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Low  density  nonwoven  sheets. 

Coherent  expanded  nonwoven  sheets  having  a  den- 
sity  of  less  than  0.16  g/mL  are  comprised  of  fibrids  of 
a  wholly  synthetic  polymer,  preferably  not  melting  below 
130°C,  and  optionally  containing  up  to  80%  by  weight 
floc.  The  sheet  is  comprised  of  a  plurality  of  paper-like 
membranous  layers  which  join  and  separate  at  random 
throughout  the  thickness  of  the  sheet  to  form  expanded 
cells.  The  expanded  nonwoven  sheets  are  prepared  by 
rapid  vaporization  of  water  in  a  wet,  never-dried  sheet 
of  fibrids  containing  at  least  60%  by  weight  water.  Rapid 
vaporization  of  the  water  preferably  is  induced  by  di- 
electric  heating.  Embossing  may  be  used  before  or  during 
expansion  to  produce  a  sheet  which  is  expanded  only 
in  selected  areas. 



T e c h n i c a l   F i e l d  

T h i s   i n v e n t i o n   r e l a t e s   to  c o h e r e n t ,  

e x p a n d e d ,   w e t - l a i d   n o n w o v e n   s h e e t s   c o m p r i s e d   o f  

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

l e n g t h   f i b e r s .   The  s h e e t s   a r e   s u i t a b l e   f o r   u se   a s  

t h e r m a l   and  a c o u s t i c a l   i n s u l a t i o n   h a v i n g   a  l o w  

d e n s i t y .  

B a c k g r o u n d   A r t  

W e t - l a i d   n o n w o v e n   s h e e t s   c o m p r i s e d   of   w h o l l y  

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

f i b e r s   a r e   known  f r o m   U . S .   P a t e n t   2 , 9 9 9 , 7 8 8 .  

I n c r e a s e d   b o n d i n g   of  t h e s e   s h e e t s   can   be  o b t a i n e d   b y  

a p p l i c a t i o n   of  h e a t   a n d / o r   p r e s s u r e .   P r e s s u r e   c a n   b e  

a p p l i e d   w i t h   e n g r a v e d   r o l l s   w h i c h   p r o d u c e   a  p a t t e r n  

on  t h e   s h e e t s .   D i e l e c t r i c   h e a t i n g   may  be  u s e d   t o  

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

p a p e r - l i k e   or  c l o t h - l i k e ,   d e p e n d i n g   on  t h e   m a t e r i a l s  

u s e d .   T y p i c a l   d e n s i t i e s   a r e   of  t h e   o r d e r   o f  

0 . 4 - 0 . 6   g / m L .   W h i l e   t h e s e   s h e e t s   a r e   s a i d   to   b e  

u s e f u l   in  a c o u s t i c a l   i n s u l a t i o n ,   a  l o w e r   d e n s i t y  

m a t e r i a l   c o u l d   p r o v i d e   b e t t e r   a c o u s t i c a l   and  t h e r m a l  

i n s u l a t i o n   p r o p e r t i e s   a t   a  l o w e r   c o s t .   S o m e w h a t  

l o w e r   d e n s i t y   s h e e t s   c an   be  o b t a i n e d   in  u n c a l e n d e r e d  

f o r m .   For   i n s t a n c e ,   an  u n c a l e n d e r e d   a r a m i d   p a p e r  
s h e e t   is  a v a i l a b l e   c o m m e r c i a l l y   h a v i n g   a  d e n s i t y   o f  

a b o u t   0 .3   g / m L ;   b u t   e v e n   l o w e r   d e n s i t y   s h e e t s   of  s u c h  

m a t e r i a l s   w o u l d   be  more   u s e f u l   in  many  a p p l i c a t i o n s  

i f   t h e y   c o u l d   be  made  e c o n o m i c a l l y   and  f r e e   o f  

u n d e s i r a b l e   c o n t a m i n a n t s .  

Low  d e n s i t y   n o n w o v e n   s h e e t s   a r e   p r e p a r e d  

a c c o r d i n g   to  U . S .   P a t e n t   3 , 7 5 9 , 7 7 5   (Re:   3 0 , 0 6 1 )   b y  

i m p r e g n a t i n g   a  n o n w o v e n   web  w i t h   an  a q u e o u s   l i q u i d  



c o n t a i n i n g   a  b i n d e r   and  r a p i d l y   v a p o r i z i n g   t h e   w a t e r ,  

e . g . ,   by  d i e l e c t r i c   h e a t i n g ,   to   e x p a n d   t h e   s t r u c t u r e  

w h i l e   s i m u l t a n e o u s l y   s e t t i n g   t h e   b i n d e r .   T h e  

n o n w o v e n   webs   a r e   p r e f e r a b l y   a i r - l a i d .  

E x p a n d e d   f i b r o u s   m a t e r i a l   may  be  p r e p a r e d  

a c c o r d i n g   to  B r i t i s h   P a t e n t   1 , 4 0 8 , 2 6 2   by  c o n f i n i n g  

t h e   f i b r o u s   m a t e r i a l   u n d e r   p r e s s u r e   w i t h   a  p u f f i n g  

a g e n t ,   p r e f e r a b l y   w i t h   h e a t i n g ,   f o l l o w e d   by  r e l e a s e  

of   t h e   p r e s s u r e   and  e x p a n s i o n   of  t h e   m a t e r i a l .   T h e  

h e a t   may  be  p r o v i d e d   by  d i e l e c t r i c   m e a n s .  

The  s o l v e n t ,   h e a t   and  f l a m e - r e s i s t a n t  

p r o p e r t i e s   of   s y n t h e t i c   a r a m i d s ,   s u c h   a s  

p o l y [ m - p h e n y l e n e   i s o p h t h a l a m i d e ] ,   w h i c h   make  t h e m  

v e r y   u s e f u l   u n d e r   c e r t a i n   c o n d i t i o n s ,   a l s o   make  i t  

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

u s e f u l   e x p a n d e d   l o w - d e n s i t y   f o r m .   T h i s   i n v e n t i o n  

p r o v i d e s   among  o t h e r   t h i n g s   a  n o v e l   p r o c e s s   f o r  

m a k i n g   s u c h   p o l y m e r s   i n t o   l i g h t w e i g h t   s t r u c t u r e s .  

One  o b j e c t   of  t h i s   i n v e n t i o n   is   a  c o h e r e n t  

s h e e t   c o m p r i s e d   of   w h o l l y   s y n t h e t i c   p o l y m e r   f i b r i d s  

and  h a v i n g   a  d e n s i t y   of   l e s s   t h a n   0 . 1 6   g/mL  ( 1 0  
l b s / f t 3 ) .   A n o t h e r   o b j e c t   i s   a  p a p e r - m a k i n g   p r o c e s s  
f o r   p r o v i d i n g   s u c h   a  low  d e n s i t y   s h e e t   f r o m   w h o l l y  

s y n t h e t i c   p o l y m e r   f i b r i d s   by  w e t - l a y i n g ,   w i t h o u t  

n e e d i n g   any  a d h e s i v e   b i n d e r ,   and  e s p e c i a l l y   when  t h e  

f i b r i d s   a r e   of  an  a r a m i d .  

BRIEF  DESCRIPTION  OF  THE  INVENTION 

T h i s   i n v e n t i o n   p r o v i d e s   a  c o h e r e n t   e x p a n d e d  

n o n w o v e n   s h e e t   c o m p r i s e d   of  f i b r i d s   of  a  w h o l l y  

s y n t h e t i c   p o l y m e r   and  o p t i o n a l l y   up  to  8 0 %  b y   w e i g h t  

of   s h o r t   f i b e r s   or  f l o c ,   t h e   s h e e t   h a v i n g   an  a p p a r e n t  

d e n s i t y   (as  d e f i n e d   h e r e i n )   of  l e s s   t h a n   0 . 1 6   g / m L ,  

and  b e i n g   c o m p r i s e d   of   a  p l u r a l i t y   of   p a p e r - l i k e  

l a y e r s   l y i n g   s u b s t a n t i a l l y   h o r i z o n t a l l y   in   t h e   p l a n e  

of   t h e   s h e e t   w h i c h   j o i n   and  s e p a r a t e   a t   r a n d o m  



t h r o u g h o u t   t h e   t h i c k n e s s   of  t h e   s h e e t   to  f o r m  

e x p a n d e d   m a c r o s c o p i c   c e l l s .   The  p a p e r - l i k e   l a y e r s  

a r e   c o m p r i s e d   of  m e m b r a n o u s   e l e m e n t s   w h i c h   a r e  

c o m p r i s e d   of  t h e   f i b r i d s .  

T h i s   i n v e n t i o n   f u r t h e r   p r o v i d e s   a  c o h e r e n t  

e x p a n d e d   n o n w o v e n   s h e e t   c o m p r i s e d   of   f i b r i d s   of  a  

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

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

j o i n   w i t h   and  s e p a r a t e   f r o m   one   a n o t h e r   a t   r a n d o m   t o  

f o r m   a  t h r e e - d i m e n s i o n a l ,   h i g h l y   i r r e g u l a r   n e t w o r k   o f  

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

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

t h i c k n e s s   of  t h e   e x p a n d e d   s h e e t .  

In  a  t y p i c a l   c e l l   c r o s s   s e c t i o n   t h e   m a x i m u m  

w i d t h   of   t h e   c e l l ,   u s u a l l y   r u n n i n g   in   a  d i r e c t i o n  

s u b s t a n t i a l l y   p a r a l l e l   to   t h e   p l a n e   of  t h e   s h e e t ,   i s  

c o n s i d e r a b l y   g r e a t e r   t h a n   i t s   maximum  h e i g h t   a t   r i g h t  

a n g l e s   t h e r e t o ,   u s u a l l y ,   f o r   e x a m p l e ,   by  a  f a c t o r   o f  

a t   l e a s t   2.  B e c a u s e   of  t h e   m a n n e r   in   w h i c h   t h e   c e l l s  

a r e   f o r m e d ,   by  s e p a r a t i o n   and  j o i n i n g   of  t h e   l a y e r e d  

m e m b r a n o u s   e l e m e n t s ,   f r e q u e n t l y   t h e   e d g e s   of  a  c e l l  

as  s h o w n   by  c r o s s   s e c t i o n   a r e   s u b s t a n t i a l l y   t a p e r e d  

w i t h   r e s p e c t   to  a  t h i c k e r   i n n e r   p o r t i o n   of  t h e   c e l l .  

In  a d d i t i o n   to  t h e   f i b r i d s ,   t h e   s h e e t   c a n  

c o n t a i n   up  to   80%  by  w e i g h t   of  s h o r t   f i b e r s ,   i . e . ,  

f l o c ,   b a s e d   on  t h e   t o t a l   w e i g h t   of  f i b r i d s   a n d  

f i b e r s ;   p r e f e r a b l y   l e s s   t h a n   70%  f i b e r s ,   and  m o r e  

p r e f e r a b l y   20 -50%  f i b e r s .   The  t y p e   and  q u a n t i t y   o f  

f i b e r s   to  be  u s e d   d e p e n d   upon   t h e   s t r e n g t h   and  o t h e r  

p h y s i c a l   p r o p e r t i e s   d e s i r e d   in  t h e   s h e e t   as  t a u g h t ,  

f o r   e x a m p l e ,   in   U . S .   P a t e n t   3 , 7 5 6 , 9 0 8 ,   t h e  

s p e c i f i c a t i o n   of  w h i c h   is   i n c o r p o r a t e d   h e r e i n   b y  

r e f e r e n c e .  

The  s h e e t   can   be  e x p a n d e d   c o m p l e t e l y ,   i . e . ,  

e n t i r e l y   t h r o u g h o u t   i t s   l e n g t h   and  w i d t h   as  w e l l   a s  



t h i c k n e s s ;   b u t   as  a  p r e f e r r e d   e m b o d i m e n t   d i s c r e t e  

p o r t i o n s   of  t h e   s h e e t   r e m a i n   u n e x p a n d e d ,   e . g . ,  

p o r t i o n s   a r r a n g e d   in   a  r a n d o m   o r ,   more   p r e f e r a b l y ,  

p a t t e r n e d   m a n n e r   a b o u t   i t s   s u r f a c e   a r e a .   M o s t  

p r e f e r a b l y   s i n c e   e m b o s s i n g   l i m i t s   e x p a n s i o n   e v e n   i n  

u n e m b o s s e d   r e g i o n s ,   no  more   t h a n   50%  of   t h e   s h e e t ,  

b a s e d   on  t o t a l   s u r f a c e   a r e a ,   is  n o t   e x p a n d e d  

a c c o r d i n g   to  t h i s   i n v e n t i o n .  

