e x u r a l  r i g i d i t y  i s  d e f in e d  a s  th e  c o u p le  

r e q u i r e d  t o  p ro d u c e  u n i t  c u r v a t u r e

Y = E<jl w here I  i s  t h e  moment o f  i n e r t i a

Thus I  = ^ 4 -  and £  = i - ' L l
4 ;' A

A2 '(N ote : f o r  a  c i r c u l a r  c r o s s - s e c t i o n ,  I  = and £  = 1 . )
4 u ®

C o n s id e r  two f i b r e s  o f  t h e  same m a t e r i a l  and o f  

e q u a l  c r o s s - s e c t i o n a l  a r e a ,  one i r r e g u l a r  i n  shape  and 

h a v in g  a  sh ap e  f a c t o r  £  and f l e x u r a l  r i g i d i t y  Y-j, t h e  

o t h e r  c i r c u l a r  i n  sh ape  and h a v in g  a  shape  f a c t o r  and

f l e x u r a l  r i g i d i t y  YQ. The b e n d in g  m o d u li  Ê _ w i l l  be th e  

sam e.

Then s i n c e  Y  ̂= and YQ = E-|1Q

where 1^ and I Q a r e  th e  r e s p e c t i v e  moments o f  i n e r t i a  

o f  t h e  i r r e g u l a r  and c i r c u l a r  c r o s s  s e c t i o n s

Y1 h  £ /—-  = —  = — — from  e q u a t io n  (11)Y i  c ' ^ '
Ao o ^ o

■but € ' = 1 . t '  = —
*0

de W it t  Smith* ^  a p p ro x im a te s  th e  a c t u a l  shape  t o  t h e  m o st 

s i m i l a r  shape  o f  w hich  th e  moment o f  i n e r t i a  can  be conven

i e n t l y  c a l c u l a t e d .  To i l l u s t r a t e  th e  m a g n i tu d e s  and th e  

ra n g e  o f  shape  f a c t o r s  w h ich  may be e x p e c te d ,  h i s  d a t a  a r e



given in Table 1.

A p p a ra tu s  and  I n s t r u m e n t s  : C hanging  H u m id ity  -  20°C

The M oun ting  H ead: The a s se m b ly  i s  s i m i l a r  t o  t h a t  u se d

i n  t h e  t e m p e r a tu r e  e x p e r im e n ts  w i t h  th e  e x c e p t i o n  t h a t  t h e  

ground  g l a s s  p lu g  i s  a b o u t  2 .5  cm. a t  i t s  b ro a d  end  (and  

th e  u n i t  c o n s e q u e n t ly  l a r g e r )  and does  n o t  r e q u i r e  a  

th e rm o c o u p le .

F ib r e  E x c i t a t i o n : The f i b r e  i s  d r i v e n  a s  i n  th e  te m p e ra 

t u r e  e x p e r im e n t s .  H ig h e r  v o l t a g e  o u tp u t  i s  r e q u i r e d  t o  

g ive  r e a s o n a b le  a m p l i tu d e s  o f  v i b r a t i o n ,  w hich  a r e  d im in is h e d  

by e x t e r n a l  dam ping, e s p e c i a l l y  a t  h i g h e r  h u m i d i t i e s .

The H um id ity  Chambers (See f i g u r e  7 ) :  A c e n t r a l  h o r i z o n t a l

g l a s s  tu b e  w i th  s i d e  a rm s, c o n n e c te d  to  th e  vacuum pump, 

accommodates a  f u r t h e r  s i x  v e r t i c a l  g l a s s  t u b e s ,  i n t o  f i v e  

o f  w h ich , m o u n tin g  h e a d s  a re  f i t t e d .  I n  t h i s  way f i v e

f i b r e s  can be t e s t e d  s im u l t a n e o u s ly .  The v e r t i c a l  g l a s s

tu b e s  have ground g l a s s  j o i n t s  a t  t h e  to p  t o  accommodate 

th e  m o u n tin g  h e a d s ,  and s i d e  arms w i th  h ig h  p r e s s u r e  r u b b e r  

t u b in g  (a b o u t  2 i n c h e s  i n  l e n g t h )  s e a l e d  to  them  by s e a l i n g  

wax. H igh vacuum s i l i c o n e  g re a s e  i s  u se d  t o  e n s u re  a  

vacuum t i g h t  s e a l  b e tw een  t h e  f r e e  end o f  th e  r u b b e r  t u b i n g



Table 1.
Shape F a c t o r s  o f  T y p ic a l  F i b r e  C r o s s - S e c t i o n s

R a t io
m a jo r  Beam S e c t i o n  D im ensions  F o rm ula  Shape 

bnape R e se m b lin g  a c t u a l
a x i s  F i b r e  S e c t i o n  M icrons  M. o f  I  F a c t o r

k

1 . 0  v

1 .1 8

1.98

CO 5-05

3 .8 8

1.11

1 . 1 0

 ̂ a  
b

* h
K
V

- - E E Z 3 -

 I - J .  H
V* ft >

h
b

h
b

h
H

,b
B

k/i>
q _ >  h

b

7.00 H  - - --zh-
h
b

2 3 .2 TTd4
£ 4

1

10 .5 6
12 .6 7

TTa^b
4 0 .8 2

14.51
29 .02

bh3
12

0 .5 2

11 .8 5
35 .5 5

bh^
12 O.3 4

1 0 .2 6  
4 1 .0 4

bh^
12

0 .2 6

12 .97  
2 5 .9 4

6 .4 8
12 .97

BH^ + bh? 
12 1.41

11 .8 5  
2 3 .7
11 .8 5
11 .8 5

Bfl? + bh^ 
12

1 .0 4

7 .7 5
54 .25

bh^
12 0 .1 5

C O ~  ^ 3  - Y  - ib( y> n C a ^ b - a ^ ^  )

bh^
36

0 .3
app rox ,

1 .5approx ,
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and th e  s i d e  arm s o f  t h e  h o r i z o n t a l  t u b e .  The v e r t i c a l  

tu b e s  a r e  t h u s  e a s i l y  re m o v a b le .  The d e s i r e d  h u m id i ty  i s  

o b t a i n e d  by u s i n g  an  a p p r o p r i a t e  s a t u r a t e d  s a l t  s o l u t i o n  

w hich  i s  c o n ta in e d  i n  th e  b o t to m  o f  t h e  tube£  A r e c o r d i n g  

H ygrom eter (G reg o ry  e l e c t r o l y t i c )  i s  f i t t e d  i n t o  t h e  s i x t h  

tu b e ,  w h ich  i s  c e n t r a l l y  p l a c e d ,  t o  check  th e  h u m id i ty .

F i b r e  S e l e c t i o n ,  P r e p a r a t i o n  and C o n d i t io n in g  

S e l e c t i o n  and P r e p a r a t i o n : -  a s  i n  t e m p e r a tu r e  e x p e r im e n t s .

C o n d i t i o n i n g : Mounted f i b r e s  a r e  c o n d i t i o n e d  f o r  48 h o u rs

a t  room te m p e r a tu r e  and i n  vacu o  o v e r  p h o sp h o ru s  p e n to x i d e .  

D ryn ess  i s  checked  by th e  r e s o n a n t  f r e q u e n c y  m ethod a s  

b e f o r e .  24 h o u r s  a r e  a l lo w e d  f o r  t h e  f i b r e  t o  r e a c h  

e q u i l i b r i u m  w i t h  i t s  s u r r o u n d in g  medium f o r  a l l  r e l a t i v e  

h u m i d i t i e s  above 0?o.

P ro c e d u re

The r e s o n a n t  f r e q u e n c y  and b a n d w id th  o f  t h e  d ry  

f i b r e s  (Oft r e l a t i v e  h u m id i ty )  i n  v a c u o , a r e  n o t e d .  The 

p r e s s u r e  i s  a l s o  m easu red  by means o f  a  m e rc u ry  m anom eter, 

w hich  i s  c lo s e d  a t  one end , t h e  h e i g h t  d i f f e r e n c e  b e in g  

r e a d  w i t h  a  c a t h e t o m e t e r  ( 2 .5  x  15 i n .  m a g n i f i c a t i o n  and 

2 i n .  o b j e c t i v e  l e n s )  t o  an  a c c u ra c y  o f  0 .01  mm. The tu b e s
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w i th  th e  f i b r e s  a r e  removed from  th e  c e n t r a l  h o r i z o n t a l
kaLV/fN.̂  b«.erv.

t u b e ,  a»4 s e a l e d -  t o  e x c lu d e  th e  p o s s i b i l i t y  o f  m o i s tu r e  

a d s o r p t i o n  by th e  f i b r e s  f ro m  th e  a tm o s p h e re .  T h is  

e n s u r e s  t h a t  t h e  co m p le te  s e t  o f  r e a d i n g s  f ro m  0 t o  90$ 

r e l a t i v e  h u m id i ty  i s  o b t a i n e d  on th e  a d s o r p t i o n  c y c l e .

(A room a tm o sp h e re  o f  65$ r e l a t i v e  h u m id i ty  t o  w h ich , 

w i th o u t  th e  above n e c e s s a r y  p r e c a u t i o n ,  t h e  f i b r e s  would 

be e x p o se d ,  w ould  mean t h a t  on g o in g  fro m  0 t o  10$ r e l a t i v e  

h u m id i ty  f o r  exam ple , i n  th e  ru n ,  t h e  f i b r e s  may a d s o r b  

s u f f i c i e n t l y  t o  n e c e s s i t a t e  d e s o r p t i o n  b e f o r e  e q u i l i b r i u m  

r e g a i n  i s  r e a c h e d  d u r in g  c o n d i t i o n i n g  a t  10$ r e l a t i v e  

h u m i d i t y ) .

A se co n d  a u x i l i a r y  s e t  o f  v e r t i c a l  t u b e s ,  c o n t a i n i n g  

a  s a t u r a t e d  s a l t  s o l u t i o n  t o  g iv e  th e  a p p r o p r i a t e  r e l a t i v e  

h u m id i ty  ( e . g .  z i n c  c h l o r i d e  1 0 $ ) ,  and h a v in g  s t a n d a r d  

g round  g l a s s  s t o p p e r s  i n  p l a c e  o f  m o u n tin g  h e a d s  i s  now 

a t t a c h e d  t o  th e  c e n t r a l  t u b e .  The p r e s s u r e  i n  th e  sy s tem  

i s  r e d u c e d  by means o f  th e  vacuum pump, w h ich  i s  d i s c o n n e c te d  

from  t h e  sy s te m  o n ly  when r e a c t i o n s  due t o  b o i l i n g  o f  t h e  

s o l u t i o n  have c e a s e d .  The m o u n tin g  h e a d s  a r e  t h e n  s a f e l y  

t r a n s f e r r e d  t o  t h e  sy s te m  w i th o u t  f e a r  o f  c o n ta m in a t io n  by 

d r o p l e t s  o f  th e  s o l u t i o n  on r e - a p p l i c a t i o n  o f  t h e  vacuum 

pump. The p r e s s u r e  i s  a g a in  re d u c e d  u n t i l  t h e  l o w e s t  

p o s s i b l e  p r e s s u r e  i s  reacbacU  w hereupon th e  sy s te m  i s



i s o l a t e d  by  m eans o f  a  t a p ,  and t h e  vacuum pump d i s c o n n e c t e d .  

A f t e r  24 h o u r s  i n  p a r t i a l  p r e s s u r e ,  m ea su re m e n ts  a r e  r e c o r d 

ed a s  b e f o r e ,  and  t h e  p r o c e s s  i s  r e p e a t e d  up  t o  t h e  h i g h e s t  

h u m id i ty .

Q u a n t i t i e s  M easured  and M ethods o f  M easurem ent

R eso n an t  F re q u e n c y  and B a n d w id th ; -  a s  i n  t e m p e r a tu r e  

e x p e r im e n t s .

F ib r e  L e n g th ,  O r o s s - s e c t i o n  and S p e c i f i c  G r a v i t y : The

f i b r e  l e n g t h  and c r o s s - s e c t i o n  o f  th e  3 f i b r e s  t o  be 

exam ined a r e  m easu red  a t  20°C, 65$ r e l a t i v e  h u m id i ty .

T a lu e s  a t  r e m a in in g  h u m i d i t i e s  a r e  g o t  from  d a t a  g iv e n  by 

King"*"*^ f o r  s p e c i f i c  g r a v i t y ,  S p e a k m a n ^  f o r  f i b r e  l e n g t h ,
Q

and W arburton  f o r  d i a m e te r  i n  th e  c a se  o f  w ool.

117I n  t h e  c ase  o f  n y lo n ,  th e  d a t a  by  S ta r k w e a th e r  *J h r .  '
118f o r  s p e c i f i c  g r a v i t y ,  and A b b o tt  and Goodings f o r  l e n g t h  

and d ia m e te r  a r e  u s e d ,  w h i le  f o r  v i s c o s e ,  th e  d a t a  o f  

M eredith"*5 f o r  l e n g t h  and d ia m e te r  and  t h e  same author"*"*^ 

f o r  s p e c i f i c  g r a v i t y  a r e  u s e d .



C a l i b r a t i o n s  and I n s t r u m e n t  C hecks

A u d io -F re q u e n c y  O s c i l l a t o r : The m o d i f ie d  J a c k s o n

O s c i l l a t o r  was s t a n d a r d i s e d  and c a l i b r a t e d  a g a i n s t  a  

S ta n d a rd  M uirhead  (Type D-0650-B) O s c i l l a t o r  by  L i s s a j o u s  

f i g u r e s .

W aveform: The a l t e r n a t i n g  v o l t a g e  a c r o s s  t h e  e l e c t r o d e s

was a n a ly s e d  on a  C athode Ray O s c i l lo s c o p e  and fou nd  t o  be 

s i n u s o i d a l  th r o u g h o u t  th e  f r e q u e n c y  ra n g e  100 t o  500 c / s .

T h erm o co u p les The th e rm o c o u p le  i s  c a l i b r a t e d  on a  Scalamp 

G a lv an o m ete r  a g a i n s t  a  S ta n d a rd  M ercury  Therm om eter above 

room te m p e r a tu re *  The t e m p e r a tu r e  r e a d  from  t h e  g a lv a n 

o m e te r ,  p l u s  th e  room te m p e r a tu r e  g i v e s  th e  a c t u a l  te m p e r

a t u r e .  A S ta n d a r d  A lc o h o l  Therm om eter was u se d  d i r e c t l y  

t o  r e a d  t e m p e r a t u r e s  be low  room t e m p e r a t u r e .

Vacuum: I n  t e m p e r a tu r e  e x p e r im e n t s ,  p r e s s u r e s  w ere

r e c o r d e d  on a  P i r a n i  (Type 7-2A) Vacuum Balanced Gauge.

I n  h u m id i ty  e x p e r im e n t s ,  p r e s s u r e s  w ere  r e c o r d e d  

on a m erc u ry  m anom eter, a s  d e s c r i b e d  e a r l i e r .  The 

manom eter was s t a n d a r d i s e d  a g a i n s t  a  M acleod Gauge.



76

In v e s t ig a t io n s  and R esu lts

S i n g l e  f i b r e s  w ere  u se d  t h r o u g h o u t  th e  i n v e s t i g a t i o n s , 

and  c h a r a c t e r i s t i c s  b e in g  g i v e n  b e lo w .th e ir  sources

Fibre  

+ Wool, Lincoln

S ilk ,

Fibrolane

Ramie

* Viscose rayon

Fortisan  

Acetate f ib r e  

T ricel

* Acrilan A 

? Acrilan B

* Uylon 66 

Polypropylene 4 .8

Source

Staple f ib r e ,  4 0 ’s q u a li ty ,  
length  5 -1 5 M

te x  1 . 2 ( l l ) / s / 2 0  t .p .m .
yarn.

te x  25/Z/150 x 2 / s / l 2 0  
t .p .m . yarn.

s ta p le  f ib r e ,  len g th  3- 7 " .

te x  l l (4 0 j /s /9 6  t .p .m .  
yarn.

te x  200(1100)/2^100 t .p .m .  
yarn.

tex  3 3 (5 0 ) /s /6 2  t .p .m .  
yarn.

s ta p le  f ib r e ,  average 
len g th , 4-£-" .

3  2

s ta p le  f ib r e ,  average 
len g th , 1 AAr»» .

s ta p le  f ib r e ,  average 
le n g th ,  l&£-»»

3 2

tex  l l ( 3 4 ) / z / 3 0  t .p .m .
yarn.

tex  2 2 (4 0 ) /s /5 6  t  • p.m. 
yarn.

Average f in e n e ss  
(microgrammes/cm.)

24.6  

1*3

5 .7

8 .5

2 .7

1 . 6

6.5

13.6

3.6

3.7

3.8

+ Used in  both temperature' and humidity experiments.
* Used in humidity experiments only.
Other fibres: used in temperature experiments only.

t  Two chemically identical forms of Acrilan, but products 
of differing manufacturing processes.



T e m p e ra tu re  E x p e r im e n ts

A l l  t e m p e r a tu r e  e x p e r im e n ts  a r e  p e r fo rm e d  i n  v a c u o , 

th e r e b y  e l i m i n a t i n g  e f f e c t s  c au se d  by a i r  dam ping . B e fo re  

p r o c e e d in g  i t  i s  t h e r e f o r e  n e c e s s a r y  to  e s t a b l i s h  w hat 

vacuum p r e s s u r e s  m u st  be a t t a i n e d  b e f o r e  e x t e r n a l  dam ping  

e f f e c t s  can  be c o m p le te ly  i g n o r e d .  A c o n v e n ie n t  m ethod 

of m aking  su c h  a  s t u d y  i s  to  o b se rv e  th e  a m p l i tu d e  o f  

f i b r e  v i b r a t i o n  a t  r e s o n a n c e  a s  t h e  p r e s s u r e  o f  th e  medium 

s u r r o u n d in g  th e  f i b r e  i s  r e d u c e d .

E f f e c t  o f  P r e s s u r e  on A m p l i tu d e .

Dry sp e c im en s  o f  wool and F o r t i s a n  a r e  exam ined i n  

s u c c e s s iv e  e x p e r im e n t s .  The vacuum p r e s s u r e  i s  o b s e rv e d  

from  th e  P i r a n i  gauge and n o t e d ,  and a t  e a c h  p r e s s u r e  th e  

a m p l i tu d e  o f  f i b r e  v i b r a t i o n  a t  r e s o n a n c e  i s  m e a su re d .

The r e s u l t s  i n  T ab le  2 show t h a t  f o r  e a c h  f i b r e  th e  a m p l i 

tu d e  i n c r e a s e s  w i t h  d e c r e a s e  i n  p r e s s u r e  u n t i l  a  p r e s s u r e  

o f  0 .0 2  mm. m erc u ry  i s  a t t a i n e d ,  be low  w hich  t h e  a m p l i tu d e  

rem a in s  c o n s t a n t .

1 o?E a rrh o lm  and S c h r o d e r '  deduced  t h a t  th e  i n f l u e n c e  

of a i r  dam ping d e c r e a s e s  w i th  i n c r e a s i n g  f i b r e  d i a m e t e r  

u s in g  c i r c u l a r  v i s c o s e  f i l a m e n t s  w h i le  S t a u f f  and Mont

gomery8  ̂ r e a c h e d  a  s i m i l a r  c o n c lu s io n  u s i n g  s t r e t c h e d  g l a s s



Table 2

E f f e c t  o f  P r e s s u r e  on A m p litu d e

F o rtisan g Q O g

Wool20°C

P r e s s u r e ,  mm.Hg. A m p litu d e  o f  V i b r a t i o n  a t
R e so n a n t  F re q u e n c y ,  mm.

0.150
0 .0 8 0

0 .0 5 5
0 .0 J 8
0 .0 2 8
0 .0 2 2
0 .0 1 8
0 .0 1 5
0 .0 1 0

1 . 1 0
1 .4 5
1 .6 2
1 .7 0

1 .8 5
1 .9 2
2 .0 0
2 .0 0
2 . 0 0

0 .0 32
0 .0 2 5
0.020
0 .0 1 7

1 .0 2 5
1 . 03 0
1 .032
1 .032



f i l a m e n t s .  S in c e  F o r t i s a n  i s  t h e  se co n d  f i n e s t  f i l a m e n t  

u se d  i n  t h i s  i n v e s t i g a t i o n ,  and o n ly  s l i g h t l y  h e a v i e r  

th a n  s i l k ,  i t  i s  r e a s o n a b l e  t o  assume t h a t  no f i b r e  

t e s t e d  i s  s u b j e c t  t o  a m p l i tu d e  v a r i a t i o n s  b e low  0 .0 2  mm. 

m e rc u ry .  As a  p r e c a u t i o n a r y  m e a su re ,  s u b s e q u e n t  

t e m p e r a tu r e  e x p e r im e n ts  a r e  p e r fo rm e d  a t  0 .0 1  mm. m e rc u ry  

p r e s s u r e .

I t  h a s  p r e v i o u s l y  b e en  im p l i e d  t h a t  w here  l a r g e  

d e f o r m a t io n s  a r e  i n v o lv e d ,  n o n - l i n e a r  e f f e c t s  i n  th e  

spec im en  may o c c u r .  C l e a r l y ,  th e  a m p l i tu d e  o f  v i b r a t i o n  

a t  th e  f r e e  end a f f e c t s  th e  a m p l i tu d e  o f  dynamic s t r a i n  

a t  th e  f i x e d  en d . I t  i s  t h e r e f o r e  n e c e s s a r y  t o  e s t a b l i s h  

w h e th e r  t h e  dynamic b e n d in g  m odulus and l o s s  t a n g e n t  a r e  

a f f e c t e d  by d i f f e r e n t  d e f l e d t i o n s  o f  t h e  f r e e  end o f  th e  

f i b r e .

E f f e c t  o f  A m plitu de  on Dynamic B end ing  M odulus

and L oss  T a n g e n t .

Dry sp ec im en s  a r e  f o r c e d  i n t o  r e s o n a n c e  a t  w hich  

p o i n t  m easu rem en ts  o f  r e s o n a n t  f r e q u e n c y  and b a n d w id th  

a r e  made. The a m p l i tu d e  o f  v i b r a t i o n  o f  t h e  f i b r e  i s

r e c o r d e d .  By i n c r e a s i n g  th e  v o l t a g e  o u tp u t  from  th e

a u d io —f r e q u e n c y  o s c i l l a t o r ,  t h e  a m p l i tu d e  o f  v i b r a t i o n  i s  

e n l a r g e d ,  and th e  same r e a d i n g s  a r e  t a k e n .  T ab le  3 

i l l u s t r a t e s  t h a t  o v e r  a  r e a s o n a b le  t e m p e r a tu r e  ra n g e  th e



Table 3 »

E f f e c t  o f  A m p litu d e  on Dynamic B end in g  M odulus and L o ss  T an g en t

A m p li tu d e ,  mm. R e so n a n t  F re q u e n c y ,  c / s  L o ss  T an g en t

Wool. L e n g th  = 0 .9 2  cm.
88°C

58°C

0 .5 5 0 179 .3 0 .0 1 7 5
0 .8 2 5 1 8 0 .0 0 .0 1 8 0
0 .9 2 5 1 7 9 .5 0 .0 1 7 5

O .55O 18 8 .6 0 .0 2 5 7
0 .5 5 0 1 8 9 .0 0 .0 2 5 0
0 .6 5 0 1 8 9 .0 0 .0 2 5 4

F o r t i s a n  L e n g th  = 0 .6 0  cm.
165°C

0 . 6 5 0  166*3 0 .0 4 6 0
1 .0 0 0  1 6 6 .4  0 .0 4 5 0
1 .4 0 0  1 6 6 .5  0 .0 4 5 0

121°C

84°C

0 .8 0 0  1 8 7 .4  0 .0 2 2 5
1 .3 0 0  187-3  0 .0 2 1 8
1 .7 5 0  187-3  0 .0 2 2 0

0 .8 0 0  1 9 8 .2  0 .0 1 3 0
1 .2 0 0  198-3  0 .0 1 2 9
1 .6 5 0  198 .3  0 .0 1 3 0



a m p l i tu d e  o f  v i b r a t i o n  d oes  n o t  a f f e c t  t h e  r e s o n a n t  

f r e q u e n c y  (and  h ence  t h e  dynamic b e n d in g  m odu lus)  o r  t h e  

l o s s  t a n g e n t .  S u f f i c i e n t  a c c u ra c y  can  be a c h ie v e d  by 

v i b r a t i o n a l  a m p l i tu d e s  o f  0 .5  mm. (10 e y e p ie c e  d i v i s i o n s ) ,  

w h i le  a  c o n v e n ie n t  maximum a m p l i tu d e  o f  1 .5  mm. (30 e y e 

p i e c e  d i v i s i o n s )  i s  g o v ern ed  by th e  s p a c in g  o f  t h e  

e l e c t r o d e s .  Hence, f o r  th e  p u r p o s e s  o f  t h i s  i n v e s t i g a t i o n ,  

th e  dynam ic p a r a m e te r s  a r e  in d e p e n d e n t  o f  t h e  a m p l i tu d e  o f  

v i b r a t i o n .

The e f f e c t  o f  f r e q u e n c y  on dynamic p r o p e r t i e s  may be 

q u i t e  c o n s i d e r a b l e  a s  h a s  been  p r e v i o u s l y  i n d i c a t e d ,  and 

w i th  r e s p e c t  t o  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h r e e  f a c t o r s  

m ust be t a k e n  i n t o  c o n s i d e r a t i o n .

1) As th e  dynam ic p r o p e r t i e s  v a r y  w i t h  t e m p e r a t u r e ,  so  

do th e  n a t u r a l  f r e q u e n c i e s  o f  sp e c im en s  u n d e r

o b s e r v a t i o n  chang e ; c o n s e q u e n t ly  t h e  im posed  f r e q u e n c y  

r e q u i r e d  f o r  r e s o n a n c e  w i l l  be s u b j e c t  to  a  c o r r e s p o n d in g  

v a r i a t i o n .

2) C o n s id e r in g  two f i l a m e n t s  o f  t h e  same m a t e r i a l ,  t h e n  

p r o v i d i n g  t h e i r  p h y s i c a l  d im e n s io n s  a r e  i d e n t i c a l ,

th e y  w i l l  have e x a c t l y  th e  same r e s o n a n t  f r e q u e n c i e s .  

However,' i t  i s  in d e e d  a  r a r e  phenomenon t h a t  su c h  a  s i t u a 

t i o n  sh o u ld  e x i s t ,  and i n  con seq uence  d i f f e r e n t  sam p le s  o f



th e  same m a t e r i a l  w i l l  hav e  d i f f e r e n t  r e s o n a n t  f r e q u e n c i e s .

3) Add t o  t h i s  th e  f a c t  t h a t  when t a k i n g  sam p le s  f ro m  a

group  o r  b u n d le ,  w i t h o u t  r i g i d l y  c o n t r o l l i n g  th e  l e n g t h  

o f sp e c im en , f u r t h e r  d i f f e r e n c e s  i n  r e s o n a n t  f r e q u e n c y  w i l l  

o c c u r .

I t  i s  p l a i n  t h e r e f o r e  t h a t  a  r a n g e  o f  f r e q u e n c i e s  

w i l l  be c o v e re d  f o r  e a c h  f i b r e  t e s t e d ,  and i t  i s  n e c e s s a r y  

to  d e te rm in e  w h e th e r  o r  n o t  th e  dynamic b e n d in g  m odulus 

and e n e rg y  l o s s  a r e  d e p e n d e n t  on f r e q u e n c y .

E f f e c t  o f  F re q u e n c y  on Dynamic B ending  Modulus

and L oss T an g e n t.

The r e s o n a n t  f r e q u e n c y ,  b a n d w id th  and l e n g t h  o f  a  d ry  

f i b r e  a re  m easu red  i n  v a c u o . A p o r t i o n  o f  th e  f i b r e  

i s  s e v e r e d ,  and th e  m easu rem en ts  a r e  r e c o r d e d  once m ore.

The p r o c e s s  may be r e p e a t e d  s e v e r a l  t im e s ,  b u t  s i n c e  th e  

au d io  f r e q u e n c y  o s c i l l a t o r  i s  a c c u r a t e  o n ly  i n  th e  ran g e  

100 to  400 c / s .  , a  w ide ra n g e  o f  f i b r e  l e n g t h s  c a n n o t  be 

c o v e re d .  I t  i s  fo u nd  t h a t  w i t h i n  t h i s  r a n g e  th e  p r o d u c t  

o f l e n g t h  and th e  r o o i p r o o a l  -of t h e s q u a re  r o o t  o f  r e s o n a n t  

f r e q u e n c y  i s  r e l a t i v e l y  c o n s t a n t .  Such v a r i a t i o n s  a s  do
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o c cu r  may be a t t r i b u t a b l e  t o  s m a l l ,  i n h e r e n t  i r r e g u l a r i t i e s  

i n  t h e  f i b r e .  The f a c t  t h a t  s t r a i g h t  l i n e s  p a s s i n g  

th ro u g h  th e  o r i g i n  a r e  o b t a in e d  s u g g e s t s , h o w e v e r , n o t  o n ly  

t h a t  th e  dynamic b e n d in g  m odulus i s  i n d e p e n d e n t  o f  f r e 

quency i n  th e  r a n g e  1 0 0 -4 0 0  c / s . ,  b u t  a l s o  t h a t  th e  i n h e r e n t  

i r r e g u l a r i t i e s ,  w i t h  c a r e f u l l y  s e l e c t e d  f i b r e s ,  may be v e r y  

s m a l l .

V a lu e s  o f  l o s s  t a n g e n t  f o r  s e v e r a l  o f  th e  f i b r e s  a r e  

r e l a t i v e l y  c o n s t a n t  and show no d e f i n i t e  te n d e n c y  e i t h e r  

t o  i n c r e a s e  o r  d e c r e a s e  a t  d i f f e r e n t  f r e q u e n c i e s .

The r e s u l t s ,  (T a b le  4 and f i g u r e  8) a r e  i n  a c c o rd a n c e

w i th  p r e d i c t i o n  s i n c e  f r e q u e n c y  d i s p e r s i o n s  o c c u r  o v e r
28v e ry  w ide r a n g e s .  The r e s u l t s  o f  F u j in o  e t  a l . (T a b le  5) 

i n d i c a t e  t h i s  q u i t e  c l e a r l y .  • Dynamic Young’ s m odulus was 

in d e p e n d e n t  o f  f r e q u e n c y  e x c e p t  i n  th e  s u p e r s o n i c  r a n g e ,  

where i t  showed a  t e n d e n c y  t o  r i s e  w h i le  th e  l o s s  t a n g e n t  

te n d e d  to  i n c r e a s e  a t  v e ry  low and v e ry  h ig h  f r e q u e n c i e s  

e x c e p t  i n  th e  c a s e  o f  s i l k .

Those v a r i a b l e s  w h ich  may a r i s e  a s  a  co n seq u e n ce  o f  

e x p e r im e n ta l  c o n d i t i o n s  and t e c h n iq u e s  may be summed up th u s

1) M easurem ents o f  dynamic p r o p e r t i e s  w i l l  be a c c u r a t e  

p r o v id e d  a vacuum p r e s s u r e  o f  l e s s  th a n  0 .0 2  mm.

m ercury  i s  em ployed.

2) W ith in  th e  ra n g e  o f  a m p l i tu d e s  o f  maximum v i b r a t i o n



Table 4»

E f f e c t  o f  F re q u e n c y  on B e n d in g  M odulus and L o ss  T an g en t

L e n g th ,
cm.

1 ,  R e so n a n t  
F re q u e n c y ,  

c / s .

1 l . / £ l o s s  
Tan gen-

V- ¥ 0

Wool 0 . 69 2 8 6 .8 0 .0 6 0 11-60
0 .7 7 2 2 5 .0 0 .0 6 6 11.65'
0 .8 7 1 8 2 .6 0 .0 7 3 1 1 .9 8
1 .0 8 121.1 0.091 1 1 .93

S i l k 0 .4 3 1 7 2 .4 0 .0 7 7 5 .6 0
0 .4 5 155 .8 0.081 5 .6 5
0 . 5 0 1 2 1 .0 0.091 5 .5 8

F ib r o l a n e 0 .5 0 2 5 8 .0 O.O63 8 . 0 0
0 .5 6 210 .3 0 .071 7 .9 8

<* 0 .7 2 127 .3 0 .0 8 9 8 : 0 5
Bamie 0 .5 2 2 5 6 .0 O.O63 8 . 3 0 0 .0 0 7 5

0 .5 9 1 9 6 .5 0 .07 3 8 . 1 0 0 .0 0 7 6
0 . 7 0 13 4 .5 0 .0 8 7 8 .0 9 -

F o r t i s a n 0 . 5 0 543-5 0 .0 5 4 9 .2 5 0 .0 1 2 0
• 0 . 7 0 180.'5 O.O73 9 .5 8 0 .0 1 4 0

0 .8 0 155-2 0 .0 8 7 9 .1 8 0.0101
A c e ta te  F i b r e 0 .4 8 550 .0 0 .0 5 5 8 .7 2

0 .6 2 177.3 0 .0 7 5 8 . 3O
0 .7 0 1 4 9 .0 0 .0 8 2 8 . 5 0

T r i c e l 0 .5 7 3 2 4 .0 0 .0 5 6 10 .2 3
0 .6 8 2 2 7 .0 0 .0 6 6 10 .29
0 .83 157.1 0 .0 8 0 1 0 .3 0

A c r i l a n  A 0 .5 5 2 4 0 .0 0 .0 6 5 8 8 . 50 0 .0 4 7 5
O.63 1 8 2 .0 0 .0 7 4 8 .4 0 0 .0 4 6 5
0 .7 6 1 2 1 .0 0.091 8 .3 5 0 .0 478

A c r i l a n  B 0 . 56 2 58 .0 0 .061 9 -1 0 0 .0 4 7 5
0 .6 6 1 8 2 .0 0 .0 7 4 8 . 9 0 0 .0 4 3 5
0 .8 2 1 2 0 .0 0 .0 9 2 9*9  0 0 .04 35

P o ly p ro p y le n e 0 .6 0 2 2 5 .0 0 .0 6 7 9 - 0 0
0 . 64 2 1 0 .0 O.O69 9 .5 4
0 .8 4 1 2 1 .0 0.091 9 .2 5





Table 5»

E f f e c t  o f  F re q u e n c y  on Dynamic P r o p e r t i e s  

a t  2 0 °0  and 65$ R e la t i v e  H u m id i ty ,

S t a t i c  Dynamic Young’ s 
F ib r e  S t r e s s ,  M odulus • L o ss  T ang en t

10®dynes/cm ^ 10 ^ d y n e s /c m ^
1 100 100 1 100 100

c / s  c / s  k c / s  c / s  c / s  k c / s

V iscose Bayon 6 .5 15 14 14 0 .0 5 O.O3 0 .0 4 5

Cuprammonium
Rayon

6 .7 19 19 21 0 .0 4 5 0 .0 3 0 .0 5

C e l lu lo se
A c e ta te

4.1 5 5 6 0 .0 3 0 .0 3 0 .0 4

Raw S i l k 5.1 16 15 15 0 .0 2 0 .0 2 0 .0 2 5

De gummed S i l k 5 .4 12 13. 15 O.O3 O.O3 O.O3

% lo n  6 4.1 5 5 6 0 .0 9 0 .0 7 5 0 . 1 0



0 .5  mm- t o  1*5 mrn.j r e s o n a n t  f r e q u e n c y  and b a n d w id th  can  be 

re c o r d e d  w i t h  a c c u r a c y  and f r e e  from  n o n - l i n e a r  e f f e c t s .

3 ) Dynamic p r o p e r t i e s  a r e  in d e p e n d e n t  o f  f r e q u e n c y  

w i t h i n  th e  ra n g e  100 t o  400 c / s .

The e f f e c t  o f  t e m p e r a tu r e  may now be s t u d i e d  p r o v id e d  

t h a t  th e  above c o n d i t i o n s  and l i m i t a t i o n s  a r e  r e a l i s e d .

The E f f e c t  o f  T em p era tu re  on Dynamic B en d ing

P r o p e r t i e s .

The e f f e c t  o f  t e m p e r a tu r e  on th e  r e s o n a n t  f r e q u e n c y  

and b a n d w id th  o f  10 f i b r e s  (n y lo n  and v i s c o s e  ra y o n  a re  

i n v e s t i g a t e d  o n ly  i n  h u m id i ty  e x p e r im e n ts )  i s  m easu red  

a c c o rd in g  t o  t h e  p ro c e d u re  p r e v i o u s l y  d e s c r i b e d ;  i . e .  by 

c o n d i t i o n i n g  a  d ry  f i b r e  f o r  t e n  m in u te s  a t  t h e  h i g h e s t  

t e m p e r a tu re  o f  t h e  e x p e r im e n t  and t a k i n g  m easu rem en ts  a t  

sm a ll  t e m p e r a tu r e  i n t e r v a l s  down to  t h e  l o w e s t  t e m p e r a t u r e .  

