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INTRODUCTION

P a p e r ,  i n  t h e  c o u rs e  o f  i t s  m a n u f a c tu r e ,  i s  s u b je c t e d  to  v a r io u s  

s t r e s s e s  and s t r a i n s  im posed  by th e  p a p e r  m a c h in e . The s h e e t  may be  

s t r e s s e d  o f f  t h e  couch  r o l l  and i n  th e  p r e s s  s e c t i o n .  More s i g n i f i ­

c a n t  i s  th e  s t r e t c h i n g  o f  th e  s h e e t  i n  t h e  d r i e r  s e c t i o n  w h i le  i t  i s  

s t i l l  w e t .  I t  h a s  lo n g  b e e n  r e c o g n iz e d  t h a t  th e  a p p l i c a t i o n  o f  s t r e s s  

to  p a p e r  b e f o r e  i t  i s  f u l l y  d r i e d  im p a r ts  to  th e  s h e e t  c o n s id e r a b le  

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

The p a p e r  m aker may i n c r e a s e  h i s  c o n t r o l  o v e r  th e  p r o p e r t i e s  o f  

h i s  f i n a l  p r o d u c t  by i n t e l l i g e n t  m a n ip u la t io n  o f  th e  m e c h a n ic a l  h i s ­

t o r y  o f  th e  s h e e t  d u r in g  m a n u fa c tu re  o r  by  c a r e f u l  c o n d i t io n in g  o f 

th e  p a p e r  a f t e r  i t s  m a n u f a c tu r e .  I t  i s  a  w e l l  known f a c t  t h a t  hum id­

i t y  and  t e m p e r a tu r e  e x e r t  a  p ro n o u n ce d  i n f l u e n c e  on s h e e t  p r o p e r t i e s . 

C e l lu l o s e  i s  e x tr e m e ly  h y g r o s c o p ic ,  e s p e c i a l l y  th e  l e s s  w e l l - o r d e r e d  

r e g io n s  o f  t h e  f i b e r s  an d  i n t e r f i b e r  b o n d s .  M o is tu re  a b s o r p t io n  r e ­

d u c e s  i n t e r f i b e r  b o n d in g  s t r e n g t h  and  i n c r e a s e s  p l a s t i c i t y  and  f l e x i ­

b i l i t y  o f  t h e  f i b e r s .

The i n c r e a s e  i n  p l a s t i c i t y  and  f l e x i b i l i t y  o f  th e  f i b e r s  w i th  i n ­

c r e a s e  i n  m o is tu r e  c o n te n t  may undo some o f  t h e  s t r e s s e s  d e v e lo p e d  

i n  t h e  s h e e t  d u r in g  i t s  d r y in g  a n d , c o n s e q u e n t ly ,  d e c r e a s e  th e  d e g re e  

o f  a n i s o t r o p y  i n  th e  s h e e t .  The e f f e c t s  o f  r e s t r a i n t  d u r in g  d r y in g  

on p a p e r  p r o p e r t i e s  h a v e  b e e n  th o ro u g h ly  i n v e s t i g a t e d .  H ow ever, t h e r e  

i s  n e e d  f o r  a  b e t t e r  u n d e r s ta n d in g  o f  s h e e t  m o is tu re  i n t e r a c t i o n  h i s ­

t o r y  w i th  t e n s i o n  in d u c e d  e f f e c t s  c a u s e d  by  d r y in g .

1
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T h is  i n v e s t i g a t i o n  w as a  d u a l  s tu d y .  F i r s t ,  t h e  e f f e c t  o f  w et 

s t r a i n i n g  on s h e e t  p r o p e r t i e s  w ere  ex a m in ed . S e co n d , th e  in f lu e n c e  

o f  s h e e t  m o is tu r e ,  a t  t e s t i n g  c o n d i t i o n s ,  on  th e  a n i s o t r o p y  in d u c e d  

by w e t s t r a i n i n g  was d e te r m in e d .  C o n s id e r a t io n  was g iv e n  to  s t r e n g t h  

p r o p e r t i e s  o f  th e  s h e e t  a t  v a r io u s  a n g le s  t o  th e  a p p l i c a t i o n  o f  th e  

s t r e s s .
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HISTORICAL BACKGROUND OF THE PROBLEM 

I n f lu e n c e  o f  T e n s io n  D u rin g  D ry in g  Upon P a p e r  P r o p e r t i e s

Changes i n  t e n s i l e  b r e a k in g  s t r e s s ,  u l t i m a t e  e lo n g a t io n  and 

w o r k - to - r u p tu r e  o f  p a p e r  h a v e  b e e n  i d e n t i f i e d  f o r  some tim e  now w i th  

s t r e s s  a p p l i e d  t o  a  s h e e t  d u r in g  th e  c o u rs e  o f  i t s  m a n u fa c tu re . Re­

l a t e d  to  t h i s  phenom ena a r e  ch a n g es  i n  d im e n s io n a l  s t a b i l i t y  and 

m o is tu re  e x p a n s iv i ty  o f  p a p e r .

C o t t r a l  and  G a r ts h o re  ( 1 ) ,  C a r te r  (2) and I v a r r s o n  (3 ) e s t a b l i s h e d  

t h a t  t i g h t  d raw s and f e l t s  re d u c e  th e  e x t e n s i b i l i t y  o f  th e  s h e e t  in  

t h e  m ach ine  d i r e c t i o n .  S c h u lz  (4_) p ro p o se d  a  r e d u c t io n  i n  th e  e x t e n t  

o f  i n t e r f i b e r  b o n d in g  w i th  i n c r e a s e d  w et s t r a i n i n g  by i n c r e a s e  i n  th e  

l i g h t  s c a t t e r i n g  pow er o f  t h e  h a n d s h e e t s .  He a l s o  c o n c lu d e d  t h a t  t h e r e  

was no m arked f i b e r  r e o r i e n t a t i o n  s in c e  no change i n  th e  z e ro - s p a n  

t e n s i l e  s t r e n g t h  was n o te d .  The i n c r e a s e  i n  t e n s i l e  b r e a k in g  s t r e s s ,  

u l t i m a t e  e lo n g a t io n  and  w o r k - to - r u p tu r e  o f  p a p e r  was a t t r i b u t e d  t o  

ch an g es  i n  th e  d i s t r i b u t i o n  o f  s t r e s s  in  th e  s h e e t  due to  w e t s t r a i n ­

in g .

Sapp and G i l l e s p i e  (5 ) o b ta in e d  lo a d - e lo n g a t io n  c u rv e s  f o r  p a p e r  

d r i e d  u n d e r  v a r io u s  c o n s ta n t  l o a d s .  I t  was found  t h a t  t e n s i l e  

s t r e n g t h  i n  t h e  d i r e c t i o n  i n  w h ich  t e n s io n  i s  a p p l ie d  a t  f i r s t  i n ­

c r e a s e s ,  r e a c h e s  a  maximum v a lu e  o f  5% to  10% g r e a t e r  th a n  t h a t  o f  

th e  u n s t r e t c h e d  s h e e t ,  th e n  d e c r e a s e s .  They a l s o  showed t h a t  th e  

b u r s t i n g  s t r e n g t h  d e c r e a s e s  w i th  i n c r e a s e d  t e n s i o n .  The b u r s t i n g  

s t r e n g t h  a t  t h e  r e e l  was o n ly  64% o f  th e  p o t e n t i a l  b u r s t i n g  s t r e n g t h  

a t  th e  w e t e n d .
3
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4

F u jiw a ra  ( 6 ) c o n c lu d e d  t h a t  th e  e f f e c t  o f  t e n s i o n  d u r in g  d ry in g  

upon m e c h a n ic a l  p r o p e r t i e s  o f  p a p e r  depended  upon th e  d e g re e  o f  w et 

p r e s s i n g ,  th e  d e g re e  o f  b e a t i n g  and th e  m ethod o f  b e a t i n g .  He found  

t h a t  th e  am ount o f  t e n s i o n  i n  th e  c r o s s  m ach ine  d i r e c t i o n  in f lu e n c e d  

th e  e f f e c t  o f  t e n s i o n  a p p l i e d  s im u l ta n e o u s ly  i n  t h e  m ach in e  d i r e c t i o n  

d u r in g  d r y in g ,  b u t  t h a t  th e  i n f l u e n c e  was n o t  s t r o n g  and t h a t  th e  

e s s e n t i a l  n a tu r e  o f  t h e  m ach ine  d i r e c t i o n  was n o t  a l t e r e d .

R o b e r tso n  and B a i le y  (7 ) showed t h a t  th e  m e c h a n ic a l  i s o t r o p y  

r a t i o s  a l t e r e d  s h a r p ly  d u r in g  th e  d ry in g  s e q u e n c e . The MD:CD r a t i o  

f o r  t e n s i l e  s t r e n g t h  r o s e  from  1 .3 6  to  1 .6 6  b e tw e e n  th e  se c o n d  p r e s s  

and th e  r e e l ,  w h i le  t h e  MD:CD r a t i o  f o r  e lo n g a t io n  a t  t e n s i l e  b re a k  

f e l l  from  0 .7 9  to  0 .3 6  b e tw e en  th e  same s e c t i o n s .

In  a d d i t i o n  to  s t r e t c h i n g  h a n d s h e e t s ,  S e t te r h o lm  ( 8 ) a llo w e d  

them  to  s h r i n k  v a r io u s  p e r c e n ta g e s  d u r in g  d r y in g  and  fo u n d  th e  t e n ­

s i l e  m odulus o f  e l a s t i c i t y  t o  i n c r e a s e  w i th  t h e  d e g re e  o f  r e s t r a i n t  

d u r in g  d r y in g  and w ith  d e n s i t y .  He a l s o  showed t h a t  t e n s i l e  s t r e n g t h  

and s t r a i n  to  f a i l u r e  w ere  d e p e n d e n t upon p u lp  t y p e ,  d e g re e  o f  r e ­

s t r a i n t  d u r in g  d ry in g  and h a n d s h e e t  d e n s i t y .  T h e re  a r e  c o n f l i c t i n g  

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

th e  d ry  s h e e t .  Sapp and  G i l l e s p i e  (5 ) fo u n d  t h a t  a s  th e  s t r e s s  was 

in c r e a s e d  t h e  u l t i m a t e  s t r e n g t h  o f  th e  d ry  s h e e t  was i n c r e a s e d  b u t  

t h a t  t h e r e  was an  optim um  d r y in g  s t r e s s  beyond  w h ich  th e  s h e e t  was 

w eakened by  a d d i t i o n a l  lo a d in g .  I v a r r s o n 's  (3 )  w ork r e f u t e s  t h i s  

and no  ch an g e  i n  s t r e n g t h  was p ro d u c e d  d u r in g  d r y in g .

C a r te r  (9 ) found  t h a t  h ig h  t e n s io n s  d e c r e a s e  t e n s i l e  s t r e n g t h  

b u t  i t  i s  s u s p e c te d  a  s t r e t c h  was in v o lv e d  w h ich  b ro u g h t  a b o u t a
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s u b s t a n t i a l  am ount o f  b r e a k a g e  i n  i n t e r - f i b e r  b o n d s . T h is  i s  s i m i l a r  

t o  t h a t  o b ta in e d  i n  th e  e x p la n a t io n  o f  t h e  p l a s t i c  r e g io n  o f  th e  

s t r e s s - e l o n g a t i o n  c u rv e  on d ry  p a p e r ,  a c c o r d in g  to  th e  t h e o r y  o f  

R anee (1 0 ) .

C o r te  and  S c h a sch e k  ( 1 1 ) and  a ls o  B ro en s ( 1 2 ) found  t h a t  few e r 

i n t e r - f i b e r  bonds o r i g i n a t e  from  d r i e r  t e n s i o n s .  A c c o rd in g  t o  P r i t ­

c h a rd  ( 13 ) t h e  i n t e r - f i b e r  s h r in k a g e  i s  w h o lly  i r r e v e r s i b l e ,  i n  w h ich  

c a s e  th e  r e c o v e r a b le  s h r in k a g e  w i l l  depend on th e  r a t i o  o f  i n t r a ­

f i b e r  to  i n t e r - f i b e r  s h r in k a g e  w h ich  o c c u re d  on d r y in g .

Lyne and G a lla y  (1 4 ) r e l a t e d  th e  t e n s i l e  s t r e n g t h  o f  p a p e r  to  th e  

s h r in k a g e  t e n s io n s  in v o lv e d  d u r in g  d ry in g  o f  th e  w e t w eb. The t e n s i o n s  

r e q u i r e d  to  j u s t  b a la n c e  th e  s h r in k a g e  f o r c e s  and  m a in ta in  t h e  same 

l e n g th  i n  th e  web w ere  m ea su red  d u r in g  a  d r y in g  c y c le .  The t e n s i l e  

s t r e n g t h  d e v e lo p e d  a t  s t a g e s  a lo n g  th e  d r y in g  c y c le  from  a b o u t 25% 

to  95% d ry n e s s  was a l s o  m e a su re d . I t  was shown t h a t  th e  c u rv e  r e l a t ­

in g  d e v e lo p e d  s h r in k a g e  t e n s i o n  t o  w et web d ry  c o n te n t s  i s  o f  a lm o s t 

e x a c t ly  th e  same sh a p e  a s  th e  c u rv e  r e l a t i n g  th e  t e n s i l e  s t r e n g t h  o f  

th e  web t o  i t s  d ry  c o n te n t .  The s h r in k a g e  t e n s io n  d u r in g  d r y in g  

m ust th u s  b e  im p o r ta n t  i n  d e te r m in in g  th e  w e t e x p a n s io n  and  e lo n g a ­

t i o n  o f  t h e  p a p e r ,  and a l s o  i n  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h .

R o b e r ts o n  and B a i le y  ( 1 5 ) u s in g  t e n s i l e  s t r e n g t h  a n i s o t r o p y  a s  a 

m easu re  o f  f i b e r  o r i e n t a t i o n ,  n o te d  t h a t  a n i s o t r o p y  d e v e lo p e d  p r i ­

m a r i ly  i n  th e  d r i e r  s e c t i o n  a n d , h e n c e ,  c o n c lu d e d  t h a t  m ost o f  th e  

f i b e r s  w ere  o r i e n t e d  i n  th e  d r i e r  s e c t i o n .  H ow ever, D a n ie ls o n  and  

S te e n b e rg  (1 6 ) u s in g  ta g g e d  f i b e r s  found  t h a t  th e  com bing a c t i o n  o f  

th e  w ir e  was t h e  c h i e f  c a u s e  o f  f i b e r  a l ig n m e n t .
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The r e c e n t  s u r g e  i n  u n d e r s t a n d in g  o f  t h e  r e s p o n s e  o f  p a p e r  -to an  

a p p l i e d  s t r e s s  h a s  i n i t i a t e d  th e  p roponem en t o f  s e v e r a l  t h e o r i e s  

(1 7 -1 9 )  w h ic h  r e l a t e  t h e  r e s p o n s e  o f  th e  s h e e t  to  t h a t  o f  th e  com­

p o n e n t f i b e r s .  Van den  A kker (17 ) p o s t u l a t e s  t h a t  th e  f i b e r s  i n  a  

s h e e t  r e s t r a i n e d  i n  one d i r e c t i o n  d u r in g  d r y in g  a r e  d r i e d  u n d e r  d i f ­

f e r e n t  a x i a l  lo a d s  w h ich  a r e  d e p e n d e n t upon  th e  f i b e r s  ’ a n g u la r  o r ­

i e n t a t i o n ;  th e  f i b e r s  o r i e n t e d  i n  t h e  d i r e c t i o n  o f  s t r a i n i n g  a r e  s u b ­

j e c t e d  t o  th e  l a r g e s t  a x i a l  t e n s i l e  s t r e s s  w h i le  t h o s e  o r i e n t e d  i n  

th e  y - d i r e c t i o n  a r e  d r i e d  u n d e r  a x i a l  c o m p re s s iv e  s t r e s s e s .  R anee (20) 

a rg u e s  t h a t  t e n s i o n  r e d u c e s  b o n d in g  b e tw een  a d ja c e n t  t r a n s v e r s e  f i b e r s .  

On t h i s  v ie w , f i b e r s  a r e  f o r c i b l y  h e ld  a p a r t  w h i le  c o r r e s p o n d in g ly ,  

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

in g  and  c r im p in g  u n d e r  th e  i n f l u e n c e  o f th e  t r a n s v e r s e  s h r i n k i n g  

f i b e r s .

E f f e c t  o f  D ry in g  T e n s io n  on P a p e r  F ib e r s

N e g is h i  (2 1 , 22) fo u n d  t h a t  d r y in g  c o t t o n  y a m  u n d e r  t e n s i o n  

c a u se d  th e  l a r g e s t  i n c r e a s e  i n  Y o u n g 's  m odulus and  in c r e a s e d  t e n s i l e  

s t r e n g t h  and  d e c r e a s e d  u l t i m a t e  e lo n g a t io n .  X -ray  p a t t e r n s  o f  th e  

f i b e r s  show ed t h a t  d r y in g  u n d e r  t e n s i o n  i n c r e a s e d  th e  c r y s t a l l i z a ­

t i o n  and  m o le c u la r  a l ig n m e n t .