The  f i b r i d s   a r e   c o m p r i s e d   of   a  s y n t h e t i c  

f i b e r - f o r m i n g   p o l y m e r   h a v i n g   s u f f i c i e n t   h e a t  

r e s i s t a n c e   to   s u r v i v e   t h e   s h e e t   e x p a n d i n g   p r o c e s s ,   a s  

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

of  s h a p e   and  i n t e g r i t y   t h r o u g h   f u s i n g   o r  

d e c o m p o s i t i o n .   The  f l o c   m u s t   be  h e a t   r e s i s t a n t  

l i k e w i s e .   S i n c e   f l a s h i n g   s t e a m   f r o m   r a p i d l y  

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

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

or  d e c o m p o s e   b e l o w   a b o u t   1 3 0 ° C   f o r   b e s t   r e s u l t s .  

The  e x p a n d e d   s h e e t s   of  t h e   i n v e n t i o n   do  n o t  

r e q u i r e   a n y ,   and   p r e f e r a b l y   do  n o t   c o n t a i n ,   a d h e s i v e  

b i n d e r   m a t e r i a l   f o r   s t r u c t u r a l   i n t e g r i t y ;   b u t   s m a l l  

q u a n t i t i e s   of  s u c h   m a t e r i a l s   a r e   n o t   n e c e s s a r i l y  

e x c l u d e d ,   p r o v i d e d   t h e y   do  n o t   i n t e r f e r e   w i t h   t h e  

f i b r i d   m e m b r a n e   f o r m a t i o n ,   w h i c h   f o r m s   t h e   e x p a n d e d  

c e l l   s t r u c t u r e ,   or  w i t h   o t h e r   d e s i r e d   p r o p e r t i e s .  

P r e f e r a b l y   no  a d h e s i v e   b i n d e r   m a t e r i a l   i s   u s e d   a n d  

t h e   s h e e t   t h e n   is   c o n s i d e r e d   as  " a d h e s i v e - f r e e "   a n d  

c o n s i s t s   e s s e n t i a l l y   of  t h e   f i b r i d s   and  of   any  s h o r t  

f i b e r s   as  d e s c r i b e d   a b o v e ,   a l l o w i n g ,   of  c o u r s e ,   f o r  

m i n o r   a m o u n t s   of   c o n v e n t i o n a l   n o n s t r u c t u r a l   a d d i t i v e s  

s u c h   as  p i g m e n t s ,   d y e s ,   c h e m i c a l   s t a b i l i z e r s   and  s o  

f o r t h .  

T h i s   i n v e n t i o n   p r o v i d e s   e x p a n d e d   n o n w o v e n  

s h e e t s   o f   " a p p a r e n t "   d e n s i t i e s   of  l e s s   t h a n   0 . 1 6   g / m L  

and  p r e f e r a b l y   l e s s   t h a n   0 . 1 0   g /mL.   When  t h e   s h e e t  



is  c o m p l e t e l y   e x p a n d e d   t h r o u g h o u t   to  a  u n i f o r m  

t h i c k n e s s ,   i t s  a c t u a l   and  " a p p a r e n t "   d e n s i t i e s   a r e  

t h e o r e t i c a l l y   t h e   s a m e .  

T h i c k n e s s e s   of  t h e   e x p a n d e d   r e g i o n s   m o r e  

t h a n   f i v e   t i m e s   g r e a t e r   t h a n   t h o s e   of  any  u n e x p a n d e d  

r e g i o n s   e . g . ,   due   to  e m b o s s i n g ,   can   b e  a c h i e v e d .   F o r  

e v e n   l i g h t e r   w e i g h t   m a t e r i a l ,   e x p a n s i o n   to  a  

t h i c k n e s s   t e n   t i m e s   t h a t   of  t h e   e m b o s s e d   t h i c k n e s s   i s  

a c h i e v a b l e .  

P r e f e r a b l y   t h e   f i b r i d s   a r e   c o m p r i s e d   of  a n  

a r o m a t i c   p o l y a m i d e ,   m o r e   s p e c i f i c a l l y   an  a r a m i d ,   a n d  

m o s t   p r e f e r a b l y   p o l y ( m - p h e n y l e n e   i s o p h t h a l a m i d e ) .  

P r e f e r a b l y   t h e   f l o c   a l s o   i s   c o m p r i s e d   of   an  a r o m a t i c  

p o l y a m i d e ,   m o s t   p r e f e r a b l y   p o l y ( m - p h e n y l e n e  

i s o p h t h a l a m i d e )   or  p o l y ( p - p h e n y l e n e  

t e r e p h t h a l a m i d e ) .   In  a n o t h e r   p r e f e r r e d   e m b o d i m e n t ,  

t h e   f l o c   i s   c o m p r i s e d   o f   g l a s s   f i b e r s .  

T h i s   i n v e n t i o n   a l s o   p r o v i d e s   a  p r o c e s s   f o r  

p r e p a r i n g   a  c o h e r e n t   e x p a n d e d   n o n w o v e n   s h e e t  

c o m p r i s i n g   p r e p a r i n g   a  we t   m i x t u r e   w i t h   w a t e r   o f  

2 0 - 1 0 0 %   by  w e i g h t   f i b r i d s   of   a  w h o l l y   s y n t h e t i c  

p o l y m e r   and  0-80%  by  w e i g h t   f l o c ,   c o m p l e m e n t a l l y   t o  

t o t a l   100%  and  b o t h   as  d e s c r i b e d   h e r e i n b e f o r e ,  

f o r m i n g   a  wet   n o n w o v e n   s h e e t   of  t h e   m i x t u r e   o n  

p a p e r - f o r m i n g   e q u i p m e n t ,   m a i n t a i n i n g   w a t e r   in   t h e  

f o r m e d   s h e e t   and  p r e f e r a b l y   a t   a t   l e a s t   40%  b y  

w e i g h t ,   a d d i n g   a d d i t i o n a l   w a t e r ,   i f   n e e d e d ,   t o  

i n c r e a s e   t h e   w a t e r   c o n t e n t   of  t h e   s h e e t   to   a t   l e a s t  

60%  by  w e i g h t ,   and  h e a t i n g   t h e   wet   s h e e t   to  v a p o r i z e  

t h e   w a t e r   r a p i d l y   and  to  e x p a n d   t h e   s h e e t   to  p r o v i d e  

a  p r o d u c t   h a v i n g   an  a p p a r e n t   d e n s i t y   of  l e s s   t h a n  

0 . 1 6   g / m L .   The  e x p a n s i o n   i s   a c c o m p a n i e d   by  t h e  

f o r m a t i o n   of  m a c r o s c o p i c   c e l l s   as  d e s c r i b e d  

h e r e i n b e f o r e .  



Up  to  50%  of   t h e   t o t a l   a r e a   of   t h e   s h e e t   c a n  

be  e m b o s s e d   b e f o r e   or  d u r i n g   e x p a n s i o n   to  p r o v i d e   a  

s h e e t   w h i c h   is  e x p a n d e d   o n l y   in   s e l e c t e d   a r e a s .  

P r e f e r a b l y   t h e   wet   n o n w o v e n   s h e e t   c o n t a i n s   2 0 - 8 0 %   b y  

w e i g h t   f i b r i d s   and  c o m p l e m e n t a l l y   20 -80%  by  w e i g h t  

f l o c ;   more   p r e f e r a b l y   l e s s   t h a n   70%  f i b e r s ;   and  m o s t  

p r e f e r a b l y   50 -80%  by  w e i g h t   f i b r i d s   and  2 0 - 5 0 %   b y  

w e i g h t   f l o c   to   a  t o t a l   of  100%,  a l l   on  a  d r y   b a s i s .  

As  u s e d   h e r e i n   p e r c e n t a g e s   a r e   by  w e i g h t   u n l e s s  

o t h e r w i s e   s p e c i f i e d .   P r e f e r a b l y   t h e   f i b r i d s   a r e  

c o m p r i s e d   of  an  a r o m a t i c   p o l y a m i d e ,   m o s t   p r e f e r a b l y  

p o l y ( m - p h e n y l e n e   i s o p h t h a l a m i d e ) .   P r e f e r a b l y   t h e  

f l o c   i s   c o m p r i s e d   of   an  a r o m a t i c   p o l y a m i d e ,   m o s t  

p r e f e r a b l y   p o l y ( m - p h e n y l e n e   i s o p h t h a l a m i d e )   o r  

p o l y t ( p - p h e n y l e n e   t e r e p h t h a l a m i d e ) .   F i b e r s   of   t h e  

l a t t e r   m o s t   p r e f e r a b l y   a r e   p u l p e d ,   i . e . ,   m a c e r a t e d   a s  

d e s c r i b e d   h e r e i n a f t e r .   M o s t   p r e f e r a b l y   t h e   r a p i d  

v a p o r i z a t i o n   of  w a t e r   i s   i n d u c e d   by  d i e l e c t r i c  

h e a t i n g .  

The  l o w - d e n s i t y   s h e e t s   of  t h i s   i n v e n t i o n   a r e  

e s p e c i a l l y   u s e f u l   f o r   p r o v i d i n g   t h e r m a l   a n d / o r  

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

m a t e r i a l s   known  f o r   good   f l a m e   r e t a r d a n c e   ( e . g . ,  

p o l y [ m - p h e n y l e n e   i s o p h t h a l a m i d e ] ,   p o l y j p - p h e n y l e n e  

t e r e p h t h a l a m i d e ] ,   p o l y [ v i n y l i d e n e   f l u o r i d e ] ,   o r  

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

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

w e i g h t   a r e   i m p o r t a n t .   Such   f l a m e - r e t a r d a n t   s h e e t s  

a r e   a l s o   u s e f u l   as  i n n e r   l i n e r s   of  t e x t i l e   g o o d s   s u c h  

as  p r o t e c t i v e   c l o t h i n g ;   and  t h e y   may  be  i m p r e g n a t e d  

w i t h   r e s i n s   to  f o r m   l o w - d e n s i t y   c o m p o s i t e   r i g i d  

s t r u c t u r e s   u s e f u l ,   f o r   e x a m p l e ,   in   f l o o r s   and  w a l l s  

of   a i r c r a f t .  



BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

F i g u r e   1  is   an  e n l a r g e d   c r o s s - s e c t i o n a l   v i e w  

of  an  e x p a n d e d   n o n w o v e n   s h e e t   of  t h e   i n v e n t i o n .  

F i g u r e   2  i s   an  e n l a r g e d   c r o s s - s e c t i o n a l   v i e w  

of  a  n o n w o v e n   s h e e t   of  t h e   i n v e n t i o n   w h i c h   i s  

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

F i g u r e   3  is  a  d i a g r a m m a t i c   i l l u s t r a t i o n   o f  

one   means   f o r   c a r r y i n g   o u t   t h e   p r o c e s s   of  t h e  

i n v e n t i o n .  

DETAILED  DESCRIPTION  OF  THE  INVENTION 

N o n w o v e n   s h e e t s   s u i t a b l e   f o r   u s e   in   t h e  

p r o c e s s   of  t h e   p r e s e n t   i n v e n t i o n   a r e   c o n v e n i e n t l y  

p r e p a r e d   as  t a u g h t   in   U . S .   P a t e n t   2 , 9 9 9 , 7 8 8   f r o m  

s y n t h e t i c   p o l y m e r i c   f i b r i d s   p r e p a r e d   by  s h e a r  

p r e c i p i t a t i o n   of  s o l u t i o n s   of  t h e   p o l y m e r ,   p r e f e r a b l y  

i n t o   an  a q u e o u s   m e d i u m .   The  f i b r i d s   s h o u l d   n o t   b e  

i s o l a t e d   b u t   r a t h e r   a r e   d i r e c t l y   c o n v e r t e d   i n t o   s h e e t  

s t r u c t u r e s   by  t h e   u s u a l   p a p e r - f o r m i n g   t e c h n i q u e s .  

P r e f e r a b l y ,   t h e   a q u e o u s   mix  u s e d   to   p r e p a r e   t h e  

n o n w o v e n   s h e e t s   by  p a p e r - m a k i n g   m e t h o d s   w i l l   c o n t a i n  

s h o r t   s t a p l e   f i b e r s   ( f l o c )   in  a d d i t i o n   to   t h e  

f i b r i d s .   O t h e r   m a t e r i a l s   may  be  a d d e d   i f   d e s i r e d .  

The  a s - f o r m e d   wet   s h e e t s   m u s t   n o t   be  f u l l y  

d r i e d   b e f o r e   e x p a n s i o n .   P r e f e r a b l y   f o r   b e t t e r   a n d  

more   u n i f o r m   e x p a n s i o n   t h e y   s h o u l d   n e v e r   be  d r i e d   t o  

a  w a t e r   c o n t e n t   of  l e s s   t h a n   40%  and  more   p r e f e r a b l y  

no  l e s s   t h a n   60%  b e f o r e   e x p a n s i o n ,   p a r t i c u l a r l y   f o r  

f i b r i d s   of  M P D - I .   Good  e x p a n s i o n   r e q u i r e s   a  w a t e r  

c o n t e n t   of   a t   l e a s t   60%;  t h e r e f o r e ,   i f   t h e   w a t e r  

c o n t e n t   i s   l e s s   t h a n   60%,  a d d i t i o n a l   w a t e r   s h o u l d   b e  

a d d e d   to  t h e   s h e e t   b e f o r e   e x p a n s i o n .   I f   d e s i r e d ,   t h e  

s h e e t   may  be  s a t u r a t e d   w i t h   w a t e r   b e f o r e   e x p a n s i o n .  