T h is  c o n d i t i o n i n g  e n s u r e s  t h a t  i r r e v e r s i b l e  d im e n s io n a l  and 

s t r u c t u r a l  ch an g es  do n o t  t a k e  p la c e  i n  th e  s u b s e q u e n t  

e x p e r im e n ts  p e r fo rm e d  be low  th e  c o n d i t i o n i n g  t e m p e r a t u r e ,  

and t h a t  th e  t r a n s i t i o n s  w h ich  may t a k e  p l a c e  a re  t r u l y  

r e v e r s i b l e ,  r e g a r d l e s s  a s  t o  w h e th e r  th e  c r i t i c a l  t r a n s i 

t i o n  t e m p e r a tu r e s  a r e  a p p ro a ch e d  from  h i g h e r  o r  lo w e r
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t e m p e r a t u r e s .  (T h is  was v e r i f i e d  w i t h  w o o l,  A c r i l a n ,  

and p o ly p r o p y le n e  f i b r e s ,  by m e a s u r in g  t h e  dynam ic 

p a ra m e te r s  on an  i n c r e a s i n g  t e m p e r a tu r e  c y c le  im m e d ia te ly  

f o l lo w in g  t h e  d e c r e a s i n g  t e m p e r a tu r e  c y c l e .  W ith o u t  

c o n d i t i o n i n g ,  s u c h  r e p r o d u c i b i l i t y ,  a s  was o b ta in e d  w i t h  

t h e s e  f i b r e s  -  n e g l e c t i n g  s m a l l  e x p e r im e n ta l  e r r o r s  -  may 

n o t  be o b t a i n e d ,  e s p e c i a l l y  w i th  t h e r m o p l a s t i c  f i b r e s . )

The r e s u l t s  a r e  shown i n  P i g s . 9 t o  32 and T a b le s  6 

t o  5 3 . P i g s . 9 -1 8  d e a l  w i t h  th e  e f f e c t  o f  t e m p e r a tu r e  on 

l o s s  t a n g e n t ,  and P i g s . 1 9 -28  d e a l  w i th  t h e  e f f e c t  o f  

t e m p e r a tu r e  on r e l a t i v e  b e n d in g  m odu lus .

The r e l a t i v e  b e n d in g  m odulus i s  th e  r a t i o  o f  th e  

sq u a re  o f  t h e  r e s o n a n t  f r e q u e n c y  a t  a  g iv e n  t e m p e r a tu r e  t o  

th e  s q u a re  o f  t h e  r e s o n a n t  f r e q u e n c y  a t  20°C.

P i g . 29 shows th e  e f f e c t  o f  t e m p e r a tu r e  on mean l o s s  

t a n g e n t  f o r  a  num ber o f  f i b r e s .  Two o r  more sp e c im en s  o f  

each  f i b r e  ( d e s i g n a t e d  P ib r e  1, 2, e t c . ) ,  were t e s t e d  f o r  

dynamic b e h a v io u r .  D i f f e r e n c e s  i n  t h e  l o c a t i o n  and h e i g h t  

o f maxima and m inim a i n  th e  l o s s  t a n g e n t  cu rv e  were 

o b se rv e d .  The means o f  b o th  l o c a t i o n  and h e i g h t  were 

c a l c u l a t e d  from  th e  e x p e r im e n ta l  d a t a .  The sh a p e s  o f  t h e  

mean l o s s  t a n g e n t  c u rv e s  be tw een  maxima and m inima were 

a l s o  e s t im a t e d  from  e x p e r im e n ta l  d a t a .

P i g . 30 shows th e  e f f e c t  o f  t e m p e r a tu r e  on th e  mean



LO
SS

 
TA

a
JG

£/
sI

T
FI &9

L JO O L

F/6RE I
z
3
L
5

\ /  \
oo3«*

a
o o  Z- ■

O-oi" '

V /

/o o -S o o so
TELT(\T>ERATJJ*JL ° c

/o o /SO



LO
SS

 
TA

MG
EM

T 
TA

M 
6

F lO . iO

SIL.K

1 -----------
3 ........
L , --------------

s ---------

( > ---------

OOL,

0 03

C-Ql

O-Ot

\
\

/

woo -s o
— 1—  so —t---I oo — I—/soTEMPERATURE. C



LO
SS

 
TA

AK
aC

AJ
T 

~r
**

i &
FIG. 11

F*l B R O L - A N E -

F>BAJL /-----------------
2  -
3 .........

0  04,

0-0/

o  so
TZJT\T>£JiJ\'ronE. °C.

So



L
O

SS
 

T
A

M
6

E.K
JT

 
TA

M
 

I

FIG. a.

RAMIE

F iB P U E . / ---------------------- *
P iS R E  2 . ---------------

0 0 5

OOtf

6-Oi -

0-0/ . .

/ o oSOo
-TE.^\PE.RA-T<J*5.EL ° C



L
O

SS
 

T
A

N
G

E
N

T
 

ta
n

 
&

KiG. 1.3

r O R T l J S A N

F'SR.-e. i  ----- •

o I Oo
T£/AP> ERRTO R.1ST ° C



i»O
SS 

T,A
W<

jgA
>r 

'TA
AJ 

6
F-iG.

ACETATE PiBRX.

r /a a e  / --------
2 ----------
3  *
^ --------

o o i

0 - 0/

/oo / s oo' O O

r£/nPJE.RATiURJ5. °C



C
O

S
S

 
T

a
a

jG
^

JT
 

'T
A»

m
 

i

f i  a .  15

Tffs/CEK-

8«.£. / 
2 
3
*r

o ■ o{

o oi

o-oi

o-oi

SooI Oo -  S o
TEf̂ PCJLATijaX. **C.



LO
S& 

T/V
mG

®̂
7* 

&

ACR1L.ANA

F/G.

1=iQfi.E- I <---------

3 ............
o  • 19

• Sof ooo
Tt«l f»tLKJ\TtJ/UL °C



/LO
SS

 
TM

6£
w

r 
TA

*J
 

S
A C R tU fiiN  £

F/G. / 7

fiBOJ*- /
£
3
4 -----------

So I o o-So o
TEM PEftA-rzjRE. ° C



f-'U  u  V h 'K U P 7 C E 7 ^ 3 E :--------f tb x d e tt 3 F-/G.

O O f

C o y

O-oi

0- 05

0 0̂

OOJ"

0-02*

oo/



p
p

iA
-r

ix
/g

: 
S£

-w
pi

«J
C 

M
o

p
o

u
o

s
FIG. *9

U J O O U

ri6Rj*- I
z
3
A
5“

Jo

-  /O O o i oo
T£A\pg~RAT*Jtt-X- °C



ftt
cA

TH
/f 

SC
.»IP

i»J
ft 

Wo
ftu

i-O
A

Vl & 20

S I L . K

p’/a«.£. /
1 
3 
h
r
6

/■2

o
oiJ

Of
'O 0  -  5Q o  s o  IO O  '^ O

—£jr\VE.QJ\TiJfi£ °Q



R
JE

.L
A

TI
 <

JSL
 

0
<*>

 
r*

tX
D

uu
U

S
F I G . 21

P I B R O L A N E .

n s f i . £  i

z

3

/• o

09
/ O Oo Sfc

Tg.*vpe.w»ATUg.t* ° c



RJ
EC

AT
iv'

C, 
rtO

bU
LJ

JS
T I G .  2.2.

R A / A I E

r

r i B P s i l  j --------------------

Z ----------

VJ0

/ O

0 8

0 7
So«V- So

TE. M PE  RATlJ RE.°C



R
E

i-A
Ti

v/
S

. 
&&

NZ
»r

JG
 

«O
P

O
t-0

5

PIG. 23>

rORTlSAM

n&K.£. i

z

o
•or»

|«V

0-7 -

06
<3 So
TX./y\P£g^TUR£ °C



B
CA

X
D

fio
C 

/W
NO

OU
 

uO
.S

.

'F lG. 2 -t*

ACETATE! FJBP.E1

F»a r.c *
2 
3 
*

»o • •

o>

0-6
ft SO

T t ^ H A r o A E  *C



(lO
Oi

iu
li

T R / C E L

F/©/%.£. /
2.

3
4

/•0

- ro o so
T*tW l£  MATURE. °C

• oo



Acrilaim a
FIG. 2 .6



ACRiLAN B F i G .  2 .7



RJ
EX

AT
iV

fc.
 

£ei
\)r

»»
JG

 
M0

DO
l_u

S
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E f f e c t  o f  T em p era tu re  on Dynamic P r o p e r t i e s

Table  6 .
WOOL. FIBRE 1.
Temperature

°C

R e s o n a n t
F r e q u e n c y ,

c / s

Bending  
M odulus , 

d y n e s /
cm2x 1 010

Loss
Tangent

L oss  
M odulus , 

d y n e s /
cm x 1 01 0

R e l a t i v e
Bending
Modulus

170 1 8 7 .5 2.91 0 .0204 0.0595 0 .7 3 0
162 189.1 2 .9 6 0.0172 0.0518 0 .736
151 1 9 1 .8 3 .0 6 0.0161 0 .0494 0 .764
142 1 9 4 .6 3 .2 0 O.OI36 0 .0435 0.789
133 1 9 6 .4 3-25 0.0131 0.0425 0.801
126 1 9 8 . 4 3 .2 7 0 .0120 O.O393 0 .806
119 1 9 9 .9 3-33 0.0109 O.O37O 0.8 2 0
108 2 0 1 .3 3-37 0.0087 0.0292 O.831
101 2 0 2 .7 3-46 0.0092 O.O3 I 8 0.853

94 2O3 . 6 3.51 0.0112 0 .0392 0 .865
88 2 0 4 .9 3 .5 4 0 .0124 0.0439 0 .8 7 4
77 2 0 6 .4 3 .5 9 0101 24 0.0446 0 .885
69 2 0 7 .7 3 .63 0.0129 0.0465 0 .896
60 2 0 8 .9 3-69 0.01 42 0 .0525 0 .910
50 2 1 1 .7 3 -78 0.0147 0.0556 0 .9 3 4
40 2 1 4 .2 3 .8 7 0.0140 0.0543 0.955
34 2 1 4 .8 3.91 0.0159 0.0622 0 .965
30 2 1 5-4 3 .9 4 0.0172 0 .0678 0.973
27 2 1 6 .0 3 .9 6 0 .0172 0.0681 0.975
22 2 1 8 .5 4 .0 5 0.0183 0 .0740 0.999
11 2 2 1 .0 4 .06 0.0222 0.0831 1.002

1/2 2 2 1 . 0 4 . 06 0 .0230 0.0935 1 .002
-  5 2 2 2 .6 4.11 0 .0210 0.0862 1 .018
-16 2 2 4 .5 4 .2 0 0 .0200 0 .0840 1 .040
-27 2 2 7 .0 4 .2 8 0.0199 0 .0850 1 .060
-35 2 2 8 .2 4 .37 0 .0210 0.0919 1 .080
-42 2 2 8 .6 4 .43 0.0223 0 .0988 1 .095
-55 231 .1 4 .4 7 0.0215 0.0962 1 .1 04
-65 2 3 3 .O 4 .5 2 0.0215 0 .0968 1.116

Fibre D im e n s io n s : L e n g th  = 0 .7 6  cm. M a s s / u n i t  l en g th y  =^23^2

D e n s i ty  = I . 3 O5 gm /cc .  Shape O U . 5
16Shape f a c t o r  (m inor  a a d s ) =  1. 104 1

1 -  L-J'1-  f
m ic ro  grammes/ 

cm.

Eb 20°C = 4 .0 5  x  1 0 10 d y n e s / c m .2

Footnote:  The numbers against cross-sectional shapes give the
dimensions in arbitrary units for all fibres in
temperature experiments.



WOOL
FIBRE 2 
Tem pera ture

°C

R esonan t
F r e q u e n c y ,

c / s

Table

Bending
Modulus,

d y n e s /
, 2  n10 can xIO

7

Loss
Tangent

Loss  
M odulus , 

d y n e s /
cm^xl 01 ^

R e l a t i v e
B ending
Modulus

170 162 .7 3-37 0.0293 0.0985 0 .716
166 164 .7 3 .4 4 0 .0248 0.0852 0 .7 3 0
154 16715 3 .53 O.O232 0.0815 0.749
151 167 .7 3 .5 4 O.O23O 0.0815 0.749
146 1 6 9 .4 3*65 0.0211 0.0771 0 .775
138 1 7 0 .4 3*70 . 0 .0197 0 .0729 0.786
128 173 .3 3-78 0 .0190 0 .0718 O.8 O3
116 175 .7 3 .9 2 0.0187 0 .0732 O.832
113 175 .9 3 .97 0.0179 0.0711 0.842
105 176 .3 4.01 0.0155 0.0621 0 .850

97 1 7 7 .8 4 .04 0.0176 0.0712 0.856
88 179-3 4 .09 0.0178 O.O73O 0.865
79 180 .3 4 .16 0.01 97 0.0819 0 .884
69 1 81 .6 4.21 0.0208 0.0875 0.892
61 183 .2 4 .28 0 .0220 0 .0950 0 .908
52 1 8 5 .0 4 .35 O.O23O 0.1000 0.922
38 188.1 4 .49 0.0253 0.1135 0.953
32 189 .2 4 .59 0.0256 0.1175 0 .975
22 1 9 2 .6 4 . 69 O.O305 0 . 1@̂ )0 0.995
16 193*3 4.72 O.O328 0.1590 1 .002
10 1 9 3 .8 4 .74 O.O322 0.1550 1.004

4 1 9 5 .8 4 .8 0 0.0296 0 .1420 1 .040
- 5 197.1 4 .90 0.0256 0.1251 1 .062

-21 199 .5 4. 96 O.O233 0.1152 1.064
- 3 0 1 9 9 .8 4 .97 0.0212 0.1052 1 .068
-3 6 2 0 2 .4 5 .10 0.0212 0.1069 1.084
-4 6 2 0 2 .8 5 .22 0 .0260 0.1355 1 .110
-51 2 0 3 .4 5.23 0 .0290 0.1514 1.112
-5 7 2 03 .5 5 .24 O.O314 0 .1648 1.113
-6 3 203 . 5 5 .24 O.O314 0.1648 1.113

F i b r e  D im e n s io n s : L en g th  = 0 .9 2  cm. M a s s / u n i t  l e n g t h  = J 1 . 8
mi c r  o gramme s /

D e n s i t y  = 1*305 gm/cc. Shape
19

Shape f a c t o r  (minor a x i s )  = 1 .19

Et> 20°C = 4,71 x 1° 1°  d y n e s /a n .



WOOL 
FIBRE 3
Tem pera tu re

°C

R eso n an t
F re q u e n c y ,

c / s

Table

Bending
Modulus,

d y n e s /
2 10 cm x 1 0 1 u

8

Loss
Tangent

Loss 
Modulus , 

d y n e s /
cm x 1010

R e la t i v i
Bending
Modulus

155 250 .6 0 .0200 0.0706 0 .826
148 254 .3 3-57 0 .0180 O.O643 O.835
138 2 5 7 .4 3-64 0.0153 0 .0560 0 .850
131 259 .3 3-67 0.0128 0.0471 0 .858
126 2 61 .8 3 .75 0.0115 O.O43I 0 .878
119 264 .7 3 .86 0.0101 O.O39O 0.902
105 2 6 6 .8 3.91 0.0094 O.O366 0 .916

97 268.1 3-97 0.0093 O.O37O 0.927
92 2 6 9 .0 3-98 0.0099 0.0394 0.929
87 2 69 .5 4.01 0.0095 O.O38I 0 .936
81 270 .2 4.03 0.0092 0.0371 0.945
77 2 7 0 .8 4 .04 0.0099 0 .0400 0.946
70 271.1 4 .05 0.0101 0.0409 0.948
63 272.3 4 .06 0.0106 0.0431 0 .950
57 273-0 4 .08 0.0123 O.O503 0 .954
51 273-6 4.13 0.0138 0.0571 0 .965
46 2 7 5 .4 4 .17 0.0121 0 .0505 0.973
41 2 77 .9 4 .22 0.0112 0.0472 0 .985
36 2 7 8 .0 4 .22 0.0112 0.0472 0.985
3° 2 78 .8 4 .24 0 .0110 0.0466 0.991
26 2 79 .2 4 .26 0.0114 0.0485 0.997
19 2 8 0 .0 4 .27 0 .0120 0.0512 1 .000
11 2 8 1 .0 4 .29 O.OI32 0.0566 1 .004

1 2 8 2 .4 4 .36 0.0135 0 .0588 1 .020
-  9 2 8 4 .0 4 .40 0.0133 0.0585 1 .030
-11 285 .7 4 .44 0 .0128 0 .0570 1 .040
- 1 8 287-3 4 .44 0 .0120 0.0530 1 .041
-2 6 288-3 4.53 0.0129 0.0583 1 .060
-33 289-5 4 .59 0 .0138 O.O634 1 .075
- 4 0 2 90 .6 4.61 0 .0148 0.0682 1 .078
-4 6 291 .7 4 .64 0.0156 0.0724 1 .085
-5 2 2 92 .2 4 .66 0.0155 0.0721 1 .090
- 5 9 293 .9 4 .68 0 .0154 0.0721 1.095
■*■64 294 .5 4 .70 0.01 58 0.0745 1 .110
-6 9 295 .6 4 .70 0.0157 0.0738 1 .110

F i b r e  D im ens ions :  L e n g th  = 0 .7 0  cm. M a s s /u n i t  l e n g t h  24*2 ^
________________  __ microgrammes/cm*

D e n s i ty  = 1 .3 0 5  gm/cc.  Shape C ^ )  13
16

Shape f a c t o r  = 1 .232  
(minor a x i s )

Ev onOn = 4 .27  x 1010 d y n e s / c m .2
D 2U O



WOOL
FIBRE 4 
T em pera ture

°C

R esonan t
F re q u en c y ,

c / s

Table

Bending 
Modulus, 

d y n e s /
cm2x 1010

9

Loss
Tangent

Loss  
Modulus,  

dyne s /
cm2x 1010

R e l a t i v e
Bending
Modulus

164 228 .2 3 • 34 0.0221 0.0736 0 .748
1 54 231 .3 3 .66 0.0181 O.O663 0 .820
147 2 3 2 .0 3 .72 0.0165 0.0615 O.832
138 2 3 4 .4 3-76 0.0146 0.0549 0.84-2
131 235 .5 3 .82 O.OI37 0.0524 0.855
125 2 3 7 .0 3-87 0.0135 0.0522 0.868
120 238.1 3*89 0.0126 0 .0490 0 .870
113 239 .2 3 .9 4 0.0125 0.0493 O.883
104 241 .1 3-98 0.0123 0 .0490 0.891

98 241 .9 4 .03 0.0117 0.0471 0.902
90 2 4 3 .0 4 .07 0.01 48 O.O6O3 0.912
85 2 44 .5 4.11 0 .0164 0.0674 0.921
78 245.1 4 .14 O.OI83 0.0759 0.927
68 2 4 7 .6 4 .20 0.0191 0.0802 0.941
56 2 49 .5 4 .26 0 .0204 0 .0855 0.955
50 2 5 0 .0 4.31 0.0232 0.0998 0.965
44 2 5 0 .8 4.33 0.0166 0 .0720 0 .968
37 2 51 .5 4 .36 0.0149 0 .0650 0 .978
31 2 5 2 .8 4 .4 0 0.0147 0.0647 0 .985
27 253 .3 4-44 0.0179 0.0795 0.995
21 2 5 4 .8 4 .46 0 .0196 0.0874 1 .000
18 2 5 5 .2 4 . 46 0.0204 0.0910 1 .000
11 2 5 6 .0 4 .47 0.0228 0.1038 1 .002

1 2 5 6 .8 4.51 0.0246 0 .1108 1 .012
-  5 2 5 7 .5 4 .55 0 .0188 0.0855 1 .020
-  8 258.1 4 .37 0.0172 0 .0786 1.023
- 1 4 258.1 4 .37 0.0165 0.0755 1 .023
-2 5 2 5 9 .8 4 .59 0.0190 0.0873 1 .031
- 33 260 .5 4.61 0.0232 0 .1070 1.035
-4 3 261 .3 4 .63 0.0242 0.1118 1 .040
-51 2 6 2 .8 4 .69 0 .0240 0.1125 1.052
-5 7 2 63 .5 4 .7 0 0 .0240 0.1126 1 .054
-6 3 2 6 5 .8 4 .82 0.0241 0 .1168 1 .0 8 0
- 6 8 266 .3 4 .96 0.0241 0.1191 1 .092

F i b r e  D im ens ions :  l e n g t h  = 0 .7 5  cm. M a s s / u n i t  l e n g t h  -  2 6 .0
'---------------------  m ic ro  grammes/cm.

D e n s i t y  = 1 .3 0 5  gm/cc. Shape 13*5
1 6

Shape f a c t o r  (minor $ x i s )  = 1 .19  

Eb 2 0 ° C = 4 ,4 6  x  10)10 ayn e s / c m -



WOOL
FIBBE5

Table 10.

Tempe r a t u r e  

°C

R eson an t
F re q u en c y ,

c / s

Bending
Modulus,

d y n e s /
n 10 cm x l  0

Loss
Tangent

L oss
Modulus,

d y n e s /
cm2x 1010

R e l a t i v e
B ending
Modulus

140 2 7 4 .8 3 .1 0 0 .0 1 6 0 0.0497 0 .7 8 0
132 2 7 7 .4 3 .22 0 .0125 O.O403 0.811
125 2 8 0 .8 3 .2 8 0 .0120 0 .0394 0 .825
115 282 .7 3-32 0.0117 O.O389 O.835
106 285 .6 3 .4 0 0 .0118 0.0401 0.856

96 2 8 8 .5 3-48 0 .0128 0.0446 0 .874
87 2 9 0 .4 3 .52 O.OI32 0.0465 0.885
78 2 92 .2 3-56 0.0139 0 .0495 0.895
68 294 .9 3 .63 O.OI39 0.0505 0.914
60 297.1 3 .69 O.OI35 0 .0500 0.927
50 3OO.3 3 .76 0.0126 0.0474 0.945
43 3 02 .5 3 .82 0 .0155 0 .0592 0 .960
34 3 0 4 .7 3 .88 0 .0160 0.0621 0.975
29 306 .2 3 .94 0.0161 O.O635 0 .990
24 307.3 3 .95 0 .0170 0.0671 0.993
20 309.1 3 .97 0 .0210 O.O835 1 .000

110 311 .3 4.01 0.0246 0.0986 1 .005
0 313-5 4.05 0.0262 0.1061 1.015

- 1 0 313-7 4.11 0 .0260 0 .1075 1 .030
- 2 0 3 17 .9 4 .17 0 .0258 0 .1075 1.042
- 3 0 3 21 .5 4 .30 0 .0232 0 .0996 1 .078
- 4 0 324 .2 4 .35 0.0219 0 .0955 1 .090
- 5 0 3 2 5 .8 4 .48 0 .0226 0.1012 1.111
- 6 0 3 2 8 .0 4 .62 0.0232 0.1071 1.116

F i b r e  D im e n s io n s : L en g th  = 0 .6 4  cm. M a s s / u n i t  l e n g t h  = 2 J . 6
microgrammes/cm.

D e n s i t y  = 1 .305  gm/cc. Shape O  13
15

Shape f a c t o r  (minor  a x i s )  = 1 . 2 3

Eb 20°C = 3-97 x 1010 dynes/cm.2



Table 11

WOOL Mean Values

Temperature Bending Modulus, Loss Modulus,
°C x 10^® dynes/cm? x 1 0 ^  dynes/cm?

160 3.29 0.0708
150 3.39 O.O631
140 3 .4 8  0.0575
130 3.51 0.0530
120 3.59 0.0468
110 3 .67  0.0431
100 3 .7 4  0.0438

90 3.77 0.0486
80 3.82 0.0600
70  3 .8 8  0.0661
60 3 .97  0.0675
50 4.05 0.0649
40 4.10 O.O639
30 4.18 0 .0690
20 4.29 0.0818
10 4.33  0.1005
0 4.38 0.1055

-10  4.43 0.0980
-20  4.48 0.0842
-30  4.54 0.0831
-40  4.56 0.0870
-50  4.61 0.0935
-60  4-67 0.1098



Table 12.
SILK. FIBRE 1
Tem pera ture Re s o n an t Bending Loss Loss R e l a t i v

F re q u e n c y , Modulus , 
d y n e s /

Tangent Modulus, Bending
dyne s / Modulus

°C c / s cm2x 1010 , m2v 1 n 10 cm x 10

135 117.1 10 .75 0.0280 O.3OI5 0.893
127 117*4 11.05 0.0251 0.2781 0.919
115 1 1 8 .0 11 .18 0 .0214 0.2391 O.93O
107 118 .4 11 .24 0.0201 0 .2256 0 .935

98 118 .9 11.36 0 .0192 0 .2180 0 .944
92 119*0 11 .36 0.0186 0 .2110 0 .944
86 119.3 11 .40 0.0182 0.2076 0 .948
77 119 .8 11 .42 0 .0180 0 .2060 0.951
69 120.1 11.53 0.0181 0 .2090 0 .956
63 120.3 11.57 0.0182 0 .2110 0 .958
57 120.3 11.57 0 .0180 0.2085 0 .958
50 120.6 11.59 0.0173 0 .2010 0 .960
43 120 .9 11.65 0.0164 0.1911 0 .9 7 0
36 121.3 11 .81 0 .0164 0.1939 0.982
30 121 .6 11 .84 0.0176 0.2086 0 .985
22 122.5 11.92 0.0183 0 .2184 0.992
19 1 23 .0 12 .04 0.0189 0 .2280 1.004
10 123 .3 12 .10 0 .0286 O.3462 1 .010

0 122.3 12 .10 0.0286 0.3462 1 .010
- 1 0 122 .2 12.06 0.0295 O.356O 1.005
- 2 0 123.3 12 .10 0.0281 O .34OO 1.010
- 3 0 123.3 12 .10 0.0256 0 .3100 1.010
- 4 0 123 .8 12.12 0.0285 O.346I 1 .012
- 5 0 123 .9 12.12 0.0292 0.3542 1.012
- 6 0 124.1 12 .20 0.0290 0 .3540 1 .020

F i b r e  D im ens ions :  L e n g th  = 0 .4 4  cm. M a s s / u n i t  l e n g t h  = 1.1
' m ic ro  grammes/ can.

D e n s i t y  = 1*353 gm/cc.  Shape 

Shape f a c t o r  (m ajor  a x i s )  = O.312

8

Eb 20° C = 1 2 .0  x 1010 d ynes /cm . 2



Table 13.

SILK
FIBRE 2

T em p era tu re  R eson an t  R e l a t i v e  Loss
F r e q u e n c y ,  B end ing  Tangent

C c / s  Modulus

138 214.1 0 .9 5 0 0.0122
131 214 .7 0 .9 55 0.0099
125 215 .4 0 .962 O.OO83
119 215 .9 0 .965 0.0081
111 216 .6 0 .9 7 0 0 .0072
105 217 .0 0.971 O.OO63

99 217 .5 0 .9 7 4 0.0041
95 217.7 0 .977 0.0055
89 2 18 .0 0 .983 0 .0057
82 218 .2 0 .9 8 6 0.0061
76 2 1 9 .0 0.991 0 .0058
67 219.3 0 .9 95 0 .0054
60 219.3 0 .995 0 .0050
54 219 .5 0 .996 0.0049
45 219.7 0 .999 0 .0054
37 219 .7 0 .999 0 .0054
29 2 20 .0 1 .0 0 0 0 .0054
18 2 20 .0 1 .000 0 .0082
10 220 .6 1 .008 0.0121

0 220.9 1 .0 1 0 0.0128
-1 2 221 .2 1 .020 0.0127
-2 2 221 .2 1 .020 O.OI33
- 3 0 2 2 2 .4 1 .025 0.0141
- 4 0 2 2 3 .0 1 .027 0.01 47
- 5 0 2 2 3 .O 1.027 0 .0147
-5 7 2 23 .2 1 .039 0 .0152
-6 2 221 .2 1 .020 0.0181



SILKFIBRE ^.
Table 14.

p e r a t u r e

°C

R esonan t
F re q u en c y ,

c / s

R e l a t i v e
Bending
Modulus

Loss
Tangent

150 118 .2 0 .935 0.01 40
140 118 .6 0 .943 0 .0110
132 118.9 0 .95 0 0.0098
122 119 .4 0 .955 0 .0076
112 119 .8 0.961 0 .0057
104 120.1 0 .9 7 0 0.0057
100 120.3 0 .972 0 .0057

92 120.6 0.977 0.0049
86 120.9 0 .98 0 0.0053
76 121 .4 0 .990 0.0055
68 121 .5 0.991 0.0056
61 121.7 0.992 0.0053
48 121.9 0 .996 0.0049
39 122 .0 0 .998 0 .0050
29 1 22 .0 0 .998 0 . 005C
17 122 .4 1.010 0 .0090

4 122.9 1.015 0 .0107
-  5 123.2 1 .017 0 .0110
- 1 7 * 123 .5 1 .020 0 .0118
- 2 4 123 .2 1 .017 0.0125
-3 7 123.7 1.021 0.0147
-4 7 124.3 1 .024 0 .0158
- 5 9 124.3 1 .024 0 .0158



SILK
H B K E 4 .

Table 15.

) e r a t u r e

°0

R esonan t
F re q u en c y ,

c / s

R e l a t i v e
Bending
Modulus

Loss
Tangent

140 208 .8 0 .895 0.0245
IJO 211 .5 0 .902 0 .0202
123 212.1 0 .910 0 .0196
113 212 .8 0.912 0 .0160
108 213.3 0 .920 0.0157
102 214 .2 0 .924 0.0176

96 214.7 0 .929 0 .0187
89 215.3 0 .942 0.0175
83 216 .0 0.951 0 .0174
79 216 .4 0.953 0.0165
74 216 .8 0.957 0.0159
70 2 1 7 .4  . 0 .964 0 .0158
65 218 .0 0 .970 0 .0168
60 218 .8 0 .9 8 0 0.0177
55 219.3 0 .985 0.0181
50 220 .2 0 .990 0.0195
44 220 .5 0 .995 0.0192
37 221.1 0 .998 0.0175
31 221 .5 0 .999 0 .0167
22 221.7 0.999 0.0161
16 2 2 2 .0 1.002 0 .0170

7 222 .6 1.007 0.0197
0 223 .0 1 .010 0 .0198

-  8 , 222 .7 1.009 0.0205
- 1 8 . 222 .7 1.009 0.0215
-28- 223 .0 1 .010 0 .0215
- 3 4 223 .0 1 .010 0 .0220
-44* 223 .8 1 .024 0 .0225
- 5 4 223 .8 1 .02 4 0 .0228



SILK
FIBRE 5»
T em pera tu re

o„

Table 16.

Resonan t
F re q u en cy ,

c / s

R e l a t i v e
Bending
Modulus

L oss
Tangent

152 114 .4
147 114.7
140 114 .9
130 115 .5
125 115.7
115 116 .4
106 116 .9

98 117 .2
90 117 .6
81 117 .7
72 1 1 8 .0
65 118 .2
58 118 .4
51 118 .5
42 118 .6
34 119 .0
26 119.1
16 119 .2

8 1 2 0 .0
5 120 .2

-  5 120 .4
-1 5 120.6
-2 5 120 .8
>35 120 .8
- 4 5 1 21 .0
- 6 0 121 .0

0 .9 3 0 0.0223
0 .932 0 .0216
0 .9 3 4 0.0202
0 .9 40 0.0176
0 .945 O.OI63
0 .957 0.01 59
0.962 0.0161
0 .972 0.0164
0 .9 7 8 0.0158
0 .979 0.01.55
0 .982 0.01 58
0 .9 9 0 0.0162
0.992 0 .0170
0 .994 0.0170
0 .996 0.0176
0 .998 0.0183
0 .999 0.0189
1 .000 0.0206
1 .004 0.0212
1 .0 0 8 O.O232
1.012 0 .0274
1 .015 0.0287
1 .0 2 0 0.0298
1 .020 O.O314
1 .0 24 0.0385
1 .0 2 4 0.0385



Table 17.
SILK
FIBRE 6.
T em pera tu re  R esonan t  R e l a t i v e  Loss

F re q u en c y ,  Bending  Tangent
C c / s  Modulus

134 135 .6 0 .9 1 0 0 .0184
128 1 3 4 .8 0 .912 0.0175
119 1 3 5 .0 0 .9 1 4 0 .0145
109 1 35 .9 0 .92 4 0 .0129
102 136.7 0 .939 0 .0112

94 137.1 0 .948 0.0111
86 137.3 0 .9 5 0 0 .0117
81 137 .6 0 .952 0 .0110
75 137 .9 0 .9 5 4 0.01 01
67 138 .2 0 .960 0 .0096
60 138-5 0.962 0 .0088
50 138 .9 0 .9 7 0 0 .0100

139.5 0 .975 0.0102
36 139 .6 0 .98 0 0.0101
30 139 .7 0 .982 0 .0100
24 140.1 0 .99 0 0.01 00
17 141.3 1 .002 0.0132

8 141 .7 1 .0 0 4 0.0148
0 141 .9 1.006 0 .0156

- 1 0 1 4 2 .0 1 .00 8 0.0156
- 2 0 1 4 2 .0 1 .008 0.0162
- 3 0 142 .2 1 .010 0.0169
- 4 0 1 42 .4 1 .012 0.0175
- 5 0 142 .7 1 .015 0.0186
- 6 0 1 4 4 .0 1 .040 0.0191



Table 17A
SILK
FIBRE 7 B end ing  ModuluSgQOg o n l y .

F i b r e  D im e n s io n s :

M a s s / u n i t  l e n g t h  = 1 .5 4  m ic ro  grammes /cm. Shape

Shape f a c t o r  = 0 .43 9  djewsitv • t*S«3 gm/ cc.
(m ajo r  a x i s )

10 o
L e n g th ,  R eso n an t  f r e q u e n c y ,  c / s  E. x  10 dynes/cm. 

cm. (m ajo r  a x i s )

0 .4 9

O.38

O .3O

138-7

229 .8

3 63 .O

1 1 .9

1 2 .0

11 .7



Table 18
SILK Me an Value s
T em p era tu re  B end ing  Modules ,  Loss  Modulus,

°C x 1010 dynes/cm? x 1010 dynes/cm?

150 10.82 O.2332
140 10.93 0.2051
130 11.08 0.1829
120 11.16 0.1692
110 11 .30 0 .15 2 0
100 11.41 0.1162

90 11.48 0.1295
80 11.60 0 .1450
70 11.65 0.1311
60 11.71 0.1079
50 11.78 O .I36O
40 11 .86 0 .1400

30 11.92 0.1242
20 11.95 0.1591
10 11.99 0.2034

0 12.09 0 .2320
- 1 0 12 .10 0.2005
- 2 0 12.11 0.1521
-30 12.13 0.1560
-40 12.16 0 .2486
-50 12.19 0.2905
-60 12.27 O.338O



Table 19
I’IBROLAHE.
Tem pera tu re

° c

FIBRE 1
R esonan t

F re q u e n c y ,
Bending  
Modulus,  

d y n e s /
cm^xl 0^ ^

Loss
Tangent

Loss 
Modulus , 

d y n e s /
cm^xl0  ̂^

R e la t iv e
Bending
Modulus

150 262 .5 4 .02 O.O233 0 .0940 0 .795
H 3 2 7 0 .8 4 .24 O.O232 0 .0980 O.839
138 2 7 2 .8 4 .27 0.0215 0.0916 0 .846
130 2 7 6 .0 4 .42 0.0203 0 .0896 0 .87 4
122 276 .6 4 .44 0 .0196 0 .0870 0 .876
111 279 .85 4.52 O.OI36 0.0615 0.895
103 282 .85 4.61 0 .0129 0.0595 0 .914

95 2 8 3 .8 4 .65 0 .0120 0.0559 0 .922
87 2 86 .8 4.73 0.0111 0.0526 0 .935
80 287.7 4 .76 0.0119 0.0567 0.943
74 288 .7 4 .80 O.OI36 0.0654 0 .950
67 289 .6 4 .85 0.0121 0.0586 0 .96 0
58 290.3 4 .89 0.0112 0 .0548 0.969
50 2 9 2 .6 4 .95 0.0127 0 .0679 0 .9 80
42 293-2 4 .98 0.0132 0.0658 0 .985
32 2 9 4 .8 5.01 0.0140 0.0701 0 .992
27 295.3 5.05 0.0146 0.0736 1 .000
19 295 .5 5.07 0.0260 O .132O 1 .004

8 296 .6 5 . 08 O.O3O4 0.1541 1 .007
- 2 297 .7 5.09 O.O3O3 0.1541 1 .008

-13 2 98 .8 5 .10 0.0302 0.1531 1 .010
-23 2 9 9 .4 5 .10 0.0295 0.1502 1.012
-3 6 3OO.5 5.17 0.0273 0.141C 1.025
-4 6 305 .5 5.31 0.0287 0 .1540 1 .052
-5 6 307.1 5 .42 0.0311 0 .1685 1 .072

F i b r e  D im ens ions :  L e n g th  = 0 .47  cm. M a s s /u n i t  l e n g t h  -  5*6 t
mi crogramme s / cm.

D e n s i t y  = 1 .2 9  gm/cc.  Shape c«rcui.as.

Shape f a c t o r  = 1

Bb 2qOq = 5-05  x  1010 d y n e s /c m .2



FIBROLME 
FIBRE 2

Table 20.

Tem pera ture

°C

Reson an t
F r e q u e n c y ,

Bending
Modulus,

d y n e s /
cm2x 1010

Loss
Tangent

Loss 
Modulus , 

d y n e s /
cm2*1 01 0

R e l a t i v e
Bending
Modulus

139 1 2 6 .6 4 .0 0 0.0205 0 .0820 0 .824
129 1 2 8 .0 4 .0 4 0.0153 0 .0619 O.832
119 129 .7 4.21 O.OI33 0.0560 0.866
109 1 3 0 .8 4 .26 0.0119 0.0517 0.876
101 131-5 4.33 0 .0110 0.0476 0 .890

93 1 5 2 .5 4 .39 0.0109 0.0486 0 .904
85 133-9 4 .4 4 0 .0120 0 .0534 0 .916
75 1 3 4 .6 4 .52 0.0126 0.0569 0.931
65 1 3 5 .8 4 .59 0.0119 0.0546 0.945
57 136 .3 4 .64 0.0106 0.0492 0 .955
48 137 .3 4 .7 0 0.0099 0 .0466 0.969
38 1 38 .2 4 .78 0.0099 0 .0474 0 .984
3° 1 3 8 .9 4 .8 4 0.0104 0 .0504 0.996
21 139 .2 4 .86 O.OI34 0.0651 1 .000
12 1 3 9 .4 4 .87 0.0183 0 .0910 1 .002

0 1 4 1 .8 4 .95 0.0215 0.1062 1 .020
-*1 0 143 .5 5 .05 0.0237 0.1193 1 .042
- 2 0 1 44 .4 5 .20 O.O236 0.1225 1 .070
- 3 0 145 .3 5 .28 0.0246 0 .1300 1 .090
- 4 0 1 4 6 .0 5 .34 0.0269 0.1435 1 .100
- 5 0 147 .3 5 .44 0.0277 0.1505 1 .120

F i b r e  D im en s ion s :  L en g th  = 0 .67  can. M a s s / u n i t  l e n g t h  = 6 .7
microgrammea/  cm.