J e n tz e n  (23) d r i e d  i n d i v i d u a l  f i b e r s  u n d e r  v a r io u s  a x i a l  t e n s i l e  

lo a d s  an d  u s e d  x - r a y  te c h n iq u e s  t o  d e te rm in e  th e  e f f e c t  o f  d r y in g  

u n d e r  t e n s i l e  lo a d  on th e  m e c h a n ic a l  p r o p e r t i e s  and  on th e  f i b e r  

s t r u c t u r e .  E lo n g a t io n  m ea su re m e n ts  d u r in g  d r y in g  show ed t h a t  th e  

f i b e r s  u n d e rw e n t a  su d d e n  e x te n s i o n  a t  t h e  commencement o f  d r y in g  

w h ich  w as in d e p e n d e n t  o f  t h e  d r y in g  lo a d .  T h is  i s  r e l a t e d  t o  t h e

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



r e d u c t io n  i n  th e  f i b e r  d ia m e te r  and  to  th e  i n i t i a l  f i b r i l  o r i e n t a t i o n  

An i n c r e a s e  was o b s e rv e d  i n  Y o u n g 's  m o d u lu s , t e n s i l e  s t r e n g t h ,  w o rk - 

t o - r u p t u r e  and  c r y s t a l l i t e  o r i e n t a t i o n ,  w i th  a  d e c re a s e  i n  u l t i m a t e  

e lo n g a t io n .  The t o t a l  c r y s t a l l i n i t y  re m a in e d  th e  sam e. He a l s o  ob­

s e rv e d  s t a t i s t i c a l l y  s i g n i f i c a n t  ch a n g es  i n  f i b r i l l a r  o r i e n t a t i o n  i n  

sp rin g w o o d  f i b e r s  on co m p arin g  f i b e r s  d r i e d  w i th  and w i th o u t  t e n s io n s  

I t  seem s r e a s o n a b le  to  c o n c lu d e  t h a t  th e  m ain  e f f e c t  o f  t e n s i o n  d ry ­

in g  was to  c a u s e  th e  s w o l le n ,  p l a s t i c  f i b e r  to  u n d erg o  s l i g h t  i n t e r n ­

a l  s l i p p a g e  p ro b a b ly  b e tw e en  m i c r o f i b r i l s  in  t h e  h e l i c a l  s t r u c t u r e s  

o f  th e  s e c o n d a ry  w a l l  i n  su c h  a  m anner t h a t  i n  s u b s e q u e n t  s t r a i n i n g  

o f  th e  d ry  f i b e r ,  th e  f i b r i l s  w ould  m ore e q u a l l y  s h a r e  th e  l o a d .  In  

o th e r  w o rd s , th e  e f f e c t  o f  t e n s i o n  d u r in g  d ry in g  o f p a p e r ,  a t  th e  

l e v e l  o f  t h e  s h e e t  s t r u c t u r e ,  i s ,  to  a  c e r t a i n  e x t e n t ,  p re su m a b ly  

found  w i t h in  th e  i n d i v i d u a l  f i b e r .  A lth o u g h  J e n tz e n  d id  n o t  h a v e  an 

o p p o r tu n i ty  t o  s tu d y  th e  e f f e c t  o f  a x i a l  c o m p re s s io n , i t  i s  l o g i c a l  

to  su p p o se  t h a t  th e  n e g a t i v e  e f f e c t s  e x i s t .  Page and  Tydeman (24 ) 

t h e o r i z e  t h a t  r e s t r a i n t  d u r in g  d r y in g  w i l l  h o ld  i n d i v i d u a l  f i b e r s  

i n  t e n s i o n  and  p r e v e n t  th e  d e v e lo p m en t o f  k in k s  i n  th e  f r e e  a r e a s  o f  

th e  f i b e r s  and  o f  m ic r o c r e p in g  a t  th e  bond  s i t e s .  H ow ever, i n  t h e  

c r o s s  t e n s io n  d i r e c t i o n ,  th e  f i b e r s  a r e  s u b je c t e d  to  an  a x i a l  com­

p r e s s i o n  and m ic ro c o m p re s s io n s  o c c u r  a t  th e  bond  s i t e s  and k in k s  

d e v e lo p  i n  t h e  f r e e  seg m e n ts  o f  t h e  f i b e r s .  H ence a x i a l  c o m p re s s io n  

in d u c e s  i n t o  t h e  s h e e t  t h e  o p p o s i t e  e f f e c t s  o f  t e n s io n .
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S o r p t io n  o f  W ater V apor by P a p e r

G a lla y  (2 5 ) h a s  c l a s s i f i e d  th e  w a te r  ta k e -u p  by c e l l u l o s e  i n t o  

e s s e n t i a l l y  t h r e e  p a r t s ,  (a )  a d s o r p t io n  o r  bound w a te r ,  (b ) a b s o rp ­

t i o n  o r  im b ib ed  w a t e r ,  and  ( c )  c a p i l l a r y  w a te r .

He d e f in e d  a d s o r p t io n  a s  th e  f i x a t i o n  o f  w a te r  m o le c u le s  on th e  

s u r f a c e  o f  th e  s o l i d .  I t  i s  an  e x o th e rm ic  r e a c t i o n  and t h e r e f o r e ,  

d e c r e a s e s  w i th  h ig h e r  t e m p e r a tu r e .  F o llo w in g  a d s o r p t io n ,  f u r t h e r  

t a k e - u p  o f  w a te r  by  c e l l u l o s e  i s  e s s e n t i a l l y  th e rm o d y n a m ic a lly  n e u t r a l .  

T h is  a b s o r p t io n  o r  i m b i b i t i o n  in v o lv e s  o c c lu s io n  o r  ’s o l u t i o n ’ o f  

w a te r  among th e  m o le c u la r  c h a i n s .

F ig u re  1 r e p r e s e n t s  a t y p i c a l  s o r p t i o n  c u rv e  f o r  c e l l u l o s e  o v e r  

th e  w ho le  ra n g e  o f  r e l a t i v e  h u m i d i t i e s .  The r e l a t i o n s h i p  show s two 

i n f l e c t i o n s ,  th e  f i r s t  c o n c av e  to  th e  h o r i z o n t a l  a x is  and t h e  s e c o n d ,

4J

4-1

TOO
R e l a t i v e  H u m id ity , %

F ig .  1 .  S o r p t io n  c u rv e  f o r  c e l l u l o s e .
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co n v ex . The f i r s t  p o r t i o n  o f  th e  s o r p t i o n  i s o th e rm  r e p r e s e n t s  a d s o rp ­

t i o n .  A r e l a t i v e l y  s t r a i g h t  p o r t i o n  fo l lo w s  w h ich  r e p r e s e n t s  im b ib i ­

t i o n  t o g e t h e r  w i th  a d s o r p t io n  on new s u r f a c e s  c r e a t e d  by  s w e l l i n g .

The two p r o c e s s e s  a r e  r e g a r d e d  a s  o c c u r in g  s im u l ta n e o u s ly  f o l lo w in g  

i n i t i a l  a d s o r p t io n ,  w i th  im b i b i t i o n  o r  a b s o r p t io n  b e in g  th e  m a jo r  

f a c t o r  to w a rd  th e  h ig h e r  r e l a t i v e  h u m id i t i e s .

When c e l l u l o s e  f i b e r s  t a k e  on o r  g iv e  up m o is tu r e ,  an  e q u i l i b ­

riu m  i s  re a c h e d  w i th  th e  s u r ro u n d in g  a tm o s p h e re . The v a lu e  o f  t h i s  

e q u i l ib r iu m  m o is tu r e  c o n te n t  o f  th e  f i b e r  depends on two f a c t o r s ,

(a )  th e  c o n d i t io n  o f  th e  f i b e r  r e s u l t i n g  from  p r e v io u s  c h e m ic a l o r  

p h y s ic a l  t r e a tm e n t  a n d  (b ) t h e  p r e v io u s  h i s t o r y  o f  t h e  f i b e r  w i th  

r e s p e c t  to  c y c l in g  o f  s o r p t i o n  and  d e s o r p t io n .  The se c o n d  o f  th e s e  

depends on th e  phenom enon o f  h y s t e r e s i s .

The h y s t e r e s i s  e f f e c t  i s  shown in  F ig .  1 . The s o r p t i o n  is o th e rm  

r e p r e s e n t in g  th e  ta k e - u p  o f  w a te r  v a p o r  i s  lo w e r th ro u g h o u t  t h e  w ho le  

ra n g e  th a n  th e  d e s o r p t io n  i s o th e rm  w ith  d e c r e a s in g  r e l a t i v e  h u m id i­

t i e s .  G a lla y  (2 5 ) e x p la i n s  h y s t e r e s i s  by th e  c o n c e p t o f  th e  m echan­

ism  o f  s o r p t i o n .  I n i t i a l l y ,  when th e  c e l l u l o s e  i s  i n  c o n ta c t  w i th  

l i q u i d  w a t e r ,  a s  i n  t h e  c a s e  when i t  i s  i n  n a t u r e ,  a d s o r p t io n  h as  

ta k e n  p la c e  on  e v e ry  a v a i l a b l e  h y d ro x y l g ro u p  and  f u r t h e r  ta k e - u p  b e ­

yond t h i s  maximum i s  b lo c k e d  by  a  h ig h ly  o rd e re d  n e tw o rk  r e s i d u e .

On d e s o r p t i o n ,  a d s o rb e d  and a b s o rb e d  w a te r  e v a p o r a te  from  th e  f i b e r .  

P r e v io u s ly  s e p a r a te d  c e l l u l o s e  h y d ro x y ls  now become i n c r e a s i n g l y  

h y d ro g en  bonded  to  n e ig h b o r in g  h y d r o x y ls .  T h u s , on d e s o r p t io n ,  num­

e ro u s  s e c o n d a ry  b o n d s  a r e  i n s e r t e d  i n t o  th e  s y s te m  r e a c h in g  a  m axi­

mum a t  th e  lo w e s t  RH. On r e s u b m is s io n  to  an  a tm o sp h e re  o f  h ig h e r  RH
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some o f  t h e s e  h y d ro g en  bonds b e tw e en  c e l l u l o s e  h y d ro x y ls  re m a in  i n ­

a c c e s s i b l e  t o  w a te r  a s  a  r e s u l t  o f  th e  f o rm a tio n  o f  w e l l  o r d e r e d  r e ­

g io n s .  The am ount o f  w a te r  a b s o rb e d  i s  t h e r e f o r e  l e s s  a t  any  g iv e n  

RH th a n  t h a t  f o r  th e  d e s o r p t io n  c u rv e .

X -ra y  a n a l y s i s  o f  wood f i b e r s  h a s  shown t h a t  th e  c o n s t i t u e n t  

c e l l u l o s e  m o le c u le s  e x i s t  i n  w e l l  o r d e r e d  r e g io n s  o f  t h e  f i b e r .  In  

th e s e  r e g io n s  t h e  c e l l u l o s e  m o le c u le s  a r e  p a c k ed  c lo s e l y  t o g e t h e r ,  

th u s  p r o v id in g  maximum o p p o r tu n i ty  f o r  h y d ro g e n  b o n d in g  b e tw e en  a d ­

j a c e n t  c e l l u l o s e  c h a in s .  I n  o t h e r  r e g i o n s ,  h o w ev er, th e  m o le c u la r  

a r ra n g e m e n t i s  m ore random  and l e s s  com pact and  t h i s  i s  r e f e r r e d  to  

a s  th e  l e s s  w e l l - o r d e r e d  r e g i o n s .  T h ese  r e g io n s  i n  n a t i v e  f i b e r s  a r e  

com posed p a r t l y  o f  c e l l u l o s e  and  h e m i c e l l u l o s e s .

C e l lu lo s e  and  h e m ic e l lu lo s e  a r e  e x tr e m e ly  h y g r o s c o p ic .  W ate r i s  

s t r o n g l y  p o l a r  i n  n a t u r e .  H ydrogen  b o n d in g  i s  e f f e c t i v e  b e tw e e n  

w a te r  and  any s u b s ta n c e  c o n ta in in g  s t r o n g l y  e l e c t r o n e g a t i v e  g ro u p s  

e g .  -OH, -CO, -CHO. I f  su c h  m o le c u le s  a r e  s m a l l ,  th e y  d i s s o l v e  i n  

w a te r .  L a rg e  m o le c u le s  c o n ta in in g  a  s u f f i c i e n c y  o f  su c h  g ro u p s  s w e l l  

i n  w a te r  and  i n  some i n s t a n c e s  p ro c e e d  to  s o l u t i o n  th ro u g h  u n l im i t e d  

s w e l l i n g .  C e l lu lo s e  show s a  v e ry  l i m i t e d  s w e l l i n g  a s  a  r e s u l t  o f  i t s  

h ig h  d e g re e  o f  o r d e r l i n e s s  w i th  t h e  u n i t s  b onded  t o g e t h e r  by  h y d ro g e n  

b o n d in g . The d e g re e  o f  s w e l l i n g  i s  i n c r e a s e d  by  th e  p r e s e n c e  o f  hem i­

c e l l u l o s e s  a s  i n  p a p e rm ak in g  f i b e r s .  The d e g re e  o f  s w e l l i n g  h a s  a  

p ro n o u n c e d  e f f e c t  on th e  p h y s i c a l  p r o p e r t i e s  o f  th e  f i b e r  when w e t 

and  e v e n tu a l l y  on th e  s t r u c t u r e  and  p r o p e r t i e s  o f  th e  web made from  

th e s e  f i b e r s .
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S e v e r a l  i n v e s t i g a t i o n s  (2 6 -2 9 )  h a v e  r e v e a le d  t h a t  an  i n t e r a c t i o n  

o f  wood w i th  c h a n g e s  i n  m o is tu r e  c o n te n t  p ro d u c e s  f a r  g r e a t e r  d e fo rm ­

a t i o n  th a n  c r e e p  u n d e r  c o n s ta n t  h ig h  r e l a t i v e  h u m id ity  c o n d i t i o n s .  

H u m id ity  c y c l in g  re d u c e d  r u p tu r e  l i f e  (2 8 ) and  p e rfo rm a n c e  u n d e r  

s t r e s s  w i th o u t  an y  a p p a r e n t  c h an g e  i n  Youngfe m odulus (2 7 ) .

Stamm ( 3 0 ) h a s  show ed t h a t  t h e  s w e l l in g  o f  p a p e r  i s  n o t  o n ly  de­

p e n d e n t upon th e  r e v e r s i b l e  s w e l l i n g  o f  t h e  f i b e r s  th e m s e lv e s  b u t  

a l s o  upon acco m p an y in g  s e p a r a t i o n  o r  d i s p e r s io n  o f  t h e  f i b e r s .  P ap e r 

i s  a  web o f  c e l l u l o s e  f i b e r s , i n te r - b o n d e d  and  in te r - w o v e n  to  fo rm  a 

s t r u c t u r e .  E x p a n s io n  and  c o n t r a c t i o n  o f  th e  i n d i v i d u a l  f i b e r s  w i th  

ch a n g es  i n  m o is tu r e  c o n te n t  w i l l  b r in g  a b o u t e x p a n s io n  and  c o n t r a c ­

t i o n  o f  th e  w ho le  web b e c a u s e  o f  th e  in te r w e a v in g  and b o n d in g  among 

th e  i n d i v i d u a l  u n i t s  o f  th e  s t r u c t u r e .  The d im e n s io n a l  c h a n g es  o f  

th e  p a p e r  web w i l l  b e  g o v e rn e d  by  th e  o r i e n t a t i o n  o f  t h e  f i b e r s  i n  

th e  w eb. I f ,  f o r  e x a m p le , su c h  o r i e n t a t i o n  w ere  c o m p le te ly  i n  t h e  

m ach ine  d i r e c t i o n  o f  t h e  p a p e r  e x p a n s io n  and c o n t r a c t i o n  o f  t h e  web 

w ith  c h a n g e s  i n  r e l a t i v e  h u m id i ty  w ould  b e  a lm o s t c o m p le te ly  i n  th e  

c r o s s  d i r e c t i o n .  F ib e r  o r i e n t a t i o n  i s  n o t  u n ifo rm  th ro u g h  th e  c r o s s  

s e c t i o n  o f  t h e  s h e e t ,  and i t  i s  a p p a r e n t  t h a t  th e  e x p a n s io n  o r  con­

t r a c t i o n  f o l lo w in g  s o r p t i o n  o r  d e s o r p t io n  w ould  n o t  b e  u n ifo rm  th ro u g h  

th e  s h e e t .  The s u s p e n s io n  o f  p u lp  f i b e r s  i s  r e l e a s e d  from  th e  s l i c e  

o n to  th e  w i r e  u n d e r  p r e s s u r e ,  and  i t  i s  a l t o g e t h e r  l i k e l y  t h a t  t h e r e  

w i l l  b e  a  h ig h  d e g re e  o f  o r i e n t a t i o n  o f  t h e  f i b e r s  i n  t h e  d i r e c t i o n  

o f  f lo w  o r  m ac h in e  d i r e c t i o n  (3 1 ) .  R anee ( 20 ) n o t e s  t h a t  i n c r e a s i n g  

s h e e t  m o is tu r e  m ig h t b e  e x p e c te d  t o  undo some p a r t  o f  t h e  e f f e c t  

o f  th e  o r i g i n a l  t e n s i o n .  Any f i b e r s  w i th  d e fo rm ed  c r o s s  s e c t i o n s
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s h o u ld  r e v e r t ,  i n  p a r t  a t  l e a s t ,  t o  t h e  sh a p e  th e y  w ou ld  h av e  assum ed 

i n  t h e  a b s e n c e  o f  t h a t  t e n s i o n ,  and f i b e r s  f o r c i b l y  k e p t  a p a r t  by  t h a t  

t e n s io n  s h o u ld  b e  l i a b l e  t o  r e v e r t  t o  a  c o n d i t io n  o f  b o n d in g  a p p ro a c h ­

in g  t h a t  w h ich  th e y  w ou ld  h a v e  assum ed i n  t h e  a b s e n c e  o f  t e n s i o n .

Such r e v e r s io n  i s  i n  f a c t  one o f  th e  m ost s t r i k i n g  h y g ro s c o p ic  

c h a r a c t e r i s t i c s  o f  p a p e r  d r i e d  u n d e r  r e s t r a i n t .  L a ro cq u e  (31) su b ­

j e c t e d  m ach in e  made p a p e r  to  a d s o r p t io n - d e s o r p t io n  h u m id ity  c y c l e s .

He fo u n d  t h a t  th e  p a p e r  c o n t r a c t e d  on d e s o r p t io n  and t h a t  th e  s t r a i n s  

p r e s e n t  i n  t h e  p a p e r  a s  a  r e s u l t  o f  t h e  m a n u f a c tu r in g  p r o c e s s e s  a r e  

g r a d u a l ly  r e l e a s e d  when th e  m o is tu re  c o n te n t  o f  th e  s h e e t s  i s  i n ­

c r e a s e d .  As a  r e s u l t ,  a  p e rm a n en t a l t e r a t i o n  i n  d im e n s io n  t a k e s  

p la c e  when p a p e r  goes th ro u g h  an a d s o r p t io n - d e s o r p t io n  h u m id ity  

c y c le  f o r  th e  f i r s t  t im e .  When t h e  p a p e r  was th u s  " h u m id ity - c o n d i­

t io n e d "  h e  fo u n d  t h a t  d u r in g  s u b s e q u e n t  h u m id i ty  c y c le s  s m a l le r  ex ­

p a n s io n  and c o n t r a c t i o n  e f f e c t s  o c c u re d  th a n  b e f o r e ,  and  th e  h y s t e r ­

e s i s  e f f e c t s  w ere  l e s s .