A d d i t i o n a l   w a t e r   may  be  a d d e d   e i t h e r   b e f o r e   or  a f t e r  

any  e m b o s s i n g   s t e p .  



The  t e r m   " f l o c "   i s   u s e d   to  d e s c r i b e   s h o r t  

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

of   w e t - l a i d   s h e e t s .   F l o c   s u i t a b l e   f o r   u se   in  t h i s  

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

2 . 5   cm,  m o s t   p r e f e r a b l y   a b o u t   0 . 6 8   cm.  L i n e a r  

d e n s i t y   i s   f r o m   0 . 5 5   to   1 1 . 1   or  more   d t e x ,   m o r e  

p r e f e r a b l y   in   t h e   r a n g e   1 . 0   to  3 . 5   d t e x .   In  t h e  

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

e m p l o y e d   was  of   p o l y ( m - p h e n y l e n e   i s o p h t h a l a m i d e )  

f i b e r s   w i t h   a  l i n e a r   d e n s i t y   of  2 . 2   d t e x   and  a  c u t  

l e n g t h   of   a b o u t   0 . 6 8   cm.  W h i l e   s u i t a b l e   f l o c   can   b e  

p r e p a r e d   f r o m   f i l a m e n t s   w h i c h   h a v e   n o t   b e e n   f u l l y  

d r a w n   a r i d / o r   h e a t - s t a b i l i z e d   ( c r y s t a l l i z e d ) ,   i t   i s  

p r e f e r r e d   t h a t   t h e   f l o c   be  c u t   f r o m   h i g h l y   d r a w n   a n d  

h e a t - s t a b i l i z e d   f i l a m e n t s .   Such   f l o c   p r o v i d e s  

maximum  s t r e n g t h   and  r e s i s t a n c e   to   s h r i n k a g e   o f  

r e s u l t a n t   s h e e t s .   B o t h   s y n t h e t i c   p o l y m e r i c   a n d  

i n o r g a n i c   f l o c s   may  be  u s e d .  

F l o c   w h i c h   has   b e e n   " p u l p e d "   is   a l s o  

s u i t a b l e   e i t h e r   a l o n e   or  as  any  p a r t   of  t h e   t o t a l  

f l o c .   P u l p i n g   r e s u l t s   u p o n   m a c e r a t i o n   of   f l o c   t o  

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

i r r e g u l a r   s h a p e   c o m p r i s i n g   n u m e r o u s   f i n e   f i b r i l s .  

P u l p i n g   i s   c o n v e n i e n t l y   a c h i e v e d   u s i n g   a  w e l l - k n o w n  

d o u b l e - d i s c   w e t - r e f i n e r .  

F i b r i d s   a r e   v e r y   s m a l l ,   n o n g r a n u l a r ,  

f l e x i b l e ,   f i b r o u s   or  f i l m - l i k e   p a r t i c l e s .   At  l e a s t  

one   of  t h e i r   t h r e e   d i m e n s i o n s   i s   of  m i n o r   m a g n i t u d e  

r e l a t i v e   to  t h e   l a r g e s t   d i m e n s i o n .   They   a r e   p r e p a r e d  

by  p r e c i p i t a t i o n   of  a  s o l u t i o n   of  t h e   f i b r i d - m a t e r i a l  

u s i n g   a  n o n - s o l v e n t   u n d e r   v e r y   h i g h   s h e a r ,   as  i s  

k n o w n .   S u i t a b l e   f i b r i d s   and  m e t h o d s   f o r   t h e i r  

p r e p a r a t i o n   a r e   d e s c r i b e d   i n   U . S .   P a t e n t   2 , 9 9 9 , 7 8 8  

i s s u e d   S e p t e m b e r   12 ,   1 9 6 1 ,   to   P.  W.  M o r g a n .   F i b r i d s  

a r e   a l w a y s   p r e p a r e d   as  d i s p e r s i o n s   in  l i q u i d .   T h e y  



can   be  c o n v e r t e d   to  a q u e o u s   s l u r r i e s   by  s u i t a b l e  

w a s h i n g   t e c h n i q u e s .   For   u se   a c c o r d i n g   to  t h e  

t e a c h i n g s   of  t h i s   i n v e n t i o n ,   f i b r i d s   m u s t   n o t   b e  

d r i e d   or  h e a t e d   a b o v e   t h e i r   g l a s s - t r a n s i t i o n  

t e m p e r a t u r e   b e f o r e   b e i n g   f e d   to  a  p a p e r - m a k i n g  

m a c h i n e .   I f   d r i e d ,   r e d i s p e r s i o n   is   d i f f i c u l t   a n d  

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

n o t   d e s t r o y e d .   I f   h e a t - s e t ,  . t h e   f l e x i b i l i t y   r e q u i r e d  

f o r   good   p e r f o r m a n c e   is  s e v e r e l y   d i m i n i s h e d .   F i b r i d s  

c h a r a c t e r i s t i c a l l y   h a v e   a  h i g h   a b s o r p t i v e   c a p a c i t y  

f o r   w a t e r   and  when  d e p o s i t e d   on  a  s c r e e n   h a v e  

s u f f i c i e n t   s t r e n g t h   e v e n   when  wet   to  p e r m i t  

p r o c e s s i n g   on  a  p a p e r   m a c h i n e .  

W h e r e   f i b r i d s   of  p o l y ( m - p h e n y l e n e  

i s o p h t h a l a m i d e )   (MPD-I)   a r e   i n v o l v e d   in   t h e   e x a m p l e s ,  

t h e y   a r e   p r e p a r e d   e s s e n t i a l l y   as  in   t h e   f o l l o w i n g  

s p e c i f i c   m e t h o d .   A  s o l u t i o n   a t   a b o u t   1 2 0 ° C  

c o n t a i n i n g   a b o u t   14%  by  w e i g h t   of  MPD-I  and  h a v i n g   a  

v i s c o s i t y   b e t w e e n   5  and  7 . 5   P a s c a l - s e c o n d s   ( a n  

i n h e r e n t   v i s c o s i t y   of  a b o u t   1 . 6 )   i s   p a s s e d   to   a  

f i b r i d a t o r   of  t h e   t y p e   d i s c l o s e d   in   U . S .  

P a t e n t   3 , 0 1 8 , 0 9 1 .   The  s o l u t i o n   c o n t a i n s   7 7 . 5 %  

d i m e t h y l a c e t a m i d e ,   2'%  w a t e r ,   and  6.5%  C a C l 2   ( a l l  

p e r c e n t a g e s   by  w e i g h t ) .   The  p o l y m e r   s o l u t i o n   is   f e d  

to  t h e   f i b r i d a t o r   a t   a p p r o x i m a t e l y   550  kg  of  s o l i d s  

p e r   h o u r .   The  p r e c i p i t a n t   l i q u i d   i s   f e d   a t   1 5 - 2 0 ° C  

to  t h e   f i b r i d a t o r   and  c o n t r o l l e d   to   c o n t a i n   f r o m  

30 -40%  d i m e t h y l a c e t a m i d e ,   5 8 - 6 8 %   w a t e r ,   and  a b o u t   2% 

C a C l 2   a l l   to  t o t a l   100%  ( a l l   p e r c e n t a g e s   b y  

w e i g h t ) .   F l o w - r a t e   of  p r e c i p i t a n t   to  t h e   f i b r i d a t o r  

i s   a b o u t   2 8 . 4   kg  p e r   kg  of  p o l y m e r   s o l u t i o n .   A  r o t o r  

s p e e d   of   a b o u t   7000  rpm  g e n e r a t e s   t h e   s h e a r   r e q u i r e d  

to  p r o d u c e   f i b r i d s   of  good   p a p e r m a k i n g   q u a l i t y .   T h e  

f i b r i d s   a r e   w a s h e d   w i t h   w a t e r   u n t i l   t h e   r e s i d u a l  

c o n t e n t s   of  d i m e t h y l a c e t a m i d e   and  c h l o r i d e   a r e   e a c h  



a b o u t   0.5%  by  w e i g h t   or  l e s s ,   b a s e d   on  t h e   p o l y m e r .  
The  f i b r i d s   a r e   t h e n   r e f i n e d   to  i m p r o v e   t h e i r   f i l m y  

c h a r a c t e r i s t i c s   u s i n g   a  d i s c - r e f i n e r   a t   0 . 8 %  

c o n s i s t e n c y   to  p r o v i d e   a  S c h o p p e r   R i e g l e r   F r e e n e s s   of  1 
3 0 0 - 4 0 0   mL.  U s i n g   t h e   C l a r k   F i b e r   C l a s s i f i c a t i o n  

(TAPPI  S t a n d a r d   T - 2 3 3   s u - 6 4 ) ,   a  t y p i c a l   f i b r i d   s i z e  

c h a r a c t e r i z a t i o n   i s :  

S u i t a b l e   s h e e t s   f o r   u s e   h e r e i n   c an   be  m a d e  

by  u n i f o r m l y   d e p o s i t i n g   an  a q u e o u s   s l u r r y   of  t h e  

p a p e r - m a k i n g   f i b r o u s   m a t e r i a l   o n t o   a  f o r a m i n o u s  

s u r f a c e   ( e . g . ,   a  f i n e - m e s h   s c r e e n   or  f a b r i c )   t h r o u g h  
w h i c h   much  of   t h e   w a t e r   q u i c k l y   d r a i n s   to   f o r m   a n  
i n i t i a l   s h e e t .   S h e e t s   p r e p a r e d   one  a t   a  t i m e   o n  

l a b o r a t o r y - s c a l e   p a p e r - f o r m i n g   e q u i p m e n t   a r e  

d e s i g n a t e d   " h a n d s h e e t s " .   The  l a b o r a t o r y - s c a l e  

p a p e r - f o r m i n g   m a c h i n e   u s e d   to   make  h a n d s h e e t s   a s  

d e s c r i b e d   i n   some  of  t h e   e x a m p l e s  w a s   p r o v i d e d   w i t h   a  
h e a d b o x   f o r   r e c e i v i n g   f i b r o u s   s l u r r y ,   a  20x20   cm  ( 8 . 0  

x  8 . 0   in )   d r a i n a g e   s c r e e n ,   and  a  v a c u u m   p r o v i s i o n  

b e l o w   t h e   s c r e e n   to   a s s i s t   in  r e m o v i n g   w a t e r .  

The  d e t a i l e d   p r o c e d u r e   f o r   p r e p a r i n g   a  

s p e c i f i c   h a n d s h e e t   c o m p r i s i n g   57  wt%  f i b r i d   a n d  

43  wt%  f l o c   is   g i v e n   b e l o w .   H a n d s h e e t s  o f   d i f f e r e n t  

f i b r i d / f l o c   r a t i o s   and  of  d i f f e r e n t   f i b r i d   a n d / o r  

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

f o r m i n g   q u a n t i t i e s   b e i n g   p r o v i d e d   in  t h e   E x a m p l e s .  

An  a q u e o u s   s l u r r y   c o m p o s e d   of   40  g  of  t h e  

MPD-I  f i b r i d s   and  460  g  of  w a t e r   was  a d d e d   to  a  

b l e n d e r   c o n t a i n i n g   3000  g  of  w a t e r .   Then   30  g  of  d r y  



MPD-I  f l o c   was  a d d e d   and  t h e  m i x t u r e   b l e n d e d   f o r   3 0  

m i n .   To  1000  mL  of  t h i s   m i x t u r e   was  a d d e d   2000  mL  o f  

w a t e r ,   and  t h e   s e c o n d   m i x t u r e   was  b l e n d e d   f o r   1 5  

m i n .   A  1200  mL  a l i q u o t   of  t h e   s e c o n d   m i x t u r e   w a s  

p o u r e d   i n t o   t h e   h e a d b o x   of  a  l a b o r a t o r y - s c a l e  

p a p e r - f o r m i n g   m a c h i n e   c o n t a i n i n g   a  1 . 3   cm  h e a d   o f  

w a t e r .   A f t e r   r e m o v a l   of  w a t e r   by  a p p l i c a t i o n   o f  

w a t e r - j e t   v a c u u m   f o r   25  s e c ,   t h e   h a n d s h e e t   was  p u l l e d  

f r o m   t h e   s c r e e n .   I t   r e t a i n e d   a b o u t   88  w g t .   %  w a t e r  

and  w e i g h e d   205  g / m 2 .   R e p e t i t i o n   of  t h e   p r o c e d u r e  

e x c e p t   t h a t   o n l y   a  600  mL  a l i q u o t   of  t h e   s e c o n d  

m i x t u r e   was  u s e d   y i e l d e d   a  h a n d s h e e t   w e i g h i n g  

119  g / m 2 .  