D e n s i t y  = 1 .2 9  gm/cc. Shape O 8
10

Shape f a c t o r  (minor  a x i s )  = 1 .2 5

Ej, 20oc = 4.86 x 1010 dynes/cm.2



Table 21
FIBROLME 
FIBRE 5

Tem pera ture

106 127 .2 4 .4 0 0.0120 0 .0528 0 .895
99 128.6 4.53 0.01 00 0.0453 0.921
90 129 .6 4.57 0.0092 0.0421 0.932
80 1 3 1 .0 4 .69 0.0091 0 .0429 0 .955
70 131-5 4 .74 0.0092 0 .0438 0 .965
62 1 3 2 .4 4 .79 0.0096 O.O463 0.975
52 1 32 .9 4 .83 0.0120 0 .0580 0.983
44 1 3 3 .8 4 .86 0.0089 0 .0435 0 .9 9 0
37 134.1 4 .9 0 0.0089 0 .0435 0 .9 9 8
29 1 3 4 .4 4.91 0 .0090 0 .4 4 6 0 1 .000
20 1 3 4 .4 4.91 0.0132 0 .0648 1 .000

9 134 .9 4 .92 0.0168 0.0826 1.002
0 135 .2 4 .95 0.0194 0 .0560 1 .010

- 1 0 136 .2 5 .06 0 .0200 0 .1012 1 .O32
-21 137 .2 5 .12 0.0203 0 .1080 1 .044
- 5 ° 137 .9 5 .18 0 .0210 0 .1090 1 .058
-41 138 .3 5.21 0.0209 0 .1085 1.062
-51 139 .3 5.26 0 .0210 0 .1100 1.075

R eso n an t  Bending Loss  Loss  R e l a t i v e
F re q u e n c y ,  Modulus, Tangent  Modulus,  Bending

d y n e s /  d y n e s /  Modulus
c /  s  cm2x 1 0^ ® cm2x1 0 1 ^

Dimensions  of  f i b r e  u n a v a i l a b l e .



Table  21A

FIBROLANE
FIBRE 4 * Bending Modulu^QOp only,

F ibre  Dim ensions: Length = 0.56 cm. M ass/un it le n g th  = 6 .32
microgrammes. /8 cm

D ensity  = 1 .2 9  gm/cc. Shape Q  g

Shape f a c t o r  = 1.125 Resonant frequency = 213 . 5 c / s .
(minor a x is )  (minor a x is )

= 5*33 x 10^  dynes/cm. ^

Table 21B

FIBROLANE
FIBRE 5 . Bending ModuluSgQOg only

F ibre  Dim ensions: Length = 0.58 cm. M ass/un it length=  4*70
micro grammes/

6*
D ensity  = 1.29 gm/cc. Shape ( ^ 7

Shape f a c t o r  (major ax is)^  = 0.955 

Shape f a c t o r  (minor a x i s ^  = 1*075

10 2Resonant frequency^ = 164*4 -j= 4*65 x 10 dynes/cm.

10 2Resonant f req u en cy « = 172.6 E^ ^  4*42 x 10 dynes/cm.



Table  22.

FIBROLANE Mean Values

T em pera tu re  Bend ing  Modulus,  Loss  Modulus,
°C x 1010 d y n e s / c m .2 x 1010 dynes/cm?

140 4.04 0.0889
130 4.15 0.0781
120 4.26 0.0684
110 4.34 0.0600
100 4.43 0.0512

90 4.52 0.0466
80 4.57 0.0491
70 4.63 0.0541
60 4.71 0.0518
50 4.78 0.0483

‘•40 4.83 0.0512

3° 4.87 0.0662
20 4.91 0.0845
10 4.94 0.1064

0 4.97 0.1198
- 1 0 5.04 0.1221
- 2 0 5.10 0.1234

0N
'A1 5.18 0.1247

-40 5.22 0.1317
-50 5.31 0.1405



Table  2 3 .

HAITIE. FIBRE 1 .

T em pera tu re  R esonan t  R e l a t i v e  L oss
F re q u en c y ,  Bending  Tangent

C c / s  Modulus

172 2 67 .7 0 .7 0 0 0 .0 4 5 0
164 2 7 2 .4 0.723 O.O436
154 279.3 0 .7 6 0 O.O384
U 5 2 8 7 .4 0 .805 O.O363
132 290 .9 0 .8 2 8 0 .0298
122 294 .5 0 .846 0.0272
113 298 .5 0 .874 0 .0 2 40
101 3 0 1 .0 0 .8 8 8 0.0221

92 3 02 .9 0 .8 9 8 0 .0182
82 305 .7 0 .910 0.0153
71 3 08 .5 0 .9 30 O.OI33
60 313-3 0 .960 0 .0124
42 318.1 0 .990 0.01 08
34 319 .5 0.997 0.0103
24 3 2 0 .0 1 .0 0 0 0.0105
13 321 .5 1.003 0 .0108

5 3 2 2 .0 1 .005 0 .0110
- 5 3 2 2 .0 1.005 0.0111
- 2 4 3 23 .6 1 . 012 0 .0120
-3 5 324 .7 1 .0 2 4 0 .0130
-4 5 325 .2 1 .030 0 .0132
-5 5 325 .9 1.032 0.0145
-6 5 3 2 6 .0 1 .032 0 .0150



Table  24.

RAMIE 
FIBRE 2

T em pera tu re  R eson an t  R e l a t i v e  Loss
0 F re q u e n c y ,  B ending  Tangent

C c / s .  Modulus

170
154
147
138
128
120
111

98
86
72
56
43 
30 
25 
20 
11  

0 
-  8 
-1 8  
-2 8  
- 3 5  
- 4 5  
- 5 5  
- 6 5

285.0
290 .9  
293-4
297 .9
302 .5
307.1
310 .5  
313-5
3 1 7 .4
3 2 1 .4
324 .5  
326.8  
3 2 9 .0
329 .9
330 .2
331-0
531-5
3 32 .2
3 32 .5  
3 3 3 -0  
333-3  
533-3  
333-6  
333-8

0 .7 4 5 0 .0295
0 .7 8 0 0.0281
0.801 0 .0216
0 .8 2 0 0.0201
0 .8 3 9 0 .0159
0 .8 6 6 0 .0128
0 .8 8 6 0 .0106
0 .896 0 .0086
0 .9 2 6 0 .0066
0 .9 5 0 0 .0047
0 .966 0 .0028
0 .9 8 8 0 .0027
0 .995 0 .0027
0 .9 9 8 0 .0027
1 .0 0 0 O.OO36
1 .002 0 .0026
1 .0 0 4 0 .0027
1 .0 1 0 O.OO33
1 .012 0.0040
1 .01 4 0.0042
1 .017 0 .0054
1 .0 1 7 O.OO53
1 .0 2 0 0 .0072
1.021 0 .0074



RAMIE Table 24A
FIBRE Bending Modulu^QOg only.
L eng th  = 0 . 6 8  cm. M a s s / u n i t  l e n g t h  = 3 * 1  mi c ro  gramme s /  cm.
D e n s i ty  = 1 .5 5 3  gm/cc.  Shape C zD  4*02

n
Shape f a c t o r  (m a jo r  ax is ) - j  = 0 .5 7 4
Shape f a c t o r  (m inor  a x i s ^  = 1-750
Resonant  f r e q u e n c y ^  = 180 .0  c / s .
Resonant  f r e q u e n c y 2 = 3 ^ 2 .0  c / s .

Eb1 = 3 4 -0  x 1010 d y n e s /c m .2 

E^^ = 2 7 .5  x 1010 d y n e s /c m .2

nniTT1 Table  24BRAMIE
FIBRE 4 . B end in g  ModulusggOg and Loss TangentgQO^ o n ly .

L eng th  = O.93 cm. M a s s / u n i t  l e n g t h  = 11 .05  mi c ro  gramme s /  cm.
D en s i ty =  1 .553 gm/cc.  Shape C O  5-5

10 .0
Shape f a c t o r  (m ajo r  ax is ) - j  = 0 .55
Shape f a c t o r  (m inor  a x i s ) 2 = 1-82
Resonant  f r e q u e n c y ^  = 253-5 c / s
Resonant  f r e q u e n c y 2 = 318 c / s .

Efc-i = 3 6 .5  x 1010 d y n e s /c m .2 

Eb2 = 7 5 , 6  x  1° 1°  dynes/cm.

L oss  Tangent^  = 0 .0075
Boss  Tangentg  = 0 .0076

RAMIE Table  24C
FIBRE 5 . B end ing  ModuJUa^QOg o n ly

Leng th  = 1 .0 6  cm. M a s s / u n i t  l e n g t h  = 1 1 .5 0  mi c ro  g r a mmes /  cm.
L e n s i ty =  1 .553 gm/cc.  Shape ^

Shape f a c t o r  (m ajo r  a x i s )  = 0.31 5-6 3 . 5 ^

Resonant  f r e q u e n c y  (m ajor  _ 114 0 c / s .
a x i s )

Eb20°c  = 44-5 x 1° 1°  ay n e s / c m .2



S a b le  25

SJlMUs Mean Values

Loss Modulus 
x 1010 dynes/cm . 2

Temp e r a t u r e  
°C

Bending Modulus 
x  101® dynes/cm . 2

160 25.30 0 .8 8 5 0
150 25-92 0.7951
14-0 26.72 O.7O3O
130 27.55 0 .6238
120 28.25 0 .5 6 0 0
110 29.04 0.4882
100 29.90 0.4335

90 50.51 0-3845
80 5 1 .1 2 0.3434
70 5 1 .8 2 0.3091
60 32.55 0.2799
50 5 2 .8 0 0.2785
40 55.10 0 .2 3 1 0
50 33-36 0 .2 2 0 0
20 53-70 0.1851
10 53-78 0 .1 9 0 0

0 53-90 0 .1 9 1 0
- 1 0 34.06 0.2080
- 2 0 54.20 0.2248
-30 54.35 0 .2 5 8 0
-40 54.40 0 .2 90 8
-5 0 54.50 0 .3 5 8 0



FORTISAN 
FIBRE 2.

Table 27.

Tem pera tu re

°C

Reson an t
F re q u en c y ,

c / s

R e l a t i v e
Bending
Modulus

L oss
Tangent

162 195.1 0 .665 0 .05 1 0
145 206 .6 0.741 O.O38I
130 2 13 .6 0 .796 O.O34I
114 220 .5 0 .846 0 .02 1 8
104 225-3 O.883 0 .0 1 60

89 228.1 0 .904 0 .0115
71 2 31 .8 0 .9 3 8 0 .0065
58 233-5 0 .95 0 0 .0058
48 2 35 .4 0 .962 0 .0048
59 236.1 0 .969 0 .00 4 0
30 2 37 .0 0 .978 0 .0048
25 2 38 .0 0 .985 0 .0048
19 2 40 .6 1.002 O.OO39

6 2 4 1 .0 1 .009 O.OO31
-  6 241 .5 1 .006 0 .0047
-1 5 241 .9 1 .008 0.0047*
-2 7 242 .3 1 .010 0 .0055
-33 242 .7 1.013 0 .0054
- 4 0 2 42 .9 1.015 0 .0070
-53 243-0 1 .018 0 .0078
-61 2 4 3 .0 1 .018 0 .0069
-6 5 2 4 4 .0 1 .025 0 .0090



Table 27A
FORTISAN
FIBRE B en d in g  ModuluSgQO^ and L oss  TangentgQOg o n ly .

L e n g th  = 0 . 8 0  cm. M a s s / u n i t  l e n g t h  = 1 . 5 0  mi c ro  gramme s /

O cm,
1 .47

Shape f a c t o r  (m inor  a x i s )  = 1 .4 7  1

R eso n a n t  f r e q u e n c y  (minor a x i s )  = 135*2 c / s .

Eb  = 5^*3 x 1 0 ^  d y n es /cm .^

L o ss  Tangent  = 0.0101

T able  27B
FDRTISAN
FIBRE 4. B end ing  ModuluSgQO^ o n l y .

L en g th  = 0 .7 6  cm. M a s s / u n i t  l e n g t h  = 1 .8 0  mi c ro  grammes/cm. 

D e n s i t y  = 1 .5 2  gm/cc.  Shape 6

7
Shape f a c t o r  (m a jo r  a x i s ) ^  = 0 .8 56  

Shape f a c t o r  (minor  a x i s j g  = 1 .1 60  

R e so n a n t  f r e q u e n c y ^  = 13 6 .6  c / s .

Resonan t  f r e q u e n c y  g = 148 .2  c / s

Eb i = 3 7 . °  x  10 10 dynes/cm.

10 ,  2



Table 28

FORTISAN Mean Values

Tem pera ture  Bending Modulus, Loss Modulus,
°C x 1010 d y n es /cm? x 101^ dynes/cm?

160 21.91 1 .0 2 9 0
150 23.02 0.8810
140 24.18 0.7649
130 25.29 0.6709
120 26.31 0.5878
110 27.20 0.5161
100 28.21 0.4515

90 29.08 O.39OO
80 29.84 O.33O8
70 30.61 0.2790
60 3 1 .4 0 0.2260
50 32 .08 0.1681
40 32.43 0 .1 5 1 0
30 3 2 .8 0 0.1208
20 33*20 0.1080
10 33*39 0.1080

0 33*45 0 .1 09 0
- 1 0 33*60 0.1148
- 2 0 33*67 0.1392
-30 33*72 0.1763
-40 33*77 0 .2 2 1 0
-50 33*81 0.2705



Table 29

ACETATE FIBER* . E IBEE1 .

Temperature

°C

R eso n a n t
F r e q u e n c y ,

c / s

Bending
Modulus,

d y n e s /
^ 2v i n 10 cm x 10

Loss
Tangent

L oss
M odulus ,

d y n e s /
2 , A10 cm x 10

R e l a t i v e
B ending
Modulus

141 2 3 7 .0 2 .39 0 .0445 0 .1065 0 .7 0 4
132 2 4 2 .8 2 .48 0 .0359 0.0891 0 .732
123 2 4 7 .2 2 .5 9 O.O348 0 .0900 0 .76 5
112 2 5 1 .5 2 .6 8 0 .0328 0 .0878 0 .7 9 0
100 261.1 2.81 O.O303 0.0853 0 .8 2 8

90 2 6 1 .8 2.91 0.0276 0 .0804 0 .855
78 2 6 3 .8 2 .97 0.0246 0 .0730 0 .874
69 2 6 6 .7 3 .O3 0.0208 O.O63D 0.892
59 2 6 9 .2 3 .09 0.0232 0.0717 0 .9 1 0
49 2 7 2 .5 3 .1 7 0.0237 0 .0750 0 .9 3 0
39 2 7 6 .5 3 .2 9 0.0271 0.0892 O.96O
29 2 7 9 .0 3-32 O.O315 0.1045 0 .976
23 2 8 0 .7 3 .3 6 0.0317 0.1061 0 .9 9 0
20 2 8 2 .6 3-39 O.O32O 0.1085 1 .000

4 2 8 5 .5 3-46 O.O336 0 .1160 1 .0 2 0
-  4 287-3 3-50 O.O34O 0.1190 1 .OJQ
-1 4 2 9 0 .6 3.51 0.0352 0 .1232 1 .052
-25 2 9 2 .8 3.61 0.0352 0 .1269 1 .0 6 4

Fibre  D im e n s io n s : L e n g th  = 0 .53  01,1 • M a s s / u n i t  l e n g t h  = 7 . 6
mi c ro  grammes/cm.

5
D e n s i t y  = 1*330 gm/cc.  Shape - < T ?  5

Shape f a c t o r  = 1 .57

Eb 20°0  = 3*59 x  1010 d y n e s / c m .2



ACETATE FIBRE 
FIBRE 2 .

T em pera tu re
o„

Table 30 .

R esonan t
F re q u en c y ,

c / s

R e l a t i v e
Bending
Modulus

L oss
Tangent

145 2 11 .5
138 2 1 6 .0
128 220 .7
119 2 2 5 .0
109 227 .9
103 229 .3

99 231 .2
91 233.1
84 235 .7
78 2 3 6 .8
71 239 .2
65 2 4 3 ‘ 5
54 2 4 5 .9
47 2 4 6 .9
39 247 .7
30 251 .7
25 253-5
20 256 .2
10 257 .5

2 258 .9
- 1 0 260 .7
- 2 0 2 6 1 .8
- 3 0 262 .2
- 4 0 2 6 2 .9
- 5 0 2 6 4 .0
- 6 0 2 6 6 .0

0 .6 8 0 0 .0449
0 .713 0 .04 0 2
0 .7 4 0 O.O3O2
0.769 0 .0278
0 .7 9 6 0 .02 6 0
O.8O3 0.0247
0 .8 1 5 0 .0240
O.833 0 .02 2 8
0 .846 0 .0225
0 .859 0 .0227
0 .875 0 .0240
0 .906 0.0257
0 .9 2 4 0.0261
Ow930 0 .0256
0 .9 4 0 0 .0269
0 .966 0.0277
0 .9 84 0 .0 2 80
1 .0 0 0  • 0 .0282
1 .00 4 O.O32O
1.017 0.0342
1 .0 3 8 O.O34O
1.042 0 .0355
1.045 0 .0376
1 .04 8 0 .03 7 8
1 .062 O.O38O
1.0 9 0 O.O38O



Table 31
ACETATE FIBRE 
FIBRE 3.

Tem pera tu re  R eso n a n t  R e l a t i v e  Lose
F r e q u e n c y ,  Bend ing  T angen t

C c / s  Modulus

134 114.0
123 115.5
116 116.7
108 117-3
100 118.1

91 119.3
84 119 .8
76 120.2
68 120.4
60 120.6
51 121.3
41 121 .6
31 122.6
24 123.2
15 124.4

6 1 25 .0
-  3 125 .6
-1 2 125.6
-2 2 125.9
-32 126.3
-41 127.1
-51 127.4

0.849 0 .0 4 0 0
0 .866 0 .0 2 96
0.885 0.0280
0 .9 0 0 0.0264
0.914 0 .0256
0.930 0 .0246
0.945 0.0236
0.950 0 .0232
0.952 0.0239
0.954 0.0257
0.965 0.0263
0.970 0.0272
0 .982 0.0273
0.995 0.0273
1.004 0.0277
1.014 0.0286
1.023 0.0265
1.023 0 .0302
1.025 0.0308
1.042 O.O3O8
1 .0 5 8 O.0517
1 .062 0.0317



ACETATE FIBRE 
FIBRE 4.

Table ^2

Tem pera tu re  R e so n a n t  R e l a t i v e
F re q u e n c y ,  Bend ing

C c / s  Modulus

140 128 .6 0 .6 9 0
131 132 .2 0 .7 3 0
118 135.2 0.763
107 137 .6 O.793

99 143 .0 0 .855
91 145 .2 0 .879
81 146-3 0 .898
73 147.7 0 .912
63 150 .6 0 .9 40
52 151.7 0.961
42 152.9 0 .975
32 154.2 0 .995
25 1 5 4 .8 0 .997
17- 1 5 5 .0 1 .000

8 1 55 .4 1 .004
-  2 1 5 5 .8 1 .009
- 1 2 , 156 .2 1.021
- 2 2 . 157 .5 1.032
- 3 2 . 158 .6 1 .042
- 4 2 . 1 5 9 .0 1 .045
-5 2 - 1 6 1 .0 1.071

■ ' . D e n d i n g ' W - n  v  -  7 §  r  m n l  j

v . . . x  ; •  c m ]  • M a i  7  n  - u r n  t  1 -  c  ^ 7 ;  t l i .  »  6  -  7  

• X-.O ,';VV*'•••'• . / C e p e

■ x- nnl.px - x^nx}- ' **43

L oss
T angen t

0 .0 4 0 0
0 .0342
0 .0302
0.0281
0.0256
0 .0252
0.0271
0 .0 2 75
0 .0278
0 .02 7 8
0 .0 2 8 0
0 .0292
O.O304
0 .0317
0.0328
0 .0 3 4 0
0 .0 3 58
O.O36O
O.O37O
0.0372
O.0373

m, s / dOic



Table  32AACETATE FIBRE ------—
FIBRE 5 • B end ing  Modulu^QOg on ly

L e n g th  = 0 . 4 8  cm. M a s s / u n i t  l e n g t h  = 5*7 mi cro grammes/cm.
D e n s i t y  = 1 . 3 3 °  gm/cc. Shape [ A  10
Shape f a c t o r  (m ajo r  a x i s ) ^  = 0 . 5 0  5
Shape f a c t o r  (minor  q x i s ) 2 = 2 .0 0
R eson an t  f r e q u e n c y ^  = 1 6 4 .0  c / s
R eson an t  f r e q u e n c y 2 = 33^*0 c / s .

E.^  = 3*42 x 1010 d y n e s /cm . 2

E-^2 = 3*40 x 1010 d yn e s /cm . 2

Table  32B
ACETATE FIBRE------------------------------- 1—
FIBRE 6 . B end ing  M o d u l u s ^ o ^  o n ly

L e n g th  = 0 .5 4  cm. M a s s / u n i t  l e n g t h  = 6 .0 8  microgrammes /cm.
D e n s i t y  = 1 . 330 gm/cc. Shape ^ C Q

12
Shape f a c t o r  (m a jo r  a x i s ) ^  = 0 .5 0  
Shape f a c t o r  (m inor  a x i s ) 2 = 2 . 0 0  
R eso n a n t  f r e q u e n c y ^  = 127.1 c / s .
R eson an t  f r e q u e n c y  = 252 .6  c / s

Eb1 = 2 .9 4  x 1010 dy n e s /cm . 2

Eb 2 = 2 ,9 8  x 1° 1°  dynes/ cm*2

ACETATE FIBRE Table  jgC
FIBRE 7 . B end ing  Modulus20oc o n ly

L e n g th  = O.53  cm. M a s s /u n i t  l e n g t h  = 6.7 m icro  gramme s/cm.
D e n s i t y  = i* 3 3 ^  gm/cc. Shape □  10

7
Shape f a c t o r  (minor a x i s )  = 1 .43 
R esonan t  f r e q u e n c y  (minor a x i s )  = 2 69 .0  c / s .

1 n ?
E = 3 -98  x 1 0 ,u dynes/cm.



Table 3̂

ACETATE EIBBE Mean Values

Temperature Bending Modulus, Loss Modulus,
°C x 1010 dynes/cm? x 1010 dynes/om?

145 2 .35  0.1074
140 2 .3 8  0 .1020
130 2.48 0.0920
120 2.58 0.0834
110 2.69 0.0789
100 2.76 0.0750

90 2.84 0.0708
80 2 .97  0.0680
70 3.02 0.0692
60 3 .0 8  0 .0802
50 3.14 0.0831
40 3.22 0.0864
30 3.29 0.0900
20 3 .3 6  0.0975
10 3 .3 9  0 .1062

0 3 .4 2  0 .1104
-10  3.44 0.1152
- 2 0  3 .4 6  0.1195
-30  3.49 0.1219
-40  3.52 0.1240

. -50  3.56 0.1263



Table 34-

TBICEL FIBRE 1

Temperature R e so n a n t Bending Loss Loss R e l a t i v e
F r e q u e n c y , Modulus,

d y n e s /
Tangent Modulus,

d y n e s /
Bending
Modulus

°C c / s cm2x 1010 0ffl2x 1010

145 1 2 4 .8 3 .1 0 0 .0500 0 .15 5 0 O.635
135 129 .6 3-32 0.0444 0 .1472 0 .6 80
127 133-9 3-57 0.0405 0.1445 0 .7 3 0
117 1J 6 . 0 3 .7 0 O.O376 0 . 1389 0 .756
107 138-5 3.83 O.O36I 0 .1388 0.783
97 140 .6 3-93 O.O335 O.1312 O.8O3
87 143-3 4 .09 0.0283 0 .1155 O.836
79 1 44 .8 4.17 0 .0258 0 .1075 0 .853
68 145 .7 4.31 0 .0268 0 .1152 0.881
57 1 4 9 .0 4.41 0 .0270 0 .1190 0 .902
47 150.7 4 .50 O.O314 0.1411 0 .9 2 0
37 1 5 2 .0 4 .6 0 O.O33O 0.1516 0 .9 40
29 153-3 4 .69 O.O332 0 .1558 0 .9 5 8
20 157.1 4 .90 0.0328 0.1605 1 .000
10 158.7 4 .98 0 .0328 O . I 65O 1.020

-  1 159.1 5 .00 0.0328 0 .1640 1 .025
-11 1 6 0 .0 5.07 O.O33I 0 .1680 1 .040
-2 0 1 6 1 .0 5 .07 O.O336 0.1702 1 .040
-3 0 161 .5 5 .12 0.0352 0 .1800 1 .050
-4 0 1 6 3 .0 5 .25 0.0357 0.1875 1 .075
-5 0 1 6 3 .8 5 .28 0.0385 0.2038 1.081
-6 0 1 64 .9 5.36 0.0403 0 .2160 1 .098

F ib re  D im ens ions :  L e n g th  = 0 .83  cm- M a s s /u n i t  l e n g t h  = 13-2
microgrammes/ea*.

12
w

12

Shape f a c t o r  = 1 . 2

2 0 ° C = 4 ,9  x  1° 1°  d3fa e s / c“1.



TRICEL 
FIBRE 2.

Temperature

°C

R e so n a n t
F r e q u e n c y ,

c / s

Table

Bending
Modulus,

d y n e s /
cm x10

55

Loss
Tangent

Loss
Modulus,

d y n e s /
cm2x1010

R e l a t i v e
Bending
Modulus

138 1 16 .8 3*31 0.0402 O .133O 0.736
128 118 .6 3 .45 O.O367 0.1263 0 .765
118 121.1 3.61 0.0320 0.1153 0 .8 0 0
110 123.3 3 .6 8 0.0291 0 .1070 0 .81 5
100 124 .5 3 .8 0 0.0262 0 .0998 0 .8 4 4

91 1 2 6 .0 3 .8 8 0.0246 0.0954 0.861
81 128 .2 4 .04 0.0242 0.0976 0 .896
73 1 2 9 .4 4 .10 0 .0238 0.0975 0 .9 1 0
63 130 .6 4 .15 O.O232 0.0963 0 .9 2 0
57 1 3 1 .8 4 .26 0.0247 0 .1050 0 .946
47 133.1 4 .35 0.0247 0.1072 0 .9 6 5
57 134 .6 4 . 44 0 .0250 0 .1108 0 .9 8 5
30 135 .2 4.49 0.0262 0.1178 0 .996
20 1 36 .0 4 .5 0 0 .0274 0 .1230 1 .0 00
10 136 .6 4 .52 O.O3O8 0.1390 1 .005

0 1 42 .2 4 .54 0.0317 0 .1438 1 .009
-11 143-7 4 .55 0.0327 0.1488 1 .0 1 0
-2 0 144 .9 4.56 0.0341 0.1555 1.013
-3 0 1 45 .8 4 .57 O.O35O 0.1600 1 .015
-4 0 1 46 .8 4 .58 0.0476 0 .2170 1.017
- 5 0 1 48 .9 4 .59 0.0471 0 .2200 1 .02 0

F ib re  D im ens ions :  L e n g th  = 0 .735  cm. M a s s / u n i t  l e n g t h  = 15*0
 --------------  mi c ro  gramme s/cm.

D e n s i ty  = 1 .3 0  gm/cc.  Shape C O  9
17

Shape f a c t o r  (m a jo r  a x i s )  = 1 .88  

Eb 20°C = 4 .50  x 1010 dynes/em .



TRICEL
FIBRE 3.

Table ^6.

T em pera tu re  R esonan t
F re q u en c y ,  

C c / s

140 137.0
132 140 .6
120 145.1
106 150.2

98 152 .0
90 153.2
78 157.8
63 162.4
51 I 6 3 .9
41 166.5
31 169-5
21 169.9
10 171.4

0 173.2
- 1 0 175.0
- 2 1 ; 176.7
-30 177.6
-40 178.5
-50 181.0
-58 181.5

R e l a t i v e  L oss
Bend ing  Tangen t
Modulus

0.653 0.0506
0 .688 0.0465
0.730 O.O38O
0.785 0.0347
0.800 O.O34O
0.820 O.O322
0.864 0.0274
0.911 0.0272
0.933 0.0284
0.964 0.0312
0.997 O.O314
1.000 0.0350
1.016 0.0378
1.035 0.0398
1.052 O.O398
1.070 0.0396
1.082 0.0392
1.100 O.O39O
1.120 0.0405
1.124 0.0418



TRICEL
FIBRE 4-

Table M .

T em pera tu re  R eso nan t  R e l a t i v e  Loss
F re q u e n c y ,  Bending  T angen t

C c / s  Modulus

150 229.7
143 232.3
134 2 36 .5
124 239.3
114 244.1
100 250 .6

90 252 .2
80 257 .5
70 259.1
60 262.1
49 265 .5
3-7 2 67 .4
27 269 .9
22 271 .6
10 2 72 .4

0 273 .2
- 1 0 2 74 .9
- 1 8 2 77 .6
-3 6 279 .8
-4 5 281.1
-53 283 .7
-6 2 284 .5
-6 9 284-5

0 .715 0 .0 4 1 0
0 .7 40 O.O365
0 .756 O.O348
0.777 O.O34O
0 .8 1 0 O.O335
0 .852 0 .0 28 0
0 .865 0.0277
0.891 0 .0 2 6 4
0.911 0.0231
0.931 0.0243
0 .95 4 0.0256
0 .9 7 0 0 .0280
0 .985 0 .0 3 0 0
0 .996 O.O3OO
1.003 O.O3OO
1.008 0 .0 2 80
1.038 0.0297
I . O 5O 0.0296
1 .064 O.O3O5
1 .066 O.O3O4
1.080 0.0317
1 .1 0 0 O.O332
1 .1 0 0 O.O317



Table 37A
TRICEL
FIBRE 5* Bending ModuluSgQOg only

l e n g t h  = 0 .6 2  cm. M a s s / u n i t  l e n g t h  = 1 2 .2  mi c ro  grammes/cm.

D e n s i t y  = 1 . 3 0  gm/cc.  Shape Q  15
8

Shape f a c t o r  (m ajo r  a x i s ) ^  = 0 .5 8  
Shape f a c t o r  (m inor  a x i s ^  = 1 .88

R eson an t  f r e q u e n c y ^  = I 8 3 .O c / s
R eso n a n t  f r e q u e n c y 2 = 358*2 c / s

Eb 1 = x 10^  d y nes /cm . 2

Eb 2 = x d ynes /cm . 2

TRICEL ^ 1 6 , 3 . 7 ?
FIBRE 6 . B en d in g  Modulus2o°c on*l’y

L e n g th  = 0 .6 5  cm. M a s s / u n i t  l e n g t h  = 13*7 microgrammes /cm. 
D e n s i t y  = 1 .3 0  gm/cc.  Shape Q  16

9Shape f a c t o r  (m ajor  a x i s ) ^  = 0 .56  
Shape f a c t o r  (m inor  a x i s ^  = 1*78 
R eso n an t  f r e q u e n c y ^  = 178.3 c / s .
R esonan t  f r e q u e n c y 2 = 350 .3  c / s .

= 4 .85  x 1010 d y n es /cm . 2

Eb 2 = 5*90 x d y n es /cm . 2

TRICEL Table  370
FIBRE 7 . Dynamic B ending  ModuluSgQOQ and Loss  TangentgQOg o n ly .

L en g th  = 0 .7 2  cm. M a s s / u n i t  l e n g t h  = 14 .00  microgrammes /
_ - cm.

D e n s i t y  = 1 .3 0  gm/cc. Shape C _J  9s
1 6

Shape f a c t o r  (m ajo r  a x i s )  = 0 .59
Resonan t  f r e q u e n c y  (major  a x i s )  = 272 .5  c / s .

E = 5 .5 5  x 10' dynes/cm.

L oss  t a n g e n t  = 0.0251



Table 38

TRICEL FIBRE Mean Values

Temperature Bending Modulus, Loss Modulus,
°C i  1o'® dynes/cm? x 1010 dynes/am?

150 3.33  0 .1582
140 3 . 5O 0 .1 5 0 0
150 3*65 0.1418
120 3.75 O.1335
110 3.07 0.1272
100 4.06 0.1270

90 4.28 0.1277
80 4.39 0.1248
70 4.46 0.1228
60 4.57 0.1240
50 4.67 O.13OO
40 4.80 0.1382
30 4.90 0.1461
20 5.05 0.1615
10 5 .09  0.1720

0 5 .15  0 .1 7 3 4
-10 5.23 0.1740
- 2 0  5 . 3O 0.1749
- 3 0  5.57 0.1779
-40 5.46 0.1850
-50 5.55 0.2059



Table 59

ACRILAN A . FIBRE 1 .
T em pera tu re  Resonant R e la t iv e  Lose

Frequency, Bending T angen t
C c /a  Modulus

144 166.0
140 185.0
131 213.5
123 238.0
110 265.0
105 280.0

97 289.0
86 304.2
67 314.6
57 326 .5
49 331.4
40 334.2
51 339.9
20 343-5
10 366.5

0 367.6
-  9 371.0
-19 372.1

0.235 0.278
0.292 0.240
O.389 0.210
0.478 0.185
0.596 0.135
0.669 0.095
0.705 0.089
0.784 0.082
O.836 0.060
0.902 0.057
0.950 0.057
0.951 0.053
0.980 0.048
1.000 0.039
1.120 O.O36
1.140 0.034
1.160 O.O3I
1.180 0 .0 30



Table 40.
ACRILAN A 
FIBRE 2

T em pera tu re  R e so n a n t  R e l a t i v e  Loss
F re q u en c y ,  B end ing  T a n g e n t

G c / a  Modulus

139 12&.0 0 .275 0 .2 1 8 -
133 1 5 7 .0 O.314 0 .2 1 0
121 166 .5 0 .469 0 .147
113 1 82 .0 0.561 0 .138
104 1 90 .0 0 .6 1 0 0 .11 8

98 2 0 3 .0 0 .695 o. 096
90 205 .8 0 .7 10 0 .079
71 222 .9 O.836 0.063
58 228 .5 0 .875 0 .058
49 233 .8 0 .915 0.053
41 237 .5 0.951 0 .048
33 2 3 9 .0 0 .9 6 0 0 .0 45
25 240 .5 0.971 0 .0 4 4
13 248 .2 1 .020 0.041

1 2 5 2 .0 1 .0 6 0 O.O36
255-8 1 .090 0 .032

—22 257.1 1 .1 1 0 0 .026
- 3  T 259-0 1 .1 2 0 0 .023
■—-46 260 .7 1 .13 0 0 .022
—55' 26?. 3 1 .150 0.024



Table 41.
ACRILAN A 
FIBRE 3 ■

T em pera tu re  R esonan t  R e l a t i v e  Loss
F re q u en c y ,  Bending  Tangent

C c / s

144 129 .2
135 140.3
130 1 5 9 .0
121 179.3
110 197 .6

99 2 1 4 .0
87 2 2 1 .0
76 2 3 1 .0
66 2 3 5 .0
57 241 .5
49 2 47 .0
39 249 .2
29 255.1
23 257 .3
16 2 6 5 .0

8 2 6 8 .5
-  1 271-3
-  7 274 .2
- 1 5 2 7 5 .0
- 2 5 2 75 .5
-3 5 2 75 .5
- 4 4 2 7 8 .6
- 5 4 2 7 9 .5

0 .245 0 .2 4 0
0 .288 0 .1 9 8
0 .372 0 .156
0 .476 0 .136
0 .575 0 .1 0 9
0 .672 0 .109
0 .722 0.093
0 .784 0 .082
0 .8 1 0 0.071
0 .854 0.061
0 .894 0 .057
0 .9 1 0 0 .0 5 4
0 .959
0.971

0.053
0 .0 5 6

1 .02 0 0 .04 9
1 .060 0 .0 4 8
1 .0 8 0 0.045
1 .09 0 0 .040
1 .100 O.O35
1 .12 0 0 .03 4
1 .1 2 0 O.O34
1 .1 3 0 0.031
1 .1 4 0 O.O3O



Table 41A
ACRILAN A
FIBRE 4 » B e nd in g  ModuluSgQOg and Loss  TangentgQOg o n ly

L e n g th  = 0 .5 9  cm. M a s s / u n i t  l e n g t h  = 3 .80  m ic ro  grammes /cm. 

L e n s i t y =  1 .1 3 5  gm/cc.  Shape c i r c u i t * .

Shape f a c t o r  1 . 0

R eso nan t  f r e q u e n c y  = 20 4 .0  c / s .

E^ = 7 .9 5  x 1010 dyn es /cm . 2 

L oss  t a n g e n t  = 0.0415*

Table  41B
ACRILAN A ----------------
FIBRE 5 . Bend ing  ModulusgQOg o n ly

L en g th  = 0 .6 5  cm. M a s s / u n i t  l e n g t h  = 3 .50  m ic ro  grammes/cm.