S m ith  (3 3 ) a rg u e s  t h a t  i n h i b i t e d  s h r in k a g e  i s  e q u iv a l e n t  to  a  

d r i e d - i n  s t r a i n .  M ost o f  t h i s  d r i e d - i n  s t r a i n  i s  p e rm a n e n t, b u t  

Sm ith  g iv e s  f i g u r e s  sh o w in g  t h a t  a  c e r t a i n  p r o p o r t i o n  o f  i t  c an  man­

i f e s t  i t s e l f  a s  a  s u b s e q u e n t  s h r in k a g e ,  i f  t h e  d r i e d  s h e e t  i s  w e t te d  

w i th  w a te r  v a p o r  and  r e d r i e d .  F o r ex a m p le , a  c e r t a i n  p a p e r  w h ich  

w ould  h a v e  s h ru n k  4 .8  p e r  c e n t  was c o n s t r a in e d  d u r in g  d ry in g  so  t h a t  

i t  s h ra n k  o n ly  0 .7  p e r  c e n t .  The d r i e d - i n  s t r a i n  was th u s  4 .1  p e r  

c e n t .  A f t e r  w e t t i n g  and r e d r y in g  th e  p a p e r  s h ra n k  by  0 .9  p e r  c e n t .

T hus, 3 .2  p e r  c e n t  o f  t h e  d r i e d - i n  s t r a i n  was p e rm a n e n t and o n ly  t h i s  

s m a l l  am oun t, 0 .9  p e r  c e n t  was c a p a b le  o f  sh o w in g  i t s e l f  a g a in .  F u r ­
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t h e r  r e w e t t in g s  and  r e d r y in g s  l e a d  to  s m a l l ,  s u c c e s s iv e ly  d im in is h in g  

in c re m e n ts  o f  s t r a i n  r e c o v e r y ,  b u t  th e  f i r s t  c y c le  was p re d o m in a n t .  

Sm ith  s u g g e s t s  t h a t  th e  m a jo r  p a r t  o f  th e  d r i e d - i n  s t r a i n ,  a s  r e p r e ­

s e n te d  by  th e  4 .1  p e r  c e n t  i n  th e  above e x a m p le , i s  i r r e c o v e r a b l e ,  

e i t h e r  b e c a u s e  th e  f i b e r - f i b e r  bonds h av e  s h i f t e d  d u r in g  th e  p e r io d  

o f  s h r in k a g e  i n h i b i t e d  d r y in g  o r  b e c a u s e  t h e r e  h a s  b e e n  p l a s t i c  d e ­

fo rm a tio n  o f  th e  f i b e r s .  He goes on to  show t h a t  th e  r e c o v e r a b le  

d r i e d - i n  s t r a i n  i s  r e l a t e d  q u a n t i t a t i v e l y  to  t h e  t o t a l  d r i e d - i n  

s t r a i n .  The g r e a t e r  th e  d e g re e  o f  i n h i b i t i o n  o f  s h r in k a g e ,  th e  

g r e a t e r  i s  th e  am ount o f  r e c o v e r a b le  d r i e d - i n  s t r a i n .

R anee ( 34) a llo w e d  a  d ry in g  web to  s h r in k  and fo u n d  t h a t  n e a r ly  

o n e - h a l f  o f  t h a t  s h r in k a g e  showed i n  th e  d r i e d  p a p e r  a s  an e x p a n s io n  

on w e t t i n g .

B r e z in s k i  (3 5 ) d e m o n s tra te d  th e  h u m id i f i c a t i o n  r e c o v e r y  o f  c r e e p .  

R e la t i v e  h u m id i ty  c y c l in g  b e tw een  97.8%  and 50% RH y i e l d e d  an  a lm o s t 

c o m p le te  r e c o v e r y  o f  th e  c re e p  d e fo r m a t io n .  He s u g g e s te d  t h a t  th e  

d e fo rm a t io n  w h ich  i s  r e c o v e r a b le  by h u m id i f i c a t i o n  i s  l a r g e l y  r e ­

ta r d e d  c o n f i g u r a t i o n a l  e l a s t i c  r e s p o n s e ,  w hose re c o v e ry  was i n h i b i t e d  

a t  th e  t e s t  c o n d i t io n s  by th e  fo rm a tio n  o f  a  m e ta s ta b le  m o le c u la r  

s t r u c t u r e .  H u m id if ic a t io n  r e c o v e ry  o c c u re d  m ost r e a d i l y  fo l lo w in g  

t e s t s  a t  low  r e l a t i v e  h u m id i t i e s  w here  s t r o n g  i n t e r - m o le c u la r  b o n d ­

in g  was p r e s e n t .  H u m id if ic a t io n  i s  l e s s  e f f e c t i v e  i n  p r o v id in g  f o r  

i n c r e a s e d  r e c o v e r y  i n  t e s t s  a t  h ig h e r  r e l a t i v e  h u m id i t i e s .

M o is tu re  c o n te n t  h a s  a  m arked e f f e c t  upon many p a p e r  p r o p e r t i e s .  

W ater h a s  t h e  e f f e c t  o f  p l a s t i c i z i n g  th e  c e l l u l o s e  f i b e r  and  o f  r e ­

la x in g  and  w e a k e n in g  th e  i n t e r f i b e r  b o n d in g . Such p r o p e r t i e s  as
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f o ld i n g  e n d u ra n c e ,  t e a r i n g  s t r e n g t h  and s t r e t c h  r e a c h  maximum v a lu e s  

a t  r e l a t i v e l y  h ig h  h u m id i t i e s  (80 t o  90% EH) and d e c r e a s e  a t  low  

h u m id i t i e s  when t h e  f i b e r s  becom e m ore s t i f f  and b r i t t l e .  T e n s i le  

s t r e n g t h  r e a c h e s  a  maximum v a lu e  i n  th e  r e g io n  o f  low  h u m id ity  and 

s t e a d i l y  d e c r e a s e s  w i th  i n c r e a s i n g  m o is tu r e  c o n t e n t ,  p re su m a b ly  b e ­

c a u se  o f  th e  w eak en in g  e f f e c t  on th e  i n t e r f i b e r  b o n d in g  ( 3 6 ) .
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PRESENTATION OF THE PROBLEM

The p u rp o se  o f  th e  p r e s e n t  w ork i s  to  s tu d y  th e  e f f e c t  o f  s h e e t  

m o is tu r e  on th e  a n i s o t r o p y  o f  p a p e r  w h ich  h a s  b e e n  p r e v io u s ly  su b ­

j e c t e d  to  r e s t r a i n t  d u r in g  d r y in g .  I t  i s  h y p o th e s i s e d  t h a t  i n c r e a s ­

in g  t h e  s h e e t  m o is tu re  w i l l  w eaken th e  bonds and e n a b le  th e  f i b e r s  

and f i b r i l s  t o  r e v e r t ,  a t  l e a s t  i n  p a r t ,  t o  t h e i r  o r i g i n a l  c o n f ig u r a ­

t i o n s  b e f o r e  th e y  w ere  lo c k e d  i n t o  p o s i t i o n  u n d e r  th e  i n f l u e n c e  o f  

w et s t r a i n i n g .  S e c o n d ly , i t  i s  s u g g e s te d  t h a t  th e  f i b e r  s t r u c t u r e  

w i l l  p a r t i a l l y  r e t u r n  t o  i t s  u n s t r a in e d  s t a t e  i n  r e s p o n s e  t o  th e  

s w e l l i n g  o f  th e  l e s s  w e l l  o r d e r e d  r e g io n s  i n  th e  f i b e r s .  T h is  r e ­

l a x a t i o n  o f  t e n s i o n s  o r  d r i e d - i n  s t r a i n s  w i l l  te n d  to  re d u c e  th e  

a n i s o t r o p y  o f  th e  s h e e t .

The e x p e r im e n ta l  p a r t  o f  t h i s  s tu d y  in v o lv e d  e x a m in a t io n  o f  th e  

e f f e c t s  o f  s h e e t  m o is tu r e  on th e  m e c h a n ic a l p r o p e r t i e s  o f  p a p e r  w hich  

in c lu d e d  t e a r i n g  s t r e n g t h ,  t e n s i l e  s t r e n g t h ,  u l t i m a t e  e lo n g a t io n ,  

e l a s t i c  m odulus and w o r k - to - r u p t u r e ,  on s h e e t s  p r e v io u s ly  w et 

s t r a i n e d  d u r in g  d r y in g .

The e x p e r im e n ta l  p ro g ram  was fo c u s e d  on f o u r  m a jo r  a r e a s :

1 . The p r e p a r a t i o n  o f  h a n d s h e e ts  w i th  v a r io u s  d e g re e s  o f  w et 

s t r a i n i n g .  —

2 .  The c o n d i t io n in g  o f  t h e s e  h a n d s h e e ts  to  v a r io u s  r e l a t i v e  

h u m id i t i e s  a t  a  c o n s ta n t  t e m p e r a tu r e .

3 . The d e te r m in a t io n  o f  th e  m e c h a n ic a l  p r o p e r t i e s  o f  th e s e  

h a n d s h e e ts  u s in g  th e  I n s t r o n  U n iv e r s a l  T e s te r  and  th e  E lm en d o rf 

T e a r  T e s t e r .
15
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4 . The d e te r m in a t io n  o f  th e  z e r o - s p a n  t e n s i l e  s t r e n g t h  and 

d e g re e  o f  f i b e r  o r i e n t a t i o n  by th e  Pulm ac Z ero  Span T e n s i l e  T e s t e r .
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EXPERIMENTAL

H a n d sh e e ts  w ere  made from  R a y o n ie r  b le a c h e d ,  s o f tw o o d , k r a f t  

p u lp  and  s u b je c t e d  t o  f o u r  d i f f e r e n t  d e g re e s  o f  w e t s t r a i n i n g ;  0 . 0 %, 

1 .5% , 3.0% and 3.57% . Under r e s t r a i n t ,  th e y  w e re  d r i e d  i n  a  112°F  

oven f o r  5 m in u te s .  A f te r  d r y in g ,  th e  h a n d s h e e ts  w ere  c o n d i t io n e d  

to  v a r io u s  r e l a t i v e  h u m id i t i e s .  The t e a r i n g  s t r e n g t h ,  t e n s i l e  

s t r e n g t h ,  e lo n g a t io n ,  t e n s i l e  e n e rg y  a b s o r p t io n  and  m odulus o f  e l a s ­

t i c i t y  o f  th e  h a n d s h e e ts  w ere  d e te rm in e d  and com pared a t  r e l a t i v e  

h u m id i t i e s  o f  30%, 50%, 70% and 90%.

P r e p a r a t i o n  o f  P u lp

The p u lp  u s e d  i n  t h i s  s tu d y  was a  co m m e rc ia l R a y o n ie r  b le a c h e d ,  

s o f tw o o d , k r a f t  p u lp .  I t  was r e c e iv e d  a s  d ry  l a p  and was s t o r e d  i n  

a  c o n s ta n t  h u m id ity  room f o r  7 d a y s .  The p u lp  was r e f i n e d  i n  a  V a l le y  

L a b o ra to ry  b e a t e r  a c c o r d in g  to  TAPPI S ta n d a rd  T200 t s - 6 6 . B e fo re  

b e a t i n g ,  t h e  p u lp  was so ak ed  i n  10 l i t e r s  o f  w a te r  f o r  5 h o u rs  and 

th e n  d e f ib e r e d  i n  a  TAPPI d i s i n t e g r a t o r .  The p u lp  was b e a te n  to  

a p p ro x im a te ly  500 c c .  C an ad ian  S ta n d a rd  F re e n e s s  w i th  5500 gm. on 

th e  b e d p la t e .

S e v e r a l  b e a t e r  lo a d s  o f  p u lp  w e re  p r e p a r e d .  A f t e r  b e a t i n g ,  th e  

p u lp  was m ixed  i n  a b a r r e l  f o r  30 m in u te s  to  i n s u r e  u n i f o r m i ty .  A 

f i n a l  s e r i e s  o f  f r e e n e s s  c h e ck s  showed a  CSF o f  530 m l. A s m a l l  am ount 

o f  fo rm a ld e h y d e  was ad d ed  to  th e  p u lp ,  w h ich  was s t o r e d  i n  a  c o ld  room , 

to  p r e v e n t  b a c t e r i a l  d e g r a d a t io n .

17
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S h e e t Form ing and P r e s s in g

A l l  s h e e t s  w ere  form ed on a  N oble  and  Wood H an d sh ee t m ac h in e .

The f i n a l  c o n s i s t e n c y  i n  th e  s h e e t  m old was 0.021%  and t h i s  e f f e c t i v e l y

e l im in a te d  f l o c c u l a t i o n ,  p ro m o tin g  good f o rm a t io n .

A f te r  th e  w a te r  d r a in e d  and  th e  w et web was fo rm ed , th e  s h e e t  and 

w ire  w e re  t r a n s f e r r e d  to  a  N ob le  and Wood p r e s s .  The p r e s s  f e l t  was 

c a r e f u l l y  c o n d i t io n e d  b e f o r e  e a c h  s h e e t  was p r e s s e d  by  th o ro u g h ly  so ak ­

in g  i t  i n  w a te r  and  p r e s s i n g  tw ic e  w i th  maximum w e ig h t on th e  l e v e r

a rm s. The s h e e t  and w ir e  w ere th e n  in t r o d u c e d  i n t o  th e  f e l t  and th e  

t r i o  was s u b je c t e d  to  two p r e s s i n g s .  T h is  p r e s s i n g  s c h e d u le  in s u r e d  

a  s o l i d s  c o n te n t  i n  th e  p r e s s e d  s h e e t  o f  35.5% . P r e l im in a r y  t e s t s  

showed t h a t  th e  s o l i d s  c o n te n t  v a r i e d  by + 0.5%  th ro u g h  two d ay s  o f  

h a n d s h e e t  m ak in g . The v a r i a t i o n  o f  s o l i d s  c o n te n t  w i t h in  th e  s h e e t  

a l s o  was i n v e s t i g a t e d .  S e v e ra l  h a n d s h e e ts  w ere  c u t i n t o  8 p a r t s  and 

th e  m o is tu r e  c o n te n t  o f  e a c h  p o r t i o n  was d e te rm in e d . An a v e ra g e  de­

v i a t i o n  o f  +  0.4%  was d e t e c t e d .  S i m i l a r ly ,  a  b a s i s  w e ig h t  p r o f i l e  o f  

s e v e r a l  h a n d s h e e ts  d e v ia t e d  by + 0.5% .

S h e e t D ry in g  T e c h n iq u e s

The p u rp o se  o f  th e  s h e e t  d ry in g  eq u ip m e n t was t o  p r e p a r e  h a n d ­

s h e e t s  s u b je c t e d  to  c o n t r o l l e d  u n i d i r e c t i o n a l  s t r a i n  d u r in g  d r y in g .

The eq u ip m e n t u se d  was d e v is e d  by th e  B oxboard  R e se a rc h  and  

D evelopm ent A s s o c ia t io n  o f  K alam azoo, M ich ig an  and  i s  shown i n  F ig .  2 .

I t  c o n s i s t s  e s s e n t i a l l y  o f  a  fram e w i th  two p a r a l l e l  c la m p in g  b lo c k s ,

A and j i .  B lock  A i s  s t a t i o n a r y  b u t  f r e e  t o  p i v o t  a ro u n d  p o in t
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B lo ck  ]3 i s  hooked  t o  a  m ic ro m e te r  ty p e  sc re w  w i th  a  g r a d u a te d  c o l l a r  

a f f i x e d  t o  th e  l a t t e r .  The c o l l a r  was an  e x c e l l e n t  i n d i c a t o r  o f  th e  

am ount o f  t e n s i o n  a p p l i e d  t o  th e  h a n d s h e e t .  H ow ever, th e  f i n a l  mea­

su re m e n t o f  th e  d e g re e  o f  w e t s t r a i n i n g  was done by  two m e th o d s . One, 

by  t h e  c o l l a r  and th e  se co n d  by  a  m ethod w hich  i s  d e s c r ib e d  a t  th e  

end  o f  t h i s  s e c t i o n .

An a v e ra g e  o f  2 m in u te s  was ta k e n  f o r  th e  i n t r o d u c t i o n  o f  th e  

s h e e t  i n t o  th e  d ry in g  u n i t .  D u rin g  t h i s  p e r i o d ,  e v a p o r a t io n  c o u ld  

t a k e  p la c e  from  th e  s u r f a c e  o f  th e  s h e e t .  To co m p en sa te  f o r  t h i s  and 

m a in ta in  u n i f o r m i ty  th r o u g h o u t ,  th e  b u lk  o f  th e  o p e r a t io n  was co n ­

d u c te d  w i th  th e  s h e e t  i n  th e  f e l t .  T h is  r e d u c e d  e v a p o r a t io n  to  a 

minimum. A c h e ck  on th e  am ount o f  e v a p o r a t io n  o c c u r in g  i n d i c a t e d  a 

v a lu e  o f  3 .0% . T h e r e f o r e ,  a l l  w et s t r a i n i n g  was done a t  e s s e n t i a l l y  

38.5% s o l i d s  s in c e  w e t p r e s s i n g  p ro d u c e d  a  s h e e t  o f  35.5% s o l i d s .

The h a n d s h e e t  e d g e s  t o  b e  c lam ped  w ere  i r o n e d  d ry  to  a v o id  r u p ­

t u r e  a t  t h e  clam p as  d r y in g  s t r e s s e s  w ere  d e v e lo p e d . Two r e f e r e n c e  

m arks w ere  made on th e  w e t s h e e t  to  b e  u se d  l a t e r  f o r  c a l c u l a t i n g  th e  

d e g re e  o f  w e t s t r a i n i n g .  The m arks w e re  made w i th  a  f e l t  t ip p e d  pen 

5 in c h e s  a p a r t ,  m easu red  w i th  a  s t e e l  r u l e r ,  and p a r a l l e l  t o  th e  d i r e c ­

t i o n  o f  w e t s t r a i n i n g .  Im m e d ia te ly  a f t e r  p l a c i n g  th e  w e t s h e e t  i n  th e  

f ra m e , th e  d i s t a n c e  b e tw een  t h e  c lam ps was a d ju s t e d  t o  g iv e  th e  d e s i r e d  

am ount o f  r e s t r a i n t  d u r in g  d r y in g .  The a sse m b ly  was p la c e d  in  a  d r y in g  

oven  m a in ta in e d  a t  112°F f o r  5 m in u te s ,  w i th  t h e  s h e e t  h e ld  i n  a  v e r t i ­

c a l  p la n e  to  m in im iz e ^ th e  te n d e n c y  to  s a g  t h a t  c o u ld  o c c u r  i f  t h e  s h e e t  

w ere  h e ld  i n  a  h o r i z o n t a l  p o s i t i o n .  T h is  d r y in g  s c h e d u le  p ro d u c e d  a  

s h e e t  o f  91.5%  s o l i d s .  Such a  s o l i d s  l e v e l  e l i m i n a te d  th e  p o s s i b i l i t y
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o f  h o r a i f i c a t i o n  ( 37) o f  t h e  f i b e r s  w h ich  may i n t e r f e r e  w i th  t h e i r  r e -  

a b s o r p t iv e  p r o p e r t i e s . I t  h a s  b e e n  shown (3 8 ) t h a t  m o is tu r e  g r a d i e n t s  

due  t o  un ev en  d r y in g ,  c r e a t e  c u r l  an d  c o c k le  i n  th e  s h e e t .  T h e re fo re  

th e  s h e e t s  w ere  d r i e d  v e ry  s lo w ly  to  a l lo w  t h e  d i f f u s i o n  o f  w a te r  

th ro u g h  th e  f i b r o u s  s y s te m  and  e f f e c t i v e l y  r e d u c e  c o c k l in g .