The  wet   f i b r i d / f l o c   p a p e r s ,   b e f o r e   or  d u r i n g  

e x p a n s i o n ,   may  be  e m b o s s e d .   By  " e m b o s s i n g "   i s   m e a n t  

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

p r e s s u r e - p o i n t s   s u c h   t h a t ,   upon   e x p a n s i o n ,   t h e  

p r e s s e d   a r e a s   do  n o t   e x p a n d   s i g n i f i c a n t l y .   S u c h  

e m b o s s i n g   l i m i t s   t h e   e x p a n s i o n   o b t a i n a b l e   in   t h e  

u n e m b o s s e d   a r e a s   b e c a u s e   of  t h e   c o n t i n u i t y   of  f i b r o u s  

m a t e r i a l s   f r o m   e m b o s s e d   to  u n e m b o s s e d   a r e a s .  

E m b o s s i n g ,   h o w e v e r ,   i m p a r t s   a  d e g r e e   of  r i g i d i t y   a n d  

d u r a b i l i t y   in  use   w h i c h   e x c e e d s   t h a t   of   e x p a n d e d  
s h e e t   p r o d u c t s   n o t   e m b o s s e d   p r i o r   to  or  d u r i n g  

e x p a n s i o n .   B e c a u s e   of  t h e   l i m i t e d   e x p a n s i o n   f o r  

e m b o s s e d   s h e e t   p r o d u c t s ,   no  more   t h a n   a b o u t   50%  o f  

t h e   s u r f a c e   a r e a   of  t h e   s h e e t   s h o u l d   be  e m b o s s e d .  

E m b o s s i n g   s u r f a c e s   may  be  in   a  v a r i e t y   o f  

known  f o r m s ,   g e n e r a l l y   e i t h e r   f l a t   p l a t e s   o r  

p r e f e r a b l y   p a i r e d   d r i v e n   r o l l s   w i t h   a  p a t t e r n   o f  

p r o t r u s i o n s .   T e s t s   h a v e   r e v e a l e d   t h a t   o n e - s i d e d  

e m b o s s i n g   a g a i n s t   a  p l a i n   s u r f a c e   as  w e l l   a s  

t w o - s i d e d   e m b o s s i n g   b e t w e e n   m a t e d   p a t t e r n s   c an   b e  

u s e d .   I t   i s   o b v i o u s   t h a t   s i m i l a r   r e s u l t s   a r e  

o b t a i n a b l e   w i t h   t w o - s i d e d   e m b o s s i n g   b e t w e e n  



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

o n l y   when  p r o t u b e r a n c e s   on  b o t h   s i d e s   m a t e   a t   t h e  

e m b o s s i n g   n i p .   W h i l e   t h e   p r e s s u r e   r e q u i r e d   t o  

p r o d u c e   e n o u g h   c o m p a c t i o n   a t   e m b o s s e d   a r e a s   t o  

p r e v e n t   e x p a n s i o n   on  h e a t i n g   d e p e n d s   to  a  m i n o r  

e x t e n t   on  t h e   f i b r i d - m a t e r i a l   i n v o l v e d ,   i t   h a s   b e e n  

f o u n d   t h a t   a b o u t   10  MPa  (1500  p s i )   on  t h e   e m b o s s e d  

a r e a ,   and  p r e f e r a b l y   a b o u t   24  MPa  (3500  p s i ) ,   i s  

s u i t a b l e .  

D i e l e c t r i c   e x p a n s i o n   of  b o t h   e m b o s s e d   a n d  

u n e m b o s s e d   s h e e t s   is   shown   in  t h e   e x a m p l e s .   U n l e s s  

o t h e r w i s e   d e s i g n a t e d ,   t h e   " d i a m o n d - e m b o s s e d "   s h e e t s  

w e r e   p r e s s e d   b e t w e e n   m a t e d   s h e e t s   of  e x p a n d e d   m e t a l  

w e b b i n g   h a v i n g   a  p a t t e r n   of   d i a m o n d - s h a p e d   o p e n i n g s  

d e f i n e d   by  two  s e t s   of   l i n e a r   s t r i p s   of  m e t a l  

p a r a l l e l   to  one   a n o t h e r   in  e a c h   s e t   and  i n t e r s e c t i n g  

w i t h   no  i n c r e a s e   in   t h i c k n e s s   s e t - t o - s e t .   A l s o ,  

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

w e r e   2 . 5   mm  ( 0 . 1 0   in )   w i d e   and  d e f i n e d   d i a m o n d   s h a p e d  

o p e n i n g s   w i t h   2 . 5 4   cm  ( 1 . 0   in)   and  0 . 7 6  c m   ( 0 . 3 0   i n )  

m a j o r   and  m i n o r   a x e s .   " P l a i n - e m b o s s e d "   d e s i g n a t e s  

p a t t e r n e d   a r r a y s   of   e m b o s s i n g   by  d i s c r e t e   p r o t r u s i o n s  

s p a c e d   in   s q u a r e   a r r a y .   In   t h e   e x a m p l e s ,   u n l e s s  

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

p r o t r u s i o n s   0 . 1 3   cm  ( 0 . 0 5   in )   on  e a c h   s i d e   s p a c e d   s o  

t h e i r   c e n t e r s   a r e   in   s q u a r e   a r r a y   0 . 4 4 5   cm  ( 0 . 1 7 5   i n )  

on  e a c h   s i d e .   I t   is  a p p a r e n t   t h a t   any  g e o m e t r i c  

a r r a y   of   e m b o s s i n g   e l e m e n t s   may  be  e m p l o y e d .  

When  t h e   n e v e r - d r i e d   f i b r i d / f l o c   s h e e t   i s  

h e a t e d   r a p i d l y   e n o u g h ,   w a t e r - v a p o r   is  g e n e r a t e d   a t  

s u c h   a  h i g h   r a t e   t h a t   t h e   s h e e t   e x p a n d s   in   t h i c k n e s s ,  

e x c e p t   a t   s u i t a b l y   e m b o s s e d   a r e a s .   P r e f e r a b l y   t h e  

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

of  s u f f i c i e n t   i n t e n s i t y .   The  a v a i l a b l e   f r e q u e n c i e s  

of   d i e l e c t r i c   e n e r g y   g e n e r a l l y   v a r y   f r o m   a b o u t   13  MHz 



up  to  a b o u t   2450  MHz  b u t   o n l y   c e r t a i n   d i s c r e t e  

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

t h e   v a r i o u s   c o u n t r i e s .   The  s e l e c t i o n   of  a  f r e q u e n c y  

d e p e n d s   m o s t   s i g n i f i c a n t l y   on  t h e   w i d t h   of  t h e   s h e e t  

and  on  p o w e r   c o u p l i n g .   I f   t h e   s h e e t   w i d t h   e x c e e d s  

o n e - h a l f   t h e   w a v e - l e n g t h   of   t h e   f r e q u e n c y   u s e d ,   a  

node   (or  s e r i e s   of  n o d e s )   of  a  s t a n d i n g   w a v e  

r e s u l t s .   S i n c e   t h e r e   i s   no  e n e r g y   d i s s i p a t i o n   a t   a  

n o d e ,   u n e v e n   h e a t i n g   r e s u l t s .   T h u s ,   t h e   s h e e t   w i d t h  

i s   p r e f e r a b l y   l e s s   t h a n   o n e - h a l f   of  t h e   wave  l e n g t h  

of  t h e   f r e q u e n c y   u s e d ;   and  t y p i c a l l y   no  w i d e r   t h a n  

one  q u a r t e r   w a v e l e n g t h .   Maximum  f r e q u e n c i e s  

p r e f e r r e d   f o r   s e v e r a l   s h e e t   w i d t h s   a r e :  

In  t h e   f o l l o w i n g   e x a m p l e s ,   t h e   d i e l e c t r i c  

h e a t e r   u s e d   was  a  " T h e r m a l l "   Mode l   C C H / 8 . 5   h e a t e r  

p r o d u c e d   by  W.  D.  L a R o s e   &  A s s o c i a t e s ,   I n c . ,   of   T r o y ,  

N .Y.   and  r a t e d   a t   8 . 5   kW  o p e r a t i n g   a t   8 4 . 2   M H z .  

F i x e d   e l e c t r o d e s   w i d e r   t h a n   t h e   s a m p l e s   t r e a t e d   w e r e  

l o c a t e d   b e n e a t h   a  v a r i a b l e - s p e e d   c o n v e y o r   b e l t   w i t h   a  

s h e e t   of  p o l y t e t r a f l u o r o e t h y l e n e   b e t w e e n   t h e   b e l t   a n d  

t h e   e l e c t r o d e s .   Each   e l e c t r o d e   ( t h e   f i r s t   g r o u n d   a n d  

t h e   s e c o n d   " h o t " )   e x t e n d e d   t r a n s v e r s e l y   to  t h e  

d i r e c t i o n   of  b e l t - m o v e m e n t   and  was  s e p a r a t e d   f r o m   t h e  

o t h e r   a l o n g   t h e   d i r e c t i o n   of  b e l t - m o v e m e n t   by  a  

v a r i a b l e   a m o u n t .   U n l e s s   s p e c i f i e d   o t h e r w i s e ,   t h e  

l a t t e r   s p a c i n g   was  a p p r o x i m a t e l y   7 . 6   cm.  Such   a n  



a r r a n g e m e n t   of  e l e c t r o d e s   r e l a t i v e   to  t h e   o b j e c t   t o  

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

As  is   w e l l - k n o w n ,   p o l a r   d i p o l e s   w i t h i n   a  

m a t e r i a l   t r y   to  a l i g n   w i t h   an  a p p l i e d   e l e c t r i c   f i e l d  

w h i c h ,   when  o s c i l l a t e d   a t   h i g h   f r e q u e n c y ,   p r o d u c e s  

i n t e r n a l   h e a t   due  to  r o t a t i o n   of  t h e   p o l a r   d i p o l e s .  

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

d e v e l o p e d   in   an  o s c i l l a t i n g   e l e c t r i c   f i e l d   i s  

w h e r e  

P / v   i s   p o w e r   d e v e l o p e d   in  t h e   m a t e r i a l  

( W / c m 3 )  

f  i s   f r e q u e n c y   (Hz)  

Erms  i s   e l e c t r i c   f i e l d   s t r e n g t h   in   t h e  

m a t e r i a l   ( V r m s / c m )  
"  i s   r e l a t i v e   d i e l e c t r i c   l o s s   f a c t o r   o f  

r  
t h e   m a t e r i a l   (  " /   o)  

"  i s   a b s o l u t e   d i e l e c t r i c   l o s s   f a c t o r   of  t h e  

m a t e r i a l  

a  i s   f r e e - s p a c e   p e r m i t t i v i t y   ( F / c m ) .  

T h u s ,   t h e   p o w e r   d e n s i t y   d e v e l o p e d   in  t h e   m a t e r i a l  

d e p e n d s   on  t h e   f r e q u e n c y ,   t h e   r e l a t i v e   d i e l e c t r i c  

l o s s   f a c t o r   of   t h e   m a t e r i a l ,   and  t h e   s q u a r e  o f   t h e  

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

E l e c t r i c a l   e f f e c t s   o t h e r   t h a n   d i p o l e   o s c i l l a t i o n   m a y  

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

The  w a t e r   in   t h e   s a m p l e   b e i n g   h e a t e d   c o u p l e s  

more   or  l e s s   e f f e c t i v e l y   d e p e n d i n g   on  t h e   i d e n t i t i e s  

and  c o n c e n t r a t i o n s   of  i m p u r i t i e s .  V e r y   p o o r   c o u p l i n g  

r e s u l t s   a t   l o w e r   f r e q u e n c i e s   as  in  t h e   E x a m p l e s   w h e n  

d i s t i l l e d   w a t e r   i s   u s e d .   Good  c o u p l i n g   r e s u l t s   w h e n  

o r d i n a r y   t a p   w a t e r   or  i n d u s t r i a l   w a t e r   i s   u s e d .  

E x t r a o r d i n a r y   c o u p l i n g   i s   known  to  and  d o e s   r e s u l t  



when  d e t e r g e n t s   a n d / o r   w e t t i n g   a g e n t s   a r e   a d d e d   t o  

t h e   w a t e r .  

F i g u r e   1  is   a  s c a n n i n g   e l e c t r o n   m i c r o g r a p h  

( t a k e n   a t   20X  m a g n i f i c a t i o n )   of  a  c r o s s - s e c t i o n   of  a n  

u n e m b o s s e d   e x p a n d e d   s h e e t   of  t h e   i n v e n t i o n   s h o w i n g  

m u l t i p l e   i n t e r l e a v e d   e x p a n d e d   m a c r o s c o p i c   c e l l s   1 0  

t h r o u g h o u t   i t s   t h i c k n e s s   f o r m e d   by  m e m b r a n o u s  

e l e m e n t s   of  f i b r i d s   12  a r r a n g e d   in   p a p e r - l i k e   l a y e r s  

a n d   c o n t a i n i n g   n u m e r o u s   s h o r t   f i b e r s   14  ( s e e n   a s  

s t r a i g h t   w h i t e   l i n e s ) .  