D e n s i ty =  1 . 1 35 gm/cc.  Shape o r c o u a * .

Shape f a c t o r  1 . 0

R eson an t  f r e q u e n c y  = 165 .0  c / s

E, = 7 .7 5  x  1010 d y nes /cm . 2 

Table  41C
ACRILAN A “ --------------
FIBRE 6 . Bend ing  ModuluSgQO^ o n ly

L e n g th  = 0 .4 9 5  cm. M a s s /u n i t  l e n g t h  = 3 . 4  microgrammes /cm.

D e n s i ty =  1 . 135 gm/cc. Shape c ircouak

Shape f a c t o r  1 . 0  

R esonan t  f r e q u e n c y  = 270 .0  c / s

Efc = 7 . 2 0  x 1010 dynes /cm . 2



Table 42.

ACRILAN A Mean Values

Temperature Bending Modulus lo s s  Modulus
°C i  1 0 ^  dynes/cm? x 10^® dynes/cm?

140 2 .0 2  0.4651
130 2.63  0 .50 0 0
120 3 .55 0.5507
110 4 .44 0.5710
100 5 .1 0  0 .57 0 0

90 5.31 0.5005
80 5.65 0.4370
70 5.91 0.4020
60 6.22 0.3791
50 6.55 O.366O
40 6.91 O.3468
30 7.21 O.341O
20 7.41  O.34W)
10 7.58 O.3145

0 7 .65  0.2640
-10  7 . 7 9  0.2552
-20 7 . 9 9  0.2396
- 3 0  , 8 .18  0.2318 
- 4 0  8.41 O.23OO
-50 8 .75  0.2278



gable 4̂
ACRILAR B. FIBRE 1
T em pera tu re

o«
R esonan t

F req u en cy ,
c / s

R e la t iv e
Bending
Modulus

144 176.2 0.242
140 200.4 0 .310
130 240.2 0.446
122 273.5 0.579
114 285.5 0.627
107 300.4 0.697

98 3 10 .6 0.745
90 317.5 0.779
81 328.4 0.835
75 334.2 0.866
64 342*8 0.927
57 346.5 0.935
49 349.0 0.945
40 351 *9 0.953
3 * 355.2 0.971
26 357.2 0.990
20 359.0 1.000
14 3 6 4 .O 1 .020

6 367 .4 1 .040
2 366 *2 1.040

-  5 366 .4 1 .040
- 1 2 367 -7 1.040
-2 2 368.5 1.044
-28 368.5 1.044
“ 34 371.1 1.062
-42 372.2 1.064
-50 373-1 1.076
-58 373.1 1.076
-64 374.1 1.080

l o s s
Tangent

0.2442
0.2102
0.1625
0.1502
0.1422
0.1254
0.1004
0.0972
0.0904
O.O636
0 .0  502
0.0522 
0.0514 
0 .048 2  
0 . 040$ 
O.O392
0.0374 
0.0374 
O.O37O 
O.O34O 
0.0300  
0.0292  
0.0275 
0.0236  
0.0220  
0.0195 
0.0167 
0.0167 
0.0150



ACRILAN B
FIBRE 2.

Table 44.

T em pera tu re Resonant
Frequency,

c /s

R e la tive
Bending
Modulus

L0S8
T angent

144 115.6
142 120.2
134 135.4
124 159.2
115 177.0
108 190.2
101 200.6

94 205.6
86 211 .4
77 217.4
73 2 20 .0
67 2 2 2 .0
61 223.5
53 227.0
47 2 3 1 .0
40 234.0
34 2 3 6 .0
19 243*0
13 2 6 1 .0

2- 2 6 4 .0
-  8 263 .O
-15 266.5
-21 266.0
-31 266.8
-40 268.6
-53 269.5

0.225 
0.245 
0.315 
0 .4 3 0  
0 .536 
0.616 
0 .6 8 8  
0 .716 
0.765 
0.805 
0.828 
0.840 
0.855 
0.885 
0.921 
0.935 
0.951 
1 .0 0 0  
1.014 
1.018 
1.018 
1 .020  
1 .0 2 0  
1 .0 2 0  
1 .022  
1 .023

0.2102 
0 .2002 
0.1750 
0.1642 
0.1100 
0.1002 
0.0787 
0.0685 
0.0686 
0.0624 
0.0616 
0.0495 
0.0484 
0.0485 
0.0482 
0.0442 
0.0452 
0.0444 
0.0452 
O.O436 
0.0349 
0 .0 2 9 2  
0.0280 
0.0270 
0^0265



Table 45.

ACRILAN B FIBRE
T em pera tu re  Resonant R e la t iv e  l o s s

quency, Bending
c / s  Modulus

0 Frequency, Bending Tangent

142 1 0 4 .0
132 1 0 9 .0
124 1 2 5 .0
108 171.0
93 191.0
67 2 13 .3
57 220 .3
47 226.5
35 230.5
24 235.5
16 241.5
7 249.5

-  3 252.5
-14 255.5
-21 2 56 .0
“ 3° 256 .0
-40 257.5
-50 258.5

0.184 0.2104
0.247 0.1905
0.275 0.1602
0.505 0.1202
0 .64 2 0.0926
0.794 0.0742
0 .8 5 0 0.0604
0.895 0.0564
0 .906 0 .0482
0.970 0.0442
1 .020 0.0415
1.082 0.0385
1.104 0 .0380
5.124 0.0355
1.140 0.0350
1.140 O.O3OO
1.146 0.0280
1 .160 0.0275



ACRILAN B
FIBRE 4

Table 46.

T em pera tu re

°C

R esonan t
F re q u en c y ,

c / s .

R e la t i v e
B ending
Modulus

L oss
T angent

143 1 3 4 .0 0 .185 0 .2052
133 170 .2 0 .298 0 .1754
120 20 8 .2 0 .444 0 .1652
110 22 6 .0 0 .525 0.1136
101 246.1 0 .624 0 .1094

91 263 .6 0 .715 0.0847
82 269 .6 0 .74 9 0 .0 7 3 2
74 2 7 8 .4 0 .7 9 4 O.O635
64 2 8 8 .0 0 .8 5 0 0 .0594
55 293-7 0 .876 0 .055 0
46 298 .6 0.911 0.0422
38 3O6 .9 0 .9 6 4 O.O385
31 311.1 0 .9 9 0 0 .0370
11, 3 1 3 .2 1 .010 0 .0286

3 3 H . 3 1.012 0.0296
-  7 3 1 7 .6 1 .02 4 0 .0295
-1 6 319 .5 1 .04 0 0 .0280
-2 2 322 .7 1 .050 0 .0270
-31 3 2 2 .8 1 .050 0.0252
-4 0 3 2 4 .8 1 .080 0.0242
-4 7 3 2 6 .0 1 .090 0.0241



Table 46A
ACRILAN B
FIBRE 5 « B en d ing  ModulusgQO^ and Loss TangentgQO^ o n ly .

L e n g th  = 0 .66cm . M a s s /u n i t  l e n g t h  = 3 .81 microgrammes /  cm.
D e n s i ty =  1 .1 3 5  gm /cc . Shape o r c o i .**.
Shape f a c t o r  1 .0
R e so n a n t  f r e q u e n c y  = 1 8 1 .0  c / s .

E^ = 9 . 3O x 10^  d y n es /cm . 2 

L oss t a n g e n t  = 0 .0435

Table  46B
ACRILAN B
FIBRE 6 . B en d in g  ModulusgQOg and L oss Tangentg^Og o n ly .

L e n g th  = O.535  cm. M a s s /u n i t  l e n g t h  = 3 .7 2  mi c ro  grammes/cm.
D e n s i ty =  1 .1 3 5  gm /cc. Shape ci*cuL.Afe
Shape f a c t o r  1 .0  
R eso nan t f r e q u e n c y  = 279*7 c / s .

P
= 9*45 x 10 dynes/cm .

L oss t a n g e n t  = 0 .039 4

T able  460
ACRILAN B ----------------
FIBRE 7 . B end ing  Modulus20oc on ly

L e n g th  = 0 . 6 1  cm. M a s s /u n i t  l e n g t h  = 3 . 7 2  m icrogram m es/ cm. 
D e n s i ty =  1 .1 3 5  gm /cc. Shape 6

7
Shape f a c t o r  1 .1 8
R eso n an t  f r e q u e n c y  = 212 .2  c / s .

E = 7 .9 0  x 1010 d y n e s /c m .2 
b



Table 47.

ACRILAN B Mean Values

T em pera tu re  B end ing  M odulus, L oss  M odulus,
°C x  1010 dynes/cm ? x  10^® dynes/cm ?

140 2 .32  0 .4 7 1 0
13° 3*19 0 .5182
120 4 .0 0  O.5593
110 4 .8 2  0 .5 7 9 0
100 5 .85  0 .602 0

90 6 .52  0 .5808
80 7 .O3 0 .4982
70 7 .41 0.4591
60 7 .8 9  0 .4359
50 8 .2 2  0 .4190
40 8 .6 3  0 .4088
30 9 .0 0  0 .3990
20 9 .2 9  0 .391 0
10 9 .37  0 .3812

0 9 .4 5  0 .3 4 90
- 1 0  9 .6 0  O .33O8
- 2 0  9 .6 9  0 .2 9 1 4
- 3 0  - 9 .8 4  0 .2610
- 4 0  9 .9 6  0 .25 78
- 5 0  10 .12  0 .2 4 2 0



Table 48,

POLYPROPYLENE. FIBRE 1

Temperature

°C

R e so n a n t  
F re  q u e n c y ,

c / s

Bending 
M odu lus , 

d y n e s /
cm ^ x lO ^

Loss
Tangent

L oss
Modulus,

d y n e s /
2 . n10 cm x 10

R e la t i v e
B ending
Modulus

91 143-2 1 .59 0.0643 0 .1025 O.342
87 145-0 1 .64 O.O636 0.1040 O.348
81 150 .7 1 .75 0.0626 0 .1085 O.376
75 1 5 5 .2 1 .86 0 .0620 0 .1150 0 .402
69 160 .2 1 .97 0.0598 0.1178 0 .427
64 1 6 7 .0 2 .2 0 0.0671 0.1472 0 . 464
58 173-8 2-33 0.0695 0 .1620 0 .5 0 0
50 183-1 2 .58 0 .0770 0.1985 0 .55 5
45 199-6 3 .05 0.0785 0.2394 0 .656
35 21 3 .7 3-50 0.0790 0.2760 0 .752
29 2 2 6 .6 3.61 0.0874 O .316O 0 .77 6
24 235.1 4 .25 0 .0910 O .387O 0.913
15 2 6 1 .5 4 .85 0 .1010 0 .4900 1 .0 4 0

5 270 .6 5 .68 0.0750 0 .4260 1 .220
-  4 27 4 .2 5 .74 0.0660 0.3782 1 . 23O
-1 4 285-0 6.06 O.O635 O.384O 1.302
-2 4 293-8 6.43 0.0580 O.373O 1-382
“ 33 3 0 0 .9 6 .70 0.0575 O.385O 1 .4 4 0
-43 3 0 4 .8 6 .90 0.0495 O.34I 8 1 .4 8 0
-53 30 9 .9 7 .0 4 0.0556 O .39IO 1.520
-63 312 .3 7 .1 8 0.0576 0 .4140 1-540

F ib re  D im e n s io n s : L e n g th  = 0.61 cm. M a s s /u n i t  l e n g t h  = 5*8
m icrogram m es/cm .

D e n s i ty  = 0 .9 0  gm /cc. Shape ciR.cuL.Aii.

Shape f a c t o r  1

Eb 20°C = 4,65 z 1°1° dynes/caa.2



POLYPROPYLENE 
FIBRE 2.

Tem perature

°0

R e so n a n t
F re q u e n c y ,

c / s

T able

Bending  
M odulus, 

d y n e s /
cm^xl 0^0

49.

Loss
T angent

Loss
M odulus,

d y n e s /
cm^xlO^ ^

R e la t i v e
B ending
Modulus

96 16 8 .7 1 .8 0 0.0875 0 .1575 0 .41 0
90 1 7 2 .8 1 .89 0 .0850 0 .1610 0 .429
82 1 8 0 .5 2 .07 0.0723 0 .1500 0 .4 7 0
74 193-5 2 .38 0.0655 0 .1560 0.541
64 2 0 7 .9 2 .7 8 0.0640 0 .1780 O.632
56 2 1 9 .7 3 .06 0 .0685 0 .2098 0 .696
49 2 25 .2 3.21 0.0695 0 .2232 0 .729
40 247.1 3 .9 4 0.0702 0 .2762 0 .8 84
30 2 6 2 .4 4 .37 0.0700 O .3O6O 0.993
20 263 .3 4 .4 0 0 .0950 0 .4170 1 .000
10 2 6 7 .0 4.53 0 .1020 0 .4610 1.030

0 2 7 8 .0 4 .8 4 0.0890 0 .4310 1 .110
-1 0 2 8 5 .0 5 .10 0.0665 0 .3390 1 .160
-2 0 2 9 8 .0 5 .55 0.0640 0 .3550 1 .2 60

F ib re  D im e n s io n s : L e n g th  = 0 .57  cm. M a s s /u n i t  l e n g t h  = 5 * 5
mi c ro  gramme s/cm,

D e n s i ty  = 0 .9 0  gm /cc. Shape circular

Shape f a c t o r  = 1.

\  20o c = 4 . 4 0  x  1010 dynes/cm .



Table 50
POLYPROPYLENE 
FIBRE 3

T em pera tu re  R esonan t R e la t i v e  L oss
F re q u en c y , B ending  T angent

C c / s  Modulus

96 129 .5
90 132 .7
84 137 .3
77 142 .0
70 1 4 6 .0
57 159.1
52 166 .5
41 169.1
17 206 .6

9 235.1
1 243 .7

-  7 252.1
-1 5  256.1
- 2 4  258 .9
-3 2  261 .5
- 4 0  2 66 .5
-4 7  2 6 9 .4
- 5 4  2 7 1 .8
- 6 0  273-2
-6 7  273-5

0 .4 1 0 0 .0717
0 .422 0 .0607
0 .455 0 .0576
0.486 0 .0536
0 .513 0 .0510
0 .6 08 0.0515
0 .665 0 .0555
0 .700 0 .0560
1 .020 0 .0710
1 .200 0 .0 800
1 .390 0 .0750
1 .500 O.O63O
1.520 0 .0497
1 .54 0 0 .0482
1 .560 0 .0440
1 .620 0.0413
I . 63O 0.0410
1 .6 6 0 0 .0424
1 .67 0 0.0491
1 .68 0 0 .0490



Table 50A

POLYPROPYLENE
FIBRE 4. B en d in g  M odulus2o °c  only*

Length. = 0 .5 2  cm. M a s s /u n i t  l e n g t h  

D e n s i ty  = 0 .9 0  gm /cc. Shape

Shape f a c t o r  1 .0  

R eso n an t f r e q u e n c y  = 258 .9  c / s .

Eb = 4*55 x 10^0 d y n e s /c m .2

Table  5OB
POLYPROPYLENE
FIBRE 5 . B en d in g  M odulus2qOq o n ly .

L e n g th  = 0 .5 7  cm. M a s s /u n i t  l e n g t h  = 

D e n s i ty =  0 .9 0  gm /cc. Shape

Shape f a c t o r  1 .0  

R eso n an t f r e q u e n c y  = 376 .4  c / s .

3 . 5O mi c ro  grammes

C IR C U LA R .

5 .6  microgramme8 /  

C i r c u l a r

= 4 .7 2  x  1010 dynes /cm . 2



Table 51.

POLYPROPYLENE

Temp e r a t u r e  
°C

Mean V alues

B ending  Modulus, 
x 1010 dynes/om?

Loss M odulus, 
x 10^  dynes/cm ?

95 1.23 0 .0 914
90 1-35 0.0931
80 1 .6 0 0 .1065
70 1 .90 0 .1198
60 2.21 0 .1442
50 2 .62 0.1731
40 3*42 0 .2*09
30 3.83 0 .273 0
20 4 .5 5 O .39U
10 4 .7 ° 0 .4112

0 5 .00 O .39OO
- 1 0 5 .30 0*3578
- 2 0 5 .69 O.33OI

o1 6 .12 O.33O6
-4 0 6 .72 0 .2620
-5 0 1 . 2 2 0 .3 7 2 0
-6 0 7 .2 7 0 .4006
- 7 0 7 .3 5 O.436I



B end ing  M oduli

Ramie

F o r t i s a n

S i l k

A c r i l a n  B

A c r i l a n  A

T r i c e l

F ib r o l a n e

P o ly p ro p y le n e

Wool

A c e ta te  F i b r e

T ab le  52.

L o ss  T ang en ts  and Loss Moduli a t  2 0 ° 0 .

Loss ^

dynes/cm ? x  10 T angent dynes/cm ? x  101®

33-7 0.0055 0.1851

33-2 O.OO325 0.1080

LTVcn• O.OI34 0.1591

9.29 0.0420 0.3910

7.49 0.0464 0.3470

5.05 O.O32O 0.1615

4.91 0.0172 0.0845

4.55 0.0870 0.3960

4.29 0.0190 0.0818

3.36 0.0290 0.0975



Table  53.

Mean L o se  T angen ts  (Maxima) •

Tem perature l o s s T em pera tu re  Loss T em pera tu re  L oss
°C T an g en t °C Tangent °0  Tangent

Wool S i l k F ib r o l a n e

*126 0 .0141 *117 0.0145 68 0 .0 1 2 0

106 0 .0 1 7 0 80 0 .0125 - 3  0.024-3

2jt 0 .0241 47 0 .0119

0 0 .0192

A c e ta te  f i b r e T r i  c e l

*105 0 .0 2 8 2 *98 0 .0310

*  60 0 .0 2 6 0 *14 O.O339

* 11 0 .0 3 1 0

A c r i la n  A A c r i l a n  B P o ly p ro p y len e

*102 0 .1 1 5 0 *80 0 .071 0 *51 0 .0662

* 20 0 .0 4 6 4 *  5 0.0391 12 0 .0 8 9 8

at S h o u ld e r .



re la tiv e  bending modulus. These curves were derived in  a

sim ilar manner to  those of F ig .29.

F ig .31 shows the e f f e c t  of temperature on the mean 

bending modulus. In the case of wool and Fiborlane f ib r e s  

which had been examined over the complete temperature range, 

the mean bending modulus at any temperature could be 

calcu lated  from the observed resonant frequencies and fib re  

dimensions. (The data for Fibrolane were, however, 

supplemented to determine the bending modulus at 20°C more 

accurately, in  the same manner as that outlined  below).

In the case of the other f ib r e s  i t  was not always p o ssib le  

to obtain the f ib r e  dimensions. Separate experiments were 

therefore conducted to find  the bending modulus at 20°C 

only, which was ca lcu la b le  when the required dimensional 

data had been obtained. The mean bending modulus at any 

temperature could then be derived from the product of the 

mean bending modulus at 20°C and the mean r e la t iv e  bending 

modulus at the required temperatures in  the range. To 

supplement already ava ila b le  data, the lo s s  tangents of 

fibres in  these separate experiments were a lso  determined, 

whenever p o s s ib le .

F ig .32 shows the e f fe c t  of temperature on the mean 

loss modulus. The mean lo s s  modulus at temperatures w ithin  

ĥe range covered i s  obtained from the product of the



derived mean bending modulus and the derived mean lo s s  

tangent.

The data from which curves are produced are recorded

in  tabular form in  the order, wool (Table 6 ) ,  s i lk ,

F ib ro lan e, ramie, F ortisan , acetate f ib r e , T r ice l, A crilan  

A, A crilan B and polypropylene (Table 51).

The derived data of bending modulus and lo s s  

modulus from which bending and lo s s  modulus curves are 

produced, and which are la b e lled  ” mean v a lu es” , are 

given fo r  wool in  Table 11, s i lk  in  Table 18, Fibrolane 

in  Table 22, ramie in  Table 25, F ortisan  in  Table 28, 

acetate f ib r e  in  Table 33, T ricel in  Table 38, A crilan A 

in  Table 42, A crilan  B in  Table 47 and polypropylene in  

Table 51. Where only the bending moduli at 20°C were 

determined, the necessary data are recorded in  sub—ta b le s ,  

e .g . s i l k ,  f ib r e  7, Table 17A, F ibrolane, f ib re  4 , Table 21A, 

F ibrolane, f ib r e  5 , Table 21B, e tc . In some in stan ces, 

as sta ted  e a r l ie r ,  the lo s s  tangent was a lso  recorded.

Fibre dimensions; Where a v a ila b le , the fib re  

dimensions are s ta te d . The length , mass per unit length , 

resonant frequency and shape of the fib re  were determined 

experim entally . The shape fa ctor  was ca lcu lated  by the 

method p rev iou sly  described. Shape factor  (major <axis) 

or shape fa c to r  (major ax is)q  and resonant frequency (major
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axis) or resonant frequency^. re fer  to the fib re  v ib ra tin g  

about i t s  major a x is , while by su b stitu tin g  the term 

"minor a x is" , the same notation  i s  used fo r  the f ib re  

v ib ratin g  about i t s  minor a x is . Most f ib r e s  w i l l  have 

two p rin c ip a l axes and vibrate at two d iffer en t resonant 

freq u en cies, about these Axes. While the resonant fr e 

quencies are independent of the polar p o sitio n  of the cross  

section  in  r e la t io n  to  the d isturbing force (the e lectrod es)  

the amplitudes of v ib ra tio n  at the two resonant frequencies  

are dependent on the polar p o sitio n in g . The explanation  

l i e s  in  the fa c t  that the d isturbing force can be resolved

in to  two components and the fib re  v ib rates in  two d iffer en t
1 20d irectio n s according to the two p rin cip al axes . I t  

sometimes happens that the two resonant frequencies are so 

close ( e . g .  in  the case of almost symmetrical cross sectio n s  

having only a sm all d ifferen ce in  the lengths of the p r in c i

pal axes) th a t the bandwidth cannot be measured, and a new 

specimen must be employed for  the dynamic experiments.

Fibres whose cross sec tio n s  are c ircu la r  or correspond to 

the shape of an eq u ila ter a l tr ia n g le , w ill  v ibrate only in  

one plane.

The d e n s it ie s  quoted are the assumed d e n s it ie s  of
116 121the dry f ib r e s  obtained from lite r a tu r e  -  wool , s i lk  ,

Fibrolane'*22, ramie'* 2^, Fortisan'*22, acetate fib re^ 2^,



122 IP'ST r i c e l  , A c r i l a n  A and Bx , and p o ly p ro p y le n e ^  .

The b e n d in g  modulus i s  g e n e r a l l y  d e n o te d  by E1 

b u t  th e  b e n d in g  m odulus o f  d ry  f i b r e s  a t  20°C i s  deno ted , 

more s p e c i f i c a l l y  by E^ or Eb20o0 *

L a s t l y ,  T ab le  52 g iv e s  th e  v a lu e s  o f  b en d ing  m o d u li ,  

l o s s  t a n g e n t s  and l o s s  m oduli o f  a l l  f i b r e s  t e s t e d ,  a t  

20°C, w h i le  T ab le  53 g iv e s  d a ta  r e l a t i n g  to  E ig .2 9  

(mean l o s s  t a n g e n t  -  t e m p e r a tu r e ) .

Thermal E x p a n s io n .

As a  f i b r e  i s  h e a te d  o r  c o o le d ,  i t  w i l l  be s u b j e c t

to  ch an g es  i n  l e n g t h  and c r o s s - s e c t i o n a l  a r e a .  I t  would

be e x p e c te d  t h e r e f o r e  t h a t  th e  v a lu e s  o f  dynamic bend ing

m oduli  and l o s s  m od u li  of th e  v a r io u s  f i b r e s ,  w i l l  be i n

e r r o r .  C o n s id e r a b le  r e s e a r c h  on th e  th e rm a l  ex p an s io n  o f

h ig h  p o ly m e rs  h a s  been  c a r r i e d  o u t ,  in c lu d in g  work on th e
1 ,3 8 ,1 2 7 ,1 2 8 ,1 2 9 ,1 3 0 ,1 3 1 .

po lym ers c o n c e rn e d  i n  th e  p r e s e n t  i n v e s t i g a t i o n .

P o ly p ro p y le n e  i s  th e  most de fo rm ab le  f i b r e ,  w i th  

t e m p e r a tu r e ,  h a v in g  a c o e f f i c i e n t  o f  c u b ic a l  e x p an s io n  o f  

9 .4  x  10“ 4 c c . / c c . / ° C  below th e  m e l t in g  p o i n t 131 ( t h i s  i s  

i n  f a c t  th e  v a lu e  f o r  p o ly e th y le n e  b u t  w i l l  g iv e  a  f a i r  

a p p ro x im a t io n )  and a l i n e a r  ex p an s io n  o f  ab o u t  1 .5  x 10 4 

cm ./cm < / ° Q . 1 3 0  Preliminary c a l c u l a t i o n s  show t h a t  a t  85°C
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the  b e n d in g  m odulus w i l l  he i n  e r r o r  by a p p ro x im a te ly  5ft and 

a t  -50°C , by a  s i m i l a r  amount. A c r i l a n  e x h i b i t s  th e  second 

l a r g e s t  r e s p o n s e  t o  t e m p e ra tu re  h a v in g  a c o e f f i c i e n t  o f  c r o s s -  

s e c t i o n a l  e x p a n s io n  o f  4.1 x 1CT4 sq .  c m ./sq .  cm ./°C  above 87°C 

and 1 .3  x 1CT4 s q .  c m . /s q .  cm ./°C  below 87°C1 . The l i n e a r  

ex p an s io n s  a r e  0 .4 8  x 10“ 4 cm. /c m . /° C  above 87°C and 0 .2 2  x 

10 4 c m ./c m ./°C  be low  8 7 ° C ^ ^ .  (These i n  f a c t  a re  v a lu e s  f o r  

pure p o l y a c r y l o n i t r i l e  w hich  would n o t  be e x p ec te d  to  d i f f e r  

g r e a t l y  from  th e  a c t u a l  v a lu e s  f o r  A c r i l a n . )  P r e l im in a r y  

c a l c u l a t i o n s  show t h a t  a t  150°C, an e r r o r  o f  a p p ro x im a te ly  

4fo and a t  -5 0 °C , o f  a b o u t  2$ o c c u r s ,  i n  th e  b en d in g  m odulus.

The e x p a n s io n  c o e f f i c i e n t s  o f th e  o th e r  f i b r e s  a re  s m a l l e r  

s t i l l ,  and th e  e r r o r  f u r t h e r  r e d u c e s ,  to  w i th in  e x p e r im e n ta l  

e r r o r .  M oreover, th e  c l o s e r  to  room te m p e r a tu re ,  th e  s m a l l e r  

the  e r r o r  due to  th e rm a l  ex p an s io n  becomes and w h ile  f o r  th e  

pu rpo ses  o f  t h i s  i n v e s t i g a t i o n  th e  an o m alie s  a re  o f  no 

consequence , i n  th e  case  of A c r i l a n  and p o ly p ro p y le n e ,  and 

w i th in  e x p e r im e n ta l  e r r o r  f o r  th e  o t h e r  f i b r e s ,  sh o u ld  a  v e ry  

a c c u ra te  v a lu e  o f  b e n d in g  modulus be r e q u i r e d  a t  a  p a r t i c u l a r  

te m p e ra tu re ,  i t  would a p p e a r  t h a t  a c o r r e c t i o n  f o r  th e rm a l  

expansion  would o n ly  be n e c e s s a r y  below a r e l a t i v e l y  low 

te m p e ra tu re ,  and above a  r e l a t i v e l y  h ig h  te m p e ra tu re .

Thus, i n  p r a c t i c e ,  th e  shapes  and h e ig h t s  o f  b o th  

ihe b e n d in g  and l o s s  m oduli cu rv es  may be re g a rd e d  a s  t r u e ,
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w ith o u t  c o r r e c t i o n  f o r  th e rm a l  e x p a n s io n .

Hum idity  E x p e r im e n ts

The e f f e c t  o f  h u m id i ty  on th e  r e s o n a n t  f re q u e n c y  

and b a n d w id th  o f  w ool, n y lo n  and v i s c o s e  ray o n  i s  m easured  

a c c o rd in g  t o  t h e  p ro c e d u re  p r e v io u s ly  d e s c r ib e d . -  All 0# 

r e l a t i v e  h u m id i ty ,  th e  vacuum p r e s s u r e  m ust be m a in ta in e d  

a t  l e s s  t h a n  0 .0 2  mm. m ercu ry , a s  i n  te m p e ra tu re  e x p e r i 

m ents , and s i m i l a r  p r e c a u t i o n s  r e g a r d in g  th e  a m p li tu d e  o f  

v i b r a t i o n  a r e  t a k e n  a s  i n  te m p e ra tu re  e x p e r im e n ts .  At 

o th e r  h u m i d i t i e s ,  t h e  vacuum p r e s s u r e  i s  d ep en d en t  on 

h u m id ity  and a  c o r r e c t i o n  f a c t o r  f o r  th e  damping due t o  th e  

vapour p r e s s u r e  i s  a p p l i e d ,  i n  o r d e r  to  d e te rm in e  th e  

energy  l o s s  o f  th e  f i b r e  a lo n e ,  w h ile  th e  am p li tu d e  o f  

v i b r a t i o n  i s  c o n t r o l l e d  w i th in  th e  n e c e s s a r y  l i m i t s  

th r o u g h o u t .

The t e c h n iq u e  employed, a llo w ed  f i v e  f i b r e s  t o  be 

i n v e s t i g a t e d  s im u l t a n e o u s ly  ( in  te m p e ra tu re  e x p e r im e n ts ,  

th e  Townsend and M ercer  B a th  l i m i t e d  th e  t e c h n iq u e  to  a  

s in g l e  f i b r e  a t  a  t im e ) .  S ince  i n  te m p e ra tu re  e x p e r i 

m ents, wool gave th e  m ost v a r i a b l e  r e s u l t s ,  and th e  

"m o d if ie d 1' r e g e n e r a t e d  c e l l u l o s e  f i b r e s  were l e s s  c o n s i s t e n t  

than  th e  f u l l y  s y n t h e t i c s ,  i t  was d e c id ed  t o  examine two 

wool and two v i s c o s e  f i b r e s ,  and on ly  one o f  n y lo n .



The r e s u l t s  a r e  r e c o r d e d  in  F i g s . 33 to  35 and T ab les  

54 t o  59B.

F i g s . 33, 34 and 35 show th e  e f f e c t  o f  r e l a t i v e  h u m id i ty  

on th e  l o s s  t a n g e n t ,  bend ing  modulus and l o s s  modulus 

r e s p e c t i v e l y ,  o f  w ool, n y lo n  and v i s c o s e  ra y o n .

Table  54 p r e s e n t s  th e  d a t a  f o r  t h e  e f f e c t  o f  r e l a t i v e  

h u m id i ty  on wool ( f i b r e  l ) .

55 h u m id i ty  on wool ( f i b r e  2 ) .

56 h u m id i ty  on n y lo n .

57 h u m id i ty  on v i s c o s e  rayon  ( f i b r e  l ) .

58 h u m id i ty  on v i s c o s e  ray o n  ( f i b r e  2 ) .

T able  59A p r e s e n t s  th e  means of th e  d a t a  i n  T ab le s  54 

and 55 , w h i le  Table  59B p r e s e n t s  th e  means of th e  d a t a  

i n  T a b le s  57 and 58 .

F i g s .  33, 34 and 35 a re  th u s  d e r iv e d  from  T ab les  56 , 59A 

and 59B and r e p r e s e n t  mean v a lu e s  o f  t h e  dynamic p r o p e r t i e s  

( e x c e p t  i n  th e  c a se  of n y lo n  where o n ly  one specim en was 

i n v e s t i g a t e d ) .

F ib r e  D im en s io n s .

These a re  p r e s e n t e d  i n  a  s i m i l a r  manner and w i th  

s i m i l a r  n o t a t i o n s  as  i n  te m p e ra tu re  ex p e r im en t  d a t a .  The 

f a c t o r  F-j i s  d i s c u s s e d  i n  th e  fo l lo w in g  p a ra g ra p h .

S w e l l in g -

A co n seq u en ce  of m o is tu re  a b s o r p t io n  by f i b r e s  i s  an
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(1) The p re s su re s  a t  which measurements were made* 

corresponding  to  the  r e l a t i v e  h um id itie s  ares

R e la t iv e
Humidity,

$

P re s s u r e , 
mm. Hg.

(2 )

0 15 25 34 39 44 54 64 81 90

0.005 2.65 4.45 6.05 6.75 7.65 9-45 11.00 14.10 15.80

The ta b u la te d  resonan t f req u en c ies  and bahdwidths 

a r e :

f o r  Wool, f i b r e s  1 and 2, the means f o r  the two 

major axes,

f o r  Viscose rayon, f ib r e  2, the values  f o r  v ib ra t io n s  

through the major ax is  only.



uni i

J l

0

15

25

34

39

44

54

64

81

90

Table 59(A)

Wool (Average V alues)

B end ing  Loss Loss
M odulus, Tangent M odulus,

x 1 0 ^ d y n e s /c m ?  x 1 0 ^ d y n e s /c m ?

4 .2 6 0.0189 0 .0780

4.01 0.0273 0.1057

3-91 0.0327 0.1230

3 .8 8 0.0370 0 .1420

3 .6 9 0.0349 0 .1160

3 .4 7 0.0566 0 .1262

3 .27 0.0446 0.1472

2 .92 0.0486 0 .1480

2 .6 9 0 .0500 0.1265

2 .0 5 0 .0650 0 .113 6



IjLaipasa JBKWtam ifiiwgm&fe

lela ifciw
Mwim ii fffjii  ̂

* x l ©̂

£&>ss 3L®$$ 
IMauLms „

x l 011 SfiZMfiSiLlDSLai

© 15-61 ©.©©957 0.145 1.000

15 13.©© ©•©406 0.504 0.835

25 12.08 0.0587 0.743 0.774

54 11.04 0.0606 0.658 0.707

55 8 .7 2 0.0663 0.569 0.559

44 7 .6 4 0.0540 0. $60 0.487

54 5-41 0.0441 0.200 0.546
64 4 .30 0.0432 0.186 0.276

81 3.08 0.0702 0.209 0.198

90 1.64 0.1060 0.174 0.106



91.

anisotropic sw ellin g  which gives r ise  to an increase in  

length of the order of 1 .2# and 4# for nylon and wool, and 

viscose rayon r e sp e c t iv e ly  and an increase in diameter of 

5#, 16# and 26# r e sp ec tiv e ly  for these f ib r e s , on passing 

from the dry to the wet s ta te . Due to the magnitude of these 

dimensj-onal changes and the fa c t that density and mass per 

unit length  are a lso  a ffected  Dy the uptake of moisture, a 

correction fa c to r  (P i) w i l l  have to be applied in order to 

determine the p rec ise  bending and lo ss  moduli.

Assuming uniform cro ss-sec tio n a l sw elling, the corr

ection fa c to r , at R# r e la t iv e  humidity where R i s  any re la tiv e  

humidity between 0 and 100# is

^ ( P + ^  (1 + ^ l)^  (1 + 1 1 ) (from equation 10)
1 p 2  ° p  (m + J m)

where p  , 1 and m are the dry d en sity , length and mass of

the f ib r e ,

, ( 1  and i m are the increases in  p , 1 and m at 

a re la tiv e  humidity R,

£m i s  obtained from the moisture regain data of 

Fourt and H arris^3  ̂ fo r  wool, nylon and v iscose  rayon, while 

the sources fo r  the dimensional and sp ec ific  gravity changes 

have been c ite d  previously  (p • *74) • The data required for the 

calcu lation  of Pp i s  presented in Table 60. A deta iled  

calcu lation  of F-̂  at 64# re la tiv e  humidity follow s thereafter. 

The Damping Correction Factor and Dynamic Parameters for

a Partial Vacuum.,

Damping e f f e c t s  depend partly  on the fr ic t io n  lo sse s
in
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Example o f  d e t a i l e d  c a l c u l a t i o n  o f  F a c t o r ,  F ^

a t  64i° r e l a t i v e  h u m id i ty .

W ool. p  + £ p  = 1 .3126  g m ./c c .

1  + £ 1 = 1•0106 cm.

m + S m = 1 .1425 gms.

w here  p f 1 ,  and m a r e  th e  d ry  d e n s i t y ,  le n g th  and 

mass and e q u a l  t o  1 .3 0 4  g m . / c c . ,  1 .0  cm ., and 1 .0  gm. 

r e s p e c t i v e l y .

C o r r e c t io n  F a c t o r  = x x .‘Li.Ql.Qfj
1 -3 042 1 1 .1425

= 0.935

N y lo n . p  + Sp = 1.1567 g m ./oo .

1 + £ l  = 1.0151 cm.

m + 4 m = 1 .037 gms.

w here  p  , 1 ,  and m a re  t h e  d ry  d e n s i t y ,  le n g th  and 

mass and  e q u a l  t o  1 .1504  g m . / c c . ,  1 .0 c m .,  and 1 .0  gm. 

r e s p e c t i v e l y .

C o r r e c t io n  F a c t o r  = V  HrffiL. x  x  - -P I 51
1 . 1 5042 1 1 .037

= 1 .0 5

T is c o s e  Rayon
p  + i p  = 1 .4 8 0  g m ./c c .
1 + £ l  = 1 .0 09  gm.
m + Jm = 1 .127  gm.

w here  p ,  l , a n d  m a re  th e  d ry  d e n s i t y ,  l e n g t h  and mass 
and e q u a l  t o  1 .5 2  g m . / c c . ,  1 .0 0  cm ., 1 .00gm ., r e s p e c t i v e l y .