A f t e r  re m o v a l from  th e  d r y in g  u n i t ,  t h e  s h e e t s  w e re  hung t o  e q u i -  

l i b e r a t e  i n  a  te m p e ra tu re  and h u m id ity  c o n t r o l l e d  room . At no tim e  

w ere  t h e  f u l l y  d r i e d  s h e e t s  ex p o sed  to  any  b u t  th e  p r e s c r ib e d  c o n d i­

t i o n s  .

The d e g re e  o f  w et s t r a i n i n g  was m ea su red  by  two m e th o d s . The 

f i r s t ,  u s in g  th e  m ic ro m e te r  ty p e  sc re w  on th e  fra m e . A m ore a c c u r a te  

m easu rem en t was o b ta in e d  by  m e a s u r in g , w i th  a  r u l e r ,  t h e  d i s t a n c e  b e ­

tw een  two r e f e r e n c e  m arks on th e  s h e e t s  b e f o r e  and a f t e r  th e  s t r a i n ­

in g  o p e r a t i o n .  From t h i s ,  t h e  d e g re e  o f  w e t s t r a i n i n g  was c a l c u l a t e d .  

T h e re  was good c o r r e l a t i o n  b e tw e e n  th e  two m e th o d s . The d e g re e  o f  

w e t s t r a i n i n g  was a c c u r a te  to  + 0 .05% .

H u m id ity  C o n d i t io n in g

Im m e d ia te ly  a f t e r  rem o v a l from  th e  d r y in g  u n i t ,  t h e  s h e e t s  w ere 

i n t r o d u c e d  i n t o  a  t e m p e r a tu r e  and h u m id i ty  c o n t r o l l e d  room . The hum id­

i t y  and te m p e ra tu re  i n  t h i s  s p e c i a l l y  c o n s t r u c t e d  room was r e g u l a te d  

by  an  A m in co -A ire  s y s te m . The d e s i r e d  c o n d i t io n s  w e re  s im p ly  d i a l e d  

i n  on th e  f r o n t  p a n e l  o f  t h i s  u n i t . V ery p r e c i s e  c o n t r o l  o f  te m p e ra ­

t u r e  and  h u m id i ty  i s  p o s s i b l e  w i th  t h i s  e q u ip m e n t an d  f l u c t u a t i o n s  in  

te m p e r a tu r e  w e re  +  0 .5 ° F  a n d  v a r i a t i o n s  i n  h u m id i ty  +  0 .2% . The tem ­

p e r a t u r e  an d  h u m id i ty  i n  t h e  room w ere  r e c o r d e d  on a  c h a r t .  A d a i l y
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c h e ck  on th e  m e a s u r in g  and r e c o r d in g  sy s te m  was made w i th  t h e  a id  o f  

a  th e rm o m e te r  an d  th e  B en d ix  P sy c h ro n  w h ich  m e a su re s  th e  r e l a t i v e  

h u m id i ty .  The h a n d s h e e ts  w ere  c o n d i t io n e d  f o r  48 h o u rs  b e f o r e  any 

t e s t s  w e re  c o n d u c te d  on them .

H an d sh ee t Sam pling

W hile  d r y in g ,  th e  s h e e t s  w ere  i n  a  v e r t i c a l  p o s i t i o n  and  h e n c e  

th e  u p p e r  p o r t i o n s  o f  th e  s h e e t s  w ere  s u b je c t e d  to  g r e a t e r  s t r e s s e s  

th a n  t h e  lo w e r p o r t i o n s  b e c a u s e  o f  th e  cu m m u la tiv e  w e ig h t  o f  th e  web 

i t s e l f .  The d im e n s io n s  o f  th e  w e t web u s e d  w e re  8 " by 8 " .  T h is  s h e e t  

was c lam ped  a t  th e  ends and f r e e  to  s h r in k  l a t e r a l l y .  When th e  s h e e t  

was d r y ,  i t  was w id e r  a t  th e  ends th a n  i n  th e  m id d le  s in c e  th e  a r e a  

u n d e r  th e  c lam ps was p r e v e n te d  from  s h r i n k i n g .

I n  o r d e r  t o  o b t a in  t h e  m ost c o n s i s t e n t  and  r e p r e s e n t a t i v e  sam p le  

o f  th e  e f f e c t  due t o  w e t s t r a i n i n g ,  a l l  t e s t  sa m p le s  w ere  c o n f in e d  to  

a  5 "  by  5 "  s q u a r e  i n  th e  c e n t e r  o f  e a ch  s h e e t .  T e s ts  i n d i c a t e d  no 

s i g n i f i c a n t  v a r i a t i o n s  i n  m e c h a n ic a l  p r o p e r t i e s  o f  sa m p le s  ta k e n  from  

t h i s  c e n t r a l  p o r t i o n .  T e s t  sam p les  w ere  c u t  a t  f i v e  a n g le s ;  0 .0 ° ,

2 2 .5 ° ,  4 5 .0 ° ,  6 7 .5 °  and  9 0 .0 ° ,  w i th  th e  a id  o f  a  d i e  ( F ig .  3) manu­

f a c t u r e d  by  J .  A. R ic h a rd s  D ie Company, K alam azoo , M ic h ig a n . Each 

c u t  p ro v id e d  a  1 "  t e s t  s t r i p  f o r  th e  I n s t r o n  T e s t e r  and a  63 mm. w ide  

s t r i p  f o r  th e  t e a r  t e s t e r .

T e a r  M easurem ents

The t e a r i n g  s t r e n g t h  o f  th e  h a n d s h e e ts  p r e p a r e d  was m easu red  

u s in g  t h e  E lm en d o rf T e a r  T e s t e r .  I t  m e a su re s  th e  a v e ra g e  f o r c e  i n
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grams r e q u i r e d  to  t e a r  a  s i n g l e  s h e e t  o f  p a p e r  a f t e r  th e  t e a r  h a s  

b een  s t a r t e d .

The E lm en d o rf T e a r  T e s te r  c o m p rise s  a  s t a t i o n a r y  clam p a n d , s u i t  

a b ly  a l i g n e d  t h e r e w i th ,  a  se c o n d  m ovable  clam p c a r r i e d  on  a  pendulum  

t h a t  i s  f r e e  to  sw ing  on a  s u b s t a n t i a l l y  f r i c t i o n l e s s  b e a r i n g .  The 

sa m p le , 63 mm. w id e , i s  c lam ped  i n  th e  jaw s  and a  2 0  mm. w id e  t e a r  

s t a r t e d .  A l e v e r  i s  r e l e a s e d  and th e  r e t a r d a t i o n  o f  th e  pendulum  

sw ing  i s  a m e a su re  o f  th e  w ork  done i n  t e a r i n g  th e  r e s t  o f  th e  sam p le  

The t e s t s  w ere  c o n d u c te d  a t  7 3 .4 °F  and a t  f o u r  r e l a t i v e  h u m id i t i e s ;  

30.0% , 50 .0% , 70.0%  and 9 0 .Q%.

The v a lu e s  r e p o r t e d  a r e  t e a r  f a c t o r s  a s  d e te rm in e d  from  th e  equa

t io n :

T e a r  f a c t o r  = 100 e / r  

w here  e  i s  th e  f o r c e  i n  gram s to  t e a r  a  s i n g l e  s h e e t  and r  i s  th e  

b a s i s  w e ig h t  i n  gram s p e r  s q u a re  m e te r .

B a s is  W eigh t D e te rm in a t io n s

The a r e a  c u t  o u t  by th e  d ie  was c a r e f u l l y  m easu red  by c u t t i n g  

co m m erc ia l p a p e r  sam p les  o f  known b a s i s  w e ig h t .  From th e  w e ig h ts  o f  

th e s e  p i e c e s ,  t h e  a r e a  was c a l c u l a t e d  by th e  f o l lo w in g  e q u a t io n :

W eight o f  p a p e r  c u t  o u t  by  d ie  
A rea  o f  d ie  = _______________________________________

B a s is  w e ig h t o f  c o m m erc ia l p a p e r  

B e fo re  t h e  h a n d s h e e t  sam p le s  w ere  t e s t e d ,  th e y  w ere  w e ig h e d  i n d i v i d ­

u a l l y  and  th e  b a s i s  w e ig h t o f  e a ch  h a n d s h e e t  was d e te rm in e d  u s in g  th e  

above e q u a t io n .
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I n s t r o n  L o a d -E lo n g a tio n  M easu rem en ts

The I n s t r o n  U n iv e r s a l  T e s t in g  I n s t r u m e n t  was u se d  to  d e te rm in e  

t h e  m e c h a n ic a l  p r o p e r t i e s  su ch  a s  t e n s i l e  s t r e n g t h ,  u l t i m a t e  e lo n g a ­

t i o n ,  th e  t e n s i l e  e n e rg y  a b s o r p t io n  o r  am ount o f  w ork  n e c e s s a r y  to  

c a u s e  r u p tu r e  and  th e  m odulus o f  e l a s t i c i t y .

Van den  A kker and H a rd a c k e r  ( 39) h a v e  exam ined  th e  a b i l i t y  o f  t h i s  

i n s t r u m e n t  to  d e te rm in e  th e s e  p a p e r  p r o p e r t i e s .  The I n s t r o n  i s  d e ­

s ig n e d  t o  a p p ly  a  c o n s ta n t  r a t e  o f  s t r a i n i n g  t o  th e  sp ec im en  h e ld  b e ­

tw een  i t s  j a w s .  W h ile  th e  u p p e r jaw  re m a in s  i n  a  f ix e d  p o s i t i o n ,  th e  

lo w e r  jaw  moves down a t  an  a d j u s t a b l e ,  f ix e d  s p e e d .  The u p p e r  jaw  

i s  c o n n e c te d  to  any one  o f  s e v e r a l  lo a d  c e l l s ;  th e  a m p l i f i e d  e l e c ­

t r i c a l  s i g n a l  from  w h ic h  p e rm i ts  th e  r e c o r d in g  o f  th e  l o a d - e lo n g a t io n  

b e h a v io u r  o f  t h e  t e s t  sp e c im e n .

A i r - p r e s s u r i z e d ,  l i n e - c o n t a c t  c lam ps s e t  f o r  a  guage l e n g th  o f  

1 0  cm. w ere  u t i l i z e d  to  t e s t  1 " w ide  sam p le  s t r i p s .

A l l  I n s t r o n  t e s t s  w ere  c a r r i e d  o u t  a t  7 3 .4 ° F  and  fo u r  r e l a t i v e  

h u m id i t i e s ;  30 .0% , 50 .0% , 70.0% and 90.0% . I n  a l l  c a s e s ,  t h e  r a t e  

o f  s t r a i n i n g  was 2 cm /m in . The t e n s i l e  f a c t o r  r e p o r t e d  was d e te rm in e d  

from  th e  e q u a t io n :

T e n s i l e  f a c t o r  = 100 k / r  

w h ere  k  i s  t h e  f o r c e  i n  k i lo g ra m s  t o  r u p tu r e  t h e  s h e e t  and  r  i s  th e  

b a s i s  w e ig h t  i n  gram s p e r  s q u a re  m e te r .

The m odulus o f  e l a s t i c i t y  was c a l c u l a t e d  by m e a s u r in g  th e  i n i ­

t i a l  s lo p e  o f  t h e  l o a d - e lo n g a t io n  c u r v e s .  V a lu e s  a r e  r e p o r t e d  i n  
2

d y n es/cm  . A sam p le  c a l c u l a t i o n  i s  in c lu d e d  i n  A ppendix  I .  T h is
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p ro c e d u re  i s  b a s e d  on th e  a s su m p tio n  t h a t  d u r in g  th e  e a r l y  p a r t  o f  th e  

l o a d - e lo n g a t io n  t e s t ,  t h e  r a t e  o f  e lo n g a t io n  i s  s m a l l  com pared  to  th e  

r a t e  o f  c r e e p .

The v a lu e s  o f  w o r k - to - r u p tu r e  o r  t e n s i l e  e n e rg y  a b s o r p t io n  r e ­

p o r te d  i n  t h i s  i n v e s t i g a t i o n  a r e  m ea su re s  o f  th e  w ork  n e c e s s a r y  t o  

r u p t u r e  th e  p a p e r  sp e c im en  and  a r e  c a l c u l a t e d  by m e a s u r in g  th e  a r e a  

u n d e r  t h e  l o a d - e lo n g a t io n  c u r v e s .  T h is  was p e rfo rm e d  a u to m a t i c a l ly

by th e  I n s t r o n  I n t e g r a t o r .  A sam ple  c a l c u l a t i o n  i s  p r e s e n t e d  i n

2
A ppend ix  I I ,  w i th  v a lu e s  e x p re s s e d  i n  Kg-m/m .

The u l t i m a t e  e lo n g a t io n  was o b ta in e d  d i r e c t l y  from  th e  lo a d - e lo n g  

a t i o n  c u r v e s .  S in c e  a  c r o s s - h e a d  s p e e d  o f  2 cm /m in and  a  c h a r t  sp e e d  

o f  2 0  cm /m in was u s e d ,  1  cm. i n  t h e  y - d i r e c t i o n  r e p r e s e n t e d  1 % e lo n g ­

a t i o n .

Z ero  Span T e n s i l e  S t r e n g th  A n a ly s is

The z e ro  sp a n  t e n s i l e  s t r e n g t h s  o f  t h e  h a n d s h e e ts  w ere  o b ta in e d  

w i th  t h e  u s e  o f  t h e  Pulm ac Z ero  Span T e n s i l e  T e s t e r .  W ith  t h i s  i n s t r u  

m ent i t  i s  p o s s i b l e  to  o b t a i n  t e n s i l e  d a ta  f o r  sa m p le s  o v e r  a  sp a n  

ra n g e  from  n o m in a l z e ro  (c la m p in g  jaw s i n  c o n ta c t )  t o  s e v e r a l  m i l l i ­

m e te r s .  S in c e  a  f i n i t e  d i s t a n c e  i s  r e q u i r e d  t o  d e v e lo p  a d e q u a te  clam p 

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

a t  t r u e  z e ro  s p a n .  When th e  c la m p in g  jaw s a r e  i n  m e c h a n ic a l  c o n t a c t ,  

a  sp a n  o f  a b o u t  0 .2  mm. e x i s t s  w here  f i b e r  p u l l - o u t  c a n  o c c u r  ( 4 0 ) .  

T h is  d i s t a n c e  fro m  n o m in a l z e ro  to  t r u e  z e ro  i s  c a l l e d  th e  ' r e s i d u a l  

s p a n ' .  H ow ever, i t  i s  p o s s i b l e  to  o b t a i n  t r u e  z e ro  sp a n  t e n s i l e  

s t r e n g t h  by  e x t r a p o l a t i o n .
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2 7
Z ero  sp a n  t e n s i l e  t e s t s  w e re  c o n d u c te d  on b o th  th e  d ry  (bonded ) 

and  w et (unbonded ) p a p e r  sam p le s  t h a t  w ere  s u b je c t e d  to  3.0% a n d  3.5% 

d e g re e  o f  w e t s t r a i n i n g .  Only t h e  s t r a i n  and c r o s s  s t r a i n  d i r e c t i o n s  

w e re  i n v e s t i g a t e d .  I t  was f e l t  t h a t  i f  any s i g n i f i c a n t  f i b e r  o r i e n t a ­

t i o n  o c c u re d  d u r in g  w et s t r a i n i n g ,  t h e  maximum e f f e c t  w ould  b e  o b s e rv e d  

a t  t h i s  d e g re e  o f  w et s t r a i n i n g .

From th e  d a ta  o b t a in e d ,  t h e  f i b e r  l e n g th  in d e x ,  f i b e r  s t r e n g t h  

i n d e x ,  f i b e r  o r i e n t a t i o n  in d e x  an d  b o n d in g  in d e x  c an  b e  c a l c u l a t e d .

The a b i l i t y  o f  th e  Pulm ac Z ero  Span T e n s i l e  T e s t e r  to  m easu re  t h e s e  

p a p e r  p r o p e r t i e s  h a v e  b e e n  d e m o n s tra te d  by Cowan and  Cowdrey ( 4 1 ) .

The in s t r u m e n t  r e a d o u t  was c o n v e r te d  i n t o  Kg. p e r  2 5 .4  mm. by 

th e  e q u a t io n :

Z ero  sp an  t e n s i l e  s t r e n g t h  i n  k g . p e r  2 5 .4  mm. =

( P - 1 .4 ) ( 0 .7 3 9 x  454x lOx 2 .5 4 )
15x  1000

w h ere  P i s  t h e  p r e s s u r e  guage  r e a d o u t .
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PRESENTATION OF RESULTS AND DISCUSSION

I n t r o d u c t i o n

D a ta  a n a ly s i s  was c o n d u c te d  by  u t i l i z a t i o n  o f  STAT PACK, ( S t a t i s ­

t i c a l  P a c k a g e ) ,  L ib r a r y  P rog ram  # 1 .1 .4 .  STAT PACK i s  a n  i n t e g r a t e d ,  

i n t e r a c t i v e  p a c k a g e  c o m p iled  by  th e  Com puter C e n te r ,  W este rn  M ich ig an  

U n i v e r s i t y .  I t  a l lo w s  th e  u s e r  to  i s s u e  s im p le  commands f o r  th e  com­

p l e t e  s t a t i s t i c a l  a n a l y s i s  o f  d a t a .  S t a t i s t i c a l  t e s t s  in c lu d e  T t e s t s ,  

L in e a r  R e g r e s s io n ,  P a r t i a l  C o r r e l a t i o n s ,  C o r r e l a t i o n  M a tr ic e s  and 

A n a ly s is  o f  V a r ia n c e s .  The r e a d e r  i s  r e f e r r e d  t o  a  summary on STAT 

PACK w h ic h  i s  a v a i l a b l e  from  th e  Com puter C e n te r .