F i g u r e   2  i s   a  s c a n n i n g   e l e c t r o n   m i c r o g r a p h  

( t a k e n   a t   10X  m a g n i f i c a t i o n )   of   a  c r o s s - s e c t i o n   of   a n  

e x p a n d e d ,   e m b o s s e d   s h e e t   of  t h e   i n v e n t i o n .   E x p a n d e d  

p o r t i o n s   8  c o n t a i n   many  i n t e r l e a v e d   m a c r o s c o p i c   c e l l s  

10  f o r m e d   by  a  n e t w o r k   of  m e m b r a n o u s   e l e m e n t s   o f  

f i b r i d s   12  a r r a n g e d   in   p a p e r - l i k e   l a y e r s .   T h e  

e x p a n d e d   p o r t i o n s   8  a r e   s e p a r a t e d   by  t h i n n e r   p o r t i o n s  

16  c a u s e d   by  e m b o s s i n g   of  t h e   s h e e t   p r i o r   t o  

e x p a n s i o n .  

F i g u r e   3  i l l u s t r a t e s   one   e m b o d i m e n t   of  t h e  

p r o c e s s   of  t h e   p r e s e n t   i n v e n t i o n   w h e r e i n   a  w e t - f o r m e d  

n o n w o v e n   s h e e t   c o m p r i s e d   of  w h o l l y   s y n t h e t i c   p o l y m e r  
f i b r i d s   and  s h o r t   l e n g t h   f i b e r s   c o n t a i n i n g   a t   l e a s t  

40%  w a t e r   a t   a l l   t i m e s   s i n c e   i t s   f o r m a t i o n . i s   t a k e n  

f r o m   r o l l   2,  p a s s e d   a r o u n d   r o l l e r s   3  i n t o   w e t t i n g  

t a n k   4  w h e r e   a d d i t i o n a l   w a t e r   i s   a d d e d   to   t h e   s h e e t ,  

t h e   m o i s t u r e   c o n t e n t   of  t h e   s h e e t   is   m o n i t o r e d   w i t h  

m o i s t u r e   m e t e r   5,  t h e   s h e e t   i s   e m b o s s e d   b e t w e e n  

m a t c h i n g   p a t t e r n e d   s t e e l   r o l l s   6  and  p a s s e d   b e t w e e n  

e l e c t r o d e s   of  d i e l e c t r i c   h e a t e r   7  w h e r e i n   t h e   s h e e t  

is  e x p a n d e d .   The  s h e e t   may  be  f u r t h e r   d r i e d   a n d / o r  

h e a t   s e t   in  i n f r a r e d   o v e n   18,   p a s s e d   t h r o u g h   a n  

i n s p e c t i o n   s t a n d   9  a r o u n d   a d d i t i o n a l   r o l l e r s   20  o n t o  

w i n d - u p   r o l l   11.   The  e x p a n d e d   s h e e t   may  b e  

s i m u l t a n e o u s l y   s l i t   w h i l e   b e i n g   wound  u p .  



H e a t   t r e a t m e n t   of   t h e   e x p a n d e d   s h e e t s   f o r  

s t a b i l i z a t i o n   a g a i n s t   s h r i n k a g e   a t   e l e v a t e d  

t e m p e r a t u r e s   of  u s e   is   o f t e n   d e s i r a b l e .   The  f l o c  

n o r m a l l y   e m p l o y e d   w i l l   h a v e   b e e n   h e a t - s e t   by  h e a t i n g  

a t   or  a b o v e   i t s   p o l y m e r   g l a s s - t r a n s i t i o n   t e m p e r a t u r e  
b e f o r e   b e i n g   c o m b i n e d   w i t h   f i b r i d s   and  w e t - l a i d ;   s o  

i t   w i l l   n o t   s h r i n k   a p p r e c i a b l y .   The  f i b r i d   p o l y m e r ,  

h o w e v e r ,   m u s t   be  e s s e n t i a l l y   u n o r i e n t e d   a n d  

u n c r y s t a l l i z e d   b e f o r e   w e t - l a y i n g ,   w h i c h   c an   r e s u l t   i n  

s h r i n k a g e   of  t h e   e x p a n d e d   s h e e t s   a t   e l e v a t e d   u s e  

t e m p e r a t u r e s ,   e s p e c i a l l y   when   t h e   f i b r i d s   c o m p r i s e  

more   t h a n   85%  by  w e i g h t   of  t h e   t o t a l   f i b r i d - f l o c  

c o n t e n t .   B e l o w   85  w g t  %   of   MPD-I  f i b r i d s ,   l i n e a r  

s h r i n k a g e   i s   u s u a l l y   l e s s   t h a n  o r   a b o u t   5%  d e c r e a s i n g  

to  e s s e n t i a l l y   0%  a t   and  b e l o w   20  w g t  %   f i b r i d s ,   a t  

t e m p e r a t u r e s   a t   a b o u t   t h e   g l a s s - t r a n s i t i o n  

t e m p e r a t u r e   of  t h e   f i b r i d s .   At  s u b s e q u e n t  

u s e - t e m p e r a t u r e s   b e l o w   t h e   g l a s s - t r a n s i t i o n  

t e m p e r a t u r e ,   s h r i n k a g e   i s   s u b s t a n t i a l l y   z e r o .   F o r  

t h e   p o l y ( m - p h e n y l e n e   i s o p h t h a l a m i d e )   f i b r i d s ,  

h e a t - s e t t i n g   t e m p e r a t u r e s   a r e   u s u a l l y   2 6 5 - 2 7 0 ° C .  

T e s t s  

B a s i s   w e i g h t   is   d e t e r m i n e d   by  w e i g h i n g   a  d r y   s h e e t  

s a m p l e   of  known  a r e a   and  c o n v e r t i n g   t h e   r e s u l t  

m a t h e m a t i c a l l y   to   t h e   a p p r o p r i a t e   u n i t s   of  w e i g h t   p e r  
u n i t  a r e a .  

T h i c k n e s s   of  a  s h e e t   i s   m e a s u r e d   u s i n g   a  c a l i p e r   (0 

l o a d   on  s a m p l e )   and  c o n v e r t i n g   t h e   r e s u l t  

m a t h e m a t i c a l l y ,   i f   n e c e s s a r y ,   to   t h e   a p p r o p r i a t e  

u n i t s   f o r   c a l c u l a t i n g   d e n s i t y .  

D e n s i t y   is   c o m p u t e d   as  t h e   b a s i s   w e i g h t   d i v i d e d   b y  

t h e   t h i c k n e s s   of  a  s h e e t ,   w i t h   a p p r o p r i a t e   c o n v e r s i o n  

of   u n i t s   to  p r o v i d e   t h e   u n i t s   g /mL.   For   s h e e t s   w h i c h  

h a v e   e m b o s s e d   u n e x p a n d e d   a r e a s ,   t h e   t h i c k n e s s   of  t h e  

m o s t   h i g h l y   e x p a n d e d   p o r t i o n s   of  t h e   s h e e t   i s   u s e d   i n  



c o m p u t i n g   a p p a r e n t   d e n s i t y ,   i . e . ,   t h e   d e n s i t y   t h e  

s h e e t   w o u l d   h a v e   i f   no  a r e a s   had  b e e n   e m b o s s e d   a n d  

a l l   a r e a s   had  b e e n   a l l o w e d   to  e x p a n d   u n i f o r m l y   to  t h e  

same  maximum  d e g r e e .   W h e t h e r   e m b o s s e d   or  u n e m b o s s e d ,  

s h e e t   t h i c k n e s s   is  m e a s u r e d   p e r p e n d i c u l a r l y   to  t h e  

p l a n e   of  t h e   s h e e t ;   t h u s ,   p l e a t i n g   or  f o l d i n g   of  t h e  

s h e e t   to  f u r t h e r   i n c r e a s e   i t s   s p a c e - f i l l i n g  

c a p a b i l i t y   h a s   no  e f f e c t   on  t h e   c a l c u l a t e d   a p p a r e n t  

d e n s i t y .   L i k e w i s e ,   b a s i s   w e i g h t   is   t h e   w e i g h t   p e r  
u n i t   a r e a   of  t h e   p l a n a r   s h e e t   w h i c h ,   w i t h i n   t h e  

l i m i t a t i o n   of  t h e   a r t   of  w e t - l a i d   p a p e r - f o r m a t i o n ;   i s  

u n i f o r m .   In  o r d e r   to   d e f i n e   a  d e n s i t y   s p e c i f i c a t i o n  

i n c l u s i v e   of  a l l   s h e e t s   h e r e i n ,   t h e   t e r m   " a p p a r e n t  

d e n s i t y "   is   a p p l i e d   to   a l l   c a l c u l a t e d   d e n s i t i e s   a s  

d e s c r i b e d   a b o v e .  

T e n s i l e   s t r e n g t h   i s   m e a s u r e d   on  2 . 5 4   cm  w i d e   s a m p l e s  

c l a m p e d   b e t w e e n   5 . 0 8   cm  - s p a c e d   j a w s   of   an  I n s t r o n  

t e n s i l e   t e s t e r   a c c o r d i n g   to   A S T M - D - 8 2 8 - 6 0   w i t h  

e l o n g a t i o n   a t   5 0 % / m i n .   The  s a m p l e   i s   c o n d i t i o n e d   a t  

l e a s t   8  h o u r s   a t   21°C  ( 7 0 ° F ) .   and  65%  R e l a t i v e  

H u m i d i t y   b e f o r e   t e s t i n g .  

EXAMPLE  I  

P o l y ( m - p h e n y l e n e   i s o p h t h a l a m i d e )   ( M P D - I )  

f i b r i d / f l o c   h a n d s h e e t s   w e r e   p r e p a r e d   a t   v a r y i n g  

f i b r i d / f l o c   w e i g h t   r a t i o s .   A l l   r a t i o s   a n d  

p e r c e n t a g e s   r e p o r t e d   a r e   b a s e d   on  w e i g h t .   T a b l e   I  

c h a r a c t e r i z e s   p r e p a r a t i v e   c o n d i t i o n s   and  t h e  

h a n d s h e e t s   o b t a i n e d .   C o l u m n   A  d e s i g n a t e s   c o m p o s i t i o n  

of  a  v o l u m e   of   n e v e r - d r i e d   f i b r i d s   in   t a p   w a t e r .  

C o l u m n   B  d o e s   t h e   same  f o r   a  s l u r r y   of  f l o c   in   t a p  

w a t e r .   V o l u m e s   A  and  B  w e r e   a d d e d   to  a  b l e n d e r   a n d  

a f t e r   b l e n d i n g ,   a  p o r t i o n ,   C,  was  t a k e n   and  b l e n d e d  

w i t h   an  a d d i t i o n a l   v o l u m e   of  t a p   w a t e r ,   D.  A  1200  mL 

a l i q u o t   of  t h e   r e s u l t a n t   b l e n d   was  f o r m e d   i n t o   a  

h a n d s h e e t   w h i c h ,   as  c o l l e c t e d ,   c o n t a i n e d   t h e  



i n d i c a t e d  %   w a t e r .   The  l a s t   c o l u m n   i n d i c a t e s   t h e  

f i b r i d / f l o c   w e i g h t   r a t i o .  

T a b l e   I I   r e p o r t s   t h e   p r o c e d u r e s   i n v o l v e d  

f i r s t   in   d i a m o n d - e m b o s s i n g   and  t h e n   in  d i e l e c t r i c  

h e a t i n g   20  cm  x  10  cm  ( 8 . 0   in  x  4 . 0   in)  s e c t i o n s   c u t  

f r o m   t h e   a b o v e   h a n d s h e e t s .   Two  s i m i l a r l y   p r e p a r e d  

i t e m s   i d e n t i f i e d   as  I - C ' a n d   I - D ' a r e   a l s o  

i n c o r p o r a t e d .   In  T a b l e   I I ,   W1,  W2,  and  W 3  a r e ,  

r e s p e c t i v e l y ,   t h e   s a m p l e   w e i g h t s   b e f o r e   e m b o s s i n g ,  

a f t e r   e m b o s s i n g ,   and  a f t e r   d i e l e c t r i c   h e a t i n g .   " T i m e  

in   d i e l e c t r i c   f i e l d "   d e n o t e s   t h e   t i m e   r e q u i r e d   f o r  

e a c h   i n c r e m e n t   of  s a m p l e   to  p a s s   f r o m   one   to   t h e  

o t h e r   e l e c t r o d e   on  t h e   c o n v e y o r   b e l t   o p e r a t e d   a t   t h e  

i n d i c a t e d   s p e e d .   The  e x p a n d e d   s a m p l e s   w e r e   d r i e d   a t  

1500C  a f t e r   w h i c h  t h i c k n e s s e s   a t   e s s e n t i a l l y   z e r o  

c o n t a c t   p r e s s u r e   w e r e   m e a s u r e d   b o t h   a t   c r e s t s  

( t h i c k e s t   e x p a n d e d   p o r t i o n s )   and  n o d e s   ( t h i n n e s t  

e m b o s s e d   p o r t i o n s ) .   D r y - w e i g h t   of  e a c h   s a m p l e   i s   t h e  

l a s t   c o l u m n .   P r e s s u r e s   u t i l i z e d   in   e m b o s s i n g   w e r e  

n o t   m e a s u r e d ,   b u t   w e r e   a d e q u a t e   and  a t   l e a s t   as  g r e a t  

as  s u b s e q u e n t l y   d e t e r m i n e d   to   be  w o r k a b l e .   As  c a n   b e  

s e e n   f r o m   e x a m i n a t i o n   of   n o d e   t h i c k n e s s e s ,   s o m e  

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

of   a b o u t   85  or  g r e a t e r ;   and  t h i s   m i n o r   e x p a n s i o n   w a s  

v i s i b l e   as  t i n y   b u b b l e s .   The  i n t e g r i t y   of  t h e   n o d e s  

was  n o t ,   h o w e v e r ,   i m p a i r e d .   T e s t   s h e e t   I - J   c o n t a i n e d  

no  f i b r i d s .   W h i l e   i t   was  p o s s i b l e   to  f o r m   and  t r e a t  

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

o n l y   a  l o o s e   mat   of   f i b e r s   w i t h o u t   s t r u c t u r a l  

i n t e g r i t y   and  w i t h o u t   e m b o s s e d   n o d e s .  