C o r re c t io n  F a c t o r  = 1-‘ x  1 ■■•■■OS?— x  -  = 0 .8 8
1 .52^  1 1 .127  =
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dam ping o f  t h e  s u r r o u n d in g  medium. By w o rk in g  i n  a  vacuum, 

a s  i n  t h e  t e m p e r a tu r e  e x p e r im e n ts ,  t h e  p ro b lem  o f  e x t e r n a l  

dam ping was overcom e, b u t  where t h e r e  i s  m o is tu r e  p r e s e n t ,  

o n ly  a  p a r t i a l  vacuum can be a c h ie v e d  and a  c o r r e c t i o n  

f a c t o r  m ust be a p p l i e d  i n  o r d e r  t o  i d e n t i f y  th e  i n t e r n a l  

f r i c t i o n  o f  t h e  f i b r e  a lo n e .

1 ^M e r e d i th  and Hsu a p p l i e d  a  c o r r e c t i o n  f a c t o r ,  and 

f o r  a  f i b r e  v i b r a t i n g  i n  a i r ,  e x p re s s e d  th e  dynamic q u a n t i 

t i e s  a s ;

E i  =  ^ l " ° a 2 [ 1 + * (;v r ) 2 -  (1 + BK) .......................( 1 2 )

E a  =  ^ l 0 a {A O a t 1 "  4 ( ^ ) 2 +  <1 3>

[  _ 1 (M * ) 2 + 2 I (A £ ii)
W a  II  M a  5 2 -  « J a

sr
1+SK ,1  -  i (^ r ) 2 +

(14)

where a  = r e s o n a n t  f r e q u e n c y  i n  a i r

= b a n d w id th  i n  a i r  (due to  combined e f f e c t  o f  a i r
f r i c t i o n  and i n t e r n a l  damping)

B = ^  where P a  i s  th e  d e n s i ty  o f  a i r ,  p  Cibr*. des-siTy

K and K' a r e  d im e n s io n le s s  f u n c t i o n s  o f  a

d im e n s io n le s s  p a ra m e te r  m, w hich  i s  d e f in e d  a s

2 _ Pa • A 
k ~ \ / X



where / a i s  th e  c o e f f i c i e n t  o f  v i s c o s i t y  o f  a i r ,  and f o r  

v a l u e s  o f  i  >  0 . 3 ,

K = 1 + and K' = • + - i —m m

f o r  v a l u e s  o f  m <  0 .1

2  n/4
m (K -  1) = + y 4

and m ^ '  = u
I** + '/4

where 1 = 0*577 + ln .m

The o t h e r  p a r a m e te r s  i n  e q u a t io n s  1 2 ,1 3  and 1 4 ,  have

been d e f i n e d  p r e v i o u s l y .  The e q u a t io n s  a r e  r e p o r t e d  t o

ho ld  f o r  v a lu e s  o f  —  of l e s s  th a n  0 .6 .
*°a

96I t  h a s  been  shown by L ochner t h a t  th e  r e s o n a n t  

f r e q u e n c y  o f  a  wool f i b r e  v i b r a t i n g  i n  a i r  d i f f e r s  by some

th in g  o f  th e  o r d e r  o f  0.2$> from  th e  r e s o n a n t  f r e q u e n c y  i n  a
85vacuum w h i le  S t a u f f  and Montgomery o b se rv ed  a  s h i f t  o f  

l e s s  t h a n  1 c / s  a t  f r e q u e n c i e s  o f  ab o u t 100 c / s  due t o  a i r
r\p

damping o f  g l a s s  f i l a m e n t s .  K arrholm  and S c h ro d e r

c a l c u l a t e d  t h a t  th e  f r a c t i o n a l  change i n  th e  t r u e  v a lu e  o f

re s o n a n t  f r e q u e n c y  i s  one h a l f  o f  th e  r a t i o  o f  the  sq u a re

°f b a n d w id th  t o  t h e  r e s o n a n t  f r e q u e n c y ,  w h i le  Dusenbury 100
gt a l .  fou nd  o n ly  a  s l i g h t  d i f f e r e n c e  i n  bending  modulus



b e tw een  t h a t  o b t a in e d  i n  a i r  and t h a t  i n  v a c u o . F o r  f i n e  

f i b r e s ,  th e  e f f e c t  o f  a i r  damping co u ld  be a p p r e c i a b l e .

On th e  o t h e r  hand , th e  damping c au se d  by a i r  h a s

g r e a t l y  i n c r e a s e d  t h e  b a n d w id th  i n  p r e v io u s  i n v e s t i g a 
t e  -4 A O  A  ■ ? -7

t i o n s .  9 Hence i n  a  medium, ( o t h e r  th a n  v a c u o ) ,

an  a p p r e c i a b l e  v i s c o s i t y  and d e n s i t y  o f  t h a t  medium w i l l  

r e n d e r  th e  i n t e r n a l  f r i c t i o n  i n  th e  f i b r e  s m a l l  i n  com

p a r i s o n  w i th  th e  a i r  f r i c t i o n .  Thus, a  s m a l l  e r r o r  o f  t h e  

o b s e rv e d  b a n d w id th  i n  a i r  w i l l  cause  a  l a r g e  e r r o r  i n  th e  

b a n d w id th  o f  t h e  f i b r e  i t s e l f  ( s in c e  th e  o b se rv e d  b a n d w id th

i s  due t o  t h e  combined e f f e c t  o f  b o th  i n t e r n a l  and a i r

f r i c t i o n ) .

F o r  t h i s  r e a s o n ,  i t  i s  d e s i r a b l e  t o  m in im ise  e x t e r n a l  

damping e f f e c t s ,  and th e  dynamic p a ra m e te r s  i n  th e  p r e s e n t  

i n v e s t i g a t i o n  have been  d e te rm in e d  i n  a  p a r t i a l  vacuum.

A ssum ing w a te r  v a p o u r  behaves  l i k e  a  g a s ,  e q u a t io n s  

(1 2 ) ,  ( 1 3 ) and  (14) w i l l  a p p ly

where O  a  i s  t h e  r e s o n a n t  f r e q u e n c y  i n  p a r t i a l  vacuum,

A  A) a  i s  th e  b a n d w id th  i n  p a r t i a l  vacuum,

i s  th e  c o e f f i c i e n t  o f  v i s c o s i t y  o f  w a te r  v a p o u r

( 9 .7 5  x  1CT5 p o is e  a t  20°C) w hich  i s  in d e p e n d e n t
1 ^4of p r e s s u r e  J . 

p  a  i s  f h e  d e n s i t y  o f  w a te r  v a p o u r .



P  a. I s  d ependen t on p r e s s u r e  (d e te rm in e d  by t h e  aqueous 

s a t u r a t e d  s a l t  s o l u t i o n )  , and t h e  d e n s i t y  o f  w a te r  v a p o u r  

a t  a  p a r t i c u l a r  p r e s s u r e  i s  d e r iv e d  from  t h e  r e l a t i o n s h i p

where |0o (1 .8 6  x  10 ^  g m . / c . c . )  i s  t h e  d e n s i t y  a t  0°C 

and 760 mm. Hg.,, and T i s  t h e  a b s o lu te  t e m p e r a t u r e ^ ^ .

The c a l c u l a t e d  v a lu e  f o r  f* a  a t  100$ r e l a t i v e  h u m id i ty  and 

20°C i s  1 .7 5  x 10 ^  g m . / c . c .  f* a  i s  z e ro  a t  0$ r e l a t i v e  

h u m id ity  and s in c e  T i s  c o n s ta n t  i n  t h i s  i n v e s t i g a t i o n ,  

f* a. w i l l  i n c r e a s e  l i n e a r l y  from  z e ro  a t  0$ r e l a t i v e  

h u m id ity  t o  1 .7 5  x  10~^ g m . / c . c .  a t  100$ r e l a t i v e  h u m id i ty .
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D i s c u s s io n  and C o n c lu s io n s  (T em p era tu re  E x p e r im e n ts )

A c c o rd in g  t o  F i g .  29 , th e  r a t i o  o f  t h e  v i s c o e l a s t i c  

t o  t h e  e l a s t i c  r e s p o n s e  o f  a  f i b r e  i s  r e l a t e d  t o  t h e  c h em ic a l  

n a t u r e  o f  t h a t  p a r t i c u l a r  f i b r e ,  e . g .  w oo l,  s i l k  and  F i b r o -  

l a n e  have v e r y  s i m i l a r  l o s s  t a n g e n t  c u r v e s ,  and a r e  a l l  

members o f  t h e  p r o t e i n  f a m i ly .  C o n s e q u e n t ly , t h e  d i s c u s s i o n  

w i l l  be d iv id e d  i n t o  4 s e c t i o n s  d e a l i n g  w i th :

1) P r o t e i n  f i b r e s :  Wool, s i l k  and F i b r o l a n e

2) C e l l u l o s e  f i b r e s :  Ramie and F o r t i s a n

3) M o d if ie d  r e g e n e r a t e d  c e l l u l o s e  f i b r e s :  A c e ta te

f i b r e  and T r i c e l

4) S y n t h e t i c  f i b r e s :  A c r i l a n  A, A c r i l a n  B and

p o l y p r o p y le n e .

P r o t e i n  F i b r e s

Were t h e  l o s s  t a n g e n t s  ( F i g . 29) th e  o n ly  a v a i l a b l e  

d a ta  i n  t h i s  i n v e s t i g a t i o n  from  w hich  to  draw c o n c lu s io n s ,  

th e n  t h e  t h r e e  p r o t e i n  f i b r e s  would be th o u g h t  to  have 

e x t r e m e ly  s i m i l a r  T h e o lo g ic a l  and s t r u c t u r a l  f e a t u r e s .

However, f u r t h e r  d a t a  a r e  a v a i l a b l e  to  show t h a t  t h i s  i s  

n o t  th e .  c a s e ,  and w hat i s  m ore, a  v a s t  amount o f  p r e v io u s  

r e s e a r c h  h a s  c o n c lu d e d  t h i s  q u i t e  d e f i n i t e l y .  F i b r i l l a r  

p r o t e i n s  a r e  known to  ran g e  i n  p r o p e r t i e s  from  h a rd ,  h i g h ly
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c r y s t a l l i n e  f i b r e s  ( su c h  a s  s i l k )  to  th e  r u b b e r - l i k e  

• c o n t r a c t i l e  e le m e n ts  o f  m u sc le .  In d e e d ,  F ig s .  30 and 31 

o f  r e l a t i v e  and  a b s o lu te  b en d in g  m odulus, and F ig .  32 o f  

l o s s  modulus i n d i c a t e  t h a t  wool and F ib r o la n e  a re  more 

c l o s e l y  a s s o c i a t e d  w i th  each  o t h e r ,  t h a n  s i l k  i s  to  e i t h e r  

o f  th e  o t h e r  two f i b r e s .

M o le c u la r  and s t r u c t u r a l  d i f f e r e n c e s ,  some o f  w hich  

a r e  h ig h ly  r e s p o n s i b l e  f o r  th e  d i f f e r i n g  m ec h an ica l  

b e h a v io u r s  o f  t h e s e  f i b r e s ,  a re  d i s c u s s e d  by P e t e r s  and 

Woods-^6 and Fox and F o s t e r - ^ 7 .  M ention  i s  made o f  th e  

f a c t  t h a t  s i l k  i s  h ig h ly  c r y s t a l l i n e  and h a s  a  m o le c u la r  

c h a in  c o n f i g u r a t i o n  a lm o s t  i d e n t i c a l  to  t h a t  o f  |3 - k e r a t in ,  

wool i s  h i g h ly  n o n - c r y s t a l l i n e ,  and F ib ro la n e  u s u a l l y  has  

what m ig h t be c o n s id e re d  an in te r m e d ia te  s t r u c t u r e ,  b e in g  

h ig h ly  non c r y s t a l l i n e  ( l i k e  wool) and h av in g  ex ten ded  main 

c h a in s  ( l i k e  s i l k ) .  While a m p l i f i c a t i o n  and m o d i f i c a t io n  

o f  th e  above g e n e r a l i s a t i o n  w i l l  be made, a s  a  f i r s t  

a p p ro x im a t io n ,  i t  would n o t  be u n re a so n a b le  to  f i n d  t h a t  

a t  norm al t e m p e r a tu r e s ,  some m ec h an ica l  p r o p e r t i e s  o f  

F ib r o la n e  sh o u ld  l i e  be tw een th o se  o f  s i l k  and w ool.

This i s  t r u e  o f  l o s s  t a n g e n t ,  l o s s  modulus and bend ing  

m odulus. At o th e r  te m p e r a tu re s ,  how ever, t h i s  does n o t  

h o ld ,  and a  much more r ig o r o u s  i n v e s t i g a t i o n  i s  r e q u i r e d  

to  a c c o u n t  f o r  th e  r e l a t i v e  dynamic b e h a v io u r s .  B efo re  a



d e t a i l e d  co m parison  o f  th e  b e h a v io u r  can  be a t t e m p te d ,  a  

c l o s e r  e x a m in a t io n  o f  th e  dynamic b e h a v io u r  o f  each  i s  

n e c e s s a r y ;  i n  t h i s  p r o c e s s ,  c e r t a i n  p o i n t s  o f  com parison  

a r e  m e n t io n e d .

Wool: I n  Pig* 32 i t  i s  s e e n  t h a t  wool h a s  a  v e ry  low l o s s

m odulus a t  a l l  t e m p e ra tu re s  w i t h in  th e  co vered  ra n g e ,  and 

t h i s  f a c t  r e q u i r e s  an  e x p la n a t io n .

The l o s s  modulus i s  p r o p o r t i o n a l  to  th e  energy  

d i s s i p a t e d ,  w hich  i n  t u r n  depends on th e  r e s i s t a n c e  to  bond 

breakdown and bond r o t a t i o n s  i n  th e  amorphous r e g i o n s .  On 

th e  s u r f a c e ,  two p o s s i b i l i t i e s  to  a cc o u n t  f o r  th e  low l o s s  

modulus a t  a l l  t e m p e ra tu re s  would a p p e a r  f e a s i b l e .

1) e i t h e r  t h e r e  a re  v e ry  few and weak i n t e r - c h a i n  bonds

and r o t a t i o n a l  b a r r i e r s  a re  sm a ll  o r

2) a  v e ry  h ig h  degree  o f  i n t e r - c h a i n  bonding  e x i s t s  so

t h a t  th e rm a l  a g i t a t i o n  e n co u n te re d  i n  th e s e  fo rc e d

v i b r a t i o n  e x p e r im e n ts  i s  i n s u f f i c i e n t  to  cause  any a p p r e c i 

a b le  bond breakdown o r  tendency  f o r  bond breakdown -  th e  

r o t a t i o n a l  b a r r i e r s  a re  a l s o  s m a l l .

To d e te rm in e  w h e th e r  one o f  th e  above p ro p o s a l s  i s  

p l a u s i b l e ,  some a t  l e a s t  o f  th e  s a l i e n t  f e a t u r e s  o f  wool 

s t r u c t u r e  m ust be c o n s id e re d .  Being a p o ly p e p t id e  w i th  

the  g e n e r a l  fo rm u la  —KH-CH—CO— where R i s  a  s id e  c h a in
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and can  be one o f  some ‘tw en ty  o r  more amino a c i d  g r o u p s ,

many h y d ro g en  b onds a r e  p o s s i b l e  on a c c o u n t  o f  th e  NH and
o

CO g r o u p s .  A common i n t e r - c h a i n  s p a c in g  o f  4 . 5  A i s  

p a r t i c u l a r l y  a p t  f o r  v an  d e r  Waals f o r c e s  to  become e f f e c t 

i v e .  Of t h e  many s id e  c h a in s ,  few a re  i n a c t i v e ,  some can 

g iv e  r i s e  t o  f u r t h e r  hydrogen  b o n d in g ,  w h i l e  an a c i d i c  

s i d e  c h a in  m ig h t  a t t r a c t  a  n e ig h b o u r in g  s id e  c h a in  to  form  

a  s a l t  l i n k a g e  e . g .

CO CO

C H -C H g-C O O -  + H ,N -0 -H H -C H 2 -C H 2 - 0 H 2 -C H  

NH NH NH

A f u r t h e r  p o s s i b i l i t y ,  w hich  i s  a s s o c i a t e d  w i th  th e  e l a s t i c  

p r o p e r t i e s  o f  a - k e r a t i n  i s  t h e  c y s t i n e  b r id g e

CO CO

CH-CH2-S-S-CH2-CH

NH NH

On th e  g ro u n d s  o f  th e  many hydrogen  bonds a lo n e ,  th e  

f i b r e  may be  e x p e c te d  to  show c o n s id e r a b le  and i n t e n s i v e  

i n t e r - c h a in  i n t e r a c t i o n ,  e s p e c i a l l y  i f  th e  f o ld e d  a - k e r a t i n  

model o f  A s tb u ry  and B e l l 1^8 i s  a c c e p te d ,  a l th o u g h  th e  

p o s s i b i l i t i e s  a r e  r e s t r i c t e d  by th e  v e ry  e x i s t e n c e  o f  th e  

above s i d e  c h a i n s .  T h is  model seems, however, to  have been  

su p e rse d ed  by t h a t  o f  P a u l in g  and C o r e y 1 who p rop osed
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a  h e l i c a l  s t r u c t u r e  f o r  a - k e r a t i n ,  i n  w h ich  a l l  t h e  NH 

and CO g ro u p s  o f  t h e  p e p t id e  c h a in  a r e  m u tu a l ly  s a t i s f i e d  

i n t e r n a l l y ,  i . e .  i n t r a  m o le c u l a r ly .  The f a c t  t h a t  t h i s  

s t r u c t u r e  was d e te rm in e d  s o l e l y  on t h e  b a s i s  o f  t h i s  i n t r a  

m o le c u la r  b o n d in g ,  w i th o u t  c o n s i d e r i n g  s id e  c h a in s  i s  a  

d raw back . More r e c e n t l y  th e  same w o rk e rs  m o d if ie d  t h e i r  

o r i g i n a l  i d e a s  on th e  b a s i s  o f  a  p r o p o s a l  by C r ic k 1 

t h a t  a  " c o i l e d  c o i l "  o f  seven  h e l i c a l  c h a in s  may be th e  

a n sw e r .  I n  t h e  l i g h t  o f  th e  r e s u l t s  o f  dynamic r e s p o n s e s ,  

su ch  a  s t r u c t u r e ,  w i t h  s id e  c h a in s  a l s o  c o n s id e r e d ,  seems 

v e ry  f e a s i b l e .  The " c o i l e d  c o i l "  i s  r e g a rd e d  as  b e in g  

c h a r a c t e r i s t i c  o f  th e  a - k e r a t i n  c h a in ,  and c o n s e q u e n t ly  a s  

b e in g  common to  th e  " c r y s t a l l i n e "  and non c r y s t a l l i n e  

r e g i o n s .

R e f e r r i n g  to  th e  l o s s  c u rv e s  f o r  wool ( R i g s .29 and 

32) a  m o d e ra te  peak  a t  ab o u t  60°C and a  s h o u ld e r  a t  a b o u t  

125°C a r e  o b s e rv e d .  I f  s e v e r a l  c h a in s  o f  h e l i c a l  c o n f ig u r 

a t i o n  a r e  i n t e r t w i n e d  (7 a c c o rd in g  to  P a u l in g  and C a re y ) , 

th en  th e  amorphous r e g io n s  w i l l  c o n s i s t  o f  many random ly 

a r ra n g e d  g ro u p s  o f  i n t e r t w i n e d  h e l i c e s .  These g roups w i l l  

be t h o r o u g h ly  c o n s o l id a t e d  by th e  many i n t e r  an d  i n t r a  cksurv. 

hydrogen bonds and v an  d e r  Waals f o r c e s  c a p a b le  o f  b e in g  

form ed, and w i l l  behave  a s  q u a s i  c r y s t a l l i t e s  w i th  a  q u a s i  

e l a s t i c  r e s p o n s e .  I t  i s  p o s s ib l e  t h a t  a  few o f  th e
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p o l y p e p t i d e  c h a in s  w i l l  n o t  e x i s t  i n  c o i l e d  c o i l s  and w i l l  

g iv e  r i s e  to  i n t e r - m o l e c u l a r  b o n d in g  w i t h  e ac h  o t h e r  and 

some o f  t h e  a c t i v e  s i d e  c h a in s .  I t  i s  f u r t h e r  t o  be 

e x p e c te d  t h a t  a s  a  r e s u l t  o f  th e  " c o i l e d  c o i l "  c o n f i g u r a t i o n ,  

t h e  s id e  c h a in s  w i l l  be c o n fe r r e d  w i th  a  g r e a t e r  d eg re e  o f  

r i g i d i t y  a t  t h e i r  " p e p t id e  end" by w hat m ig h t be a p r o c e s s  

o f  p h y s i c a l  r e s t r i c t i o n ;  th e  more so i n  th e  ca se  o f  t h e  

c h a in  a t  th e  c o re  o f  t h e  " c o i l e d  c o i l " .  At t h e i r  f r e e  

e n d s ,  th e  s i d e  c h a in s  w i l l  be s e m i - f l e x i b l e .  The p ro b a 

b i l i t y  i s  a l s o  t h a t  t h e y  w i l l  be drawn i n t o  c l o s e r  a l ig n m e n t  

w i t h  e a c h  o t h e r  and w i l l  r e a d i l y  c r o s s - l i n k .  Those which 

fo rm  c y s t i n e  b r i d g e s  and s a l t  l i n k a g e s  w i l l  a g a in  behave 

e l a s t i c a l l y  i n  th e  te m p e ra tu re  ran g e  c o v e re d ,  t h e  fo rm er  

h a v in g  an a c t i v a t i o n  en e rg y  o f  60-80  k c a l . /m o l e  and th e  

l a t t e r  a b o u t  400 k c a l . / m o l e 1 ^ .  Qn t h i s  b a s i s ,  th e

hy d rogen  bonds and van  d e r  Waals f o r c e s ,  o f  w hich  t h e r e  w i l l  
(i.e. tk .o se  betuiee/v. cka.i'vs uoKick. olo rx©t e.x»sC f'OcoileoC, c 

be c o m p a r a t iv e ly  f e w ,A are r e s p o n s i b l e  f o r  th e  l o s s  f e a t u r e s .

The m o d e r a te ly  d e f in e d  peak a t  60°C i s  a s s ig n e d  to  

th e  b r e a k i n g  o f  t h e s e  hydrogen  b o n d s ,  b u t  a  w e l l  d e f in e d  

peak , a n t i c i p a t e d  a t  a b o u t  75 to  8 0 ° C, i s  r e n d e r e d  im p o s s ib le  

by s t r u c t u r a l  l i m i t a t i o n s .  ( I f  th e  A s tb u ry  wool model were 

a c c e p te d ,  i n t r a  m o le c u la r  hydrogen  bon d in g  would be l e s s  

co m ple te ,  and su b s e q u e n t  i n t e r  m o le c u la r  hydrogen  bo n d in g  

would g iv e  r i s e  to  a  h ig h e r  l o s s  modulus th a n  i s  i n  f a c t
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r e a l i s e d .  I n  " th is ,  "there i s  a n o th e r  r e a s o n  f o r  s u p p o r t i n g  

a  P a u l i n g  and  Corey m o d e l) .  I t  i s  t h o u g h t  t h a t  th e  i n a c t 

i v e  s i d e  c h a i n s ,  b e in g  " f r o z e n ” and c a u s in g  a  r o t a t i o n a l  

b a r r i e r  w h ic h  c o n t r i b u t e s  to  t h e  m agn itud e  o f  th e  l o s s  

m odulus up  to  t h i s  te m p e ra tu re  a r e  a f f o r d e d  a g r e a t e r  d e g re e  

o f  m o b i l i t y  w i th  t h e  i n c r e a s e  o f  f r e e  volume s p a c e ,  on 

i n c r e a s i n g  th e  t e m p e r a t u r e ,  and s im u l t a n e o u s ly  w i th  th e  

i n c r e a s e  o f  l o s s  m odulus due to  t h e  s t r a i n i n g  o f  th e  hydrog en  

b o n d s ,  c a u se  a  f a l l  i n  l o s s  m odulus , w hich  i s  t h e  more p r e 

d o m in a t in g  o f  th e  two phenomena above 6 0 °C. I t  i s  f u r t h e r  

s u g g e s te d ,  t h a t  d u r in g  t h i s  f a l l  i n  l o s s  m odu lus , w hich  

e v e n t u a l l y  r e a c h e s  a minimum v a lu e  a t  106°C, th e  van  d e r  

Waals f o r c e s  have been  re n d e re d  i n e f f e c t i v e ,  s in c e  t h e y  have

a low a c t i v a t i o n  e n e rg y  o f  2 to  3 k c a l . /m o l e  and t h e  m o lecu -
o

l a r  s p a c in g  o f  4 .5  A r e q u i r e d  f o r  t h e i r  f o r m a t io n ,  h a s  b een  

s u r p a s s e d .  The peak  due to  van d e r  Waals f o r c e s  i s  a g a in  

c o n s id e r e d  to  have been  obscu red  on a c c o u n t  o f  th e  f a s t  

d ro p p in g  l o s s  m o du lu s ,  w hich  b u t  f o r  th e  van d e r  Waals 

f o r c e s ,  w ould  have re a c h e d  an even lo w e r  energy  minimum.

At th e  p o i n t  o f  minimum energ y  l o s s  (106°C) wool may be
141r e g a rd e d ,  a s  i t  i s  i n  no rm al c o n d i t i o n s  by some w o rk e rs  , a s  

a c r o s s - l i n k e d ,  a n i s o t r o p i c ,  h e te ro g e n e o u s  polym er n e tw o rk ,  

w ith  th e  e x c e p t i o n  t h a t  a t  t h i s  te m p e ra tu re  t h e r e  a r e  s id e  

chain  m o b i l i t i e s  and u n s a t i s f i e d  amino r e s i d u e s .  Hence, 

fhe te rm  " c r y s t a l l i n e "  r e g i o n s ,  h a s  been  r e g a rd e d  w i th
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s u s p i c i o n ,  s i n c e  t h e  d i f f e r e n c e  b e tw een  t h e  no rm al c r y s t a l l 

i n e  and am orphous p h ase  i s  n o t  w e l l  d e f i n e d .  I n  f a c t  i t  

h a s  b e en  s u g g e s te d  t h a t  th e  d i f f e r e n c e  may be one o f  

o r i e n t a t i o n 1^ 2 . The s h o u ld e r  a t  126°C, weak a s  i t  i s ,  

would r e f l e c t  a  p r e f e r r e d  s t a t e  o f  s e v e r a l  l e s s  pe rm anen t 

p o ly m o rp h ic  s t a t e s  w hich  w i l l  o c c u r  above 106°C, due i n  

p a r t  t o  t h e  above m en tio n ed  s id e  c h a in s  and r e s i d u e s  a c q u i r 

i n g  d i f f e r e n t  o r i e n t a t i o n s ,  and a l s o  to  th e  te n d e n c y  o f  th e  

" c o i l e d  c o i l s "  to  f lo w .

The symmetry o f  th e  l o s s  peak a t  25°C, i s  i n d i c a t i v e  

o f  a  s i n g l e  m echanism  b e in g  r e s p o n s i b l e  f o r  i t s  p ro m o tio n ,  

and i s  a t t r i b u t e d  to  t h e  a r r e s t i n g  o f  th e  " c o i l e d  c o i l s " ;

I t  may be e x p e c te d  t o  cause  a r e l a t i v e l y  h ig h  en e rg y  l o s s .  

The r a t e  o f  i n c r e a s e  o f  b en d in g  m odulus a t  lo w e r  tem pera 

t u r e s  ( s e e  F i g . 3 0 ) and th e  p a r t i a l l y  form ed a sy m m e tr ic a l  

peak a t  a b o u t  6 0 °C, a re  s t r o n g l y  i n d i c a t i v e  o f  a  f u r t h e r  

l o s s  maximum due to  th e  m o tions  o f  th e  v a r i o u s  s id e  c h a in s .  

T h e ir  s e m i - r i g i d i t y  and r e l a t i v e  b u lk  would g iv e  r i s e  to  

c o n s id e r a b le  e n e rg y  l o s s  i n  th e  p ro c e s s  o f  t h e i r  a r r e s t m e n t .

The l o s s  t a n g e n t  and r e l a t i v e  b e n d in g  m odulus c u rv e s  

( F ig s . 9 and 19) show c o n s id e r a b le  s p re a d .  The sh ap es  o f  

the c u rv e s  a r e  e s s e n t i a l l y  s i m i l a r ,  b u t  p a r t i c u l a r l y  i n  th e  

lo s s  c u rv e ,  maxima and minima a re  seen  to  o c c u r  a t  d i f f e r e n t  

te m p e ra tu re s  from  one f i b r e  to  th e  n e x t ,  and have
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s i g n i f i c a n t l y  d i f f e r i n g  v a l u e s .  T h is ,  how ever, i s  n o t  

u n e x p e c te d ,  s i n c e  n o t  o n ly  i s  wool a  n a t u r a l  f i b r e  and f o r  

t h i s  r e a s o n  s u b j e c t  t o  no sm a ll  v a r i a t i o n  be tw een  f i b r e s ,  

b u t  a l s o  wool h a s  a  more complex s t r u c t u r e  th a n  any o t h e r  

n a t u r a l  f i b r e .  Hence, a  d i f f e r e n c e  i n  th e  amount o f  

u n s a t i s f i e d  s i d e  c h a in s  w i l l  cause  a s h i f t  i n  th e  a p p a r e n t  

l o s s  maximum a t  60°0 e t c .  F u r th e rm o re ,  th e  r a t e  o f  bond 

breakdow n i s  r e l a t e d  to  t e m p e ra tu re  (see  p . 9) and c o n v e r s e ly ,  

th e  t e m p e r a tu r e  o f  bond breakdown i s  d ep en d en t  on th e  r a t e .  

S in c e  one o f  t h e  l i m i t a t i o n s  o f th e  t e c h n iq u e  o f  t h i s  

i n v e s t i g a t i o n  i s  t h a t  th e  t im e  w hich  e l a p s e s  from  one 

t e m p e r a tu r e  t o  t h e  n e x t ,  e s p e c i a l l y  below  room te m p e r a tu r e ,  

c a n n o t  be r i g i d l y  c o n t r o l l e d ,  a n o th e r  e lem en t o f  i n c o n s i s t 

ency i n  t h e  t e m p e r a tu r e  l o c a t i o n  o f  t r a n s i t i o n s  i s  i n t r o d u c e d .

The sh ap e  o f  th e  b e n d in g  m odulus curve i s  i n  a c c o rd 

ance w i th  t h a t  p r e d i c t e d  from  th e  f o r e g o in g  a rg u m en ts ,  and 

a maximum i n  th e  l o s s  cu rve  i s  a lw ays accom panied by a  m axi

mum r a t e  o f  change i n  th e  b en d in g  m odulus.

From F i g . 3 0 , i t  w i l l  be seen  t h a t  below 20°C, th e  

average  r a t e  o f  d e c r e a s e  i n  b e n d in g  modulus i s  s l i g h t l y  

g r e a t e r  th a n  t h e  a v e ra g e  r a t e  o f  d e c re a se  above 20° C and up 

to  a b o u t  80°C , w h i l e  above 80°0 , th e  a v e rag e  r a t e  o f  decreadw 

ap p ea rs  t o  be a c c e l e r a t e d .  These o c c u r re n c e s  a re  c o n s i s t e n t  

w ith  th e  l o s s  m odulus d a t a ,  where i t  w i l l  be seen  t h a t ,
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m aking  t h e  same t e m p e r a tu r e  d i v i s i o n s ,  more e n e rg y  i s

c o n t in u e  to  do so due t o  th e  te n d e n c y  f o r  m a c ro sc o p ic  f lo w .

A f i n a l  p o i n t  i s  w o r th  n o t i n g .  W arb u r to n 1 ^ f work

i n g  a t  low f r e q u e n c i e s  and a t  t e m p e r a tu r e s  o f  25°C and 40°C 

a t  70$  r e l a t i v e  h u m id i ty ,  p ro p o sed  t h a t  o v e r  t h i s  t e m p e r a tu re  

r a n g e ,  th e  o n ly  e f f e c t  o f  h e a t  was to  red u ce  i n t e r n a l  f r i c 

t i o n .  T h is  i s  i n  a c c o rd  w i th  th e  p r e s e n t  f i n d i n g s ,  w i th  

t h e  r e s e r v a t i o n  t h a t  a s  th e  t e m p e r a tu re  i s  r a i s e d ,  th e  t o t a l  

e l a s t i c  r e s p o n s e  i s  re d u c e d  hy v i r t u e  o f  th e  f a c t  t h a t  

c e r t a i n  p a r t i a l l y  s t r e s s  h e a r in g  e le m e n ts  have become more 

v i s c o e l a s t i c .

S i l k : I t  w ould  a p p e a r  a lm o s t  p a r a d o x ic a l  t h a t  s i l k ,  whose

c h em ica l  c o n s t i t u t i o n  i s  much s im p le r  th a n  t h a t  o f  w ool, 

e x h i b i t s  t h e  more complex l o s s  c u rv e .  I t  h a s  a  su g g e s te d  

d eg ree  o f  c r y s t a l l i n i t y  o f  80$14^ and h as  f u l l y  ex tend ed

p o ly p e p t id e  c h a in s  w hich  do n o t  assume a  c o i l e d  c o n f i g u r a t i o n ,  

a l th o u g h  i n  c r y s t a l l i n e  r e g io n s  may l i e  i n  c lo s e l y  packed

d i s s i p a t e d  be low  20°0 th a n  above 2 0 °C and up to  80°C , w h i le  

above 8 0 ° 0 ,  t h e  l o s s  m odulus r i s e s  and w i l l  by  p r e d i c t i o n ,

" p le a te d  s h e e t s ” 144'. 50$ o f  th e  s id e  c h a in s  (R ) , a re
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g l y c i n e  ( - H )  and 25$ a r e  a l a n i n e  ( - C H ^ )  w h ich  b e in g  s h o r t  

do n o t  r e s t r i c t  t h e  fo r m a t io n  o f  c r y s t a l l i t e s .  W hile  

t h e s e  s i d e  c h a in s  a r e  i n a c t i v e ,  s e r i n e  (-C H g O H ) and 

t y r o s e n e  ( “ CH^ - O  - O H ) , w hich  o c c u r  w i t h  m o d e ra te  f r e 

quency a r e  a c t i v e  on a c c o u n t  o f  t h e i r  h y d ro x y l  g ro u p s .

There  a r e  r e l a t i v e l y  few a c i d i c  and b a s i c  s id e  c h a in s  so 

t h a t  s a l t  l i n k a g e s  a r e  r a r e ;  c y s t i n e  b r i d g e s  do n o t  o c c u r  

a t  a l l .

W ith  r e f e r e n c e  to  F i g s .30  and 3 1 , t h e  r e l a t i v e l y  

h ig h  b e n d in g  m o d u lu s ,  and change t h e r e o f  w i th  t e m p e r a tu re  

i s  i n  k e e p in g  w i t h  th e  c h a r a c t e r i s t i c s  o f  a  h ig h ly  c r y s t a l l 

in e  p o ly m e r .  The amorphous phase  c o n t r i b u t i n g  to  th e  

b e n d in g  r e s i s t a n c e  i s  s m a l l ,  and i t  would g e n e r a l l y  be 

e x p e c te d ,  t h a t  even  l a r g e  s c a l e  changes i n  th e  amorphous 

r e g i o n s ,  w ould  cau se  a  r e l a t i v e l y  sm a ll  change i n  b e n d in g  

m odulus. The a v e ra g e  r a t e  o f  i n c r e a s e  i n  b e n d in g  m odulus 

from h ig h  t o  room te m p e r a tu re s  i s  g r e a t e r  th a n  th e  r a t e  o f  

i n c r e a s e  w h ic h  o c c u r s  from  room to  sub -no rm al t e m p e r a tu r e s .  

This s u g g e s t s  t h a t  t h e  seco n d a ry  bonds p la y  a  g r e a t e r  p a r t  

i n  c o n f e r r i n g  b e n d in g  s t a b i l i t y  on th e  f i b r e  a t  norm al 

t e m p e r a tu re s  t h a n  do th e  b a r r i e r s  to  r o t a t i o n a l  movements 

of se g m en ts .  A m o le c u la r  i n t e r p r e t a t i o n  i s  p u t  to  t h i s  

f e a t u r e  p r e s e n t l y .

The l o s s  m odulus assum es a r e l a t i v e l y  low o v e r a l l
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m ag n itu d e  ( a l t h o u g h  l a r g e  when compared w i th  w o o l,  whose 

low i n t e r n a l  f r i c t i o n  h as  b een  e x p la in e d ) .  The r e l a t i v e l y  

low  m ag n itu d e  i s  a t t r i b u t a b l e  to  t h e  c o m p a ra t iv e  s c a r c i t y  

o f  s e c o n d a ry  bonds s in c e  n o t  o n ly  i s  t h e  amorphous domain 

s m a ll  b u t  th e  p o s s i b i l i t y  o f  s e co n d a ry  b o n d in g  i s  s e v e r e l y  

l i m i t e d  due t o  t h e  l a r g e  number o f  i n a c t i v e  s id e  g ro u p s .  

Hydrogen bond s  w i l l  n o n e th e l e s s  e x i s t  and a s  w i l l  be s e e n ,  

th e  e f f e c t  o f  v an  d e r  W aals f o r c e s  i s  c o n s i d e r a b l e .

Two d e f i n i t e  p eak s  and a s h o u ld e r  a re  r e a l i s e d  above
* K

room t e m p e r a t u r e ;  a t  4-7 C, 8 0 °C and 117°C r e s p e c t i v e l y .