E f f e c t  o f  R e l a t i v e  H um id ity  on S h e e t M o is tu re

I t  i s  g e n e r a l l y  a c c e p te d  t h a t  t h e  a d s o r p t io n  o f  w a te r  by  c e l l u ­

l o s e  o c c u r s  e s s e n t i a l l y  i n  th e  l e s s  w e l l - o r d e r e d  r e g io n s  o f  t h e  f i b e r  

w i th  s u b s e q u e n t  d e c re a s e d  i n t e r m o l e c u l a r  b o n d in g  and in c r e a s e d  s p a c ­

in g  b e tw e e n  m o le c u le s .

The r e l a t i o n s h i p  b e tw e e n  s h e e t  m o is tu re  and  r e l a t i v e  h u m id ity  i s  

n o n l i n e a r .  The m o is tu re  c o n te n t  v e r s u s  r e l a t i v e  h u m id ity  d a ta  i s  

p r e s e n t e d  i n  T a b le  I  and F ig .  4 . The am ount o f  w a te r  a b so rb e d  by  

c e l l u l o s e  d epends upon th e  r e l a t i v e  h u m id ity  and th e  te m p e ra tu re  o f  

t h e  a i r  i n  c o n ta c t  w i th  t h e  p a p e r .  F u r th e r ,  u n d e r  th e  same h u m id ity  

and te m p e r a tu r e  c o n d i t i o n s , a  sam p le  o f  p a p e r  may h av e  d i f f e r e n t  m o is ­

t u r e  c o n te n t s  d e p e n d in g  on w h e th e r  t h e  sam p le  a p p ro a c h e d  th e s e  c o n d i­

t i o n s  fro m  a  more d ry  s t a t e  o r  from  a  m ore m o is t  s t a t e .

28
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Table I

Specim en M o is tu re  C o n te n t V ersus R e la t i v e  H um id ity  a t  73°F .

R e l a t i v e  H u m id ity  Specim en  M o is tu re
____________________  C o n te n t , %

30 5 .0 4

50 7 .4 3

70 9 .9 9

90 1 4 .6
"\

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



30

16

14 “

Zo
u

u i
oc
3
» -
U)

O
X

K
US
UI
X

i

30 70 9050

R E L A T I V E  H U M I D I T Y ,  %

F i g .  4 . The E f f e c t  o f  R e la t i v e  H um id ity  on S h e e t M o is tu re
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The r e l a t i v e  h u m id i t i e s  o f  30%, 50%, 70% and 90% w e re  r e a c h e d  

by a d s o r p t io n  from  5% RR. T h is  s tu d y ,  t h e r e f o r e  e s s e n t i a l l y  r e p r e ­

s e n t s  t e s t s  a t  r e l a t i v e  h u m id i t i e s  r e a c h e d  by  a d s o r p t i o n .
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L o a d -E lo n g a tio n  M easu rem en ts

The s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  o f  th e  h a n d s h e e ts  m easu red  by 

th e  I n s t r o n  U n iv e r s a l  T e s t i n g  I n s t r u m e n t  a r e  shown i n  F ig u re s  5 - 8 .

Each f i g u r e  r e p r e s e n t s  o n e  r e l a t i v e  h u m id i ty  and e a c h  c u rv e  r e p r e s e n t s  

a  c e r t a i n  d e g re e  o f  w et s t r a i n i n g  and th e  d i r e c t i o n  a t  w h ich  t e s t i n g  

was c o n d u c te d , s t r a i n  d i r e c t i o n  (SD) o r  c r o s s  s t r a i n  d i r e c t i o n  (CD ). 

The r e a d e r  s h o u ld  b e  c a u t io n e d  i n  t h a t  t h e s e  c u rv e s  a r e  r e p r o d u c t io n s  

o f  t h e  o n es  o b ta in e d  fro m  t h e  I n s t r o n  and  h a v e  n o t  b e e n  c o r r e c t e d  f o r  

b a s i s  w e ig h t  v a r i a t i o n s .  T h e r e f o r e ,  a l th o u g h  t h e  c u rv e s  a t  90% r e l a ­

t i v e  h u m id i ty  d e m o n s tra te  h ig h  t e n s i l e  s t r e n g t h s ,  th e y  r e p r e s e n t  h a n d ­

s h e e t s  o f  h ig h  b a s i s  w e ig h t .  The f i g u r e s  i n d i c a t e  t h e  g r a d u a l  i n ­

c r e a s e  i n  u l t i m a t e  e lo n g a t io n  w i th  s h e e t  m o is tu r e  and a  c o r r e s p o n d in g  

d e c re a s e  i n  t e n s i l e  s t r e n g t h .  A d e t a i l e d  a n a l y s i s  o f  th e  e f f e c t s  o f  

w et s t r a i n i n g  and s h e e t  m o is tu r e  on th e s e  p a p e r  p r o p e r t i e s  fo l lo w s  

t h i s  s e c t i o n .

The I n s t r o n  c u rv e s  w e re  u s e d  to  d e t e c t  c h an g es  in  t e n s i l e  

s t r e n g t h ,  u l t i m a t e  e lo n g a t io n ,  m odulus o f  e l a s t i c i t y  and  th e  am ount 

o f  w ork  n e c e s s a r y  t o  c a u s e  r u p t u r e ,  b ro u g h t  a b o u t by  w et s t r a i n i n g .  

T h is  i n f o r m a t io n  i s  a s se m b le d  i n  T a b le s  I I  th ro u g h  V.

The t e n s i l e  s t r e n g t h ,  m odulus o f  e l a s t i c i t y  and  w o r k - to - r u p tu r e  

h av e  b e e n  c o r r e c t e d  f o r  b a s i s  w e ig h t .  S in c e  u l t i m a t e  e lo n g a t io n  i s  

in d e p e n d e n t  o f  b a s i s  w e ig h t ,  no c o r r e c t i o n  h a s  b e e n  made f o r  t h i s  

p a p e r  p r o p e r t y .
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Table II

Mechanical Properties of Handsheets at
30% Relative Humidity

D egree  o f  B a s is  T e a r
R e s t r a i n t  A ng le  W eigh t F a c to r

% d e g re e s gm/m

0 0 6 4 .2 4 1 22 .9
Q 2 2 .5 6 6 .3 9 1 2 2 .4
Q 45 6 3 .0 1 12Q.9
0 6 7 .5 6 8 .5 6 1 3 1 .6
0 90 6 2 .3 9 1 3 7 .2

1 .5 0 6 5 .2 8 1 1 9 .4
1 .5 2 2 .5 7 1 .3 3 1 13 .9
1 .5 45 6 9 .1 3 1 25 .9
1 .5 6 7 .5 7 0 .6 3 1 2 6 .9
1 .5 90 6 8 .5 1 1 2 9 .8

3 .0 0 6 4 .8 4 1 2 7 .1 0
3 .0 2 2 .5 6 5 .7 2 1 2 7 .1
3 .0 45 6 5 .2 4 1 2 5 .6
3 .0 6 7 .5 6 4 .8 2 1 3 4 .3
3 .0 90 6 9 .6 3 1 4 6 .1

3 .5 7 0 6 4 .7 0 1 2 4 .1
3 .5 7 2 2 .5 6 6 .1 6 1 2 2 .9
3 .5 7 45 6 3 .5 1 1 2 7 .0
3 .5 7 6 7 .5 6 6 .6 3 1 3 5 .0
3 .5 7 90 6 4 .5 3 1 4 3 .8

M odulus 
o f  E la s -  

T e n s i l e  E lo n g — TEA t i c i t y
F a c to r a t  io n

%

F a c to r F a c to r

X10- 7

1 8 .3 4 2 .2 5 1 0 . 2 1 3 5 .5 4
1 7 .7 7 2 .8 2 1 3 .0 0 3 1 .4 7
1 5 .2 8 3 .3 0 1 5 .3 5 2 6 .7 7
1 5 .2 1 4.Q 0 1 6 .9 6 2 5 .5 4
1 5 .6 8 4 .0 6 1 7 .9 2 2 3 .1 0

1 8 .3 8 1 .3 0 6 .3 1 4 3 .1 0
1 9 .3 4 1 .9 0 1 0 . 6 8 3 9 .8 4
1 6 .9 2 3 .0 0 1 4 .9 6 3 2 .0 9
1 6 .8 0 4 .2 8 2 0 . 0 2 2 4 .8 4
1 5 .6 5 4 .1 5 1 9 .0 0 2 4 .2 4

1 9 .8 0 1 . 1 2 5 .5 5 4 4 .4 0
1 8 .5 0 1 .4 6 7 .9 4 4 0 .1 1
1 7 .9 8 2 .5 4 1 2 .5 1 2 6 .8 9
1 6 .8 2 3 .2 7 1 6 .0 6 2 5 .7 8
1 4 .6 1 4 .0 8 1 7 .2 8 2 2 .7 4

1 7 .8 1 1 . 0 0 4 .4 5 4 5 .5 7
1 7 .4 9 1 .4 5 6 .5 1 4 0 .6 8
1 4 .7 5 2 .2 5 9 .3 2 3 0 .6 2
1 4 .2 5 3 .3 5 1 4 .8 7 2 7 .5 8
13 .2 9 4 .0 0 1 6 .9 2 2 2 .1 3
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Table III

Mechanical Properties of Handsheets at
50% Relative Humidity

M odulus 
o f  E la s -

D eg ree  o f  B a s i s  T e a r  T e n s i l e  E long~ TEA t i c i t y
R e s t r a i n t  A ng le  W eig h t F a c to r  F a c to r  a t i o n  F a c to r  F a c to r

% d e g re e s gm/m2 % X10" 7

0 0 6 9 .5 4 1 2 4 .2 1 5 .1 0 2 . 2 0 8 .8 9 2 9 .6 7
0 2 2 .5 6 8 .1 7 1 2 6 .8 15 .7 7 3 .0 8 1 2 .9 2 2 7 .3 1
0 45 5 6 .6 6 1 3 6 .0 16 .0 6 3 .9 3 1 5 .4 6 2 0 .8 7
0 6 7 .5 6 1 .3 2 1 3 3 .0 14 .95 4 .8 3 2 1 .7 4 1 9 .1 7
0 90 6 4 .4 5 1 3 9 .5 13 .7 2 5 .5 5 2 6 .1 7 1 8 .9 9

1 .5 0 6 6 .4 4 1 2 2 .9 19 .1 6 2 .0 3 1 0 ,1 7 3 8 .2 7
1 .5 2 2 .5 6 4 .9 0 1 2 7 .6 1 8 .0 3 2 .4 8 1 1 .7 9 3 3 .3 4
1 .5 45 6 3 .8 3 1 1 0 .3 17 .5 0 3 .2 3 1 0 . 1 2 2 2 .8 0
1 .5 6 7 .5 6 3 .0 4 1 2 3 .1 15 .15 4 .6 5 1 8 .6 2 1 9 .4 2
1 .5 90 6 7 .5 5 1 3 5 .0 15 .4 7 4 .9 3 1 9 .56 2 0 .1 5

3 .0 0 6 7 .4 4 1 2 7 .4 18 .7 6 1 .4 8 7 .0 6 4 5 .5 8
3 .0 2 2 .5 6 7 .3 2 1 2 8 .3 1 6 .6 8 1 .9 0 7 .7 8 3 7 .5 3
3 .0 45 6 5 .0 0 1 3 8 .5 1 5 .0 0 2 .7 8 1 1 .0 5 2 5 .8 6
3 .0 6 7 .5 6 7 .6 3 1 3 1 .9 14 .12 4 .0 5 1 4 .8 2 2 1 .0 9
3 .0 90 7 1 .8 4 1 4 3 .1 1 3 .9 2 4 .9 0 1 7 .7 1 1 8 .8 9

3 .5 7 0 6 5 .5 3 1 2 9 .8 1 8 .2 8 1 .1 8 5 .2 8 4 5 .1 3
3 .5 7 2 2 .5 6 8 .9 3 1 3 4 .6 16 .2 5 1 .5 3 6 .5 0 3 7 .1 9
3 .5 7 45 6 7 .7 3 1 3 3 .5 15 .4 0 2 . 6 8 1 1 .0 7 2 7 .9 0
3 .5 7 6 7 .5 6 5 .6 4 1 4 9 .9 1 3 .6 1 4 .3 8 1 8 .0 3 1 9 .8 7
3 .5 7 90 6 9 .8 0 1 4 7 .8 13 .7 4 4 .5 0 1 8 .0 2 1 7 .9 7
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Table IV

Mechanical Properties of Handsheets at
70% Relative Humidity

M odulus 
o f  E l a s -

D egree o f  B a s is  T ea r T e n s i l e  E lo n g -  TEA t i c i t y
R e s t r a i n t  A ng le  W eight F a c to r  F a c to r  a t i o n  F a c to r  F a c to r

% d e g re e s gm/m2 % X10" 7

0 0 6 8 .7 3 1 49 .9 1 2 .3 2 3 .2 8 1 0 .1 7 1 7 .8 3
0 2 2 .5 6 9 .4 4 1 5 3 .4 1 2 .3 7 3 .6 0 1 1 .4 9 2 2 .1 6
0 45 6 7 .6 6 1 5 6 .7 1 2 .1 6 4 .4 8 1 3 .8 3 1 6 .3 4
0 6 7 .5 6 5 .9 0 1 5 9 .3 1 0 .4 3 4 .9 3 1 2 . 6 8 1 2 .1 4
0 90 7 0 .2 3 1 6 0 .9 1 1 .5 0 6 . 1 0 1 6 .5 6 1 3 .4 9

1 .5 0 70 .37 1 4 9 .2 1 3 .3 2 2 .5 0 8 .5 1 2 7 .4 0
1 .5 2 2 .5 7 0 .84 1 5 6 .0 1 3 .3 8 2 .7 5 9 .2 3 2 7 .2 2
1 .5 45 7 0 .00 1 5 6 .4 1 2 .3 3 4 .3 0 1 3 .4 0 1 8 .4 9
1 .5 6 7 .5 7 0 .13 1 5 3 .3 1 0 .2 9 5 .1 3 1 3 .1 3 1 4 .8 6
1 .5 90 7 0 .8 3 1 5 8 .1 1 0 .9 2 5 .6 8 1 5 .6 9 1 5 .6 4

3 .0 0 6 9 .5 3 1 5 1 .8 1 4 .2 9 1 . 8 8 6 .5 3 3 1 .6 7
3 .0 2 2 .5 7 2 .3 1 1 6 1 .3 1 4 .2 5 2 .1 5 7 .7 4 2 8 .5 6
3 .0 45 70 .05 1 5 7 .8 1 1 . 8 6 3 .2 8 9 .9 8 2 0 .5 6
3 .0 6 7 .5 7 0 .2 3 1 6 2 .3 1 1 .1 3 4 .9 0 1 3 .5 3 1 5 .2 5
3 .0 90 69 .84 1 6 2 .9 1 0 .7 7 5 .7 5 1 5 .0 3 1 3 .5 2

3 .5 7 0 6 5 .2 1 1 4 8 .0 1 3 .4 4 1 .6 0 5 .0 9 3 0 .8 4
3 .5 7 2 2 .5 6 6 .2 3 1 6 4 .6 1 3 .3 5 2 .0 8 6 .8 7 2 7 .8 8
3 .5 7 45 6 5 .4 8 1 7 0 .3 1 0 .5 4 2 .9 0 8 . 0 0 1 8 .5 8
3 .5 7 6 7 .5 6 6 .63 1 7 1 .8 1 0 . 6 6 5 .2 3 1 3 .9 6 1 3 .4 2
3 .5 7 90 6 5 .3 2 1 6 3 .8 1 0 .4 6 5 .7 3 1 4 .3 0 1 3 .4 1
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Table V

Mechanical Properties of Handsheets at
90% Relative Humidity

M odulus 
o f  E la s -

D egree  o f  B a s is  T e a r  T e n s i l e  E lo n g -  TEA t i c i t y
R e s t r a in t ,  A ng le  W eigh t F a c to r  F a c to r  a t i o n  F a c to r  F a c to r

% d e g re e s gm/m2 % X10- 7

0 0 7 5 .2 8 1 7 8 .0 7 .8 2 3 .7 4 7 .49 1 2 .7 9
0 2 2 .5 7 8 .9 7 1 7 6 .9 8 .6 5 4 .3 8 9 .4 5 1 1 .0 8
0 95 7 7 .0 7 1 7 7 .8 9 .0 2 4 .8 3 1 0 . 2 2 9 .1 1
0 6 7 .5 7 7 .1 1 1 7 6 .4 8 .3 5 5 .4 8 1 0 .7 4 8 .6 0
0 90 7 7 .1 2 1 7 3 .1 8 .4 4 6 . 0 0 1 1 .4 9 8 . 6 8

1 .5 0 8 2 .8 4 1 7 3 .8 9 .5 6 2 .7 8 6 .5 8 1 7 .4 7
1 .5 2 2 .5 8 0 .7 4 1 6 6 .3 9 .3 8 3 .2 6 7 .8 1 1 4 .6 0
1 .5 45 8 1 .0 9 1 5 9 .1 8 .6 3 4 .2 8 9 .2 3 1 3 .1 6
1 .5 6 7 .5 7 8 .2 4 1 8 0 .9 8 .2 7 5 .0 5 1 0 . 2 1 1 .0 5
1 .5 90 8 1 .4 9 1 7 0 .6 8 .0 5 5 .6 3 1 0 .5 5 1 0 .6 0

3 .0 0 7 5 .2 9 1 7 6 .7 9 .2 1 1 .9 3 4 .7 3 1 9 .3 6
3 .0 2 2 .5 7 9 .3 4 1 6 0 .0 8 .7 2 2 .3 3 5 .3 3 1 8 .4 7
3 .0 45 7 7 .3 6 1 6 8 .7 8 . 2 1 3 .8 3 7 .9 6 1 1 .9 2
3 .0 6 7 .5 7 7 .3 6 1 7 9 .4 7 .2 2 5 .4 0 9 .6 0 8 .9 9
3 .0 90 7 6 .0 4 1 7 3 .6 7 .3 4 5 .3 3 9 .1 4 9 .5 0

3 .5 7 0 7 5 .6 1 1 5 9 .4 8 .9 1 1 .9 1 4 .3 4 2 0 .9 5
3 .5 7 2 2 .5 7 6 .9 2 1 5 8 .0 8 .6 0 2 . 0 0 4 .3 4 1 9 .6 6
3 .5 7 45 7 5 .7 3 1 8 0 .3 7 .1 0 3 .1 3 5 .6 5 1 3 .5 5
3 .5 7 6 7 .5 7 5 .3 5 1 6 0 .6 7 .2 2 5 .2 5 9 .2 8 9 .5 5
3 .5 7 90 7 7 .7 3 1 6 7 .9 7 .4 5 5 .7 3 9 .9 8 9 .0 5
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T e n s i l e  S t r e n g th

The e f f e c t  o f  w e t s t r a i n i n g  on th e  t e n s i l e  s t r e n g t h  o f  p a p e r  a t  

f o u r  r e l a t i v e  h u m i d i t i e s ,  30%, 50%, 70% and 90% i s  shown i n  F ig u re s  

9 -1 2 . Each f i g u r e  i s  l a b e l e d  w i th  th e  a n g le  o f  w e t s t r a i n i n g  t o  w h ich  

th e  p a p e r  was s u b j e c t e d .  0 ° i s  d e s ig n a te d  p a r a l l e l  o r  s t r a i n  d i r e c ­

t i o n  and  90° i s  p e r p e n d i c u l a r  o r  c r o s s  s t r a i n  d i r e c t i o n  to  t h e  w et 

s t r a i n i n g  o p e r a t i o n .