T a b l e   I I I   p r o v i d e s   a d d i t i o n a l   s h e e t  

p r o p e r t i e s .   The  t h i c k n e s s e s   a r e   of  h a n d s h e e t s   b e f o r e  

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

c o m p a r i n g   w i t h   t h e   c r e s t   and  node   t h i c k n e s s e s   o f  

T a b l e   I I .   The  b a s i s   w e i g h t s ,   t e n s i l e   s t r e n g t h s ,   a n d  



e l o n g a t i o n s   we re   a l l   m e a s u r e d   on  t h e   e m b o s s e d   a n d  

e x p a n d e d   s h e e t s   d r i e d   a t   room  t e m p e r a t u r e .   M a x i m u m  

t e n s i l e   p r o p e r t i e s   a r e   s e e n   to  r e s u l t   a t   f i b r i d / f l o c  

w e i g h t   r a t i o s   in  t h e   r a n g e   9 5 / 5   to   5 0 / 5 0 .   " A p p a r e n t  

d e n s i t y "   i s   c o m p u t e d   as  s p a c e   o c c u p i e d   by  t h e  

e x p a n d e d   s h e e t   b e t w e e n   f l a t   p l a t e s ;   i . e . ,   i t   i s  

c o m p u t e d   f r o m   b a s i s   w e i g h t   ( T a b l e   I I I )   and  c r e s t  

t h i c k n e s s   ( T a b l e   I I ) :  

w h e r e   =  a p p a r e n t   d e n s i t y   ( g / m L )  

BW  =  b a s i s   w e i g h t   ( g / m 2 )  

t c  =  c r e s t   t h i c k n e s s   ( m m ) .  

S c a n n i n g   e l e c t r o n   m i c r o g r a p h s   of   e x p a n d e d  

p o r t i o n s   of  a  s h e e t   c r o s s   s e c t i o n   of  I t e m   I -A   s h o w e d  

a  m a c r o s c o p i c   c e l l   s t r u c t u r e   of  m e m b r a n o u s   e l e m e n t s  

s u b s t a n t i a l l y   as  shown  in  F I G .   1  b u t   w i t h o u t   t h e  

s h o r t   f i b e r s .   C r o s s  s e c t i o n s   of   I t e m s   I - F   and  I - G  

show  a  l a y e r e d   s t r u c t u r e   of  f i b e r s ,   m e m b r a n o u s  

e l e m e n t s   and  m a c r o s c o p i c   c e l l s   s o m e w h a t   l i k e   F IG .   1  

b u t   w i t h   many  more   f i b e r s   and  a  l e s s   c o m p l e t e   n e t w o r k  

of  t h e   c e l l s .   A  c r o s s   s e c t i o n   of  I -H   s h o w s   a  

p a p e r - l i k e   l a y e r e d   s t r u c t u r e   of  f i b e r s   and  f r a g m e n t e d  

m e m b r a n o u s   e l e m e n t s   w i t h   s u b s t a n t i a l l y   no  m e m b r a n o u s  

c e l l   s t r u c t u r e   as  in   F I G .   1 .  









EXAMPLE  I I  

T h i s   e x a m p l e   t e s t s   t h e   e f f e c t   of  b e l t - s p e e d  

in  t h e   d i e l e c t r i c   h e a t e r   on  e x p a n s i o n   a c h i e v e d .  

B e l t - s p e e d   d e t e r m i n e s   t h e   t i m e   d u r i n g   w h i c h   a  s a m p l e  

is  e x p o s e d   to  h e a t i n g .  

The  s h e e t s   f o r   t h e s e   t e s t s   w e r e   a l l   p r e p a r e d  

u s i n g   a  c o m m e r c i a l   F o u r d r i n i e r   p a p e r m a k i n g   m a c h i n e .  

Two  s h e e t s   w e r e   m a d e ,   one   f o r   e a c h   b e l t - s p e e d   s e r i e s ,  

d i f f e r i n g   o n l y   in   p e r c e n t a g e   of  w a t e r   r e t a i n e d .  

F i b r i d s   of  MPD-I  a t   a b o u t   0 . 5   w e i g h t   p e r c e n t   in   t a p  

w a t e r   w e r e   f e d   to  one   i n l e t   p o r t   of  a  m i x i n g   " t e e " .  

A  s l u r r y   of  MPD-I  f l o c   a t   a b o u t   0 . 3 5   w e i g h t   p e r c e n t  

in   t a p   w a t e r   was  f e d   to  t h e   o t h e r   i n l e t   p o r t   of  t h e  

m i x i n g   " t e e " .   F i b r i d - t o - f l o c   w e i g h t   r a t i o   w a s  

6 0 / 4 0 .   E f f l u e n t   was  f e d   to   t h e   h e a d b o x   and  t h e n   t o  

t h e   f o r m i n g   w i r e .   The  r e s u l t a n t   s h e e t   was  p a s s e d  

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

r e s u l t   i n  a   c o l l e c t e d   s h e e t   of  d e s i r e d   m o i s t u r e  

c o n t e n t .   The  h i g h - p r e s s u r e   c a l e n d e r   r o l l s   n o r m a l l y  

u s e d   in   p a p e r m a k i n g   w e r e   c o m p l e t e l y   b y - p a s s e d .  

In   T a b l e   IV  a r e   p r e s e n t e d   d a t a   r e l e v a n t   t o  

e x p a n s i o n   by  d i e l e c t r i c   h e a t i n g .   The  "%  w a t e r "   i s   o f  

t he   s h e e t   as  p r e p a r e d .   W1,  W2,  and  W3  ( a s  

d e f i n e d   in   E x a m p l e   I)  a r e   f o r   t h e   a c t u a l   10  cm  x 

10  cm  ( 4 . 0   x  4 . 0   in)   s p e c i m e n s   h e a t e d .   "%  w a t e r  

r e m o v e d "   is   b a s e d   on  w e i g h t s   b e f o r e   and  a f t e r  

d i e l e c t r i c   h e a t i n g   (W2  and  W3)  and  on  d r y  

w e i g h t .   D i a m o n d - e m b o s s i n g   was  p e r f o r m e d   a t   a n  

u n m e a s u r e d   b u t   a m p l e   p r e s s u r e .   "Dry   w e i g h t "   i s  

w e i g h t   m e a s u r e d   a f t e r   d r y i n g   t h e   e m b o s s e d   a n d  

e x p a n d e d   s p e c i m e n   a t   1 5 0 ° C .   W h e r e   two  c r e s t  

t h i c k n e s s e s   a r e   g i v e n ,   t h e y   r e p r e s e n t   a  m e a s u r e d  

r a n g e .  

On  e x a m i n a t i o n   of  T a b l e   IV  i t   i s   a p p a r e n t  

t h a t   good   e x p a n s i o n   o c c u r r e d   in  e a c h   t e s t .   L o n g e r  



t i m e s   in   t h e   d i e l e c t r i c   h e a t e r   r e m o v e d   more   w a t e r ,  

b u t   d i d   n o t   f u r t h e r   e x p a n d   t h e   s p e c i m e n s .   In  f a c t ,  

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

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

d i s t a n c e   ( 7 . 6   cm)  s e p a r a t i n g   t h e   e l e c t r o d e s .  

The  e x p a n d e d   p o r t i o n s   of  t h e   s h e e t s  

c o n t a i n e d   many  e x p a n d e d   m a c r o s c o p i c   c e l l s   o f  

m e m b r a n o u s   e l e m e n t s   s i m i l a r   to  F I G .   2 .  





EXAMPLE  I I I  

T h i s   e x a m p l e   i n v e s t i g a t e s   t h e   e f f e c t   o f  

d i f f e r e n t   d e g r e e s   of   d r y i n g   of  t h e   s h e e t   a s  

w e t - l a i d .   The  s h e e t s   we re   p r e p a r e d   as  d e s c r i b - d   i n  

E x a m p l e   I I   e x c e p t   t h a t   m o r e   i n t e n s i v e   d r y i n g   on  t h e  

d r y i n g   c a n s   was  u s e d .   A l l   s p e c i m e n s   c u t   to   2 0  x   1 0  

cm.  ( 8 . 0   x  4 .0   in )   w e r e   d i a m o n d - e m b o s s e d   b e f o r e  

d i e l e c t r i c   h e a t i n g .   They   w e r e   a l s o   i m m e r s e d   in   t a p  

w a t e r   to  i n c r e a s e   t h e i r   w a t e r   c o n t e n t s   b e f o r e  

d i e l e c t r i c   h e a t i n g .  

T a b l e   V  p r e s e n t s   t h e   r e l e v a n t   p r o c e s s i n g   a n d  

t h i c k n e s s   d e t a i l s .   H e a d i n g s   h a v e   t h e   same  m e a n i n g s  

as  in   T a b l e   IV  e x c e p t  t h a t :   (1)  u n d e r   "%  w a t e r " ,   t h e  

f i r s t   n u m b e r   r e f e r s   to  t h e   s h e e t   as  r e m o v e d   f r o m   t h e  

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

t h e   r e - w e t t e d   s h e e t ,   and  (2)  t h e   " c r e s t   t h i c k n e s s "  

m e a s u r e m e n t s   w e r e   a l l   on  t h e   d r i e d   e x p a n d e d   s h e e t s ,  

d o u b l e  e n t r i e s   i n d i c a t i n g   r a n g e s .  

S p e c i m e n s   I I I - A ,   I I I - B ,   and  I I I - E   a l l  

e x p a n d e d   e x c e l l e n t l y   and  u n i f o r m l y .   S p e c i m e n s   I I I - C  

and  I I I - D   e x p a n d e d   v e r y   i r r e g u l a r l y   w i t h   s o m e  

p o r t i o n s   e x p a n d e d   l i t t l e ,   i f   a t   a l l .   T h i s   c o n f i r m s  

t h e   n e e d   f o r   a t   l e a s t   40%  by  w e i g h t   w a t e r   r e t a i n e d   i n  

t h e  w e t - l a i d   s h e e t   as  p r e p a r e d   f o r   b e s t   r e s u l t s .  

S a m p l e   I I I - F   ( d r i e d   and  r e - w e t   b e f o r e   d i e l e c t r i c  

h e a t i n g )   s h o w e d   v e r y   l i t t l e   e x p a n s i o n   a n d  

c o n s i d e r a b l e   d e l a m i n a t i o n   a l o n g   t h e   e m b o s s e d   l i n e s .  

The  0 . 3 8   mm  (15  m i l )   t h i c k   u n c a l e n d e r e d   Nomex®  T - 4 1 1  

a r a m i d   p a p e r   d i d   n o t   e x p a n d   a t   a l l   e v e n   t h o u g h   s o a k e d  

in   t a p   w a t e r   f o r   64  h o u r s .  





EXAMPLE  I V  

T h i s   e x a m p l e   d o c u m e n t s   t h e   r e l a t i v e  

e f f e c t i v e n e s s   of  t a p   w a t e r   ( IV-A)   and  d i s t i l l e d   w a t e r  

( I V - B ) .   H a n d s h e e t s   w e r e   p r e p a r e d   as  in   E x a m p l e   I .  

The  IV-A  h a n d s h e e t   c o n t a i n e d   87%  by  w e i g h t   w a t e r   a s  

p r e p a r e d .   The  IV-B  h a n d s h e e t   c o n t a i n e d   89%  by  w e i g h t  

w a t e r .   The  f i b r i d / f l o c   w e i g h t   r a t i o   was  6 0 / 4 0 .  