(The f a c t  t h a t  t h e  peak s  s t r a d d l e  th e  a p p a re n t  hydrogen  

bond p e ak  o f  wool almost e x a c t l y ,  a p p e a rs  t o  be p u r e ly  

c o i n c i d e n t a l  and n o t  r e l a t e d  to  a u n iq u e  s i m i l a r i t y  o f  t h e  

two m a t e r i a l s ,  f i b r o i n  and a - k e r a t i n ) .  On th e  o t h e r  hand , 

th e  80°G p eak  i s  a t t r i b u t e d  to  hydrogen  bond breakdown, 

which c o i n c i d e s  w i t h  th e  e s t im a te d  hydrogen  bond peak  o f  

wool. As t h e  m olecules: a re  s e p a r a te d  on a c c o u n t  o f  t h e s e  

b r e a k a g e s ,  t h e  v a n  d e r  Waals f o r c e s  w i l l  be r u p tu r e d  b u t  do 

n o t  a p p e a r  a s  a  h i g h e r  te m p e ra tu re  peak f o r  s i m i l a r  r e a s o n s  

as e x p l a i n  t h e  a b se n c e  o f  such  a peak i n  w ool. How, van  

der W aals f o r c e s  a r e  known to  e x i s t  betw een atoms and mole

cu le s  even  a l t h o u g h  th e y  a re  c o m p le te ly  u n ch arg ed  and 

ca r ry  no p e rm a n en t  d i p o l e ^ O f  th e  s id e  c h a in s  i n  

f i b r o i n ,  many have b een  term ed i n a c t i v e  b u t  f o r  th e  above



r e a s o n ,  t h e i r  i n a c t i v i t y  i s  hy no means a b s o l u t e ,  and v an

d e r  W aals f o r c e s  can become e f f e c t i v e .  As h as  p r e v i o u s l y  

b e e n  s t a t e d ,  t h e y  a r e  weak, b u t  on a c c o u n t  o f  t h e i r  nu iaber, 

a r e  r e g a r d e d  a s  b e in g  r e s p o n s i b l e  f o r  th e  47°C p e a k ,  i . e .  

v an  d e r  W aals f o r c e s  e x i s t i n g  be tw een  non-h y d ro g e n  bonded 

c h a in s  and s i d e  c h a i n s .  The s h o u ld e r  a t  117°C, a s  i n  th e  

ca se  o f  w oo l, may be th e  r e s u l t  o f  a p r e f e r r e d  p o ly m o rp h ic  

p h ase  a r i s i n g  fro m  s id e  and main c h a in  r e - a r r a n g e m e n t . I t  

w i l l  be o b se rv e d  t h a t  th e  av e rag e  r a t e  o f  i n c r e a s e  o f  l o s s  

m odulus above th e  t e m p e ra tu re  o f  t h e  minimum i n  t h e  l o s s  

m o d u lu s - te m p e ra tu r e  cu rve  (100°C f o r  s i l k ) ,  i s  g r e a t e r  i n  

th e  c a se  o f  s i l k  t h a n  i n  th e  c ase  o f  w ool. T h is  i s  

a n t i c i p a t e d  s i n c e  t h e r e  a re  many more s id e  c h a in s  and main 

c h a in s ,  a c c o r d i n g  to  th e  p ropo sed  f i b r e  s t r u c t u r e s  o f  th e  

two f i b r e s ,  i n  s i l k , w h i c h  a re  t e n d in g  to  m ac ro sc o p ic  f lo w  

i n  th e  t e m p e r a tu r e  ran g e  co v ered .

The maximum a t  0°C i n  s i l k  w i l l  i n  a  s i m i l a r  way to  

wool, m a n i f e s t  i t s e l f  a s  a  r e s u l t  o f  main c h a in  m o b i l i t y  

be in g  a r r e s t e d .  I t s  g r e a t e r  h e ig h t  i n  r e l a t i o n  to  t h a t  o f  

wool, i s  a  r e s u l t  o f  th e  g r e a t e r  number o f  s i d e  c h a in s  

which can  be in d u c e d  to  v i b r a t e ,  rem em bering t h a t  i n  w oo l, 

the e f f e c t i v e  num ber o f  such  c h a in s  i s  g r e a t l y  red u ced  by 

the " c o i l e d - c o i l 11 s t r u c t u r e .  A second low te m p e ra tu re  

t r a n s i t i o n  i s  e x p e c te d  w i th  c o n s id e r a b le  i n t e r n a l  f r i c t i o n
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on a c c o u n t  o f  t h e  num ber and r e l a t i v e  R i g i d i t y  o f  th e

i n a c t i v e  s i d e  c h a i n s .

I t  i s  n o r m a l ly  e x p e c te d  t h a t  a  l a r g e  l o s s  p eak  i s  

accom p an ied  by  a  h ig h  r a t e  o f  change o f  b e n d in g  m od u lus , 

and a  weak o r  low l o s s  p eak , i s  accom panied by a low r a t e  

o f  b e n d in g  m odulus change . With s i l k ,  th e  r e v e r s e  

h a p p e n s ,  th e  b e n d in g  m odulus on t h e  a v e ra g e  ch an g in g  more 

r a p i d l y  above room te m p e r a tu re  th a n  below . The e x p l a n a t i o n  

a p p e a r s  t o  l i e  i n  th e  o v e r a l l  r i g i d i t y  o f  th e  s id e  c h a in s ,  

w hich  w h e th e r  a r r e s t e d  o r  n o t ,  c o n t r i b u t e  c o n s id e r a b ly  to  

th e  b e n d in g  r e s i s t a n c e ,  so t h a t  t h e i r  " f r e e z i n g "  i n  i t s e l f  

does n o t  add g r e a t l y  t o  th e  b e n d in g  r e s i s t a n c e ,  w h i le  th e  

f r e e z i n g  o f  th e  m ain c h a in s  from t h e i r  p a r t i a l l y  m o b ile  

c o n d i t i o n  a t  20°C t o  t h e i r  c o n s o l id a t i o n  a t  0°C, i s  s i m i l 

a r l y  o f  no g r e a t  con seq u en ce . Above room te m p e r a tu r e ,  th e  

r u p tu r e  o f  s e c o n d a ry  b o nd s , weak a s  th e y  a r e  i n  t h e  c ase  o f  

van d e r  W aals f o r c e s ,  and few a s  th e  hydrogen  bonds a r e ,

give r i s e  to  a  g r e a t e r  m o b i l i ty  o f  s id e  and main c h a in s ,
1 6and i n  a  b ro a d  a n a lo g y  to  th e  argum ent o f  G u th r ie  , who 

r e l a t e s  a  f a l l  i n  i n i t i a l  t e n s i l e  modulus w i th  a  d e c re a s e  i n  

c r y s t a l l i n i t y , t h e  b e n d in g  modulus can be e x p e c te d  to  f a l l  

c o n s id e r a b ly  (on a c c o u n t  o f  th e  amorphous c o n t r i b u t i o n  i n  

t h i s  i n v e s t i g a t i o n ) .

As i n  th e  c a se  o f  w ool, l o s s  maxima a re  accompanied
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by a p p r o p r i a t e  b e n d in g  m odulus r e a c t i o n s ,  w h i le  t h e  v a r i a 

t i o n  f ro m  one f i b r e  t o  th e  n e x t  i s  a c c o u n ta b le  f o r  s i m i l a r  

r e a s o n s  a s  t o  t h o s e  p ro p o se d  f o r  w ool.

F i b r o l a n e . To s t a t e  t h a t  th e  m o le c u la r  c o n f i g u r a t i o n  o f  

P i b r o l a n e  l i e s  be tw een  t h a t  o f  s i l k  and wool i s  an o v e r  

s i m p l i f i c a t i o n ,  a s  would a l s o  a p p e a r  to  be t h e  c a se  when 

P e t e r s  and Woods1 ^  d e s c r ib e  P ib r o l a n e  a s  c o n s i s t i n g  o f  Q 

c r y s t a l l i t e s  and c o m p a ra t iv e ly  random amorphous dom ain. 

S y n t h e t i c  p o l y p e p t i d e s ,  a l th o u g h  n o t  from  c a s e in  a s  a
1 4.Rs o u rc e  have b een  p rodu ced   ̂ i n  th e  a - k e r a t i n  m ould, w h i le

ca.bl^d
th e  "e o-i l ed—e o-i l " c o n f i g u r a t i o n  found i n  wool k e r a t i n  i s  by 

no means p e c u l i a r  to  t h a t  m a t e r i a l ,  and i s  p ro p o sed  by R ich  

and C r i c k 1^  t o  e x i s t  i n  c o l l a g e n .

G lo b u la r  p r o t e i n s ,  and c a s e i n ,  from  w hich  F i b r o l a n e

i s  p ro d u c e d  i n  i t s  n a t u r a l  form  p r i o r  to  d e n a t u r i s a t i o n ,  a r e
1 4-7s a id  t o  e x i s t  i n  a  h e l i c a l  c o n f i g u r a t i o n  ' l i k e  a - k e r a t i n ;

w h ile  P a u l i n g  and Corey1 ^  s u g g e s t  t h a t  t h e i r  a - h e l i x  may

be t h e  b a s i c  c o n f i g u r a t i o n  i n  a t  l e a s t  some, i f  n o t  a l l

g l o b u la r  p r o t e i n s .  I f  t h i s  i s  so ,  t h e n  i t  i s  q u i t e  p ro b a b le

t h a t  on s t r e t c h i n g  d u r in g  th e  p ro c e s s  o f  d e n a t u r i s a t i o n ,  th e

r e g e n e r a t e d  p r o t e i n  assum es a  B - h e l i c a l  c o n f i g u r a t i o n .  The
o

p e r i o d i c i t y  o f  7 A, fou nd  i n  r e g e n e r a te d  p r o t e i n s ,  w hich 

c o in c id e s  w i t h  t h a t  o f  f i b r o i n ,  would be due to  s t r e t c h e d
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cables
a - h e l i c e s ,  p o s s i b l y  i n  " coi l e d  €0113” , and n o t  to  a  s im p le

Also
p - k e r a t i n ,  w hich  i s Ai d e n t i c a l  i n  p e r i o d i c i t y  w i th  f i b r o i n *

148
F u r th e rm o re ,  from X—ra y  d a ta  o f  r e g e n e r a te d  p r o t e i n s ,  

th e  s t a te m e n t  i s  made t h a t  "a random o r  c o i l e d  m o le c u la r  

s t r u c t u r e  i s  p r e v a l e n t  w i th in  the  f i b r e  and t h a t  t h e r e  i s  

l i t t l e  o r  no o r i e n t a t i o n . "

The c lo s e n e s s  o f  the  d a ta  f o r  wool and F ib ro la n e  

i n d i c a t e s  t h a t  n o t  o n ly  a re  th e  r a t i o s  o f  th e  v i s c o e l a s t i c  

to  t h e  e l a s t i c  components s i m i l a r ,  b u t  a l s o  t h a t  th e  magni

tu d e s  o f  each  a r e  v e ry  n e a r ly  th e  same ( c . f .  s i l k ,  whose 

l o s s  t a n g e n t  i s  o f  th e  same o rd e r  o f  m agnitude b u t  th e  

i n d i v i d u a l  com ponents, b o th  p l a s t i c  and e l a s t i c  a re  con

s i d e r a b l y  g r e a t e r  th a n  f o r  wool and F i b r o l a n e ) .  Hence, 

i t  would n o t  be u n re a so n a b le  to  f in d  a g r e a t  d e a l  o f  s i m i l 

a r i t y  i n  th e  m o le c u la r  s t r u c t u r e s  o f  wool and F ib r o la n e .
149

C hem ica lly  , th e y  d i f f e r  on ly  s l i g h t l y ,  th e  main f e a t u r e

in  t h i s  d i f f e r e n c e  b e in g  a h ig h e r  su lp h u r  c o n te n t  i n  wool

and a c o n seq u e n t  ab sence  o f  c y s t in e  l in k a g e s  i n  F ib r o l a n e .

The l o s s  c u rv e s  f o r  F ib ro la n e  a re  i n t e r p r e t e d  i n

s u b s t a n t i a l l y  th e  same way a s  th e  l o s s  cu rves  f o r  w ool,
ca.ble5

b e a r in g  i n  mind t h a t  "-e o i l e -d c o i l s" may e x i s t ,  b u t  s in c e

the m o le c u le s  a r e  s t r e t c h e d ,  th e  hydrogen bonding i n  th e s e  
cables

"eo-i l e d c o i l s " w i l l  be l e s s  i n t r a  m o le c u la r  and more l n t e r -

m o le cu la r  a s  o c c u rs  i n  th e  s i l k  l a t t i c e  a c c o rd in g  to th e
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" p l e a t e d  s h e e t "  s u g g e s t io n .
The a p p a r e n t  hydrogen  bond peak a t  68°C i s  e x p e c te d

to  t r u l y  l i e  a t  a b o u t  80°C. The low te m p e ra tu re  peak  a t

-5°C i s  much l e s s  w e l l  d e f in e d  th a n  t h a t  o f  wool a t  2£°C0

I f  th e  " c o i l e d  c o i l s "  i n  wool a re  a - k e r a t i n o u s  and th o se

p ro p o se d  i n  F ib r o l a n e  a re  |3 -k e ra t in o u s ,  th e  l a t t e r  can be

e n v is a g e d  a s  lo n g  and t h i n  , and th e  fo rm er as  s h o r t  and

b u lk y .  As a  consequence , th e  f r e e  space  p e r  u n i t  volume

would be g r e a t e r  i n  F ib r o la n e ,  and a cc o u n t  f o r  a low er

te m p e ra tu re  a r r e s t m e n t .  The s i m i l a r  chem ical c o n s t i t u t i o n

would e q u a l i s e  th e  r o t a t i o n a l  b a r r i e r s  and cause a maximum

of s i m i l a r  m agn itude  i n  b o th  wool .and F ib r o la n e .  A second

low te m p e r a tu re  t r a n s i t i o n  could  a r i s e  from the  m otion  o f

the  s id e  c h a in s ,  and i t  i s  a  s id e  c h a in  mechanism which i s

th o u g h t  to  be r e s p o n s i b l e  f o r  the  vagueness  o f  th e  ~3°Q

peak, and th e c o n t in u e d  h ig h  l o s s  modulus ( i n  com parison
c a b le s

w ith  w o o l ) .  S in ce  th e  c h a in s  o f  the  " u u i lu d  c u l l s "  a re  

f u l l y  e x te n d e d ,  th e  s id e  c h a in s  w i l l  be f u r t h e r  a p a r t  and 

fhe p o s s i b i l i t y  o f  i n t e r  s id e  c h a in  bonding  p r o p o r t i o n a t e l y  

reduced a t  norm al t e m p e ra tu re s .  Hence on re d u c in g  the

te m p e ra tu re ,  an d ,  a s  i t  seems, a t  a  te m p era tu re  below th e
c a b  la  . ,

c e i l e d  o o i l "  maximum, th e s e  s id e  c h a in s  w i l l  form cohes ive

bonds be tw een  n e ig h b o u r in g  s id e  c h a in s .  M oreover, t h i s  

phenomenon w i l l  add to  th e  energy  d i s s i p a t e d  due to  th e
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s u rm o u n t in g  o f  r o t a t i o n a l  b a r r i e r s  a s  t e m p e r a tu r e  i s  

lo w e re d .

The shape  o f  th e  b e n d in g  m odulus c u rv e  i s  i n  a c c o r d 

ance  w i t h  t h a t  o f  th e  l o s s  c u rv e .  The a v e ra g e  r a t e s  o f  

change o f  b e n d in g  m odulus w i th  t e m p e r a tu re  v a ry  i n  th e  same 

way a s  t h o s e  o f  w o o l,  and a r e  a c c o u n ta b le  f o r  th e  same 

r e a s o n s .  The h i g h e r  b e n d in g  m odulus o f  F i b r o l a n e  w i l l  be 

m a in ly  due to  t h e  e x te n d ed  p o ly p e p t id e  c h a in s  b e in g  l e s s

f l e x i b l e  th a n  th e  a c h a in s  i n  w ool.

The P r o t e i n s  and Nylon 6 6 .

The f a c t  t h a t  e v e ry  t h i r d  main c h a in  l in k a g e  i n  th e

p r o t e i n s  s t u d i e d  i s  o f  th e  p o ly p e p t id e  t y p e ,  t h a t  t h i s

l i n k a g e  i s  common, i n  l e s s e r  abundance , to  n y lo n ,  and t h a t  

c o n s e q u e n t ly  t h e s e  f i b r e s  a r e  c a p a b le  o f  c o n s id e r a b le  

h y d rogen  b o n d in g ,  s u g g e s t s  t h a t  c e r t a i n  s i m i l a r i t i e s  i n  

dynamic b e h a v io u r  m ig h t  be o b se rv e d .

A
When t h e  d a t a  o f  Hsu i s  p r e s e n t e d  i n  l o s s  m odulus 

form , a  h ig h  t e m p e r a tu r e  120°C p e ak , a  s l i g h t  50° C p e ak ,  a  

low -35 °C  p e a k ,  a r e  o b s e rv e d ,  and a  second low te m p e r a tu re  

peak i s  p r e d i c t e d .

Of t h e  t h r e e  p r o t e i n s  exam ined, i t  may be e x p e c te d  

t h a t  i n  c e r t a i n  r e s p e c t s ,  n y lo n  sh o u ld  m ost resem b le  s i l k ,
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s i n c e  i n  e a c h ,  t h e  m ain  c h a in s  e x i s t  i n  a  p l a n a r  f u l l y  

e x te n d e d  fo rm . I n  a s  much a s  s i l k  e x h i b i t s  two d i s t i n c t  

l o s s  m odulus p e a k s  a t  47°C and 80°C (w h ile  o n ly  one c o r r e s 

p o n d in g  p e ak  i s  d e t e c t e d  i n  wool and F i b r o l a n e ) ,  t h i s  i s  

t r u e .  As i n  p o l y e t h y l e n e ,  n y lo n  has  many van  d e r  W aals 

f o r c e s  be tw een  i t s  a d ja c e n t  GH2 g ro u p s ,  and i n  th e  l i g h t  o f  

t h i s ,  t h e  5 0 °C p eak  o f  n y lo n  would c o r re sp o n d  to  th e  47°C 

peak  o f  s i l k  -  i t  i s  due to  th e  van d e r  Waals f o r c e s  between 

non h y d ro g en  bonded c h a in s  i n  th e  amorphous r e g i o n s .  While 

t h e  120°C p e ak  i s  a t t r i b u t e d  to  hydrogen  b o n d s ,  i t  can o n ly  

be assum ed t h a t  H su’ s ' p a r t i c u l a r  n y lo n  had some a d d i t i o n a l  

c o n s t r a i n t s  c o n f e r r e d  upon th e  c h a in s  i n  th e  amorphous 

r e g i o n s ,  by t h e  c r y s t a l l i t e s ,  f o r  Woodward e t  a l . ^  and 

K a n a g u c h i ^  fo u n d  hydrogen  bond p eak s  a t  7 7 ° C and 9 0 °C 

r e s p e c t i v e l y ,  w h ich  a r e  c l o s e r  to  t h a t  o f  s i l k  a t  80°C.

The h e i g h t  o f  t h i s  l o s s  modulus peak  i n  n y lo n  i s  much 

g r e a t e r  t h a n  t h a t  o f  t h e  p r o t e i n  f i b r e s ,  and r e f l e c t s  th e  

g r e a t e r  d e g re e  o f  hydro gen  b o n d in g . T h is  i s  to  be expected 

i f  i n  t h e  " c o i l e d  c o i l s "  o f  wool and F ib r o l a n e  most hydrogen 

bonds a r e  s a t i s f i e d  i n  what a re  e f f e c t i v e l y  c r y s t a l l i n e  

r e g i o n s ,  and  i n  s i l k ,  hydrogen  b o n d in g  i s  c o n s id e r a b ly  

r e s t r i c t e d  by th e  many i n a c t i v e  s id e  c h a in s .

I n  t h e  t e m p e r a tu r e  range  from  10° to  60°C th e  lo s s  

modulus o f  n y lo n  h a s  a lm o s t  th e  same v a lu e  a s  t h a t  f o r  wool
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and F i b r o l a n e ;  t h e  l o s s  m odulus o f  s i l k  i s  c o n s i d e r a b l y  

g r e a t e r .  T h is  i s  e x p e c te d  s in c e  t h e  s t r e s s  b e a r i n g  

e le m e n ts  i n  t h e  amorphous r e g io n s  a t  th e s e  t e m p e r a tu r e s  

a r e  s m a l l  i n  wool and F i b r o l a n e ,  ( f o r  r e a s o n s  d i s c u s s e d  

e a r l i e r )  and a l s o  i n  n y lo n  ( th e  hydrogen  bonds a r e  n o t  

s t r e s s e d  to  any  g r e a t  e x t e n t ,  and th e  van  d e r  W aals f o r c e s  

a r e  known to  be weak and do n o t  c o n t r i b u t e  g r e a t l y  to  th e  

e n e rg y  l o s s ) .  I n  s i l k  how ever, c o n s i d e r a b l e  s id e  c h a in  

a c t i v i t y  w i l l  i n c r e a s e  th e  m agnitude  o f  r o t a t i o n a l  b a r r i e r s .

As i n  t h e  p r o t e i n s ,  n y lo n  has  two low te m p e ra tu re  

p e a k s ,  a t  -2 3 °C  and -7 7 °C 51 , and -40°C  and -1 2 0 °C 50 . The 

-2 3 °C , -40 °C  peak  i s  c o n s id e re d  to  be due to  seg m en ta l  

m o tio n s  o f  th e  non hydrogen  bonded amide g ro u p s ,  th e  -7 7 °C , 

-120°C  to  t h e  c o - o p e r a t i v e  movement o f  th e  CHg g roups 

be tw een  amide l i n k a g e s ^ ’ ^  ^ . No d i s t i n c t  p a r a l l e l

can be  drawn b e tw ee n  th e  low te m p e ra tu re  t r a n s i t i o n s  i n  

n y lo n  and th e  p r o t e i n s .  I t  i s  j u s t  p o s s i b l e  to  say  t h a t  

th e  s id e  c h a in  t r a n s i t i o n  o f  th e  p r o t e i n s  i s  r e l a t e d  to  th e  

CHg t r a n s i t i o n  o f  n y lo n ,  i n  so f a r  a s  th e  amide linkage is  
a b s e n t  i n  b o t h .  However, i n  n y lo n ,  a  v e ry  d i s t i n c t  d i f f e r 

ence i n  t h e  num ber o f  CH2 and amide l i n k a g e s  i s  p r e s e n t ,  

and t o  r e l a t e  t h e  low te m p e ra tu re  t r a n s i t i o n s  t o  t h e s e  i s  

a p p a r e n t ly  c o r r e c t .  I n  th e  p r o t e i n s ,  betw een every  amide 

l in k a g e ,  t h e r e  i s  a  CHR g roup , and i t  i s  r e a s o n a b le  to  e x p e c t
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t h a t  t h e  m ain  c h a in s  w i l l  behave  w i t h  an a v e ra g e  r i g i d i t y .  

(CH2 l i n k a g e s  a r e  semi f l e x i b l e ,  amide g ro u p s  a r e  more 

r i g i d  w h ic h  a l s o  c o n t r i b u t e s  to  t h e  s e p a r a t i o n  o f  t h e  two 

t r a n s i t i  ons i n  n y l o n . )

Thus th e  i n t e r p r e t a t i o n s  o f  t h e  low  t e m p e r a tu r e  

t r a n s i t i o n s  i n  th e  p r o t e i n s  a re  th o u g h t  to  be c o r r e c t ,  and 

t h e  r e a s o n  f o r  t h e i r  o c c u r re n c e  a t  h i g h e r  t e m p e r a tu r e s  th a n  

th e  low te m p e r a tu r e  t r a n s i t i o n s  o f  n y lo n ,  i s  t h e  a d d i t i o n a l  

s id e  c h a in  c o n s t r a i n t .

C e l l u l o s e  F i b r e s :  Ramie, F o r t i s a n

The dynam ic b e n d in g  m oduli o f  ram ie  and F o r t i s a n  

( F ig .  3 1 ) a r e  h ig h  i n  r e l a t i o n  to  th o s e  o f  o t h e r  f i b r e s  and 

r e f l e c t  t h e  f a c t  t h a t  th e  c e l l u l o s e  c h a in  m o le cu le  i s  v e ry  

r i g i d .  M o reo v er ,  i n  th e  case  o f  th e s e  f i b r e s ,  t h e i r  s t i f f 

n e s s e s  a r e  t h e  g r e a t e r  f o r  t h e i r  h ig h  d e g re e s  o f  c r y s t a l l i n -  

i t y  w h ich  by an X -ra y  d i f f r a c t i o n  method were d e te rm in e d  a s  

70$ and 50io f o r  ram ie  and F o r t i s a n  r e s p e c t i v e l y  ( c . f .  v i s c o s e  

rayon  3 and by an a c id  h y d r o l y s i s  method a s  95i° and 

83$ f o r  ra m ie  and F o r t i s a n  r e s p e c t i v e l y  ( c . f .  v i s c o s e  ray o n  

68/0) 1 51 .

A l e s s e r  d e g re e  o f  random ness w i l l  enhance th e  promo

t io n  o f  i n t e r m o l e c u l a r  hydrogen  bon d ing  i n  amorphous dom ains,
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and w i l l  c o n t r i b u t e  to  th e  h ig h  r e s i s t a n c e  to  b e n d in g  

f o r c e s o  Ramie, h ig h  s t r e t c h  v i s c o s e ,  w hich can be r e g a rd e d  

i n  t h i s  i n s t a n c e  a s  s i m i l a r  to  F o r t i s a n ,  and o r d in a r y  v i s c o s e ,  

a r e  s a i d  t o  have d e g re e s  o f  o r i e n t a t i o n  o f  0 .9 7 ,  0 .8 8  and 

0 .5 4  r e s p e c t i v e l y .  These d e g re e s  o f  o r i e n t a t i o n  r e p r e s e n t  

an  a v e ra g e  o r i e n t a t i o n  o f  b o th  th e  c r y s t a l l i n e  and amorphous 

r e g io n s  and v a ry  from u n i ty  f o r  f u l l  o r i e n t a t i o n  to  z e ro  f o r  

random o r i e n t a t i o n ^ ^

Due to  th e  f a c t  t h a t  ram ie h as  a  h ig h e r  d e g re e  o f  

c r y s t a l l i n i t y  and o r i e n t a t i o n  and t h a t  th e  a v e rag e  c h a in  

l e n g t h  o f  m o le c u le s  i n  c r y s t a l l i n e  r e g io n s  i s  f o u r  t im es
15*5

a s  g r e a t  i n  ram ie  a s  i n  F o r t i s a n  ^ i t  would be e x p ec ted  

t h a t  a  g r e a t e r  d i f f e r e n c e  i n  th e  bend ing  m oduli o f  the  two 

f i b r e s  sh o u ld  e x i s t .  I t  i s  however, a  w e l l  known f a c t  

t h a t  r e g e n e r a t e d  f i b r e s  p o s s e s s  a h a rd  s k in  and a s o f t  

core  and t h i s  p r o p e r t y  o f  F o r t i s a n  would a p p ea r  to  some 

e x te n t  to  com pensate f o r  i t s  low er d e g re es  o f  c r y s t a l l i n i t y  

and o r i e n t a t i o n ,  and s h o r t e r  c h a in  l e n g th ;  and b r in g  the  

v a lu e  o f  i t s  b e n d in g  modulus to  one ap p ro ach in g  t h a t  o f  

ramie •

F i g s .  50 and 51 show t h a t  a s  th e  te m p era tu re  i s  

r a i s e d  from  room te m p e ra tu re  to  160°C, th e  d i f f e r e n c e  

betw een th e  two b en d in g  m oduli becomes p r o g r e s s iv e ly  more 

pronounced , and t h a t  th e  r a t e  o f  d e c rea se  o f  the  bending  

modulus o f  F o r t i s a n  w i th  i n c r e a s in g  tem p era tu re  i s  g r e a t e r
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than that o f ramie. This i s  co n sis ten t w ith the id ea  that  

the proportion of amorphous f ih r e  contributing  to the bend

in g  modulus i s  present in  greater quantity in  F ortisan  and 

th a t the r e la t iv e ly  random m olecules contained th ere in , 

being afforded a. greater degree of m ob ility  as a r e su lt  o f  

hydrogen bond breakage and increased free space fo r  ro ta tio n , 

o ffe r  l e s s  r e s is ta n c e  to the external bending fo rce .

S im ila r ly , on lowering the temperature from room 

temperature to -60°C, a sm aller increase in  the bending 

modulus of ramie than of Fortisan i s  to be expected sin ce  

the t o t a l  amount of molecular ro ta tion s to be ’’frozen 11 as 

the fr e e  space i s  reduced, i s  sm aller. (This i s  explained  

la t e r . )

The smooth and fea tu r e le ss  change in  bending modulus 

with changing temperature would in d ica te  th a t the consolida

tion  o f a three dimensional network in  the case o f ramie and 

F ortisan  i s  e ith e r  a complicated m ultistep  process in  which 

very sm all d iffe r e n c e s  e x is t  in  the mechanical responses of 

the various polymorphic phases, but are undetectable by 

th is  method, or th at a continuous and r e la t iv e ly  simple 

process takes p lace in  the range covered. By examining 

lo ss  tangent or lo s s  modulus data, i t  i s  seen that a com

promise e x i s t s .  (F ig s .29 and 3 2 ) .

Hsu  ̂ reported weak lo s s  maxima at 90°C and -20  C and
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proposed the p o s s ib i l i t y  of a s t i l l  lower peak and a high  

temperature tr a n s it io n  fo r  v isc o se  rayon, w hile T o k ita ^  

observed a d isp ersion  at 80°C and Dunell and P r ic e ^  one 

at -40°C . Ho such maxima are observed fo r  ramie and 

F o rtisa n  in  the temperature range -60  to 160°C. The 90°C 

d isp ers io n  may e x is t  and an argument i s  la t e r  put forward 

in  i t s  favour. The cause of i t s  ex isten ce  in  v isc o se  

rayon i s  a ttr ib u ted  to the rupture of hydrogen bonding in  

amorphous reg io n s , w hile the reason fo r  i t s  experimental 

absence in  ramie and F ortisan  may be a ttr ib u ted  to the lack  

of s u f f ic ie n t  hydrogen bonding in  the comparatively small 

amorphous space, to  render the tr a n s it io n  experim entally  

observ^able. Moreover, i t  may be embraced in  a higher 

temperature tr a n s it io n  which i s  predicted by the rapid ra te  

of in crea se  in  the lo s s  fa cto r  with in creasin g  temperature, 

and i f  i t  e x i s t s ,  i s  due to motions of whole chains in  the 

amorphous reg io n s.

The low temperature tra n sit io n  o f v isc o se  rayon at 

-20°C i s  ascribed  to the freez in g  of whole chains in  amor

phous reg ion s^ . A sim ilar tra n sit io n  in  ramie and F ortisan  

i s  pred icted  (from both the lo s s  curves and the bending 

modulus curves) at a temperature lower than -60°C fo r  ramie 

and s t i l l  lower fo r  F ortisan . This proposal of the 

sequence o f occurrence of the lo s s  maxima i s  further supported
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by the fa c t  th a t minima occur in  the lo s s  curves a t about 

40°C fo r  v is c o s e  rayon, 20°C for  ramie and 5°C fo r  F ortisan . 

(These are the temperatures at which the resp ec tiv e  f ib r e s  

assume th e ir  most natural m olecular co n fig u r a tio n .) Although 

the percentage amorphous area in  the f ib r e s  d im inishes in  

the order, v is c o s e ,  F ortisan  and ramie, and consequently i t  

might be expected that the low temperature lo s s  peak should 

occur at the low est temperature fo r  v isc o se  on account of 

the fa c t  that more segmental or chain motions are to be 

arrested  in  the amorphous area, than in  the more c r y s ta llin e  

ramie and F ortisan , the reverse happens, as proposed above. 

This i s  not su rp ris in g  in  the le a s t ,  as the amount of 

hydrogen bonding w il l  diminish in  the order v isc o se , ramie 

and F ortisan  at temperatures of 40°C, 20°C and 5°C, resp ect

iv e ly .  Due to t h is ,  the free space in  v isco se  i s  sm aller 

than in  F ortisan  and as the temperature i s  reduced, the 

ro ta tio n a l motions of whole chains w il l  be arrested  e a r lie r .  

S im ila r ly , the pred icted  lo s s  maximum due to the freez in g  

of whole chains w i l l  occur at the low est temperature in  the
t

case o f F o rtisa n .

A s ig n if ic a n t  feature of the lo s s  curves of ramie 

and F ortisan  i s  that they in te r se c t  at about 85 C. At 

normal tem peratures, the lo s s  factor  fo r  ramie i s  higher 

than that fo r  F ortisan . This may be accounted fo r  by the
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greater degree of hydrogen bonding as a r e su lt  o f the 

greater chain len g th  of ramie m olecules. Above a tempera

ture s u f f ic ie n t ly  high fo r  thermal a g ita tio n  to rupture 

the hydrogen bonds, the energy d iss ip a ted  p e r  cycle  w i l l  

be dependent upon the res ista n ce  to flow  of whole chains.

Since the amorphous portion in  F ortisan  i s  greater than in  

ramie, the to ta l  m olecules r e s is t in g  flow  should be greater  

and consequently the lo s s  fa cto r  higher a fte r  rupture of 

hydrogen bonding. Since th is  i s  the case, i t  would appear 

that w hile a lo s s  maximum due to hydrogen bonding cannot be 

experim entally  d etected , i t  does in  theory and p ractice  

e x i s t ,  a t  an estim ated temperature of 80°C.

Summarising, the fo llow in g  points can be made. The 

temperature of the high temperature tr a n s it io n  in  c e l lu lo s e ,  

in v o lv in g  the rupture of hydrogen bonds, i s  h ighly depend

ent on the nature of the bond, while the magnitude of the 

lo s s  maximum depends on the to ta l energy -  determined by 

the number and nature of the bonds, and additional constraints,.

Temperature 
of maximum

Loss modulus
X IO ,0 d y # v e * /c *v ^

• ramie

v isco se  rayon

Fortisan

85° C 

80° C

80° C

O.JO*

O. 54

O.33

3t based on data from humidity experiments and Hsu •



The above f ig u r e s  show that the maximum a ttr ib u ted  to  

hydrogen bond rupture occurs at a s im ila r  temperature fo r  

a l l  three c e l lu lo s e  f ib r e s .  The presence of a s t i l l  

higher temperature maximum at d iffe r e n t  temperatures 

in flu e n c e s  the p rec ise  lo ca tio n  of the hydrogen bond peak.

The lo s s  modulus i s  of a s im ilar  order o f magnitude 

fo r  the three f ib r e s .

A greater number of hydrogen bonds i s  thought to

e x is t  in  the rather amorphous v isco se  rayon, than in  ramie
■ l a s t

and F o rtisa n , w hile of the Lat t er  two f ib r e s ,  ramie i s  

thought to have a s l ig h t ly  greater degree of hydrogen bond

in g  fo r  reasons proposed e a r lie r .

Since the magnitude of the lo s s  modulus i s  h ighly  

dependent on the number of bonds, i t  i s  evident that 

r e la t iv e ly  few as these bonds may be in  ramie and F ortisan , 

a considerable degree of re stra in t i s  imposed upon them, 

probably as a r e s u lt  of the high degrees of c r y s ta ll in ity  

of th ese two f ib r e s ;  and th e ir  resu ltan t lo s s  peaks are 

brought to  a s im ila r  height as the peak for  v isco se  rayon.
<xt uiKjcK

The temperature of a low temperature tra n sit io n  occurs
c3Le.-pe.r0t o*v

would appear to  be due t -Q the amount of free  space and the 

ro ta tio n a l b a rr ier s . Since the ro ta tion a l b arriers w il l  

be of the same order fo r  ramie, F ortisan , and v isc o se  (due
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to  th e ir  id e n t ic a l  chemical co n stitu tio n s)  the lo c a tio n s  

of the low temperature maxima w i l l  depend on the free  

space and w i l l  occur in  the order as p rev iously  proposed. 

The h e ig h ts  o f the maxima w il l  be prim arily due to  the 

t o ta l  r o ta t io n a l b a rr iers , but sin ce they occur outwith  

the temperature range covered in  th is  in v e s t ig a t io n  (in  

the case of ramie and F ortisan ), th is  p rop osition  cannot 

be su b sta n tia ted  by fa c t .

M odified Regenerated C ellu lose Fibres: A cetate f ib r e

and T r ic e l.