I t  i s  s e e n  t h a t  w e t s t r a i n i n g ,  i n i t i a l l y ,  i n c r e a s e s  t e n s i l e  

s t r e n g t h  i n  t h e  0 ° ,  2 2 .5 °  and 45° d i r e c t i o n  b u t  a s  i t  i s  c o n t in u e d  

a  maximum s t r e n g t h  i s  a t t a i n e d ,  a ro u n d  3% w e t s t r a i n i n g ,  a f t e r  w hich  

f u r t h e r  w e t s t r a i n i n g  b r in g s  a b o u t  a  r e d u c t io n .  The c r o s s  d i r e c t i o n  

t e n s i l e  s t r e n g t h  does  n o t  r i s e  i n i t i a l l y  b u t  d e c r e a s e s ,  a t  f i r s t  

s lo w ly ,  th e n  a t  an  i n c r e a s i n g  r a t e  a s  th e  s h e e t  i s  s t r e t c h e d  by  

l a r g e r  a m o u n ts . An e s t i m a t e  can  b e  made o f  t h e  p e r c e n t  i n c r e a s e  i n  

t e n s i l e  s t r e n g t h  due t o  w e t s t r a i n i n g  by th e  s t r e n g t h  v a lu e s  a t  0 % 

w et s t r a i n i n g  and  th e  v a lu e s  a t  t h e  p eak  o f  th e  c u r v e s .  R e s u l t s  a r e  

p r e s e n te d  i n  T a b le  V I. P e r c e n t  i n c r e a s e s  v a r i e d  from  0% t o  27%. The 

l a r g e s t  i n c r e a s e  was o b s e rv e d  i n  th e  s t r a i n  d i r e c t i o n  w ith  no  i n ­

c r e a s e ,  e x c e p t  a t  50% RH, i n  th e  c r o s s  d i r e c t i o n  t e n s i l e .

F ig .  13 i l l u s t r a t e s  th e  e f f e c t  o f  s h e e t  m o is tu r e  and th e  a n g le  

o f  w e t s t r a i n i n g  on th e  m ean t e n s i l e  s t r e n g t h .  I t  i s  s e e n  t h a t  t e n ­

s i l e  s t r e n g t h  d e c r e a s e s  w i th  i n c r e a s e  i n  s h e e t  m o is tu r e  and  t h e  a n g le  

o f  w e t s t r a i n i n g .  T h is  i s  i n  a c c o rd a n c e  w i t h  o t h e r  w ork  w h ic h  h a s  

a p p e a re d  i n  t h e  l i t e r a t u r e  ( 4 2 ) .  The d e c r e a s e  i n  t e n s i l e  s t r e n g t h
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Table VI

Maximum P e r c e n t  I n c r e a s e  in  T e n s i l e  S t r e n g th  
due t o  Wet S t r a i n i n g

S h e e t A ngle  o f  I n c r e a s e  i n
M o is tu re  T e n s i l e  T e s t  T e n s i l e  S t r e n g th

% d e g re e s %

5 .4 6 0 1 2 .9
5 .4 6 2 2 .5 8 .7
5 .4 6 45 1 7 .0
5 .4 6 6 7 .5 1 5 .1
5 .4 6 90 0

7 .4 3 0 2 7 .0
7 .4 3 2 2 .5 1 4 .6
7 .4 3 45 8 .4
7 .4 3 6 7 .5 2 .3 7
7 .4 3 90 5 .1

9 .9 9 0 1 9 .2
9 .9 9 2 2 .5 1 5 .0
9 .9 9 45 1 . 2
9 .9 9 6 7 .5 1 5 .0
9 .9 9 90 0

1 4 .6 0 2 2 .3
1 4 .6 2 2 .5 8 . 1
1 4 .6 45 0
1 4 .6 6 7 .5 0
1 4 .6 90 0
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w i th  i n c r e a s e  i n  m o is tu r e  c o n te n t  i s  p re su m a b ly  due to  t h e  w eaken ing  

e f f e c t  on i n t e r f i b e r  b o n d in g . The c r o s s  s t r a i n  d i r e c t i o n  t e n s i l e  

i s  s i g n i f i c a n t l y  lo w e r th a n  th e  s t r a i n  d i r e c t i o n  t e n s i l e .

I n  T a b le  V I I ,  th e  mean s t r a i n  d i r e c t i o n  and  c r o s s  s t r a i n  d i r e c ­

t i o n  t e n s i l e  s t r e n g t h s  an d  th e  r a t i o  o f  th e  two a r e  t a b u l a t e d .  I t

i s  o b s e rv e d  t h a t  th e  SD:CD r a t i o  i n c r e a s e s  to  a  maximum aro u n d  3%

w et s t r a i n i n g ,  c a u s in g  th e  s h e e t  to  becom e m ore d i r e c t i o n a l  i n  i t s

p r o p e r t i e s .  F u r th e r  w e t s t r a i n i n g  r e s u l t s  i n  a  d e c r e a s e  o f  th e

SD:CD r a t i o .  T h is  o b s e r v a t io n  i s  s i m i l a r  t o  th e  e f f e c t  o f  w et s t r a i n ­

in g  on th e  t e n s i l e  s t r e n g t h  p r e v io u s ly  d i s c u s s e d .  As th e  s h e e t  m o is ­

t u r e  i s  i n c r e a s e d  th e  SD:CD r a t i o  a p p ro a c h e s  u n i ty  i n d i c a t i n g  a  d e ­

c r e a s e  i n  t e n s i l e  s t r e n g t h  a n i s o t r o p y ,  F ig .  1 4 . T h is  c an  b e  a t t r i ­

b u te d  t o  two f a c t o r s .  F i r s t ,  t h e  s o f t e n in g  o f  th e  i n t e r f i b e r  bonds 

w i l l  e n a b le  t h e  f i b e r s  an d  f i b r i l s  to  f l e x  and c o n t r i b u t e  s t r e n g t h  i n  

a l l  d i r e c t i o n s .  S e c o n d ly , t h e  m i c r o f i b r i l s  and  c r y s t a l l i t e s  w i l l  te n d  

t o  r e t u r n  to  t h e i r - o r i g i n a l  s t a t e s  due t o  a d s o r p t io n  o f  m o is tu re  by 

th e  l e s s  w e l l - o r d e r e d  r e g io n s  o f  th e  f i b e r  and  in  t h e  p r o c e s s  te n d  to  

r e v e r t  th e  f i b e r  t o  i t s  o r i g i n a l ,  u n s t r a in e d  c o n d i t i o n .
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Table VII

S h e e t
M o is tu re

5 .4 6
5 .4 6
5 .4 6
5 .4 6

7 .4 3
7 .4 3
7 .4 3
7 .4 3

9 .9 9
9 .9 9
9 .9 9
9 .9 9

1 4 .6
1 4 .6
1 4 .6
1 4 .6

E f f e c t  o f  S h e e t M o is tu re  on T e n s i l e  A n is o tro p y

M achine C ro ss
D egree  o f  D i r e c t io n  D i r e c t io n

Wet S t r a i n i n g  T e n s i l e  T e n s i l e  SD/CD

%
0 1 8 .3 4  1 5 .6 8  1 .1 7
1 .5  1 8 .3 8  1 5 .6 5  1 .2 6
3 .0  1 9 .8 0  1 4 .6 1  1 .3 6
3 .5 7  1 7 .8 1  1 3 .2 9  1 .3 4

0 1 5 .1 0  1 3 .7 2  1 .1 0
1 .5  1 9 .1 6  1 5 .4 7  1 .2 4
3 .0  1 8 .7 6  1 3 .9 2  1 .3 5
3 .5 7  1 8 .2 8  1 3 .7 4  1 .3 3

0 1 2 .3 2  1 1 .5 0  1 .0 7
1 .5  1 3 .3 2  1 0 .9 2  1 .2 2
3 .0  1 4 .2 9  1 0 .7 7  1 .3 3
3 .5 7  1 3 .4 4  1 0 .4 6  1 .2 8

0 7 .8 2  8 .4 4  0 .9 3
1 .5  9 .5 6  8 .0 5  1 .1 9
3 .0  9 .2 1  7 .3 4  1 .2 5
3 .5 7  8 .9 1  7 .4 5  1 .2 0
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T e a r in g  S t r e n g th

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

r e l a t i v e  h u m id i t i e s  i s  p r e s e n t e d  i n  T a b le s  I I - V .  An e x a m in a t io n  o f  

F ig s .  15 -18  r e v e a l s  t h a t ,  i n  th e  m a j o r i t y  o f  c a s e s ,  t h e  e f f e c t  o f  

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

an d  upon f u r t h e r  w e t s t r a i n i n g  t o  i n c r e a s e  i t .  At 90% RH, o n ly  th e  

c r o s s  s t r a i n  d i r e c t i o n  t e a r i n g  s t r e n g t h  i n c r e a s e s  w i th  i n c r e a s e  i n  

w e t s t r a i n i n g  w h e re as  t h e  2 2 .5 ° ,  45° and 6 7 .5 °  t e a r i n g  s t r e n g t h s  

d e c r e a s e  s t e a d i l y  th r o u g h o u t .

The e f f e c t  o f  w e t s t r a i n i n g  on t e a r i n g  s t r e n g t h  can  b e  e x p la in e d  

by th e  th e o r y  p ro p o se d  by Van den  A kker (4 3 ) . The i n i t i a l  d e c r e a s e  

i n  t e a r i n g  s t r e n g t h / d e g r e e  o f  w e t s t r a i n i n g  c u rv e  may b e  due to  a 

d e c r e a s e  in  t h e  ' f r i c t i o n a l  d r a g  w o rk ' by v i r t u e  o f  l o o s e r  enm esh - 

m ent c a u se d  by  s l i g h t l y  d e c re a s e d  b o n d in g  (4 ) d u r in g  w h ich  t im e  a 

l a r g e  num ber o f  f i b e r s  f a i l  i n  t e n s i l e  r u p t u r e .  As s t r a i n i n g  i s  

c o n t in u e d ,  l e s s  f i b e r s  f a i l  i n  t e n s i l e  r u p tu r e  and t h e r e f o r e ,  m ore 

f i b e r s  a r e  p u l l e d  i n t a c t  from  th e  m esh. S in c e  th e  f r i c t i o n a l  d r a g  

w ork p e r  f i b e r  i s  v e ry  much g r e a t e r  th a n  th e  r u p tu r e  w o rk , t h i s  i n ­

c r e a s e  i n  th e  num ber o f  f i b e r s  p u l l e d  i n t a c t  from  th e  m esh c a u s e s  

th e  t e a r i n g  s t r e n g t h  t o  i n c r e a s e .

F ig .  19 shows th e  e f f e c t  o f  t h e  a n g le  o f  r e s t r a i n t  d u r in g  d r y in g  

and  s h e e t  m o is tu r e  on th e  m ean t e a r i n g  s t r e n g t h .  T h e re  i s  a  g e n e r a l  

i n c r e a s e  i n  t e a r i n g  s t r e n g t h  i n  t h e  c r o s s  s t r a i n  d i r e c t i o n .  A g a in , 

t h i s  c an  b e  a t t r i b u t e d  t o  an  i n c r e a s e  i n  f r i c t i o n a l  d ra g  w ork  c a u se d  

by m ore f i b e r s  b e in g  p u l l e d  o u t  i n t a c t  th a n  b e in g  r u p tu r e d  in  th e
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c r o s s  d i r e c t i o n .  M o is tu re  h a s  a  p ro n o u n ce d  in f l u e n c e  on  t e a r i n g  

s t r e n g t h .  T e a r in g  s t r e n g t h  i n c r e a s e s  w i th  an  i n c r e a s e  i n  s h e e t  

m o is tu r e  c o n t e n t .  T e a r in g  r e s i s t a n c e  i s  d e p e n d e n t upon  lo n g  f i b e r s ,  

l o o s e l y  bo n d ed  a n d  f r e e  t o  move d u r in g  th e  t e a r i n g  o p e r a t io n  ( 4 4 ) . 

Such a  lo o s e  s y s te m  a l lo w s  d i s t o r t i o n  an d  d i s l o c a t i o n  o f  a  g r e a t e r  

num ber o f  f i b e r s  i n  t e a r i n g  a  g iv e n  d i s t a n c e  th u s  r e q u i r i n g  th e  e x ­

p e n d i t u r e  o f  m ore w ork  th a n  i f  t h e  l i n e  o f  t e a r  i s  a  s h a r p  one a s  

e x p e r ie n c e d  when th e  f i b e r s  a r e  lo c k e d  t o g e t h e r  f i r m ly  i n  a  s h e e t  

o f  w e l l  b e a te n  s t o c k .  M o is tu re  re d u c e s  i n t e r f i b e r  b o n d in g  th u s  a l lo w ­

in g  th e  f i b e r s  t o  u n d e rg o  g r e a t e r  d i s t o r t i o n s  and  d i s l o c a t i o n s . T h is  

i n c r e a s e s  t h e  t e a r i n g  s t r e n g t h  o f  p a p e r .

The c r o s s  s t r a i n  d i r e c t i o n  e x h i b i t s  a  h i g h e r  t e a r i n g  s t r e n g t h  th a n  

th e  s t r a i n  d i r e c t i o n .  C o n s e q u e n tly ,  th e  SD:CD r a t i o  i s  l e s s  th a n  

u n i t y .  T a b le  V I I I  and F ig .  20 show th e  e f f e c t  o f  w et s t r a i n i n g  and 

s h e e t  m o is tu r e  on t e a r i n g  s t r e n g t h  SD:CD r a t i o .  As t h e  s h e e t  m o is ­

t u r e  i n c r e a s e s  t h e  SD:CD a n i s o t r o p y  d e c r e a s e s  a s  e x e m p l if ie d  by  th e  

r a t i o  a p p ro a c h in g  u n i t y .  T h e re  i s  no  c o r r e l a t i o n  b e tw e e n  w et s t r a i n ­

in g  and  t h e  t e a r i n g  s t r e n g t h  a n is o t r o p y  r a t i o .
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TABLE V I I I

S h e e t
M o is tu re

%
5 .4 6
7 .4 3
9 .9 9

1 4 .6

S h e e t
M o is tu re

%
5 .4 6
7 .4 3
9 .9 9

1 4 .6

T e a r in g  S t r e n g th  SD:CD R a t io

1.5%
DWS

3.0%
DWS

3.57%
DWS

0 .8 9 6
0 .8 9 1
0 .9 3 1
1 .0 3

U lt im a te

0%
DWS

0 .8 7 0
0 .9 2 5
0 .9 4 4
1 .02

T a b le  IX 

E lo n g a tio n

1.5%
DWS

0 .8 6 0
0 .8 5 5
0 .9 3 1
1.02

:CD R a t io

3.0%
DWS

0 .8 6 0
0 .8 7 8
0 .9 0 3
0 .9 5 0

3.57%
DWS

0 .4 5
0 .4 8
0 .5 4
0 .6 2

0 .3 8
0 .4 1
0 .4 4
0 .4 9

0 .2 7
0 .3 0
0 .3 3
0 .3 7

0 .2 5
0 .2 6
0 .2 8
0 .3 3
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U lt im a te  E lo n g a t io n

The e f f e c t  o f  w e t s t r a i n i n g  on s h e e t  e lo n g a t io n  i s  shown in  

F ig u re s  2 1 -2 4  a t  th e  d i f f e r e n t  r e l a t i v e  h u m id i t i e s .  U l t im a te  e lo n g ­

a t i o n  d ep en d s  upon th e  n a tu r e  o f  th e  r e s p o n s e  o f  t h e  s h e e t  t o  s t r e s s  

and upon th e  t e n s i l e  s t r e n g t h  o f  th e  s h e e t .

Wet s t r a i n i n g  r e d u c e s  th e  u l t i m a t e  e lo n g a t io n  o f  p a p e r .  T h is  

i s  i n  a c c o rd a n c e  w i th  o t h e r  w ork t h a t  h a s  a p p e a re d  i n  th e  l i t e r a t u r e .  

A c c o rd in g  t o  K allm es (1 8 ) , t h e  e lo n g a t io n  ta k in g  p l a c e  when a  p ie c e  o f  

p a p e r  i s  lo a d e d  d ep en d s  m a in ly  on th e  b e n d in g  and  d e f l e c t i o n  o f  th e  

f r e e  f i b e r  seg m en ts  b e tw e en  th e  f i b e r  to  f i b e r  b o n d s . At t h e  same 

tim e  th e  f i b e r s  a r e  a l s o  e lo n g a te d .  E lo n g a t io n  o f  a  p a p e r  th u s  de­

pends on th e  l e n g th  o f  th e  s e g m e n ts , th e  o r i e n t a t i o n  o f  th e  f i b e r s  and 

th e  m odulus o f  e l a s t i c i t y  o f  th e  f i b e r s .