S p e c i m e n s   of   e a c h   20  x  20  cm  ( 8 . 0   x  8 .0   in )   we re   c u t ,  

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

S a m p l e   IV-A  ( t a p   w a t e r )   w e i g h e d   61  g  a f t e r  

e m b o s s i n g   and  15  g  a f t e r   d i e l e c t r i c   h e a t i n g .   A b o u t  

88%  of   t h e   w a t e r   v a p o r i z e d .   R e s i d e n c e   t i m e   in   t h e  

h e a t e r   was  30  s e c o n d s .   C r e s t / n o d e   t h i c k n e s s e s   w e r e  

3 . 6   m m / 0 . 2 8   mm.  An  e x c e l l e n t   and  u n i f o r m l y   e x p a n d e d  

s h e e t   r e s u l t e d .  

S a m p l e   IV-B  ( d i s t i l l e d   w a t e r )   w e i g h e d   62  g  

a f t e r   e m b o s s i n g   and  43  g  a f t e r   d i e l e c t r i c   h e a t i n g .  

A b o u t   35%  of   t h e   w a t e r   v a p o r i z e d .   R e s i d e n c e   t i m e   i n  

t h e   o v e n   was  150  s .   C r e s t / n o d e   t h i c k n e s s e s   w e r e   1 . 3  

to  3 .3   m m / 0 . 2 8   mm.  V e r y   i r r e g u l a r   and  i n c o m p l e t e  

e x p a n s i o n   r e s u l t e d .  

The  w a t e r   s u p p l i e s   u s e d   w e r e   c h a r a c t e r i z e d  

as  to   m i n e r a l   c o n t e n t   and  r e s u l t s   a r e   shown   b e l o w   i n  

p a r t s   p e r   m i l l i o n .   The  n o t a t i o n   "ND"  d e s i g n a t e s  

" n o n e   d e t e c t a b l e " .  

EXAMPLE  V 

T h i s   e x a m p l e   s h o w s   t h e   e f f e c t   on  e x p a n s i o n  

of  a d d e d   s u r f a c t a n t .   H a n d s h e e t s   w e r e   p r e p a r e d   a s  

d e s c r i b e d   in   E x a m p l e   I  e x c e p t   t h a t   t h e   f i b r i d / f l o c  

w e i g h t   r a t i o   was  5 7 / 4 3   and  t h a t ,   a b o u t   6  min  a f t e r  

a d d i n g   t h e   2000  mL  of  t a p   w a t e r   to  t h e   b l e n d e r ,   a  

10  mL  v o l u m e   of  a  33  w e i g h t   p e r c e n t   a q u e o u s   s o l u t i o n  



of  P r o d u c t   BCO  (Du  P o n t   t r a d e n a m e   f o r   i t s   c e t y l  

b e t a i n e   s u r f a c t a n t )   and  a  5  mL  v o l u m e   of  a n t i f o a m i n g  

a g e n t   (Dow  A n t i f o a m   B)  we re   a d d e d .   A f t e r   e a c h  

n e v e r - d r i e d   s h e e t   (%  w a t e r   shown   in  T a b l e   VI)  w a s  

m a d e ,   i t   was  c u t   to  10  x  10  cm  ( 4 . 0   x  4 .0   i n )   s i z e  

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

In   T a b l e   V,  t e s t s   V-A  to  V-D  a r e   f o r   s h e e t s  

as  j u s t   d e s c r i b e d .   T e s t s   V-E  to  V- I   a r e   f o r   s h e e t s  

e q u i v a l e n t   e x c e p t   t h a t   no  P r o d u c t   BCO  and  n o  

a n t i f o a m i n g   a g e n t   w e r e   a d d e d .   By  c o m p a r i n g   t h e   b e l t  

s p e e d s   and  c r e s t   t h i c k n e s s e s ,   i t   is  a p p a r e n t   t h a t   t h e  

a d d i t i v e s   e n a b l e d   f u l l   e x p a n s i o n   a t   t h e   h i g h e s t  

b e l t - s p e e d s   a v a i l a b l e ,   b u t   t h a t   c o n t r o l   t e s t s   V-H  a n d  

V- I   r e a c h e d   l e s s   t h a n   f u l l   e x p a n s i o n   a t   a  b e l t - s p e e d  

s o m e w h a t   l e s s   t h a n   t h e   max imum  a v a i l a b l e .  





EXAMPLE  V I  

T h i s   e x a m p l e   d e s c r i b e s   t h e   p r e p a r a t i o n   a n d  

d i e l e c t r i c   h e a t i n g   of  h a n d s h e e t s   w h e r e i n   some  or  a l l  

of  t h e   MPD-I  f l o c   i s   r e p l a c e d   b y  

p o l y ( p - p h e n y l e n e t e r e p h t h a l a m i d e )   (PPD-T)   f l o c .   T h e  

h a n d s h e e t s   we re   p r e p a r e d   u s i n g   t h e   p r o c e d u r e   o f  

E x a m p l e   I .  

PPD-T  p u l p e d   f l o c   was  u s e d   as  a  37  p e r c e n t  

by  w e i g h t   s u s p e n s i o n   in  w a t e r .   T h r e e   h a n d s h e e t s   w e r e  

made  h a v i n g   MPD-I  f i b r i d s / M P D - I   f l o c / P P D - T   p u l p e d  

f l o c   in   p a r t s   by  w e i g h t   ( d r y   w e i g h t   b a s i s ) :  

5 7 / 3 8 . 4 / 4 . 6 ,  

5 7 / 3 3 . 6 / 9 . 4 ,   a n d  

5 7 / 2 8 . 6 / 1 4 . 4 ,   r e s p e c t i v e l y .  

W a t e r   c o n t e n t   of  t h e   wet   s h e e t s   was  8 6 - 8 7 %   b y  

w e i g h t .   A l l   w e r e   d i a m o n d - e m b o s s e d   and  p a s s e d   t h r o u g h  

t h e   d i e l e c t r i c   h e a t e r   a t   0 .4   m / m i n .   A l l   t h r e e  

e x p a n d e d   s h e e t s   w e r e   e s s e n t i a l l y   i d e n t i c a l   w i t h   c r e s t  

t h i c k n e s s e s   in   t h e   r a n g e   4 . 2   to  4 . 8   mm  and  n o d e  

t h i c k n e s s e s   of  a b o u t   0 . 2 5  .  

A  h a n d s h e e t   of   MPD-I  f i b r i d s / M P D - I  

f l o c / P P D - T   f l o c   ( 6 0 / 3 5 / 5 )   was  1 . 1   mm  t h i c k   a s  

p r e p a r e d   and  c o n t a i n e d   85%  by  w e i g h t   w a t e r .   A f t e r  

d i a m o n d - e m b o s s i n g ,   i t   was  p a s s e d   t h r o u g h   t h e  

d i e l e c t r i c   h e a t e r   a t   0 .4   m / m i n .   I t   e x p a n d e d  

i m m e d i a t e l y   to  c r e s t / n o d e   t h i c k n e s s e s   o f  

4 .6   m m / 0 . 2 5   mm.  Dry  b a s i s   w e i g h t   was  193  g / m 2 .  

The  PPD-T  f l o c   of  t h i s   and  t h e   n e x t   s h e e t   was  c u t  

f rom  tow  of  K e v l a r ®   29  a r a m i d   y a r n s   (Du  P o n t )  .  

A  h a n d s h e e t   of  MPD-I  f i b r i d s / P P D - T   f l o c  

( 5 0 / 5 0 )   was  p r e p a r e d   u s i n g   o n l y   PPD-T  f l o c ;   i . e . ,   a l l  

t h e   MPD-I  f l o c   was  s u b s t i t u t e d   w i t h   PPD-T  f l o c .  

P r e p a r a t i o n ,   e m b o s s i n g ,   and  d i e l e c t r i c   h e a t i n g   w e r e  

as  d e s c r i b e d   f o r   t h e   p r e v i o u s   t e s t .   The  c r e s t / n o d e  

t h i c k n e s s e s   we re   3 .0   m m / 0 . 2 5   mm,  and  t h e   d r y   b a s i s  



w e i g h t   was  166  g / m ' .   The  e x p a n d e d   p o r t i o n s   of  t h e  

s h e e t s   c o n t a i n e d   many  e x p a n d e d   m a c r o s c o p i c   c e l l s   o f  

m e m b r a n o u s   e l e m e n t s   s i m i l a r   to  F I G .   2 .  

EXAMPLE  V I I  

T h i s   e x a m p l e   s h o w s   e x p a n d e d   s h e e t s   p r e p a r e d  

f r o m   MPD-I  f i b r i d s   and  g l a s s   f l o c   in  a  5 7 / 4 3   w e i g h t  

r a t i o .   The  g l a s s   f l o c   was  3 . 2   mm  ( 0 . 1 2 5   in)   l o n g   a n d  

8  pm  d i a m e t e r   g l a s s   s t a p l e   o b t a i n e d   f r o m   P i t t s b u r g h  

P l a t e   G l a s s .   The  h a n d s h e e t   was  made  f o l l o w i n g   t h e  

g e n e r a l   p r o c e d u r e   of   E x a m p l e   I .   I t   w a s  

d i a m o n d - e m b o s s e d   and  t h e n   p a s s e d   t h r o u g h   t h e  

d i e l e c t r i c   h e a t e r   a t   0 .4   m / m i n .   E x p a n s i o n   w a s  

i m m e d i a t e   p r o v i d i n g   c r e s t / n o d e   t h i c k n e s s e s   o f  

3 . 0 - 3 . 3   m m / 0 . 2 3 - 0 . 2 5   mm.  The  e x p a n d e d   p o r t i o n s   o f  

t h e   s h e e t s   c o n t a i n e d   many  e x p a n d e d   m a c r o s c o p i c   c e l l s  

of   m e m b r a n o u s   e l e m e n t s   s i m i l a r   to   FIG.   2.  When  t h e  

d r i e d   e x p a n d e d   s h e e t   was  h e l d   in   t h e   f l a m e   of   a  

l a b o r a t o r y   b u r n e r ,   v e r y   l i t t l e   s h r i n k a g e   o c c u r r e d .  

EXAMPLE  V I I I  

T h i s   e x a m p l e   i l l u s t r a t e s   t h e   use   of   a  

t h e r m o p l a s t i c   p o l y m e r   f o r   t h e   f i b r i d   a n d / o r   t h e   f l o c  

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

p o l y ( e t h y l e n e   t e r e p h t h a l a t e )   f o r   w h i c h   t h e  

a b b r e v i a t e d   name  2G-T  is   u s e d   h e r e a f t e r .  

2G-T  F i b r i d s  

The  2G-T  p o l y m e r   u s e d   in   p r e p a r i n g   f i b r i d s  

had  a  r e l a t i v e   v i s c o s i t y   (LRV)  of  22  w h e r e :   (1)  LRV 

is   t h e   r a t i o   a t   25°C  of  t h e   f l o w   t i m e s   in   a  c a p i l l a r y  

v i s c o m e t e r   f o r   s o l u t i o n   and  s o l v e n t ,   (2)  t h e   s o l u t i o n  

i s   4 . 7 5   w e i g h t   p e r c e n t   p o l y m e r   in   s o l v e n t ,   and  ( 3 )  

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

100  ppm  of  H 2 S O 4 .  
F i b r i d s   w e r e   p r e p a r e d   by  t r i c k l i n g   200  mL  o f  

a  10%  (w/w)  s o l u t i o n   in   t r i f l u o r o a c e t i c   a c i d   of  t h e  

a b o v e   p o l y m e r   i n t o   300  mL  of  w a t e r   w h i l e   s t i r r i n g  



r a p i d l y   in  a  b l e n d e r .   The  f i b r i d s   o b t a i n e d   w e r e  

w a s h e d   in  t a p   w a t e r   u n t i l   t h e   e f f l u e n t   had  a  pH  o f  

4.  The  f i n a l   a q u e o u s   s l u r r y   was  29%  by  w e i g h t  

f i b r i d s .  

2G-T  F l o c  

The  2G-T  f l o c   e m p l o y e d   was  of  Dac'ronID  T y p e  

54  p o l y e s t e r   s t a p l e   w i t h   a  c u t   l e n g t h   of  6 . 3 5   mm 

( 0 . 2 5   in)   and  a  l i n e a r   d e n s i t y   p e r   f i l a m e n t   o f  

1 . 6 7   d t e x   ( 1 . 5   d e n i e r ) .  

2G-T  F i b r i d / 2 G - T   f l o c   ( 6 0 / 4 0 )  

I n t o   a  b l e n d e r   c o n t a i n i n g   3 .5   L  of  t a p   w a t e r  

w e r e   a d d e d   148  g  of  t h e   a b o v e   2G-T  f i b r i d   s l u r r y   a n d  

30  g  of  2G-T  f l o c .   A f t e r   b l e n d i n g   f o r   15  m i n ,  

1100  mL  of  t h e   m i x t u r e   was  a d d e d   to   2  L  of   t a p   w a t e r ,  

and  t h e   new  s l u r r y   was  b l e n d e d   f o r   10  m i n .   A  1200  mL 

a l i q u o t   of  t h e   f i n a l   m i x t u r e   was  a d d e d   to  t h e   h e a d b o x  

of  a  20  cm  x  20  cm  ( 8 . 0   x  8 . 0   in )   l a b o r a t o r y   s h e e t  

f o r m e r .   The  wet   s h e e t   r e m o v e d   a f t e r   p u l l i n g   v a c u u m  

f o r   a b o u t   25  s e c o n d s   c o m p r i s e d   a b o u t   89%  w a t e r .  