That T r ice l has a higher bending modulus than 

a ceta te  f ib r e  i s  c le a r ly  shown in  F ig .3 1 , and that i t  

experiences a greater change in  bending modulus, with  

tem perature, i s  more c lea r ly  shown in  F ig .3 0 . The higher  

bending modulus of T rice l i s  prim arily associa ted  with i t s  

higher c r y s t a l l in i t y .  R ussell and van Eerpel^® observed 

a la rg e  and p o ssib ly  greater decrease, with in creasin g  

temperature, in  the to rsio n a l modulus of c e llu lo se  a ce ta te , 

than of c e l lu lo s e  tr ia c e ta te , and associated  th is  fa c t  with  

the lower c r y s t a l l in i t y  of the former. Loss modulus data 

(F ig .5 2 ) ,  however, support the experimental bending modulus 

data, s in ce  they represent the transformation of the proper

t ie s  o f s t r e s s  bearing elements from v is c o e la s t ic  to e la s t ic
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and v ice  versa® The magnitude of the T r ice l lo s s  modulus 

curve i s  su b sta n tia lly  higher than that o f the acetate  

f ib r e , which, considering the case of decreasing tempera

ture, in d ica tes  that that volume of amorphous fib re  which 

at high temperatures did not contribute to the bending 

r e s is ta n c e , contributes to a much greater extent a t lower 

temperatures in  the case of T rice l -  th is  in  sp ite  o f i t s  

sm aller amorphous volume®

This reasoning applies to the re su lts  o f the present 

in v e s t ig a t io n , but may not apply to R ussell and van Kerpel*s
70

work . Their polymers may have d iffered  in  molecular 

configuration , and they measured the torsion a l modulus at 

low frequencies w hile th is  work involved the bending modulus 

at audio freq u en cies0

The shapes and heights of the acetate fibre and T rice l 

lo s s  tangent curves (F ig . 2 9 ) are very sim ilar , while the 

same i s  true of the shapes of the lo s s  modulus curves. This 

i s  not "unexpected when the former m aterial has 2 . 3  a ce ty l 

groups per glucose residue and the la t te r  i s  chemically only 

s lig h t ly  d iffe r e n t , in  that acety la tio n  of availab le hydroxyl 

groups i s  complete. However, certa in  s ig n ifica n t d ifferen ces  

do e x is t ,  in  the dynamic mechanical responses as w i l l  become 

apparent in  the follow ing discussion®

In the d ila tom etric  determination of tra n sitio n s ,
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Mandelkern and F lory1 found these to e x is t  a t 60°C and 

120°C in  c e l lu lo s e  aceta te  and 30°C and 105°C in  c e llu lo s e  

t r ia c e t a te ,  w hile in  sim ilar  experim ents, Nakamura^ found 

corresponding tr a n s it io n s . R ussell and van E erpel^ 8  

observed d ila to m etr ic  tr a n s it io n s  at 55°0 and 115°C in  

secondary a ce ta te  and at 40°C, 120°C and 155°C in  c e llu lo s e  

t r ia c e t a t e .  The general agreement between the in v e s t ig a 

t io n s  was good.

In dynamic experiments at audio frequencies  

Rakamura^ reported a damping peak at 120°C fo r  c e llu lo s e

a ce ta te  and at 60°C and 180°C fo r  c e llu lo se  t r ia c e ta te ,
38

w hile R u sse ll and van Kerpel observed damping peaks at 

-38°C, 120°0 (shoulder) and 195°C for aceta te  and at -48°C, 

100°C (shoulder) and 175°C for  c e llu lo se  tr ia c e ta te .

Certain d ila to m etr ic  tra n sit io n s  have been assoc ia ted  with

damping peaks e .g .  Nakamura*^ considered h is  60°C peak to
154

correspond w ith  Mandelkem and P lo ry 's  J O  C d ilatom etric  

tr a n s it io n , and R u ssell and van Kerpe^ re la ted  th e ir  175°C 

peak w ith  th e ir  1 5 5 °C d ila tom etric  tr a n sitio n  for  c e llu lo se  

t r ia c e ta te .  The higher frequency of the mechanical measure

ments i s  expected to  s h if t  a tra n sit io n  to a higher tempera

ture1 ’5s .

L i t t l e  m olecular in terp reta tion  has been put to the
154r e s u lts . The tr a n s it io n s  observed by Mandelkem and Flory
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were rep resen ta tiv e  of 11 ffr e e z in g - in ' temperatures fo r  

d iffe r e n t  types of motion” , w hile in  p a r a lle l reasoning

to th a t o f Deutsch, Hoff and Reddish7 0 , R u ssell and van
3 8

Kerpel b e lie v ed  that the low temperature tr a n s it io n s  

(-38°C , -48°C) were associated  w ith the m ob ility  of 

a ce ta te  groups, w hile the high temperature tr a n s it io n s  

(175°0, 1 95°C) were associa ted  w ith the movement of groups 

of atoms in  the anhydroglucose chain.

In th is  work, no d e f in ite  peaks, but only shoulders, 

are d etected  in  the lo s s  curves. These occur at 105°C, 

60°C and 11°G in  the case of acetate f ib r e  and 98°0 and 

14°C in  the case of T r ice l. Peaks, however, which l i e  

outside the temperature range covered, are predicted  at 

estim ated tem peratures of -60°C and 175°C fo r  acetate  

f ib r e  and -7 0 ° C and 165°C for  T r ice l. The v a r ia tio n  of 

the h igher temperature peaks and shoulders, i s  in  accord 

with a conclusion  of Nakamura^, that high temperature 

tr a n s it io n s  occur at lower values with in creasin g  a ce ty l 

content.

As a r e s u lt  of a ce ty la tio n , there are few hydroxyl 

groups in  a ce ta te  f ib r e , and none in  T r ice l, so that the 

p o s s ib i l i t y  of hydrogen bonding between chains i s  consider

ably reduced in  the former, and n on -ex isten t in  the la t t e r .  

On th is  account and due to the d ifferen t amorphous volumes



in  tlie two f ib r e s ,  certa in  d ifferen ces  in  the lo s s  curves 

are expected.

Thus, the shoulder at 60°C in  the a ceta te  f ib r e  

lo s s  curve, to  which no corresponding shoulder i s  observed 

in  the T r ice l lo s s  curve, i s  a ttr ib u ted  to hydrogen bond 

breakdown, which but fo r  the rupture of van der Waals 

fo r c e s  between non hydrogen bonded groups at a lower 

tem perature, and a consequent energy drop due to the l ib e r 

a tio n  o f th ese  groups would occur at a s l ig h t ly  higher  

temperature and take the form of a more pronounced peak.

I t  i s  claimed that commercial T rice l has a so -ca lled

second order tr a n s it io n  at 9 7 °C1^ .  The shoulder in  the

lo s s  tangent curve at 9 8 °C (P ig .29) which appears more

pronounced in  the lo s s  modulus curve (P ig .3 2 ) i s  regarded

as corresponding to th is  tr a n s it io n , w hile the higher

temperature peak fo r  aceta te  fibre, i s  thought to be due to

a tr a n s it io n  o f a s im ilar type. I t  i s  proposed that in

both f ib r e s  the mechanism in vo lves a certa in  amount of main

chain movement f a c i l i t a t e d  la rg e ly  as a consequence o£ the

removal o f the aforementioned r e s tr ic t io n s . Presumably,

the higher temperature peaks are accounted fo r  by the
38neasons put forward by Russel and van Kerpel

The shoulders reported at 14°C and 1 1 °C fo r  T ricel 

and a ce ta te  f ib r e ,  are without precedent and i t  i s  doubtful



that they correspond to the d ilatom etric tra n s it io n s  at

lj.0oC and 55°C re sp ec tiv e ly  for  these f ib r e s , sin ce  the

dynamic maxima are expected to occur at higher temperatures*

However, sin ce the predicted high temperature maxima occur

at lower temperatures than the determined 175°C, 19£°C

peaks and are regarded as being due to  the same mechanism,

i t  would not be unreasonable to a sso c ia te  the predicted low

temperature peaks at -70°C and -60°C with the experim entally
3 8

determined -I4.8 C and -38°C peaks. The fact that the low 

temperature peak as found by Russel and van K erpel^  was 

sharper in  the case of c e llu lo se  tr ia c e ta te , and that the 

predicted low temperature peak appears sharper in  the case 

of T r ie e l, further supports th is  a sso c ia tio n . The mechanism 

involved i s  probably the arresting of the motion of acetate  

groups. The shoulders at li|°C and 11°C are thought- to  be 

due to  the early  stages of anhydroglucose chain arrestin g , 

the development of a more d e fin ite  peak a t a lower temperature 

being prevented by the onset of the freezing  of the acetate  

groups•

The higher lo s s  modulus of T ricel would perhaps require 

explanation, since a l l  other factors being equal, the more 

amorphous m aterial would be expected to y ie ld  a higher 

energy lo s s  on account of the greater number of ro ta tion a l 

barriers, secondary bonds e tc .
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However, the r a tio  of the degree of polym erisation  

in  a ce ta te  f ib r e  to that in  T rice l i s  9 to 101^ .  This 

f a c t ,  togeth er  w ith  the greater number of bulky a ce ta te  

groups in  T r ic e l, causes larger  ro ta tio n a l b arr iers; a 

fa c t  which apparently more than compensates for  the greater  

amorphous volume u su a lly  associa ted  w ith aceta te  f ib r e .

Syn th etic  F ibres: A crilan A and A crilan B.

I t  was the purpose of th is  in v e s t ig a t io n  to determine 

whether any s ig n if ic a n t  d ifferen ce  in  the dynamic p rop erties  

of the two types of A crilan ex isted  and i f  so , what could 

account fo r  i t .  In previous work, A crilan B was found to  

have a s ig n if ic a n t ly  higher r e s il ie n c e   ̂ and an i n i t i a l  

s t a t i c  Young's modulus ( s ta t ic  at 1 $ extension) of 24.1 gm./ 

denier compared w ith  an i n i t i a l  s t a t ic  Young's modulus of  

19.2 gm ./denier fo r  A crilan A . In the course of th at  

work, i t  was observed that A crilan B has a 6 .9$ crimp and 

A crilan  A, 1 3 . 6 $ crimp -  which could have contributed to 

d ifferen ces  in  mechanical behaviour.

I f  d iffer en c e s  in  dynamic properties^ bending modulus 

and lo s s  modulus e x i s t ,  they would normally be the r e su lt  

°f a d ifferen ce  in  the manufacturing process, in  the case 

of the former, and as a r e su lt  of f ib re  composition in  the 

case of the la tter^
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Chem ically, i t  would he assumed that both f ib r e s  

have the same co n stitu tio n ; i . e .  copolymers, 8 5 $ a cry lo -  

n i t r i l e  and 1 5 $ of v in y l a ce ta te , g iv in g  the general 

fcrm ula1

H H H H
I I I I

- C - C - C - C
I I I I
H CN H O O C .C H j

On the other hand, i t  i s  b elieved  that the copolymer i s  

allowed to stand fo r  a time prior to the spinning of A crilan  

A, w hile A crilan  B i s  b elieved  to be the product of a com

p le t e ly  continuous p rocess.

With reference to the lo s s  curves, the weak shoulders 

apparent in  the lo s s  tangent curves (Pig. 29 5 Table 5 3 ) take 

on much more d e f in ite  shapes when expressed in  the lo s s  

modulus form (P ig .3 2 ) .  In the la t t e r  curve, high tempera

ture peaks a t 110°C and 100°C, and room temperature shoulders 

at 25°G and 10°C are observed for  Acrilan A and A crilan  B 

r e s p e c t iv e ly . No low temperature tr a n s it io n s  are observed 

throughout the temperature range, and the lo s s  modulus of 

A crilan  B i s  higher than that of A crilan A throughout.

As in  the case of Orion161, hydrogen bonds w il l  be 

expected to e x is t  between the a hydrogen atom of one chain, 

and the n i t r i l e  n itrogen  of i t s  neighbour; the high tempera

ture tr a n s it io n s  are a ttr ibu ted  to th ese . The fa c t  that no
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low temperature tr a n s it io n  i s  recorded would suggest th at  

the gross entanglement of main chains (such entanglement i s  

considered to e x is t  in  certa in  a c r y lic  polym ers'^) i s  such 

as to  cause the free z in g  of main chains which are not 

hydrogen bonded at higher temperatures than are u su a l. 

L oca lised  in te r a c tio n  of side chains and immediately adjac

ent main chains in  a c r y lic  polymers, has p reviously  been 

regarded as being involved  in  tr a n s it io n s  not fa r  above room 

tem perature. While the room temperature tr a n s it io n s  are 

thought to  be due to the freez in g  of main chains, the lo ca 

t io n  and lo s s  modulus may be a ffected  by such in te r a c tio n .

Although there i s  no in d ica tion  in  the lo s s  curves

of an imminent low temperature tr a n s it io n , the continuously

in crea s in g  bending modulus (which i s  more apparent in  the

r e la t iv e  bending modulus, Fig.JO) suggests that a low

temperature tr a n s it io n  may in  fa c t  occur, fa r  beyond the

range covered. I f  in  fa c t  i t  does, then in  p a r a lle l
71reasoning to Hoff, Robinson and W illboum' , i t  would be the 

r e su lt  o f l in e a r  side chains having s u f f ic ie n t  f l e x i b i l i t y  

to take up more than one sp a tia l configuration .

The higher bending modulus of A crilan B i s  co n sisten t  

with i t s  b e tte r  r e s i l ie n c e  and p ossib ly  i t s  higher i n i t i a l  

s t a t ic  Young's modulus. I t  seems l ik e ly  therefore that the 

crimp d iffer en ce  of the two f ib r e s  was not s o le ly  responsib le
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fo r  the observed d ifferen ce s  in  mechanical behaviour1^ 91 8̂ .

The dynamic data in d ica te  that w hile the chemical 

c o n s t itu t io n s  are thought to be the same, the assumed 

m olecular con figu ration s w ith in  the two f ib r e s  are n ot.

An o ff-w h ite  shade observed in  A crilan  A would be 

in d ic a t iv e  o f a form of degradation of the v iscou s copolymer 

having taken p lace w hile "standing" p rior to sp inning. The 

lower s t a t i c  i n i t i a l  Young's modulus and dynamic bending 

modulus would support th is  statem ent. The lower high  

temperature lo s s  modulus i s  in d ica tiv e  of le s s  hydrogen 

bonding; th is  could be the r e su lt  of a reduced degree of 

p olym erisation . On the other hand, a le s s e r  degree of 

hydrogen bonding would r e f le c t  a greater volume of free  

space and a subsequent lowering of the low temperature 

t r a n s it io n , w hile the greater number of ro ta tio n a l barriers  

(due to the greater quantity of long chain m olecules and 

a lso  to  the increased  length  of the side chains r e la t iv e  to 

the main chain) would cause a higher lo s s  modulus. As the 

low temperature tr a n s it io n  of A crilan A i s  at a higher 

temperature and has a greater lo s s  modulus than A crilan B, 

i t  i s  thought that w hile a form of degradation may a s s i s t  

in  the d ivergence of dynamic behaviour of the two v a r ie t ie s  

of A crilan , i t  i s  not s o le ly  responsible -  i f  at a l l  i t  

e x is t s .
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A second p o s s ib i l i t y  i s  that as the copolymer of  

A crilan  A i s  allowed to stand prior to sp inning, i t  ’’s e t t l e s  

down” more uniform ly, and A crilan B has a greater degree of 

gross entanglem ent. Hydrogen bonding would again be 

enhanced in  the la t t e r ,  and promote the experim entally  

observed higher lo s s  modulus in  A crilan B around the 100°C 

reg ion . However, applying the same reasoning as fo r  the  

proposed degraded A crilan A, to the room temperature lo s s  

modulus, a theory based s o le ly  on ’’gross entanglement” cannot 

be accepted to exp la in  the divergence in  dynamic behaviour.

In both o f the above arguments, the amorphous volume 

in  each A crilan  has been assumed to be the same. I f  i t  i s  

p o ss ib le  fo r  t h is  so -ca lled  gross entanglement to be reduced 

in  the amorphous areas of A crilan A as a r e su lt  of s e t t l in g  

down, so too i s  i t  p o ssib le  that i t  may assume a higher 

degree o f c r y s t a l l in i t y . The fa c t  that the room temperature 

tr a n s it io n  occurs at a higher temperature and with a lower 

lo s s  modulus could be explained by a lower amorphous content; 

there i s  l e s s  t o ta l  free  space and fewer to ta l  ro ta tio n a l 

b a rr iers . The high temperature lo s s  modulus would be lower 

on account o f a fewer number of hydrogen bonds. The lo s s  

data appear to w ell s a t is fy  th is  proposal, but then why 

should the l e s s  c r y s ta llin e  m aterial have the higher bending 

modulus, and i n i t i a l  s t a t ic  Young’s modulus, e s p e c ia lly , w ith
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referen ce to  the former mechanical parameter, a t 20°C, when 

the main chain ro ta tio n s  in  the amorphous region  are frozen  

in  the more c r y s ta ll in e  m ateria l, thus adding to  the bending 

r e s is ta n c e , w hile they are s t i l l  p a r t ia l ly  mobile in  the  

l e s s  c r y s ta ll in e  m aterial? I f  the foregoing arguments can 

stand, then the degradation of the more c r y s ta ll in e  A crilan  

A, and the fa c t  that i t  i s  not so g ro ssly  entangled and 

thereby le s s  of a quasi three-dim ensional network, in  amor

phous reg ion s than the A crilan B v a r ie ty , would appear to  

be predominating fa c to rs  over the higher c r y s ta l l in ity  of 

A crilan  A. ( i t  should be remembered that the degree of 

c r y s t a l l in i t y  i s  poor in  most a cr y lic  polymers1 *1 ^  , and 

th at the amorphous regions play a considerable ro le  in  the 

determ ination of f ib r e  p ro p ertie s). The high temperature 

tr a n s it io n s  are s a t is f ie d  by a l l  three arguments, but the 

room temperature tr a n s it io n s , only on the b a sis  of the 

greater amorphous content of A crilan B. Hence fo r  the room 

temperature tr a n s it io n s , the greater amorphous volume of 

A crilan  B appears to be the dominating fa c to r .

The fa s te r  drop in  r e la t iv e  bending modulus o f A crilan  

B above the 100°C region (see B ig .3 0 ) i s  in d ica tiv e  o f the 

onset of motion of a greater number of chains. This corres

ponds w ith  the higher degree of hydrogen bonding. Approaching 

room tem peratures, and on further reducing the temperature,
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the r e la t iv e  bending modulus of A crilan  B shows the sharper 

r i s e .  This again i s  co n sis ten t w ith the higher lo s s  

modulus o f A crilan  B a t the room temperature tr a n s it io n  and 

at lower temperatures s t i l l .

A crilan and Orion

A
Hsu reported lo s s  tangent maxima at 70° C and 110°C 

fo r  Orion, and a ssoc ia ted  the former peak with ro ta tio n s  

of non hydrogen bonded main chains, and the la t t e r  peak with  

hydrogen bond breakdown. A very s l ig h t  low temperature 

shoulder was ignored. This, however, takes the same more 

d e f in ite  shape of the room temperature A crilan shoulders, in  

a lo s s  modulus curve, the point of in f le c t io n  occurring at 

about -20°C. Since Orion i s  thought to be pure acry lo -  

n i t r i l e ,  and lack in g  in  the bulky acetate  groups that occur 

in  A crilan  and e f f e c t iv e ly  hinder ro ta tion  in  the main chains, 

a main chain tr a n s it io n  in  Orion would be expected to occur 

at a lower temperature than in  A crilan, and have a lower lo s s  

modulus. Both of these requirements are s a t is f ie d  by the 

-2Q°C shoulder, and n eith er  by the 70°C peak.

I t  i s  thought that the 70°C peak which l ik e  the -20° C 

shoulder and 1 1 0 °G peak, was markedly pronounced when trans

ferred from lo s s  tangent to lo s s  modulus as a measure, was 

due to hydrogen bonding between side chains of non hydrogen
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bonded main chains. Being fewer in  number, th e ir  a s s o c i

ated lo s s  modulus was sm aller. The occurrence of the f i r s t  

hydrogen bond peak, 40°C e a r l ie r  than the second, i s  thought 

to  be due prim arily  to the a d d itio n a l s tr a in in g  of the 

hydrogen bonds between the side chains, caused by the chain  

m o b ility  o f the non-hydrogen bonded main chains.

The 110°0 peak had a much higher lo s s  modulus than 

the corresponding A crilan  peaks. This i s  to be expected  

s in ce  the hydrogen bonds are present in  greater quantity  due 

to  the absence of t  h e a ceta te  groups present in  A crilan . 

U nlike A crilan , Orion appears to have no very low tempera

ture tr a n s it io n  (from the shape of the lo s s  curves and the 

f a c t  that a t -60°C the bending modulus appeared to be 

approaching a l im it in g  v a lu e ) , which su ggests the absence 

of f l e x ib l e ,  non hydrogen bonded side chains present in  

other acryliic  polymers and A crilan .

Polypropylene

The newness o f polypropylene as a commercial f ib r e ,  

m erits a few introductory comments regarding i t s  stru ctu re .

1N atta and Corradini put forward a theory reason

ably w idely accepted , that on account of the methyl groups, 

a planar stru ctu re  i s  impossible. "For instance, in the 
case of polypropylene, a planar structure would result in a



1 3 7 .

9
d ista n ce  o f only 2 .5  A between the n u c le i o f two carbon 

atoms o f su ccess iv e  methyl groups, which i s  very u n lik e ly ,  

because certa in  hydrogen atoms of the methyl groups would 

be as a r e s u lt  too near to each other, and th is  s itu a t io n  

i s  in  c o n f l ic t  w ith  the requirements of the minimum energy 

p o s tu la t e .n

Instead  they proposed a h e lic a l  structure in  which 

the su ccess iv e  monomeric u n its  are arranged on a three fo ld  

h e l ix ,  and th at the h e lic e s  could be l e f t  or r ig h t handed.

The methyl groups were thus su itab ly  accommodated.
o  1 5  -z

Ranby e t  a l . employing electron  microscopy and

sm all angle X-ray sca tter in g  determined that c r y s ta ll is a t io n  

of polypropylene developed in  s p ir a ls , pyramids or consecut

iv e  la y e r s , but the mechanismsof growth and the nucleation  

were not c le a r .

S lic h te r  and M andell^^ employed a proton magnetic

resonance method, which was u sefu l in  e s ta b lish in g  that the

methyl groups were responsib le for a low temperature tr a n s i-
57t io n  b e liev ed  to e x is t  in  polypropylene. Sauer et a l 

had, however, a ttr ib u ted  a sim ilar low temperature tr a n s it io n  

to sm all sc a le  motions of r e la t iv e ly  short segments.

To form a b a sis  on which to in terp ret the r e su lts  of
126the present in v e s t ig a t io n , the structural data of Henstead 

are used: namely that the polypropylene i s  unbrahched, has
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a d en sity  of 0 .90  g m ./cc ., a 75$ degree of c r y s t a l l in i t y , 

i s  i s o t a c t i c  and has the general formula

CHj  H CHj  H

- C - C - C - Cl I I I
H H H H

R eferring to the lo s s  curves (R ig s .29,32) a very  

d e f in ite  room temperature peak (12°C) in d ic a t iv e  of a g la ss  

tr a n s it io n  i s  observed. This tra n s it io n  has been observed 

by Sauer et a l?  ̂ fo r  a 78$ c r y s t a l l in e , i s o ta c t ic  polypropyl

ene of d en sity  0 .914 gm ./cc. at about 2 5 ° 0 , while: Reding1 6 5  

found such a tr a n s it io n  at about -20°C. The main reason 

fo r  the spread of r e s u lts  i s  that Reding1 ^  worked with

volume-temperature and s t i f f  ness-tem perature changes, Sauer 
75et  a l . a t freq u en cies of about 1 5 0 0  c / s . ,  and in  th is  

in v e s t ig a t io n  much lower audio frequencies were used. Prom 

the rap id ly  f a l l in g  bending modulus (see F ig .3 0 ) and the 

in crea s in g  lo s s  fa c to r  (observed in  P ig .29 and predicted  

from P ig . 3 2 ) a high temperature peak associa ted  w ith main 

chain m o b ility  and the onset of c r y s ta llin e  m elting, i s  

p red icted . An equivalent peak was observed by Sauer e t

a l . 75

The com paratively fa s t  in creasin g  bending modulus 

at. -70°C (see Table 51) and the in creasin g  lo s s  tangent and 

lo s s  modulus (the la t t e r  already showed a p a rtia l peak) are
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stro n g ly  in d ic a t iv e  of a low temperature peak at about 

-80°C . Moreover, the height of th is  lo s s  modulus i s  such 

as to  suggest considerable m otions. Since the degree of 

branching i s  considered to be n i l  , a s id e chain motion 

i s  not in v o lv ed .

7 5Sauer e t  a l . observed a small low temperature lo s s  

tangent peak at about -50°C. Since the lo s s  tangent 

rep resen ts the r a t io  of the v is c o e la s t ic  to the e la s t ic  

component, i t  does not represent the energy d iss ip a ted .

Were a lo s s  modulus peak considered, they would have observed 

a much higher lo s s  peak as was found in  th is  work, and fo r  

th is  reason th e ir  aforementioned mechanism may not be v a lid  

-  indeed , con sid erab le, and not small sca le  motion appears 

to be in v o lv ed , in  which methyl groups, which according to
I64

S lic h te r  and Mandell would not couple strongly  with m echani-• 

cal e x c ita t io n , may only be a contributing fa c to r . I t  i s  

thought th erefore  that the -80°G peak i s  prim arily the 

r e s u lt  o f a second g la ss  tra n sitio n  -  and i t  i s  of in te r e s t  

to note th a t Sauer and KLine^, found such a peak at -100°C. 

I f  d if fe r e n t  c r y s t a l l i t e s  can form according to B&iby _et 

a l1 6 3 y qha i ef t  handed and r igh t handed h e lic e s  e x is t 1 i t  

would not be unreasonable to expect that d ifferen t degrees 

of co n stra in t due to the c r y s ta llin e  reg ion s, on the amor

phous reg ion s e x i s t .  Thus the 1 2 °C peak r e f le c t s  the
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a r r e stin g  of amorphous chains, not arrested  by van der 

Waals fo r c e s , which are considerably restra in ed  by 

c r y s t a l l i t e s ,  and the —80^C peak, amorphous fr ee z in g  of 

much le s s e r  restra in ed  chains^ ir\ the. amorphous re<j»or\s.

R eferring to the polypropylene lo s s  tangent curve, 

a shoulder at 51 °C i s  observed. A  moderately high tempera

ture peak i s  o ften  associa ted  w ith secondary bond breakdown, 

and in  polypropylene could only be the r e su lt  of van der 

Waals fo r c e s . A  peak however i s  la r g e ly  obscured by the 

subsequent f a s t  f a l l  in  lo s s  modulus a fter  the g la ss  

tr a n s it io n .

Polypropylene and Polyethylene

Chem ically, these f ib r e s  d if fe r  only in  that the 

former has a methyl group attached to every second atom, 

w hile s tr u c tu r a lly  they d if fe r  in  that the former m olecules 

take the form of h e lic e s ,  the la t t e r ,  the normal planar 

conf i  gur a t i  on.

As in  polypropylene, 3 damping peaks are generally  

observed in  p o lyeth y len e52’ 5^ 5 7 ,77 ,78 . Tjle temperatures 

at which they occur were estab lished  to be -100°C, 0°C and 

70°C by Robinson and Oakes57, and associated  with certa in  

Ci^links in  the main chains, side chain m ob ility , and large
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sc a le  amorphous and c r y s ta llin e  chain m otions. The p rec ise  

lo c a t io n  of th ese  peaks w i l l  be expected to vary from one 

polyethy len e w ith  more side branches or higher c r y s ta l l in 

i t y ,  to  another w ith d iffe r e n t  c h a r a c te r is t ic s , e .g .  Deeley
79 ne t  a l . found the low temperature peak at —1 1 3  0  fo r  a

poorly c r y s ta l l in e ,  low d en sity  p olyethylen e, and at -98°C

fo r  a h igh ly  c r y s ta ll in e ,  high d ensity  p olyethylene, both

being unbranched.

The occurrence of the low temperature peak in  poly

propylene at a higher temperature (-8 0 °C) appears to be the 

r e s u lt  of a d d itio n a l hindrance to main chain freez in g  by 

the methyl groups on every other carbon atom, (sin ce the low 

temperature peak in  polyethylene i s  ascribed to the same 

mechanism, and has no such hindrance).

78I t  i s  in te r e s t in g  to note that KLine et a l . observed 

a s h i f t  of th e ir  -105°C peak to higher temperatures w ith  

decreased branching wMle H ie lsen ^  noticed  that h is  -110°C 

peak sh if te d  to  higher temperatures w ith in creasin g  v in y l 

a ceta te  copolymer, fo r  polyethylene. The former phenomenon 

was accounted fo r  by a narrowing of the re laxation  tim es 

a sso c ia ted  w ith  the movement of a small number of CHg u n its ,  

w hile in  the case of the la t t e r ,  greater hindrance to main 

chain movement predominated. I t  seems that the bulky methyl 

groups, which in  some measure cause polypropylene to ex h ib it
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a low temperature tr a n s it io n , at a higher temperature than 

p olyeth y len e and the bulky aceta te  groups have a sim ila r  

e f f e c t ,  w hile ordinary side branching o f the CHg-CHg type, 

has the reverse e f f e c t .  Thus the in crease or decrease in  

the low temperature tra n sit io n  would appear to  be connected 

w ith  the nature of the side groups, or p o ten tia l impediments 

to  chain motion.

The d ifferen ce  in  room temperature peaks i s  not sur

p r is in g  s in ce  the mechanism in  polypropylene i s  main chain 

fr e e z in g  and in  p olyethylene, side chain a c t iv ity .  In fa c t  

fo r  polyethylene w ith  n e g lig ib le  branching, the room tempera

ture tr a n s it io n  i s  almost e n tir e ly  absent^®.

The high temperature tra n sit io n  in  polyethylene i s  

lower than th at in  polypropylene, the peaks in  each case 

being assigned  to  large sca le  m obility  of polymer chains in  

amorphous reg ions and the onset of c r y s ta llin e  m elting.

Deeley e t  alT  ̂ observed th is  tra n s it io n  at 117°C fo r  a high  

d en sity , 9 1 ^ c r y s ta ll in e ,  unbranched polyethylene and a t  

90°C fo r  a low d en sity  amorphous unbranched polyethylene, 

w hile the peak in  polypropylene (7 5 $ c r y s ta llin e )  i s  about 

150°C. Three reasons could account c o l le c t iv e ly  fo r  the 

much higher polypropylene tr a n s it io n .

1 • The considerable re s tra in t  on the amorphous regions
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by the c r y s ta ll in e  reg ion s.

2. The hindrance to chain motions by the OĤ groups.

3* The lik e lih o o d  of greater entanglement between 

h e lic e s  than between f u l ly  extended chains.

Humidity Experiments 

Wool

Sneakman^ and M eredith^ a ttr ib u ted  the f a l l  in  the 

modulus o f to r s io n a l r ig id ity  of wool f ib r e s  to the breaking  

of hydrogen bonds between CO and NH groups of neighbouring  

peptide chains, w hile the polar groups attached to the side  

chains had no e f f e c t  on the r ig id ity  of the f ib r e s . The 

r e s u lt s  o f th is  in v e s t ig a t io n , however, suggest that both  

the main chains and side chains contribute to the bending 

modulus.

M eredith^  calcu lated  the amounts of water absorbed

by polar groups of side chains (a'water) and by polar groups

of main chains (a ''w ater) at several h um id ities. His data

are presented below:

Amount of water absorbed ($ regain) a t d iffer en t  
r e la t iv e  hum id ities.

io r.h . 1 0 30 50 65 75 90
a' 2 . 8 4.2 4.7 4 .9 5 .0 5.1 (x)
a ' ' 0 .75

K
'N.

CVl 3-9 5 .0 5.8 7 .5 (y)
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He found a l in e a r  re la tio n sh ip  between r e la t iv e  r ig id i ty  

and the amount of a ''  w ater, the former decreasing , w ith  

in crea s in g  amount of the la t t e r .  The same s tr a ig h t  l in e  

r e la t io n sh ip  i s  obtained in  p lo tt in g  r e la t iv e  bending 

modulus a g a in st a ' ' water absorbed (see P ig .36A ). I f  

however, r e la t iv e  bending modulus i s  p lo tted  aga in st a' 

water absorbed, two stra ig h t l in e s  are obtained w ith  d if f e r 

ent s lo p e s , and in te r s e c t in g , by ex trap o la tion , at 4 5 $ 

r e la t iv e  humidity (see P ig.36B ).

N o w  above 45$ r e la t iv e  humidity, and up to 90$ 

r e la t iv e  hum idity, the bending modulus f a l l s  by some 3 2 $ 

(P ig . 34 and Table 59A ), while only about 10$ of the to ta l  

a '  water i s  absorbed in  th is  range (from (x) ) and 5 5 $ of 

a* ' i s  absorbed (from (y) ) . C learly, above 45$ r e la t iv e  

hum idity, a ' ' water i s  responsib le to a great extent for  

the f a l l  in  bending modulus. Below 45$ r e la t iv e  humidity, 

the drop in  bending modulus iB lin e a r ly  re la ted  to both a' 

and a "  absorbed water. At 45$ r e la t iv e  humidity the  

f a l l  from dryness i s  greater (see P ig .34), than that which 

would be pred icted  from P ig .3 6A i f  only a '  ' water was 

resp o n sib le . Therefore, the a' water must have a consider

able e f f e c t  on the i n i t i a l  f a l l  in  bending modulus at the 

lower r e la t iv e  hum id ities.

This trend of thought f i t s  w ell in to  the p ictu re  of
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the wool stru ctu re which was developed from the temperature 

experim ents. Those s i t e s  which w i l l  i n i t i a l l y  he a v a ila b le  

to  water m olecules are the n o n -sa t is f ie d  sid e chains, and 

a very few main chains which have not accepted the "coiled  

co il"  con figu ra tion . Furthermore, bonded side chains w i l l  

be more a c c e s s ib le  than polar groups in  main chains which 

are thought to  l i e  in  a quasi three dimensional c r y s ta llin e  

manner, as "coiled  c o ils" . Thus at lower r e la t iv e  humidi

t i e s ,  more a' water i s  expected to be absorbed than a ''  

water and th is  i s  shown ( (x) and (y) ) , quite c le a r ly .

At hum id ities of over 45$ r e la t iv e  humidity, when 

the m ajority of s i t e s  ava ilab le  to a' water are occupied, 

the water m olecules w il l  then be a ttracted  to the hydro

p h i l i c  groups in  the quasi c r y s ta llin e  "coiled  co ils"  main 

chains which had h ith erto  been le s s  penetrable. Thus 

above 4 5 $ r e la t iv e  humidity, a large f a l l  in  bending 

modulus ( 3 1 $ from 45 to 9 0 $ r e la t iv e  humidity -  F ig .34 .)  

can be expected sin ce i t  i s  due mainly to in te r  and in tr a  

m olecular hydrogen bond breakage between main chains.

In F ig .3 0 , a drop in  bending modulus of dry wool from 

a r e la t iv e  value of 1 at 20°C to 0 .9  at 80°C, i s  observed.

At th is  temperature hydrogen bonding in  a l l  parts of amor

phous reg io n s, other than ’co iled  coils',’ i s  thought to be 

broken. In F ig . 3 4  a drop from 1 to 0.8 in  r e la t iv e  bending
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modulus i s  observed between 0$ and 4 5 $ r e la t iv e  hu m id ity , 

at about which hum idity, the "coiled  c o ils"  are thought to 

begin  to  accept m oisture. The great d ifferen ce  in  lo s s  

of bending stren gth s under the two con d itions must be due 

to  the fa c t  that the e f f e c t  of temperature on the "coiled  

co ils"  i s  in  fa c t  n e g lig ib le  -  as i t  i s  on the s a lt  l in k a g e s , 

w hile up to  45$ r e la t iv e  humidity (from 0 $) th e" co iled  co ils"  

w i l l  be very s l ig h t ly  a ffected  and the s a l t  lin k ages
7

disrupted  . A point worth noting  at th is  stage i s  th at
11van Wyk found th a t the bending modulus of wool was reduced 

in  the r a t io  of 3 : 1  from dryness to sa tu ra tion . The shape

o f  the curve was sim ilar  to that found in  th is  work, w hile

the r a t io  of the dry bending modulus to that at saturation

i s  estim ated to be about 2 . 8  : 1 . in  th is  work.
O

Warburton measured the logarithm ic decrement fo r  

wool w ith  in crea sin g  moisture content, and stated  i t  in c re a se d  

continuously  suggesting  a "large increase in  p la s t ic i t y  w ith  

r e g a in " .  Close examination of the curve he produced re v e a ls  

that very s l ig h t  shoulders at 8 $ and 2 0 $ regain might e x is t  

(about 40 and 80$ r e la t iv e  humidity r e sp e c t iv e ly ) . I f  in  

fa c t  they do, they would correspond reasonably with lo s s  

tangent shoulders at 35  and 7 0 $ r e la t iv e  humidity (F ig .33) .  

These shoulders develop as peaks in  the lo s s  modulus curves 

(F ig .3 5 ) at about 33$ and 70$ r e la t iv e  humidity r e sp e c t iv e ly .
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The 33$  peak  i s  t h o u g h t  t o  be t h e  r e s u l t  o f  

p r e v i o u s l y  m en t io n ed  s e c o n d a r y  bonds  b e i n g  b r o k e n  (below 

45$ r e l a t i v e  h u m i d i t y ) .  The f a c t  t h a t  t h e  l o s s  modulus

i s  a b o u t  t w i c e  a s  g r e a t  a s  t h a t  o f  t h e  8 0 ° C peak  i n  t h e  

t e m p e r a t u r e  e x p e r im e n t s  i s  e x p l a i n e d  i n  t h e  same way a s  t h e  

d i f f e r e n c e s  i n  f a l l  o f  r e l a t i v e  b e n d in g  modulus i . e .  i n  t h e  

h u m id i t y  r a n g e ,  th e  i n t e r n a l  f r i c t i o n  w i l l  be g r e a t e r  s i n c e  

s a l t  l i n k a g e s  and a v e r y  few " c o i l e d  c o i l s "  a r e  b e a r i n g  

s t r e s s ,  w h i l e  i n  t h e  t e m p e r a t u r e  e x p e r i m e n t ,  up to  80°C, 

t h e s e  e l e m e n t s  do n o t  b e a r  s t r e s s .