A p l a u s i b l e  e x p la n a t io n  f o r  th e  r e d u c t io n  i n  u l t i m a t e  e lo n g a t io n  

w ith  i n c r e a s e  i n  w e t s t r a i n i n g  i s  t h a t  d u r in g  w e t s t r a i n i n g  th e  f i b e r s  

s l i p  to  some e x t e n t .  T h is  w i l l  s t r a i g h t e n  o u t  t h e  s l i g h t l y  c u rv e d  and  

k in k e d  seg m e n ts  th u s  r e d u c in g  th e  o v e r a l l  e x t e n s i b i l i t y  o f  e a c h  f i b e r .  

A ls o ,  x - r a y  i n v e s t i g a t i o n s  c o n d u c te d  by  J e n tz e n  (2 3 ) show t h a t  th e  

m i c r o f i b r i l s  i n  th e  s e c o n d a ry  w a l l ,  S2 l a y e r  o f  t h e  f i b e r  becom e 

o r i e n t e d ,  s t r a i g h t e n e d  and  s t r e s s e d  b y  t e n s i o n  d r y in g .  T h is  i n f l u ­

e n c e s  f i b e r  e lo n g a t io n  and  m odulus o f  e l a s t i c i t y .

C hanges i n  u l t i m a t e  e lo n g a t io n  w i th  s h e e t  m o is tu r e  and  a n g le  o f  

r e s t r a i n t  d u r in g  d r y in g  i s  shown i n  F ig .  2 5 . I t  i s  s e e n  t h a t  th e  

e f f e c t  i s  v e ry  s i g n i f i c a n t .  The c r o s s  d i r e c t i o n  e lo n g a t io n  i n c r e a s e s
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a t  a  f a s t e r  r a t e  than, t h e  m ach in e  d i r e c t i o n  w i th  i n c r e a s e  i n  m o is tu re  

c o n te n t .  When f i b e r s  t a k e  up w a te r  and  s w e l l ,  t h e  S2 l a y e r  ex p an d s 

l a t e r a l l y  and  i n  o r d e r  t o  r e t a i n  th e  t o t a l  l e n g th  o f  th e  s p i r a l ,  t h e  

f i b e r  h a s  t o  becom e s h o r t e r  ( 2 3 ) . T h i s , t o g e t h e r  w i th  t h e  im proved  

f l e x i b i l i t y  o f  th e  f i b e r  seg m en ts  and t h e  r e d u c t io n  i n  i n t e r f i b e r  

b o n d in g , i n c r e a s e s  t h e  u l t i m a t e  e lo n g a t io n  o f  th e  s h e e t .

U l t im a te  e lo n g a t io n  SD:CD r a t i o s  a r e  t a b u l a t e d  i n  T a b le  IX and 

i l l u s t r a t e d  i n  F ig .  2 6 . The r e d u c t io n  i n  u l t i m a t e  e lo n g a t io n  a n i s o ­

t r o p y  w i th  i n c r e a s e d  s h e e t  m o is tu r e  i s  c l e a r l y  o b s e rv e d . The a n i s o ­

t r o p y  r a t i o  i n c r e a s e s  w i th  i n c r e a s e  i n  m o is tu r e  c o n te n t  i n d i c a t i n g  

a  d e c r e a s e  i n  th e  d i r e c t i o n a l i t y  o f  th e  s h e e t .  H ow ever, th e  s h e e t  

i s  a lo n g  ways from  b e in g  p e r f e c t l y  's y m m e t r i c a l ' e v e n  a t  th e  h ig h  

h u m id i t i e s .  The 3.0% and  3.57%  w et s t r a i n e d  p a p e r  lo o s e s  i t s  u n i ­

d i r e c t i o n a l i t y  much s lo w ly  th a n  th e  0 . 0 % s t r a i n e d  s h e e t  and  th e y  

a l s o  d e m o n s tra te  g r e a t e r  SD:CD a n i s o t r o p y .
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Modulus of Elasticity

A m a t e r i a l  i s  s a id  t o  b e  e l a s t i c  i f  i t  e x h i b i t s  a  r e v e r s i b l e  

r e l a t i o n s h i p  b e tw e en  s t r e s s  and  s t r a i n ,  and  i f  t h i s  r e l a t i o n s h i p  i s  

n o t  t im e  d e p e n d e n t .  When a  lo a d  i s  rem oved from  an  e l a s t i c  b o d y , th e  

body w i l l  r e t u r n  to  i t s  o r i g i n a l  l e n g th .  H o o k e 's  law  s t a t e s  t h a t  th e  

s t r e s s  s e t  up w i t h in  an  e l a s t i c  body i s  p r o p o r t i o n a l  to  th e  s t r a i n  to  

w hich  th e  body i s  s u b je c t e d  t o  by  th e  a p p l i e d  lo a d .  The m odulus o f  

e l a s t i c i t y  i s  d e f in e d  a s  th e  r a t i o  o f  th e  s t r e s s  t o  t h e  s t r a i n ,  and 

i t s  v a lu e  d ep en d s  upon th e  u n i t s  s e l e c t e d  f o r  s t r e s s  an d  s t r a i n .

An e s t i m a t e  o f  th e  e l a s t i c  m odulus o f  p a p e r  can  b e  o b ta in e d  by 

m e a s u r in g  th e  i n i t i a l  s lo p e  o f  th e  l o a d - e lo n g a t io n  c u rv e .  The modu­

lu s  o f  e l a s t i c i t y  o f  h a n d s h e e ts  s u b je c t e d  t o  v a r io u s  d e g re e s  o f  w et 

s t r a i n i n g  i s  shown i n  F ig u re s  2 7 -3 0 . The u n i t s  o f  th e  m o d u li a r e  

g iv e n  i n  d y n es p e r  s q u a re  c e n t i m e t e r .  The m odu lus o f  e l a s t i c i t y  

r e a c h e s  a  maximum a ro u n d  3.0% w e t s t r a i n i n g  and  th e n  d e c r e a s e s .  The 

p a r a l l e l  o f  t h i s  b e h a v io r  w i th  ch an g es  o b s e rv e d  in  t e n s i l e  s t r e n g t h  

i s  a p p a r e n t .  T h is  i s  f u r t h e r  e v id e n c e  t h a t  s i g n i f i c a n t  ch an g es  

o c c u r  i n  a  s h e e t  when i t  i s  w e t s t r a i n e d .

F ig .  31 d e m o n s t ra te s  t h e  e f f e c t  o f  r e s t r a i n t  d u r in g  d r y in g  and 

m o is tu r e  c o n te n t  on th e  m odu lus o f  e l a s t i c i t y .  The m ach ine  d i r e c t i o n  

e x h i b i t s  a  s u b s t a n t i a l l y  h i g h e r  e l a s t i c  m odu lus th a n  t h e  c r o s s  d i r e c ­

t i o n .  As m o is tu r e  i n c r e a s e s ,  t h e  m odulus o f  e l a s t i c i t y  d e c r e a s e s .

A 56% d e c r e a s e  i n  th e  m ach ine  d i r e c t i o n  an d  a  60% d e c r e a s e  i n  th e  

m odulus o f  e l a s t i c i t y  i n  th e  c r o s s  d i r e c t i o n  r e s u l t e d  from  i n c r e a s i n g  

th e  s h e e t  m o is tu r e  from  5.46%  to  14.6% .
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T e n s i l e  E nergy  A b s o r p t io n , TEA

The ch a n g es  i n  t e n s i l e  e n e rg y  a b s o r p t io n  c r e a t e d  by w e t s t r a i n ­

in g  a r e  shown i n  F ig u re s  3 3 -3 6 . A m arked r e d u c t io n  i n  r u p tu r e  

e n e rg y  a s  th e  d e g re e  o f  w e t s t r a i n i n g  i s  i n c r e a s e d  i s  o b s e rv e d . Wet 

s t r a i n i n g  i s  known to  d e c re a s e  t h e  am ount o f  b o n d in g  i n  a  s h e e t  ( 4 ) .

I t  h a s  b een  shown (4 5 ) t h a t  th e  t e n s i l e  e n e rg y  a b s o r p t io n  depends 

upon t h e  num ber o f  i n t e r f i b e r  b o n d s , th e  s t r e n g t h  o f  t h e s e  bonds and 

to  a  l e s s e r  e x t e n t  on  th e  s t r e n g t h  o f  t h e  i n d i v i d u a l  f i b e r s  and  th e  

g e o m e t r ic a l  s t r u c t u r e  o f  th e  f i b e r  n e tw o rk . C o r te  and S c h asch ek  (45) 

have  fo u n d  t h a t  th e  a p p l i c a t i o n  o f  d r y in g  s t r e s s  r e s u l t s  i n  th e  

b re a k a g e  o f  h y d ro x y l  bonds and t h a t  th e  c h e m ic a l  e n e rg y  in v o lv e d  in  

t h i s  r e a c t i o n  i s  t r a n s fo rm e d  i n t o  m e c h a n ic a l  e n e rg y . F u r th e r ,  th e  

f i n a l  r u p tu r e  e n e rg y  i s  lo w ered  by t h i s  am oun t. T h is  i s  i n  a c c o rd ­

an c e  w i th  th e  o b s e rv e d  e f f e c t s  o f  w et s t r a i n i n g  on th e  r u p tu r e  

e n e r g y .

F ig .  37 i l l u s t r a t e s  th e  e f f e c t  o f  th e  a n g le  o f  r e s t r a i n t  d u r ­

in g  d r y in g  and s h e e t  m o is tu r e  on th e  r u p tu r e  e n e rg y .  The s t r a i n  

d i r e c t i o n  h a s  a  h ig h e r  r u p tu r e  e n e rg y  th a n  t h e  c r o s s  s t r a i n  d i r e c ­

t i o n .  T h is  may be  due  to  th e  s l i g h t  o r i e n t a t i o n  o f  t h e  m i c r o f i b r i l s  

c a u se d  by  w e t s t r a i n i n g .  S h e e t m o is tu re  h a s  a  n e g a t i v e  e f f e c t  on 

th e  r u p tu r e  e n e rg y . The c o n s t i t u e n t s  o f  t h e  i n t e r f i b e r  bonds a b so rb  

m o is tu r e  and  s w e l l ,  th u s  w eak en in g  th e  b o n d s .

The r u p tu r e  e n e rg y  a n is to r o p y  d e v e lo p m en t w i th  d ry in g  r e s t r a i n t  

and s h e e t  m o is tu r e  i s  shown in  F ig .  38 . W et s t r a i n i n g  i n c r e a s e s

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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SD:CD a n is o t r o p y  o f  t h e  p a p e r .  S h e e t m o is tu r e  te n d s  t o  s l i g h t l y  d e ­

c r e a s e  r u p tu r e  e n e rg y  a n i s o t r o p y .  T h is  may b e  due t o  t h e  im proved  

f l e x i b i l i t y  im p a r te d  to  t h e  f i b e r s  and p o s s i b l e  r e f o r m a t io n  o f  th e  

bonds i n  th e  c r o s s  s t r a i n  d i r e c t i o n  by h ig h e r  s h e e t  m o is t u r e s .
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Z ero  Span T e n s i le  S t r e n g th

The i n c r e a s e  i n  s h e e t  s t r e n g th  w i th  w e t s t r a i n i n g  h a s  lo n g  b e e n  

a s s o c i a t e d  w i th  f i b e r  o r i e n t a t i o n  i n  th e  s h e e t .  R o b e r tso n  and  B a i le y  

(7 ) u s e d  t e n s i l e  s t r e n g t h  a n is o t r o p y  as  a m ea su re  o f  f i b e r  o r i e n t a ­

t i o n ,  n o te d  t h a t  a n i s o t r o p y  d e v e lo p e d  p r im a r i l y  i n  t h e  d r i e r  s e c t i o n  

a n d , h e n c e ,  c o n c lu d e d  t h a t  m ost o f  t h e  f i b e r s  w ere  o r i e n t e d  i n  th e  

d r i e r  s e c t i o n .  S te e n b e rg  and D a n ie ls o n  ( 8 ) u s in g  ta g g e d  f i b e r s  fo u n d  

t h a t  th e  com bing a c t i o n  o f  th e  w ire  was th e  c h i e f  c a u se  o f  a l ig n m e n t .  

S c h u lz  (4 ) c o n c lu d e d  t h a t  f i b e r  o r i e n t a t i o n  does  n o t  o c c u r  and t e n ­

s i l e  s t r e n g t h  a n is o t r o p y  d e v e lo p e d  by  w et s t r a i n i n g  may b e  due  to  th e  

s t r a i g h t e n i n g  o f  th e  f i b e r  segm en ts b e tw een  th e  i n t e r f i b e r  bonds and 

r e d i s t r i b u t i o n  o f  s t r e s s  w i th in  th e  s h e e t .  However h e  d o es  n o t  d i s ­

m iss  t h e  p o s s i b i l i t y  t h a t  m i c r o f i b r i l l a r  o r i e n t a t i o n  ta k e s  p la c e  i n  

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

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

i s  th e  c a u se  o f  t h e  a n i s o t r o p y .

In  o r d e r  t o  t e s t  th e  v a l i d i t y  o f  th e  above t h e o r i e s ,  v a r io u s  

c h a r a c t e r i s t i c s  o f  th e  p a p e r  w ere  i n v e s t i g a t e d  u s in g  th e  Pulm ac Z ero  

Span T e n s i l e  T e s t e r .  The u se  o f  t h i s  in s t r u m e n t  to  m easu re  th e  f i b e r  

l e n g t h ,  f i b e r  s t r e n g t h ,  f i b e r  o r i e n t a t i o n  and b o n d in g  in d e x  h a s  b e e n  

d i s c u s s e d  i n  a n o th e r  s e c t i o n .  S in c e  th e  maximum e f f e c t  due t o  w et 

s t r a i n i n g  w i l l  b e  o b s e rv e d  a t  h ig h e r  l e v e l s  o f  w e t s t r a i n i n g ,  t e s t s  

w ere  o n ly  c o n d u c te d  on h a n d s h e e ts  s u b je c t e d  to  3.0% and  3.57%  d e g re e  

o f  w e t s t r a i n i n g  and  c o n d i t io n e d  a t  50% r e l a t i v e  h u m id i ty .
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The z e ro  sp a n  t e n s i l e  s t r e n g t h s  o f  t h e  h a n d s h e e ts  a r e  p r e s e n te d  

i n  T a b le  X. An e x a m in a t io n  o f  th e  r e s u l t s  r e v e a l s  t h a t  t h e  s t r a i n  

d i r e c t i o n  and  c r o s s  s t r a i n  d i r e c t i o n  z e ro  sp a n  t e n s i l e  s t r e n g t h s  

a lm o s t o v e r l a p ,  i n d i c a t i n g  t h a t  no g r o s s  f i b e r  a l ig n m e n t  to o k  p la c e  

d u r in g  w e t s t r a i n i n g .  The a n a ly s i s  d o e s  n o t  h o w e v e r , v e r i f y  w h e th e r  

f i b r i l l a r  o r i e n t a t i o n  o c c u re d . F ig u re s  39-40  d e m o n s tra te  th e  t e n ­

s i l e  s t r e n g t h s  o v e r  a  sp a n  ra n g e  from  0 .0  t o  0 .5  m i l l i m e t e r s .  The 

n e a r  sym m etry o f  th e  s t r a i n  and c r o s s  s t r a i n  d i r e c t i o n  s t r e n g t h s  i s  

c l e a r l y  v i s i b l e .

The w e t t e n s i l e  s t r e n g t h s  r e p r e s e n t  th e  p a p e r  i n  an  unbonded 

c o n d i t io n .  T h is  i s  u se d  t o  d e te rm in e  th e  f i b e r  l e n g th  in d e x  and  th e  

b o n d in g  in d e x .  T e s t in g  th e  sp ec im en s  i n  a  d ry  and  w et c o n d i t io n  i s  

a n a lo g o u s  to  t e s t i n g  bonded  and  unbonded random  a r r a y s  o f  f i b e r s .
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Table X

Z ero  Span T e n s i l e  S t r e n g th s  o f  
3.0% a n d  3.57%  D egree  o f  Wet S t r a i n e d  H a n d sh e e ts

DWS
%

3
3
3
3
3

3
3
3
3
3

3 .5 7
3 .5 7
3 .5 7
3 .5 7
3 .5 7

3 .5 7
3 .5 7
3 .5 7
3 .5 7
3 .5 7

SPAN
MM

ZERO SPAN TENSILE 
2 5 .4  MM

0 .0 5
0.10
0 . 2 0
0 .4 0

0
0 .0 5
0 .10
0 .20
0 .3 0

1 5 .3  
1 5 .0  
1 4 .6
1 5 .4
1 5 .4

SAMPLE

SD, Dry 
SD, Dry 
SD, Dry 
SD, Dry 
SD, Dry

SD, Wet 
SD, Wet 
SD, Wet 
SD, Wet 
SD, Wet

CD, Dry 
CD, Dry 
CD, Dry 
CD, Dry 
CD, Dry

CD, Wet 
CD, Wet 
CD, Wet 
CD, Wet 
CD, Wet

\
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Table X

Z ero  Span T e n s i l e  S t r e n g th s  o f
3.0% and  3.57%  D eg ree  o f  Wet S t r a in e d  H a n d sh e e ts

DWS SPAN ZERO SPAN TENSILE
% MM KG p e r  2 5 .4  MM SAMPLE

3 0 . 0 2 1 . 0 SD, Dry
3 0 .0 5 2 0 .4 SD, Dry
3 0 . 1 0 2 0 .4 SD, Dry
3 0 . 2 0 1 9 .0 SD, Dry
3 0 .3 0 1 8 .0 SD, Dry

3 0 . 0 1 6 .0 SD, Wet
3 0 .0 5 1 5 .6 SD, Wet
3 0 . 1 0 1 5 .2 SD, Wet
3 0 . 2 0 1 4 .9 SD, Wet
3 0 .3 0 1 4 .8 SD, Wet

3 .5 7 0 2 0 . 6 CD, Dry
3 .5 7 0 .0 5 2 0 . 6 CD, Dry
3 .5 7 0 . 1 0 2 0 . 2 CD, Dry
3 .5 7 0 . 2 0 1 9 .2 CD, Dry
3 .5 7 0 .4 0 1 8 .3 CD, Dry

3 .5 7 0 1 5 .3 CD, Wet
3 .5 7 0 .0 5 1 5 .0 CD, Wet
3 .5 7 0 . 1 0 1 4 .6 CD, Wet
3 .5 7 0 . 2 0 1 5 .4 CD, Wet
3 .5 7 0 .3 0 1 5 .4 CD, Wet
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Table X (Continued)

DWS
%

SPAN
MM

ZERO SPAN TENSILE 
KG p e r  2 5 .4  MM SAMPLE

3 .5 7 0 2 1 . 8 SD, Dry
3 .5 7 0 . 1 2 0 .4 SD, Dry
3 .5 7 0 . 2 1 9 .6 SD, Dry
3 .5 7 0 .3 1 7 .2 SD, Dry
3 .5 7 0 .4 1 6 .8 SD, Dry

3 .5 7 0 1 4 .3 SD, Wet
3 .5 7 0 . 1 1 3 .8 SD, Wet
3 .5 7 0 . 2 1 1 .9 SD, Wet
3 .5 7 0 .3 1 0 .3 SD, Wet

3 .5 7  - 0 2 0 . 8 CD, Dry
3 .5 7 0 . 1 2 0 . 1 CD, Dry
3 .5 7 0 . 2 1 8 .9 CD, Dry
3 .5 7 0 .3 1 8 .9 CD, Dry
3 .5 7 0 .4 1 8 .2 CD, Dry

3 .5 7 0 1 5 .0 CD, Wet
3 .5 7 0 . 1 1 3 .6 CD, Wet
3 .5 7 0 . 2 1 1 . 6 CD, Wet
3 .5 7 0 .3 1 0 .5 CD, Wet
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2 8

2 4

2 0

16

12

SD Dry 

SD Wet

CD Dry 
CD Wet

0.20 0 A0.1 0 .3 0 ;5

S P A N ,  mm.