The second  l o s s  modulus peak  a t  70$ r e l a t i v e  h u m id i ty  

i s  due m a i n l y  to  t h e  g r a d u a l  b r e a k i n g  of  hydrogen  bonds i n  

t h e  " c o i l e d  c o i l s "  up to  t h e  p o i n t  o f  th e  maximum, w h i l e  

beyond t h e  maximum, s u f f i c i e n t  c h a in  m o b i l i t y  a t  t h e  expense  

o f  l i t t l e  e x t e r n a l  f o r c e ,  causes  a f a l l  i n  modulus i n  s p i t e  

o f  some f u r t h e r  h y drogen  bond b r e a k i n g  a t  h i g h e r  h u m i d i t i e s .

The v a l u e  o f  45$ r e l a t i v e  h u m id i ty ,  e x t r a p o l a t e d  i n  

F i g . 36B a p p e a r s  t o  be v e ry  s i g n i f i c a n t .  i t  i s  seen  t o  c o in 

c id e  w i t h  t h a t  r e l a t i v e  h u m id i ty  a t  which th e  e n e rg y  d i s s i 

p a t e d  i s  a  minimum ( F i g . 35) and l i e s  be tween t h e  l o s s  

modulus  maxima. I n  o t h e r  words ,  i t  seems to  s u p p o r t  the  

p r e v i o u s  a rgum en t  t h a t  two mechanisms a r e  i n v o lv e d  d u r i n g  

t h e  m o i s t u r e  a b s o r p t i o n  o f  wool,  t h e  d e t a i l s  of  which have 

b een  d e s c r i b e d .  M oreover ,  the  mechanism r e s p o n s i b l e  f o r
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t h e  h i g h e r  h u m id i t y  " t r a n s i t i o n " ,  w h i l e  i n v o l v e d  t o  a  s m a l l  

e x t e n t  i n  t h e  l o w e r  h u m id i ty  t r a n s i t i o n ,  o n ly  becomes 

r e a l l y  e f f e c t i v e  above 45$ r e l a t i v e  h u m i d i t y ,  above which  

t h e  mechanism s r e s p o n s i b l e  f o r  t h e  l o w e r  h u m id i ty  t r a n s i t i o n  

a r e  a lm o s t  i n e f f e c t i v e .

Uylon 66

F i g s .33 and 35 i n d i c a t e  t h a t  two d e f i n i t e  d i s p e r 

s i o n s  i n  t h e  dynamic m ec h an ica l  r e s p o n s e  o f  n y l o n  66 t o  

i n c r e a s i n g  m o i s t u r e  c o n t e n t  e x i s t .  A l o s s  t a n g e n t  s h o u l d e r  

a t  40$  r e l a t i v e  h u m id i ty  ( l o s s  modulus s h o u l d e r  a t  35$ 

r e l a t i v e  h u m id i t y )  which i n  p r e v i o u s  w o r k ^ * ^  was u n d e t e c t e d ,  

i s  accom panied  by a  r a p i d  change i n  t h e  b e n d in g  m odulus ,  and 

i t s  e x i s t e n c e  a s  a  d i s p e r s i o n  canno t  be d o u b te d .  A l o s s  

t a n g e n t  peak  a t  85$ r e l a t i v e  h u m id i ty  ( l o s s  modulus peak  a t  

80$ r e l a t i v e  h u m id i ty )  h a s  a l o c a t i o n  and m agni tude  which i s  

t h o u g h t  t o  c o r r e s p o n d  w i t h  t h e  s i n g l e  peak t h a t  Qujstwater 

and D u n e l l ^ ’ ^^ o b s e r v e d .  The a fo r e m e n t io n e d  w o rk e rs  

e x p e r i m e n t e d  a t  t h r e e  t e m p e r a t u r e s  and t o  em phas ise  t h e  good 

a g re e m e n t  b e tw ee n  t h i s  work and t h e i r s ,  t h e  d a t a  f o r  th i s  

s i n g l e  p e ak  i s  p r e s e n t e d  below.
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T em p e ra tu re  o f  Loss modulus L o c a t i o n  o f  l o s s  modulus
E x p e r im e n t  v a l u e  p eak  $  B e l a t i v e  H um id i ty

° 0  dynes/cm.^ x  10^®

9 O. 38

20  O. 32

35 0 .26

60 O.23

*  T h i s  i n v e s t i g a t i o n .

, 9,56
/  Q u i s w a te r  and D une l l  -  see  M.g.37A.

The v a lu e  o f  t a n  & a t  t h i s  peak  v a r i e d  from 0 .0 5
9 56

t o  0 . 1 0  i n  t h e  work of  Quistvater and Dune l i  and t h e y

a s s o c i a t e d  i t  w i t h  t h e  77°0 peak  of  Woodward e t  a l ? 1 who

o b t a i n e d  a  peak  a t  7 7 ° C, when w o rk in g  o v e r  a  wide tem p era 

t u r e  r a n g e ,  w i t h  a  v a lu e  of  O.O3 5 . The mechanism r e s p o n s i b l e  

f o r  t h e  p e ak  was t h e r e f o r e  segm en ta l  m o tion  due t o  hydrogen

bond w e a k e n in g .  I n  t h e  p r e s e n t  work, t h e  peak  a t  80$
10 2r e l a t i v e  h u m id i t y  has  a  v a lu e  of  O.32  x 10 dynes /cm .  f o r

l o s s  m o d u lu s ,  and s i n c e  t h e  f i b r e  was from t h e  same y a m  a s

u s e d  by Hsu , would be due t o  t h e  same mechanism a s  cau sed

a  p e a k  a t  120°C w i t h  a  v a lu e  o f  0 .2 5  x 101^ dynes /cm . , by
9,56

p a r a l l e l  r e a s o n i n g  t o  Quis^water and D u n e l l .  The mechanism 

i s  t h e  same a s  t h e  one r e s p o n s i b l e  f o r  th e  77°C peak  o f

Woodward e t a l ^  , and v a r i e s  i n  t e m p e r a t u r e  on a c c o u n t  o f

9(/  

80* 

60^ 

35^
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i
s t r u c t u r a l  d i f f e r e n c e s  .

The s h o u l d e r  a t  35i° r e l a t i v e  h u m id i t y  h a s  a  l o s s

modulus  v a l u e  o f  0 .21  x 1 0 ^  d y n e s /c m .^  w h ich  c o u ld  c o r r e s -
o 1pond t o  t h e  - 3 5  C peak  o f  Hsu , w h ich  had a  c o r r e s p o n d i n g

10 2v a l u e  o f  0 .2 8  x 10 dynes/cm. and was a s c r i b e d  t o  segmental 
m o t io n  i n v o l v i n g  non hydrogen  bonded amide g ro u p s .

A n a l y s i n g  t h e  complete  c u r v e ,  i t  would a p p e a r  t h a t  

i n i t i a l l y  a b s o r b e d  w a t e r  i s  a t t r a c t e d  t o  non hydrogen  bonded 

c a r b o n y l  g ro u p s  i n  t h e  amorphous r e g i o n s  and e f f e c t i v e l y  

h e i g h t e n s  r o t a t i o n a l  b a r r i e r s  t o  main c h a in  r o t a t i o n  

( c a r b o n y l  and amide p o r t i o n s  p r o b a b l y ) .  M ot ions  would 

t h u s  be " a r r e s t e d ” were i t  n o t  f o r  t h e  s i m u l t a n e o u s  p l a s t i 

c i s i n g  a c t i o n  o f  w a t e r  vapour  and t h e  o n s e t  o f  d i m i n i s h i n g  

e f f e c t i v e n e s s  o f  hydrogen  bonds ,  c a u s i n g  m o l e c u l a r  c h a in  

m o t io n .  At t h e  same t im e ,  t h i s  c h a in  m o t io n  i n c r e a s e s  

i n t e r n a l  f r i c t i o n  and p r e v e n t s  a  t r u e  peak  f rom  fo rm in g .

When h y d ro g e n  bonds  a re  v i r t u a l l y  d i s r u p t e d  se g m en ta l  m o t io n  

i s  more f u l l y  f a c i l i t a t e d  b u t  a d rop  i n  l o s s  modulus ,  s u b s e 

q u e n t  t o  t h e  80fo r e l a t i v e  h u m id i ty  peak ,  o c c u r s  s i n c e  t h e  

f o r c e  r e q u i r e d  to  cause  t h i s  m o tion  d e c r e a s e s  r a p i d l y  w i t h  

i n t e r m o l e c u l a r  c o n s t r a i n t s  removed.

The b e n d in g  modulus d a t a  s u p p o r t  t h e  l o s s  modulus 

d a t a ,  b u t  i t  i s  p e r h a p s  s u r p r i s i n g  to  f i n d  such  a  l a r g e  

d e c r e a s e  i n  b e n d in g  modulus of  th e  hydro p ho b ic  n y lo n  66 a s
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r e l a t i v e  h u m id i t y  i s  i n c r e a s e d .  However, by com par ing
1

t h e  e f f e c t  o f  t e m p e r a t u r e  on d ry  n y l o n  6 6 , w i t h  t h a t  o f

h u m i d i t y ,  i t  i s  s e e n  t h a t  i n  t h e  f o rm e r  case  t h e  r e l a t i v e

b e n d in g  modulus  d r o p s  i n  th e  r a t i o  2:1 a s  t e m p e r a t u r e  i s

i n c r e a s e d  f rom  20°C t o  120°C (hydrogen  bond peak)  -  F i g .3 0  ,

w h i l e  i n  t h e  l a t t e r  c a s e ,  a c c o u n t i n g  f o r  d i m e n s i o n a l  changes

t h e  r e l a t i v e  b e n d in g  modulus d rop s  i n  t h e  r a t i o  o f  2 : 1 .1 4

on i n c r e a s i n g  t h e  r e l a t i v e  h u m id i ty  from 0$ to  75$ (hydrogen

bond peak)  -  F i g .  34. S ince  ov e r  t h e s e  r a n g e s  th e  m o l e c u l a r

m echanism s a r e  e s s e n t i a l l y  t h e  same, i t  i s  n o t  s u r p r i s i n g

t o  f i n d  s i m i l a r  drops i n  b e n d in g  m odulus .  Moreover ,  i t

s u g g e s t s  t h a t  t h e  m o le c u l a r  i n t e r p r e t a t i o n s  a r e  c o r r e c t .

A f u r t h e r  p o i n t  w o r th  n o t i n g  i s  t h a t  t h e  hydrogen bonds

m u s t  p l a y  a  c o n s i d e r a b l e  p a r t  i n  t h e  b e n d in g  r e s i s t a n c e  t o

s m a l l  f o r c e s  (van  d e r  Waals f o r c e s  w i l l  a l s o  be i m p o r t a n t ) .

The f a c t  t h a t  a  second "peak" has  been  e s t a b l i s h e d  a t  35i°
9 ,5 6

r e l a t i v e  h u m i d i t y ,  which  Quisfcwater and D u n e l l  d i d  n o t  

o b s e r v e ,  would i n d i c a t e  t h a t  measurements  i n  b e n d in g  v i b r a 

t i o n  a r e  more s e n s i t i v e  t h a n  th o s e  i n  l o n g i t u d i n a l  v i b r a t i o n .

T h i s  i s  q u i t e  f e a s i b l e  s i n c e  on t h e  a p p l i c a t i o n  o f  a  sm a l l
2

t e n s i l e  s t r e s s  t h e  main c h a i n s  b e a r  t h e  b r u n t  o f  t h e  f o r c e  , 

w h i l e  i n  b e n d in g  s t r e s s  t h e  seco n d a ry  f o r c e s  w i l l  respo n d  

more e f f e c t i v e l y .  Hence a t  any p a r t i c u l a r  t e m p e r a t u r e  o r  

h u m id i t y  t h e  e f f e c t  o f  t h e s e  c o n d i t i o n s  w i l l  p r o b a b l y  be 

a s s i s t e d  by t h e  b e n d in g  f o r c e ,  more t h a n  by t h e  t e n s i l e
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f o r c e ,  t h u s  a s s i s t i n g  r a t h e r  t h a n  o b s c u r i n g ,  t h e  d e t e c t i o n  

o f  t h e  mechanism i n v o l v e d .

P r e d i c t i n g  and E s t i m a t i n g  t h e  Hydrogen Bond 

D i s p e r s i o n  i n  Nylon 6 6 .

(1) The l o c a t i o n :  by e x t r a p o l a t i n g  t h e  r e s u l t s  o f

Quisfcwater and D u n e l l 9 ,5 6  ( s e e  F ig s .3 7 A  and 37 B ) ,

a  maximum i n  l o s s  modulus would o c c u r  a t  0$ r e l a t i v e

h u m id i t y  a t  an e x p e r i m e n t a l  t e m p e r a t u r e  o f  a b o u t  90°0 ,

(and would have  a  m agn i tude  o f  t h e  o r d e r  o f  0 .1 8  x 1 0 ^

d yn e s /cm .  ) .  T h is  i s  o b t a i n e d  by assum ing  t h a t  a  s t r a i g h t

l i n e  r e l a t i o n s h i p  e x i s t s  be tween t h e  r e l a t i v e  h u m id i ty  a t

w h ic h  t h e  p e ak  o c c u r s  and th e  e x p e r i m e n t a l  t e m p e r a t u r e .

The a s s u m p t io n  would a p p e a r  t o  be c o r r e c t  f o r  on e x t e n d i n g

t h e  assumed s t r a i g h t  l i n e ,  i t  i n t e r s e c t s  t h e  o r d i n a t e  i n

t h e  90°C t e m p e r a t u r e  r e g i o n  which  c o r r e s p o n d s  w i t h  t h e

t e m p e r a t u r e  o f  t h e  hydrogen  bond p eak  f o r  d ry  n y l o n  o b t a i n e d

by K a w a g u c h i ^  and Woodward e t  a l ?^ ( see  F i g .3 7 B ) .  The
"10 2l o s s  m odulus  v a l u e  o f  0 .1 8  x  10 dynes /cm .  ( se e  P i g . 3 8 )

i s  s m a l l e r  t h a n  t h a t  o b t a i n e d  by Hsu , b u t  he fou nd  t h a t

t h i s  p a r t i c u l a r  pe ak  e x i s t e d  a t  120°C, due t o  s t r u c t u r a l
10 2d i f f e r e n c e s .  N o rm a l ly ,  however,  0 .1 8  x 10 dynes /cm .

A
would be a  r e a s o n a b l e  v a lu e  t o  e x p e c t .  (Hsu d e te r m in e d  a  

r a t h e r  h i g h  b e n d in g  modulus of  6 .0  x  1 0 ^  dynes /cm . ^ a t  20°C
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and 0 io r e l a t i v e  h u m id i t y ,  w h ich  was c o n f i rm e d  i n  t h i s  work*)

Thus,  f o r  n y l o n  66, i f  t h e  t e m p e r a t u r e  o f  t h e  e x p e r i 

ment  i s  known, and c o n s t a n t ,  t h e  l o c a t i o n  o f  a  r e l a t i v e  

h u m i d i t y  p eak  can  he t h e o r e t i c a l l y  p r e d i c t e d .  C o n v e r s e ly ,  

i f  t h e  r e l a t i v e  h u m id i ty  i s  known, and c o n s t a n t ,  t h e  l o c a 

t i o n  o f  a  t e m p e r a t u r e  peak  can he t h e o r e t i c a l l y  p r e d i c t e d .

The s t r a i g h t  l i n e  g raph  (F ig .3 7B )  h a s  t h e  s im p le  

e q u a t i o n

y = - a x  + h 

where  y i s  p r o p o r t i o n a l  to  t h e  t e m p e r a t u r e

and x  t o  t h e  r e l a t i v e  h u m id i t y .

(2) The m a g n i tu d es  t h e  h e i g h t  o f  t h e  l o s s  modulus p eak  

can  he e s t i m a t e d  i n  e i t h e r  an e x p e r im e n t  i n v o l v i n g  

c h a n g in g  h u m id i t y  a t  c o n s t a n t  t e m p e r a t u r e ,  o r  ch an g in g  

t e m p e r a t u r e  a t  c o n s t a n t  h u m id i ty .

A c c e p t i n g  t h a t  t h e  m agn i tude  o f  t h e  l o s s  modulus peak
10 2i s  o f  t h e  o r d e r  o f  0 .1 8  x 10 dynes /cm . i n  an e x p e r im e n t  

a t  Q$> r e l a t i v e  h u m id i ty  (and from t h e  combined d a t a  o f  Hsu^, 

K a w a g u c h i ^ ,  and Woodward e t  a l ?^ , i t  seems r e a s o n a b l e )  

t h e n  by  p l o t t i n g  t h e  l o s s  modulus v a l u e s  o f  " r e l a t i v e  

h u m i d i t y "  p e a k s ,  o b t a i n e d  i n  e x p e r im e n t s  c o n d u c ted  a t  d i f f e r 

e n t  c o n s t a n t  t e m p e r a t u r e s ,  a g a i n s t  t h e s e  t e m p e r a t u r e s ,  c u rv e

( i )  i n  F i g . 38 i s  o b t a i n e d .  (The curve i s  deduced  f rom  t h e
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9,56
d a t a  o f  Q u i s t w a t e r  and D u n e l l  -  F ig .3 7 A  and o f  t h i s  w o r k . )  

From t h e  same d a t a ,  t h e  l o s s  modulus v a l u e s  o f  flt e m p e r a t u r e 11 

p e a k s ,  o b t a i n e d  i n  e x p e r i m e n t s  con d u c ted  a t  d i f f e r e n t  

c o n s t a n t  r e l a t i v e  h u m i d i t i e s ,  can be  p l o t t e d  a g a i n s t  t h e s e  

r e l a t i v e  h u m i d i t i e s ,  and curve  ( i i )  i n  F i g . 38 can be  

o b t a i n e d .

Thus, i f  t h e  t e m p e r a t u r e  o f  t h e  e x p e r im e n t  i s  con

s t a n t ,  t h e  l o c a t i o n  o f  t h e  r e l a t i v e  h u m id i ty  a t  w hich  a  

p e a k  o c c u r s  i s  o b t a i n e d  f rom F ig .3 7 B ,  and t h e  m agn i tude  o f  

t h e  l o s s  modulus  f rom  F i g . 38 curve  ( i ) .  The m agn i tu d e  o f  

t h e  " t e m p e r a t u r e "  l o s s  modulus peak  f o r  an e x p e r im e n t  a t  

c o n s t a n t  r e l a t i v e  h u m id i ty  i s  o b t a i n e d  from F i g . 3 8 , 

c u rv e  ( i i ) .

The e q u a t i o n  f o r  F i g . 3 8 ( i i )  i s  o f  t h e  ty p e

2y = ax + b

where  y i s  p r o p o r t i o n a l  t o  t h e  l o s s  m odulus ,

and x  t o  t h e  r e l a t i v e  h u m id i ty .

V isco se  Rayon.

C o n s i d e r a b l e  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  m o i s t u r e

on t h e  dynamic t e n s i l e  and t o r s i o n a l  m odul i  o f  c e l l u l o s e
22f i b r e s  h a s  b e e n  c a r r i e d  o u t ,  e . g .  by Meyer and Lotmar who 

fo u n d  t h a t  t h e  t e n s i l e  modulus o f  bone d ry  v i s c o s e  r a y o n  was



was a b o u t  1 1  t i m e s  t h a t  o f  we t  v i s c o s e  r a y o n ,  by  M e r e d i t h * ? ,

who o b s e r v e d  t h a t  t h e  modulus o f  t o r s i o n a l  r i g i d i t y  o f  d r y  

v i s c o s e  r a y o n  was 33 t im e s  t h a t  o f  v i s c o s e  r a y o n  a t  100$ 

r e l a t i v e  h u m i d i t y .  C o m p ara t iv e ly  l i t t l e  work h a s  b een  

done on t h e  e f f e c t  o f  m o i s tu r e  on t h e  i n t e r n a l  f r i c t i o n  o f  

v i s c o s e  r a y o n .  P r i c e  e t  a l . ^ ,  i n  f o r c e d  l o n g i t u d i n a l  

v i b r a t i o n  e x p e r i m e n t s  found  o n ly  a sm a l l  i n c r e a s e  i n  i n t e r 

n a l  f r i c t i o n  on i n c r e a s i n g  th e  r e l a t i v e  h u m id i ty  f rom  28$ 

t o  98$ and s u g g e s t e d  t h a t  hydrogen  b o n d in g  was n o t  o f  g r e a t  

c o n seq u e n ce  i n  t h e  mechanism of  en e rg y  l o s s  i n  v i s c o s e  

r a y o n .

By e x t r a p o l a t i n g  t h e  r e s u l t s  o f  T o k i t a ? ^ ,  ( see  P i g .  

39A ) , who worked o v e r  a  wide t e m p e r a t u r e  r an g e  a t  s e v e r a l  

c o n s t a n t  r e l a t i v e  h u m i d i t i e s ,  t h e  l o s s  t a n g e n t  varied con

s i d e r a b l y  w i t h  r e l a t i v e  h u m id i ty  f o r  a c o n s t a n t  t e m p e r a t u r e  

o f  30°C. The v a l u e  of  l o s s  t a n g e n t  was a b o u t  tw ic e  a s  

g r e a t  a t  80$  r e l a t i v e  h u m id i ty  a s  a t  0$ r e l a t i v e  h u m id i ty .  

The shape  o f  t h e  c a l c u l a t e d  l o s s  t a n g e n t  curve  i s  a lm o s t  

i d e n t i c a l  w i t h  t h a t  o b t a i n e d  i n  t h i s  work (see  Pig. 3 5 ) ,  t h e  

m ain  d i f f e r e n c e  b e in g  t h a t  t h e  o b se rved  maximum i s  a t  a  

lo w e r  r e l a t i v e  h u m id i ty  o f  a b o u t  25$• T h is ,  however ,  i s  

e x p e c t e d  s i n c e  t h e  maximum a t  35$ r e l a t i v e  h u m id i ty  (Pig.55) 

was o b t a i n e d  i n  an  e x p e r im e n t  conduc ted  a t  20°C. The l o s s  

t a n g e n t  maximum a t  35$ becomes a p p a r e n t  a s  a  l o s s  modulus



uiscosfc- kj\/on l" j br- f \

20 ^6
k  ^ l a t iV£ w r i ' O r r y

a . - w  A re/2. ( / ;  fc€ 6 A /* /) ©

3 9  B



156.

maximum a t  JQfo r e l a t i v e  h u m i d i t y ,  and s i n c e  t h e  l o s s  

modulus  g i v e s  t h e  a c t u a l  i n t e r n a l  f r i c t i o n ,  i n t e r p r e t a t i o n  

w i l l  l a t e r  he p u t  t o  t h i s  c u rv e .  ( P i g . 35)-

The amorphous p o r t i o n  o f  t h e  f i b r e  i s  t h a t  w h ich

i s  a c c e s s i b l e  t o  m o i s t u r e ,  t h e  m o i s t u r e  b e i n g  a t t r a c t e d  t o

t h e  h y d r o p h i l i c  h y d ro x y l  g ro u p s .  How, a c c o r d i n g  to  
1 6 6P e i r c e ' s  two p h ase  s o r p t i o n  t h e o r y ,  w a t e r  v a p o u r  i s  

a b s o r b e d  i n  two ways

( i )  e a c h  m o le c u le  o f  w a t e r  i s  a s s o c i a t e d  w i t h  a  d e f i n i t e  

g roup  i n  t h e  f i b r e  m o l e c u l e , a s  i n  a c h em ica l  

compound (a  -  w a te r )

( i i )  w a t e r  m o le c u l e s  f i l l  t h e  s p a c e s  a v a i l a b l e  u n d e r  

a t t r a c t i v e  f o r c e s  l i k e  t h o s e  i n  a  l i q u i d  (b -  w a t e r )

The r e l a t i v e  amounts o f  e ac h  ty p e  o f  w a t e r  a b s o rb e d  

a t  d i f f e r e n t  h u m i d i t i e s  can be e s t i m a t e d  from t h e  d a t a  o f  

M e r e d i t h ^ ,  w hich  i s  p r e s e n t e d  below

R e l a t i v e  H u m id i ty ^  0 10 3^ 50 65 75 90

T o t a l  tfo R e g a in  0 3*4- 6 .8  1 0 .4  13-7 16 .7  25-5

ar-water  a b s o r b e d  0 J.1  5*8 8 .3  10 .2  11 .7  1 5 .0
(fo r e g a i n )

Thus a t  l o w e r  r e l a t i v e  h u m i d i t i e s ,  t h e  r a t i o  o f  a - w a t e r  to  

b - w a t e r  a b s o r b e d  i s  g r e a t ,  and a t  h i g h e r  h u m i d i t i e s  r e l a t i v e l y  

s m a l l .  C l e a r l y  t h e n ,  th e  d i s p e r s i o n  a t  low h u m i d i t i e s  s h o u ld  

be c h i e f l y  due to  a - w a t e r ,  w h i l e  i f  one e x i s t s ,  (and i t  does
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( se e  P i g . 3 5 ) ) a t  h i g h e r  h u m i d i t i e s  b o t h  a - w a t e r  and 

b - w a t e r  c o u ld  be r e s p o n s i b l e  ( s i n c e  t h e  amount o f  a - w a t e r  

a b s o r b e d  i s  s t i l l  i n c r e a s i n g ,  b u t  t h e  amount o f  b - w a t e r  

a b s o r b e d  i s  i n c r e a s i n g  a t  a  f a s t e r  r a t e ) .

B e f o r e  a n a l y s i n g  th e  l o s s  modulus c u r v e ,  a  l o o k  a t  

t h e  p l o t  o f  r e l a t i v e  b e n d in g  modulus a g a i n s t  a - w a t e r  and 

b - w a t e r  a b s o rb e d  may be e n l i g h t e n i n g  ( P i g .3 9 B ) .  The l i n e a r  

r e l a t i o n s h i p  w h ich  M e r e d i th  J f o u n d  be tw een  r e l a t i v e  

r i g i d i t y  and a - w a t e r  a b s o r b e d ,  i s  s i m i l a r l y  o b t a i n e d  w i t h  

t h e  r e l a t i v e  b e n d in g  modulus -  a - w a t e r  p l o t .  By p l o t t i n g  

r e l a t i v e  b e n d in g  modulus a g a i n s t  b - w a t e r  a b s o r b e d ,  a s  i n  th e  

c a s e  o f  w oo l ,  two s t r a i g h t  l i n e s  o f  d i f f e r e n t  g r a d i e n t s  a r e  

o b t a i n e d ,  whose p o i n t  o f  i n t e r s e c t i o n  o c c u r s  a t  a  v a l u e  o f  

a b s o r b e d  b - w a t e r  e q u i v a l e n t  to  65$ r e l a t i v e  h u m id i t y .  The 

same ty p e  o f  e f f e c t  was found i n  th e  case  o f  w ool ,  b u t  f o r  

v i s c o s e  r a y o n ,  i t  a p p e a r s  t h a t  a t  low h u m i d i t i e s  (below 65$ 

r e l a t i v e  h u m i d i t y ) ,  t h e  b - w a te r  c o n t r i b u t e s  l i t t l e  t o  t h e  

r e d u c t i o n  o f  b e n d in g  modulus ,  w h i l e  above t h i s  v a l u e  of  

r e l a t i v e  h u m i d i t y ,  t h e  e f f e c t  o f  b - w a t e r  may n o t  be 

n e g l i g i b l e .

Now c o n s i d e r i n g  th e  p r o c e s s  o f  m o i s t u r e  s o r p t i o n ,

t h e  g r e a t e r  p a r t  o f  i n i t i a l l y  ab so rb ed  m o i s t u r e ,  a s  t h e  d a t a
13of  M e r e d i t h  show, i s  a t t r a c t e d  t o  t h e  a v a i l a b l e  non  hydrogen  

b on d ed ,  and h y d ro g en  bonded,  h y d rox y l  g ro u p s .  Thus a t  low
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h u m id itie s  th e  i n t e r n a l  f r i c t i o n  in c re a s e s  on two acco u n ts .

( i )  s t r a i n i n g  (and e v e n t u a l  b r e a k i n g )  o f  h y d ro gen  bonds

( i i )  i n c r e a s e d  c h a i n  m o b i l i t y  a s  a r e s u l t  o f  t h i s  b r e a k i n g ,  

and s o - c a l l e d  " p l a s t i c i s a t i o n 11.

Thus w i t h  r e f e r e n c e  t o  t h e  l o s s  modulus curve  s u f f i c i e n t  

h y d ro g en  bond b r e a k a g e  must  have o c c u r r e d  a t  30$  r e l a t i v e  

h u m i d i t y ,  t o  a l l o w  f u r t h e r  m o l e c u l a r  m o b i l i t y  a t  t h e  expen se  

o f  l i t t l e  a p p l i e d  f o r c e .  Hence t h e  o c c u r r e n c e  o f  t h e  

maximum. S ince  t h e  r e l a t i v e  b e n d in g  modulus i s  l i n e a r l y  

r e l a t e d  t o  t h e  a - w a t e r  a b s o rb e d ,  hyd rogen  bond b re a k a g e  

c o n t i n u e s  up t o  90$ r e l a t i v e  h u m id i ty  ( t h e  l i m i t  o f  t h i s  

i n v e s t i g a t i o n ) ,  b u t  down t o  a minimum of  d i s s i p a t e d  e n e rg y  

a t  65$ r e l a t i v e  h u m id i t y ,  does n o t  cause  a c o n t i n u i n g  r i s e  

i n  l o s s  m odu lus ,  a g a i n  due to  t h e  c o n s i d e r a b l e  and i n c r e a s i n g  

m o b i l i t y  w h ich  r e q u i r e s  l i t t l e  f o r c e .  Above 65$ r e l a t i v e  

h u m id i t y  t h e  l o s s  modulus r i s e s ,  r e a c h i n g  a maximum a t  a b o u t  

80$  r e l a t i v e  h u m id i ty  (see  Table  59B and F i g .  3 5 ) .  I t  i s

h i g h l y  u n l i k e l y  t h a t  su d d e n ly ,  a  g r e a t e r  number o f  hyd ro g en
is

bonds  p e r  u n i t  r i s e  in'  r e l a t i v e  h u m id i ty  a r e  b e i n g  s t r a i n e d .  

I t  i s  t h o u g h t  t h e r e f o r e  t h a t  t h e  now f a s t  i n c r e a s i n g  amount 

o f  a b s o r b e d  w a t e r  i s  f i l l i n g  empty space  s u f f i c i e n t l y  t o  

h i n d e r  m o t io n  r a t h e r  t h a n  t o  p l a s t i c i s e ,  and a s s i s t s  t h e  

s t r a i n i n g  o f  c e r t a i n  hydrogen  bonds i n  c a u s i n g  a r i s e  i n  l o s s  

m odu lus .  The d e c e l e r a t e d  f a l l  i n  b e n d in g  modulus ( F i g . 3 4 )
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s u p p o r t s  t h e  p r o p o s a l  t h a t  some h i n d r a n c e  i s  o c c u r r i n g .

The second  l o s s  modulus p eak  t h e n  o c c u r s  a t  80$ r e l a t i v e  

h u m i d i t y  accom pan ied  by a r a p i d  f a l l  i n  b e n d in g  modulus  -  

t h e  r e s u l t  o f  f u r t h e r  h y drogen  bond s t r a i n i n g  (b reakage^  b u t  

now accom pan ied  by renewed c h a in  m o b i l i t y  a t  l i t t l e  expense  

o f  f o r c e .

A g a in  i t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  e x t r a p o l a t e d  

v a l u e  o f  65$ r e l a t i v e  h u m id i ty  (F ig .39B )  i s  s i g n i f i c a n t .

I t  m arks  t h a t  s t a g e  a t  which  t h e  b - w a t e r  becomes i n f l u e n t i a l  

i n  t h e  r e d u c t i o n  o f  b e n d in g  modulus w i t h  i n c r e a s i n g  m o i s t u r e  

c o n t e n t ,  and c o i n c i d e s  w i t h  t h a t  r e l a t i v e  h u m id i ty  a t  w h ich  

t h e  i n t e r n a l  f r i c t i o n  i s  a minimum, l y i n g  be tw een  two maxima. 

T h is  s u p p o r t s  p r e v i o u s  a rgum ents  t h a t  t h e  b - w a t e r  a s  was 

p r e v i o u s l y  p o i n t e d  o u t ,  has  l i t t l e  e f f e c t  a t  low h u m i d i t i e s ,  

b u t  a t  h i g h e r  h u m i d i t i e s  t h e  amount o f  a b so rb e d  b - w a t e r  i s  

p r o p o r t i o n a l  t o  b e n d in g  modulus (as  i s  t h e  a - w a t e r )  to  such  

a  d e g re e  t h a t  i t  a s s i s t s  i n  t h e  f a l l  o f  b e n d in g  m odulus .

A c o m p ar ison  o f  h u m id i ty  r e s u l t s  w i t h  t e m p e r a t u r e

r e s u l t s  may a p p e a r  to  be complex s i n c e  t h e r e  a r e  two h y drogen
o 1bond p e a k s  i n  t h e  fo rm e r  i n v e s t i g a t i o n  and o n ly  one a t  90 C 

i n  t h e  l a t t e r .  Moreover ,  t h e  energy  d i s s i p a t e d  i s  o f  t h e  

o r d e r  o f  0 .7 5  and 0 .2 2  x 1010 d y n e s /c m . 2 f o r  t h e  low and 

h i g h  r e l a t i v e  h u m id i ty  p eaks  r e s p e c t i v e l y ,  and an e s t i m a t e d

O .3O x 1010 d y n e s /c m . 2 a t  th e  90°0 peak  o f  d ry  v i s c o s e  r a y o n .



(Thus t h e  t o t a l  en e rg y  d i s s i p a t e d  i s  some 3 t im e s  g r e a t e r  

f o r  t h e  two h u m id i ty  peaks  t o g e t h e r ,  t h a n  f o r  th e  tem pera 

t u r e  p e a k . )

T h is  g r e a t  d i f f e r e n c e  c o u ld  be due to  one o f  two 

f a c t o r s ,  o r  b o t h ;

( a )  t h e  v i s c o s e  r ay o n  used  by Hsu'*’ was more c r y s t a l l i n e  

and c o n s e q u e n t ly  th e  t o t a l  number o f  hydrogen  bonds 

i n  amorphous r e g i o n s  was s m a l l e r ,  t h e r e b y  c a u s in g

a  s m a l l e r  energy  l o s s

(b )  t h e  c o n f e r r e d  c h a in  m o b i l i t y  due t o  m o i s tu r e  s o r p t i o n  

i s  such  t h a t  a s  c e r t a i n  hydrogen  bonds a r e  b ro k en ,  

o t h e r s  can  r e fo rm .

The second r e a s o n  i s  f e a s i b l e  and a t  t h e  same t im e ,  

does  n o t  n e c e s s i t a t e  an  a l t e r a t i o n  o f  t h e  i n t e r p r e t a t i o n  o f  

t h e  l o s s  modulus c u rv e .

The g r e a t e r  f a l l  i n  bend ing  modulus ,  a s  a  r e s u l t  o f  

m o i s t u r e  s o r p t i o n  ( 1 :0 .7 5  from 0$ r e l a t i v e  h u m id i ty  t o  30$ 

r e l a t i v e  h u m id i t y ,  and 1:0©88 from 20°C t o  90°C a c c o r d i n g  t o  

Hsu1 ) i s  e x p e c te d ,  s i n c e  a l t h o u g h  i n  m o is tu r e  s o r p t i o n ,  new 

h yd ro g en  bonds a p p e a r  to  form, so a s s i s t i n g  ben d ing  r e s i s t 

a n c e ,  t h e  c h a i n  m o b i l i t i e s  i n  non hydrogen  bonded s e c t i o n s  

a r e  so g r e a t  a s  t o  cause  the  more r a p i d  f a l l o
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bonded main  c h a i n s .  Being  fewer  i n  number, t h e i r  a s s o c i 

a t e d  l o s s  modulus was s m a l l e r .  The o c c u r re n c e  o f  t h e  f i r s t  

hydrogen  bond peak ,  40° C e a r l i e r  than  th e  second,  i s  th o u g h t  

t o  be due p r i m a r i l y  to  th e  a d d i t i o n a l  s t r a i n i n g  o f  th e  

hydrogen  bonds  between th e  s id e  c h a in s ,  caused by the  cha in  

m o b i l i t y  o f  t h e  non-hydrogen  bonded main c h a in s .

The 110°C peak had a much h ig h e r  l o s s  modulus th an  

t h e  c o r r e s p o n d i n g  A c r i l a n  peaks .  This  i s  to  be exp ec ted  

s i n c e  t h e  h ydrogen  bonds a re  p r e s e n t  i n  g r e a t e r  q u a n t i t y  due 

t o  t h e  a b se n c e  o f  t  h e a c e t a t e  groups p r e s e n t  i n  A c r i l a n .  

U n l i k e  A c r i l a n ,  Orion  app ea rs  to  have no ve ry  low tempera

t u r e  t r a n s i t i o n  (from the  shape of t h e  l o s s  curves  and th e  

f a c t  t h a t  a t  -60°C  the  bending  modulus appea red  to  be 

a p p r o a c h i n g  a l i m i t i n g  v a l u e ) ,  which su g g e s t s  th e  absence  

of f l e x i b l e ,  non hydrogen bonded s ide  cha in s  p r e s e n t  i n  

o t h e r  a c r y l i n  po lymers  and A c r i l a n .

Polypropylene

The newness  o f  po lypropy lene  as  a  commercial f i b r e ,  

m e r i t s  a  few i n t r o d u c t o r y  comments r e g a r d i n g  i t s  s t r u c t u r e .

N a t t a  and C o r r a d i n i 162 p u t  fo rward  a th e o r y  r e a s o n 

a b ly  w id e ly  a c c e p t e d ,  t h a t  on account  of  the  methyl  groups,  

a  p l a n a r  s t r u c t u r e  i s  im p o s s ib le .  "For i n s t a n c e ,  i n  tn e  

case  o f  p o l y p r o p y l e n e ,  a p l a n a r  s t r u c t u r e  would r e s u l t  i n  a