F ig . 3 9 . Z ero  Span T e n s i l e  S t r e n g th  o f  3.0% DWS H an d sh e e t
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24

22

2 0

18

16

SD Dry

CD Dry 
SD Wet14
CD Wet

10
0.2 0 . 40.10 0 . 3

S P A N ,  mm.

F ig .  4 0 . Z ero  Span T e n s i l e  S t r e n g th  o f  3.57%  DWS H a n d sh ee t
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SUMMARY OF RESULTS

H a n d sh e e ts  made from  R a y o n ie r  b le a c h e d ,  so ftw o o d  k r a f t  p u lp  w ere  

e lo n g a te d  a t  38.5% s o l i d s  c o n te n t  and m a in ta in e d  i n  t h i s  c o n d i t io n  

u n t i l  t h e  s h e e t s  w ere  f u l l y  d r i e d  a t  11 2 °F . The m e c h a n ic a l  p r o p e r ­

t i e s  o f  th e  p a p e r  w ere  th e n  e v a lu a te d  a t  v a r io u s  r e l a t i v e  h u m id i t i e s .  

The p u rp o s e  o f  t h i s  i n v e s t i g a t i o n  was to  d e te rm in e  th e  i n f lu e n c e  o f  

s h e e t  m o is tu r e  on th e  a n is o t r o p y  in d u c e d  i n  a  s h e e t  by w e t s t r a i n i n g .

E x a m in a tio n  o f  th e  l o a d - e lo n g a t io n  p r o p e r t i e s  o f  th e  p a p e r  i n d i ­

c a t e s  t h a t  a s  w e t s t r a i n i n g  was i n c r e a s e d ,  th e  t e n s i l e  s t r e n g t h  o f  

th e  h a n d s h e e ts  in c r e a s e d  from  0 to  27%, and  th e n  d e c r e a s e d .  The

u l t i m a t e  e lo n g a t io n  d e c re a s e d  s t e a d i l y  w i th  w e t s t r a i n i n g .

The e f f e c t  o f  w e t s t r a i n i n g  on th e  m odulus o f  e l a s t i c i t y  o f  

th e  h a n d s h e e ts  c lo s e l y  re se m b le d  th e  c h a n g es  o b s e rv e d  i n  t e n s i l e  

s t r e n g t h  w i th  w e t s t r a i n i n g .  The m odulus o f  e l a s t i c i t y  i n c r e a s e d  

a p p ro x im a te ly  2% to  75% and th e n  d e c r e a s e d .  The r u p tu r e  e n e rg y  was 

a l s o  s i g n i f i c a n t l y  a f f e c t e d  by w e t s t r a i n i n g .  A s te a d y  r e d u c t io n  

i n  r u p tu r e  e n e rg y  was o b s e rv e d  w i th  w e t s t r a i n i n g .

The t e a r i n g  r e s i s t a n c e  o f  th e  p a p e r  i n i t i a l l y  d e c re a s e d  down

to  24% and th e n  in c r e a s e d  a s  w et s t r a i n i n g  w as i n c r e a s e d .

The z e ro  sp a n  t e n s i l e  s t r e n g t h  o f  th e  s h e e t s  was n o t  fo u n d  to  

b e  a f f e c t e d  by  w e t s t r a i n i n g .  The s t r a i n  and  c r o s s  s t r a i n  d i r e c t i o n  

z e ro  sp a n  t e n s i l e  s t r e n g t h s  w ere  a p p ro x im a te ly  e q u a l  i n d i c a t i n g  t h a t  

no m a jo r  f i b e r  o r i e n t a t i o n  o c c u re d  d u r in g  th e  w e t s t r a i n i n g  o p e r a t io n .
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R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



S h e e t m o is tu r e  had  a  d o m inan t e f f e c t  on  p a p e r  p r o p e r t i e s .  

T e n s i l e  s t r e n g t h ,  m odulus o f  e l a s t i c i t y  and  th e  w o r k - to - r u p tu r e  o f  

p a p e r  d e c re a s e d  w h i l e  t h e  t e a r i n g  r e s i s t a n c e  and  u l t i m a t e  e lo n g a ­

t i o n  in c r e a s e d  w i th  i n c r e a s e  i n  m o is tu r e  c o n t e n t .

Wet s t r a i n i n g  g r e a t l y  i n c r e a s e d  SD:CD a n i s t r o p y  o f  th e  p a p e r .  

T h is  m e c h a n ic a l  a n i s o t r o p y  was d e c re a s e d  a p p ro x im a te ly  50 t o  70% 

a s  t h e  s h e e t  m o is tu r e  was i n c r e a s e d .

The p r e c e d in g  s ta t e m e n ts  s e r v e  t o  sum m arize  th e  e x p e r im e n ta l  

w ork  c o m p le te d  i n  t h i s  s tu d y .  When a  lo a d  i s  a p p l i e d  to  p a p e r ,  t h e  

s t r e s s  d e v e lo p e d  i s  d i s t r i b u t e d  i n  a  n o n u n ifo rm  m anner w i t h in  t h e  

s h e e t .  Such n o n u n ifo r m i ty  i s  due t o  t h e  i r r e g u l a r  g eom etry  o f  th e  

f i b e r s  and  th e  d e p en d en cy  o f  th e  c o h e re n c e  o f  th e  s h e e t  upon th e  

b o n d in g  b e tw e e n  t h e  f i b e r s .

I f  t h i s  s t r e s s  d i s t r i b u t i o n  i s  ch an g ed  so  t h a t  th e  com ponents 

w h ic h  p r e v i o u s ly  s u p p o r te d  l e s s  th a n  t h e i r  s h a r e  o f  th e  lo a d  a r e  

made to  s u p p o r t  a  g r e a t e r  f r a c t i o n  o f  th e  lo a d  an d  v i c e  v e r s a ,  t h e  

r e s p o n s e  o f  t h e  p a p e r  to  s t r e s s  w i l l  b e  r e d u c e d .

O b se rv ed  c h a n g es  i n  m odulus o f  e l a s t i c i t y  s u g g e s t  t h a t  w e t 

s t r a i n i n g  a f f e c t s  t h e  m anner i n  w h ich  s t r e s s  i s  d i s t r i b u t e d  i n  t h e  

s h e e t  when i t  i s  u n d e r  t e n s i o n .  The z e ro  s p a n  t e n s i l e  s t r e n g t h  d a t a  

show s t h a t  no  g r o s s  f i b e r  r e a l ig n m e n t  o c c u re d  d u r in g  w et s t r a i n i n g .  

From th e s e  o b s e r v a t i o n s ,  i t  i s  h y p o th e s i s e d  t h a t  when a  s h e e t  i s  w et 

s t r a i n e d ,  th e  f i b e r s  s l i p  t o  some e x t e n t  and  t h i s  s t r a i g h t e n s  t h e  

s l i g h t l y  k in k e d  and  c u rv e d  s e g m e n ts , m aking  them  a c t i v e  from  a  l o a d ­

in g  p o i n t  o f  v ie w . T h e r e f o r e ,  from  t h e  v e r y  b e g in n in g  o f  l o a d i n g ,  

e v e ry  f i b e r  i s  re a d y  to  s h a r e  a f r a c t i o n  o f  th e  t o t a l  lo a d  a n d  t h u s ,
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i n c r e a s i n g  t h e  t e n s i l e  s t r e n g t h  and  m odulus o f  e l a s t i c i t y  o f  th e  

p a p e r .  A t h ig h  d e g re e s  o f  w e t s t r a i n i n g ,  some bond r u p tu r e  o c c u rs  

w h ich  i s  a  p o s s i b l e  r e a s o n  f o r  th e  d e c r e a s e  i n  th e  above  p a p e r  p r o ­

p e r t i e s  b eyond  a b o u t  3% w e t s t r a i n i n g .

Wet s t r a i n i n g  in d u c e d  i n t o  a  s h e e t  a  g r e a t  amount o f  a n i s o t r o p y .  

The i n h i b i t i o n  o f  s h r in k a g e  o f  th e  f ib r o u s  n e tw o rk  i n  th e  d i r e c t i o n  

o f  s t r a i n i n g  r e s u l t e d  i n  a  s t r a i n  b u i ld - u p  i n  th e  s h e e t .  F ib e r s  a r e  

l i k e l y  d i s p l a c e d  from  t h e i r  o r i g i n a l  s t a b l e  a rra n g e m e n t i n to  a  new 

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

d r i e d - i n  s t r a i n s  t o  a  c e r t a i n  e x t e n t .  M o is tu re  a c t s  a s  a  d e b o n d in g  

a g e n t  on th e  f i b r o u s  n e tw o rk . The s t i f f n e s s  and  r e s i s t a n c e  t o  b e n d ­

in g  o f  t h e  f i b e r s  d e c r e a s e  a t  h ig h e r  r e l a t i v e  h u m id i t i e s .  A lso  th e  

i n t e r f i b e r  bonds becom e w e a k e r and th e  s t r a i g h t e n e d  f i b e r s  a r e  

a llo w e d  t o  r e l a x  and  r e t u r n  to  t h e i r  o r i g i n a l ,  u n s t r a in e d  c o n f ig u r a ­

t i o n s .  T h is  r e s u l t s  in  b o th  a  d e c re a s e  i n  t h e  t e n s i l e  s t r e n g t h ,  

m odulus o f  e l a s t i c i t y  and  r u p tu r e  e n e rg y  o f  p a p e r  and  a  d e c re a s e  

i n  t h e  m e c h a n ic a l  a n i s o t r o p y  o f  th e  p a p e r .  I t  i s  c o n c e iv a b le  t h a t  

f i b e r s  t h a t  w e re  made to  s u p p o r t  a  f r a c t i o n  o f  th e  lo a d  in  th e  s t r a i n  

d i r e c t i o n ,  a r e  now made m ore a c t i v e  i n  th e  c r o s s  s t r a i n  d i r e c t i o n  and 

c o n t r i b u t e  to  th e  s t r e n g t h  i n  t h i s  d i r e c t i o n .

Due to  c o m m e rc ia l m a n u fa c tu r in g  p r o c e s s e s ,  p a p e r  i s  i n  a  

s t r a i n e d  c o n d i t i o n .  C o n s e q u e n tly , th e  m ach in e  and c r o s s  m ach ine  

d i r e c t i o n s  e x h i b i t  d i f f e r e n t  m e c h a n ic a l  p r o p e r t i e s .  T h is  a n i s o ­

t r o p y  i s  n o t  a lw a y s  o b j e c t i o n a b l e ,  f o r  i n  s o  f a r  a s  i t  r e p r e s e n t s  

a  p r e f e r e n t i a l  d i s t r i b u t i o n  o f  s t r e n g t h  i t  c a n  b e  h i g h ly  d e s i r a b l e .

F o r e x a m p le , i n  p a p e rs  w h ich  a r e  s u b je c t e d  to  a  h ig h  m ach ine  d i r e c t i o n
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p u l l ,  w i th  no  p u l l  i n  t h e  c r o s s  d i r e c t i o n .  T h e re  i s ,  h o w e v e r, a 

v e ry  w id e  ra n g e  o f  p a p e rs  w h e re  i t  i s  a  g r e a t  d raw back  to  h a v e  a  

g r e a t  d e g re e  o f  a n i s o t r o p y .  Such i s  th e  c a s e  w i th  p r i n t i n g  p a p e r s .  

The d r i e d - i n  s t r a i n s  c a u se  c u r l ,  w r in k le  and  m i s r e g i s t e r .  I t  h a s  

lo n g  b e e n  a  common p r a c t i c e  among p r i n t e r s  to  s t o r e  p a p e r  f o r  some 

tim e  b e f o r e  p r i n t i n g  i t ,  i t  b e in g  c la im e d  t h a t  p a p e r  w h ich  had  b e e n  

th u s  'm a tu re d *  g av e  b e t t e r  r e s u l t s  on p r i n t i n g .  I t  may b e  j u s t  

p o s s i b l e  t h a t  t h i s  i s  due t o  t h e  g r a d u a l  r e l e a s e  o f  s t r a i n s  i n  th e  

p a p e r  and  t h a t  t h e  same r e s u l t  m ig h t b e  o b ta in e d  i n  a much s h o r t e r  

tim e  by  c o n d i t i o n i n g  th e  p a p e r  a t  a  f a i r l y  h ig h  h u m id ity  (85% t o  

90% RH) and  th e n  d r y in g  i t  w i th o u t  r e s t r a i n t  t o  th e  m o is tu r e  co n ­

t e n t  i t  i s  to  b e  u s e d  a t .

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



CONCLUSIONS

From t h e  e x p e r im e n ta l  r e s u l t s  o b ta in e d  th e  f o l lo w in g  c an  be 

c o n c lu d e d :

1 . C o n s id e ra b le  a n is o t r o p y  was in d u c e d  i n t o  a  s h e e t

o f  p a p e r  by  w e t s t r a i n i n g .  T h is  a n i s t r o p y  re a c h e d

a  maximum a t  a ro u n d  3% w et s t r a i n i n g  and th e n  d e ­

c r e a s e d .

2 . C o n d i t io n in g  o f  th e  w e t s t r a i n e d  p a p e r  to  h ig h  r e l a ­

t i v e  h u m id i t i e s  g r a d u a l ly  r e l e a s e d  some o f  th e  d r i e d -

i n  s t r a i n s .  When th e  p a p e r  was th u s  'h u m id i ty - c o n d i ­

t i o n e d ' , t h e  a n is o t r o p y  d e c re a s e d  by a p p ro x im a te ly

50 to  70%.

3 . I n c r e a s e  i n  s h e e t  m o is tu r e  d e c re a s e d  t e n s i l e  s t r e n g t h ,  

m odulus o f  e l a s t i c i t y  and w o r k - to - r u p tu r e  o f  p a p e r  

w h i le  th e  t e a r i n g  r e s i s t a n c e  and u l t i m a t e  e lo n g a t io n  

i n c r e a s e d .

4 . The t e n s i l e  s t r e n g t h  and m odulus o f  e l a s t i c i t y  in c r e a s e d  

to  a  maximum and th e n  d e c re a s e d  a s  w e t s t r a i n i n g  was i n ­

c r e a s e d .

5 . The u l t i m a t e  e lo n g a t io n  and  r u p tu r e  e n e rg y  d e c re a s e d

s t e a d i l y  w i th  w e t s t r a i n i n g .

6 . The t e a r i n g  r e s i s t a n c e  o f  th e  p a p e r  i n i t i a l l y  d e c re a s e d

and th e n  i n c r e a s e d  as  w e t s t r a i n i n g  w as i n c r e a s e d .

7. Wet s t r a i n i n g  h ad  no e f f e c t  on th e  z e ro  sp a n  t e n s i l e

s t r e n g t h  o f  th e  h a n d s h e e ts .
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APPENDIX I

SAMPLE CALCULATION OF MODULUS OF ELASTICITY

M odulus o f  E l a s t i c i t y  = S t r e s s /A r e a
S t r a in /L e n g th

EXAMPLE —_

T e s t  a  s t r i p  10 cm b e tw e en  ja w s , 1 in c h  ( 2 .5 4  cm) w ide  and 

0 .0 0 4 8 3  in c h e s  c a l i p e r

t e n s i l e  in  kg

to

14 kg

M odulus o f  E l a s t i c i t y  =

F ig u re  41 -  S t r e s s - s t r a i n  c u rv e .

14

1 .5  x ( 2 .5 4 ) z x 0 .0 0 4 8 3

14 x  9 8 0 .7  x  1000_______
1 .5  x  ( 2 .5 4 ) ^  x 0 .0 0 4 8 3

J-  2 9 .4  x 10 ' dynes
cm

cm

dynes
crrr
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9 9

APPENDIX I I

INTEGRATOR CALCULATIONS 
FOR TENSILE ENERGY ABSORPTION, TEA

TEA1  i n  kg m/m2  = 100 A1 /LW 

w here

A1 = w ork in  kg-cm  
L = l e n g th  o f  s t r i p  in  cm 
W = w id th  o f  s t r i p  i n  cm

EXAMPLE

T e s t  a  s t r i p  10 cm b e tw e en  jaw s (L) and  1 in c h  ( 2 .5 4  cm) w id e  (W)

1 0  kgI n t e g r a t o r  R ead ing  
3754%

F ig u re  42 -  S t r e s s - s t r a i n  c u rv e .

I n t e g r a t o r  r e a d s  5000 i f  f u l l  s c a l e  f o r  1 m in u te .

SoA1  (kg-cm ) = I n t e g r a t o r  R ead ing  X F u l l  S c a le  Load X D riv e  Speed
5000

In  ex am p le , A1  = 375 x  20 x 2 .0  = 3 .0  kg  cm
5000

TEA1  i n  kg -m/m2 = 100 x 3 .0  = 1 1 .9 5
10 x 2 .5 4

FOR EXAMPLE ABOVE USE;

Use AX AX low  on d r i v e  (2  cm /m in)
Use AX AX h ig h  on r e c o r d e r  s p e e d  (20 cm /m in)
Use 20 kg  f u l l  s c a l e
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