The  a b o v e   s h e e t   ( 7 4 . 4   g)  w a s  

d i a m o n d - e m b o s s e d ,   r e s u l t i n g   in   l o s s   of  w e i g h t   t o  

6 5 . 8   g.  The  e m b o s s e d   s h e e t   was  d i p p e d   i n t o   w a t e r  

c o n t a i n i n g   0 .83%  c e t y l   b e t a i n e   ( P r o d u c t   B C O  -  

Du  P o n t )   w h e r e u p o n   i t s   w e i g h t   i n c r e a s e d   to  7 4 . 1   g .  

Upon  p a s s a g e   of  t h e   w e t ,   e m b o s s e d   s h e e t   t h r o u g h   t h e  

d i e l e c t r i c   h e a t e r   a t   0 . 4   m / m i n ,   e x p a n s i o n   of  t h e  

u n e m b o s s e d   a r e a s   was  r a p i d .   W e i g h t   of  t h e   s h e e t  

a f t e r   e x p a n s i o n   was  1 0 . 1   g.  A n o t h e r   p a s s   t h r o u g h   t h e  

h e a t e r   r e m o v e d   t h e   r e m a i n i n g   w a t e r ,   r e d u c i n g   t h e  

s h e e t   w e i g h t   to  7 .8   g  (184  g / m 2 ) .   C r e s t / n o d e  

t h i c k n e s s e s   were   6 .4   m m / 0 . 2 5 - 0 . 3 7   mm. 

2G-T  F i b r i d / M P D - I   F l o c   ( 6 0 / 4 0 )  

In  a  b l e n d e r   o r i g i n a l l y   c o n t a i n i n g   3 . 5   L  o f  

w a t e r   we re   b l e n d e d   f o r   15  min  30  g  of  MPD-I  f l o c   a n d  

225  g  of  an  a q u e o u s   s l u r r y   of  2G-T  f i b r i d s   p r e p a r e d  



as  d e s c r i b e d   a b o v e   a t   19 .5%  s o l i d s .   An  11-00  mL 

a l i q u o t   of  t he   r e s u l t i n g   m i x t u r e   was  a d d e d   to   2  L  o f  

t a p   w a t e r   and  b l e n d e d   f o r   10  min .   A  1 2 0 0   mL  a l i q u o t  

of  t h e   f i n a l   m i x t u r e   was  c o n v e r t e d   to  a  20  cm  x  20  cm 

( 8 . 0   x  8 .0   in)   h a n d s h e e t ,   as  a b o v e ,   to  f o r m   a  w e t  

h a n d s h e e t   o f  8 7 %   w a t e r .  

The  we t   h a n d s h e e t ,   a f t e r   d i a m o n d - e m b o s s i n g ,  

was  p a s s e d   t h r o u g h   t h e   d i e l e c t r i c   h e a t e r   a t  

0 . 4   m / m i n .   R e s u l t a n t   c r e s t / n o d e   t h i c k n e s s e s   w e r e  

4 .3   m m / 0 . 2 5   mm. 

The  e x p a n d e d   p o r t i o n s   of  t h i s   s h e e t ,   as  w e l l  

as  of   t h e   a b o v e   a l l   2G-T  f i b r i d / f l o c   s h e e t ,   c o n t a i n e d  

p a p e r - l i k e   l a y e r s   of  m e m b r a n o u s   e l e m e n t s   a n d  

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

EXAMPLE  I X  

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

MPD-I  f i b r i d / M P D - I   f l o c   s h e e t s   w h i c h   w e r e  

d i e l e c t r i c a l l y   h e a t e d   w i t h o u t   any  e m b o s s i n g   t o  

p r o v i d e   v e r y   low  d e n s i t i e s .  

Wet  s h e e t s   c o n t a i n i n g   a b o u t   83%  w a t e r   w e r e  

p r e p a r e d   u s i n g   a  c o m m e r c i a l   F o u r d r i n i e r   m a c h i n e .   T h e  

wet   s h e e t   was  a b o u t   1 . 1 4   mm  ( 0 . 0 4 5   in)   t h i c k ,   and  t h e  

f i b r i d / f l o c   w e i g h t   r a t i o   was  6 0 / 4 0 .   U n l i k e   t h e  

c u s t o m a r y   p a p e r m a k i n g   p r o c e s s   on  t h i s   m a c h i n e ,   t h e  

d r y e r   r o l l s   we re   o p e r a t e d   a t   s u f f i c i e n t l y   l o w  

t e m p e r a t u r e s   to   p r e v e n t   c o m p l e t e   r e m o v a l   of   w a t e r ,  

and  t h e   w e t - l a i d   s h e e t   was  n o t   c a l e n d e r e d .  

From  t h e   a b o v e   p r o d u c t ,   s p e c i m e n s   20  cm  x  

10  cm  ( 8 . 0   in  x  4 .0   in)   w e r e   c u t .   B e f o r e   e x p o s u r e   t o  

d i e l e c t r i c   h e a t i n g ,   e a c h   was  d i p p e d   in  an  a q u e o u s  

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

d r y .   Two  d i p s   u s e d   c o n t a i n e d   c e t y l   b e t a i n e   ( P r o d u c t  

BCO-Du  P o n t   a t   0 . 8 3   and  1 . 6 5 % ,   r e s p e c t i v e l y .   T h e s e  

were   p r e p a r e d   by  d i l u t i n g   2 . 5   and  5 .0   g ,  

r e s p e c t i v e l y ,   of   33  w e i g h t   p e r c e n t   P r o d u c t   BCO  w i t h  



w a t e r   u n t i l   t h e   s o l u t i o n   w e i g h e d   100  g.  The  o t h e r  

two  d i p s   we re   of  2 . 5   and  7 .5   w e i g h t   p e r c e n t   LFS® 

L o t i o n   S o a p   ( C a l g o n )   in  w a t e r .   C o l u m n s   h e a d e d   "% 

BCO"  and  "%  LPS®"  in  T a b l e   VI I   i d e n t i f y   t h e s e   d i p s ,  

and  t h e   c o l u m n   l a b e l e d   " S o a k   T i m e "   i d e n t i f i e s   t h e  

l e n g t h   of  t i m e   e a c h   s p e c i m e n   r e m a i n e d   in   t h e  

s p e c i f i e d   d i p .   The  e x p a n d e d   s p e c i m e n s   we re   q u i t e  

i r r e g u l a r   in  t h i c k n e s s .   " E x p a n d e d   t h i c k n e s s "   i n  

T a b l e   VI I   is  an  a v e r a g e   v a l u e ;   so  t h e   c a l c u l a t e d  

" V o l u m e "   and  " D e n s i t y "   a r e   a p p r o x i m a t e .  

W h i l e   t h e   d r i e d ,   e x p a n d e d   s h e e t s   of   T a b l e  

V I I   c o u l d   r e l a t i v e l y   e a s i l y   be  s e p a r a t e d   i n t o   t h i n n e r  

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

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

s e p a r a t i o n s .   They   a r e   w e l l - s u i t e d   f o r   u se   a s  

f l a m e - r e t a r d a n t   t h e r m a l   or  a c o u s t i c   i n s u l a t i o n .  

A  s c a n n i n g   e l e c t r o n   m i c r o g r a p h   a t   20X 

m a g n i f i c a t i o n   of  a  c r o s s   s e c t i o n   t h r o u g h   a  t h i c k n e s s  

of  I t e m   X-A  ( s e e   F IG .   1)  s h o w s   a  m u l t i p l i c i t y   o f  

l a y e r e d   m e m b r a n o u s   e l e m e n t s   w h i c h   j o i n   w i t h   a n d  

s e p a r a t e   f r o m   one   a n o t h e r   a t   r a n d o m   f o r m i n g   a  h i g h l y  

i r r e g u l a r ,   t h r e e - d i m e n s i o n a l   n e t w o r k   of  n u m e r o u s  
i n t e r l e a v e d   m a c r o s c o p i c   c e l l s   w i t h   t a p e r e d   e d g e s  

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

p l u r a l i t y   of  p a p e r - l i k e   l a y e r s   l y i n g   s u b s t a n t i a l l y  

h o r i z o n t a l l y   in   t h e   p l a n e   of  t h e   s h e e t .  





EXAMPLE  X 

T h i s   e x a m p l e   i l l u s t r a t e s   p l a i n   e m b o s s i n g   a s  

d e s c r i b e d   h e r e i n b e f o r e   and  t h e   e f f e c t i v e n e s s   of  t h e  

e x p a n d e d   s h e e t   f o r   t h e r m a l   i n s u l a t i o n .  

U s i n g   a  s l u r r y   in   w a t e r   of  60  w g t  %   M P D - I  

f i b r i d s   and  40  wgt   %  MPD-I  f l o c ,   a  s h e e t   was  p r e p a r e d  

u s i n g   a  p a p e r - m a k i n g   m a c h i n e .   I t   had  17  w g t  %   s o l i d s  

(83  wgt  %  w a t e r )   and  had  a  d r y   b a s i s   w e i g h t   o f  

208  g / m 2 .   A  20  x  20  cm  ( 8 . 0   x  8 . 0   in)   s a m p l e   o f  

t h e   wet  s h e e t   was  p l a i n - e m b o s s e d   and  t h e n   e x p a n d e d   b y  

p a s s a g e   t h r o u g h   t h e   d i e l e c t r i c   h e a t e r   a t   0 . 4   m / m i n .  

I t   e x p a n d e d   i m m e d i a t e l y   to  p r o v i d e   c r e s t / n o d e  

t h i c k n e s s e s   of  2 . 5   m m / 0 . 2 5   mm.  The  a p p a r e n t   d e n s i t y  

is   c a l c u l a t e d   to   be  0 . 0 8 3   g / m L .   F i g .   2  i s   a  s c a n n i n g  

e l e c t r o n   m i c r o g r a p h   a t   lOx  of  a  t h i c k n e s s  

c r o s s - s e c t i o n   of  t h e   p r o d u c t   on  a  l i n e   m a x i m i z i n g   t h e  

a p p e a r a n c e   of  u n e x p a n d e d   e m b o s s e d   p o r t i o n s   a n d  

s h o w i n g   t h e   c e l l   s t r u c t u r e   of  t h e   i n v e n t i o n   in   t h e  

e x p a n d e d   p o r t i o n s .   A b o u t   90%  of   t h e   f a c e   a r e a   w a s  

e x p a n d e d .  

S e v e n   of  t h e   e x p a n d e d   s h e e t s   w e r e   s t a c k e d   t o  

g i v e   a  t o t a l   t h i c k n e s s   of   19  mm  u n d e r   0 . 0 1 3 8   k P a  

( 0 . 0 0 2   l b / i n 2 )   p r e s s u r e   ( t o t a l   a r e a   b a s i s ) .  

T h e r m a l   c o n d u c t i v i t y   a t   25°C  was  m e a s u r e d   to  b e  

0 . 0 3 5   W/m.K  u s i n g   t h e   m e t h o d   d e s c r i b e d   by  J .   L .  

C o o p e r   and  M.  S.  F r a n k o s k y   in   J o u r n a l   of  C o a t e d  

F a b r i c s ,   V o l .   10 ,   107  ( 1 9 8 0 ) .  

The  e x p a n d e d   s h e e t   of  t h i s   e x a m p l e   w a s  

h e a t - s e t   u n r e s t r a i n e d   in  a  n i t r o g e n   a t m o s p h e r e .  

H e a t i n g   f r o m   a m b i e n t   to  265°C  o c c u r r e d   o v e r   a  9 0  

m i n u t e   i n t e r v a l ,   and  265°C   was  m a i n t a i n e d   f o r   a n  

a d d i t i o n a l   15  m i n u t e s .   L i n e a r   s h r i n k a g e   as  a  r e s u l t  

of  - h i s   t r e a t m e n t   was  a b o u t   5%,  and  t h e   c r e s t s  

d i m i n i s h e d   in  t h i c k n e s s   by  a b o u t   33%.  From  t h e s e  



s h r i n k a g e s   t h e   a p p a r e n t   d e n s i t y   a f t e r   s h r i n k i n g   i s  

c a l c u l a t e d   to  be  0 . 1 3 7   g / m L .   At  s u b s e q u e n t   e x p o s u r e s  

to  t e m p e r a t u r e s   of   2 4 0 ° C   or  l e s s ,   t h e r e   w a s  

e s s e n t i a l l y   no  s h r i n k a g e .  



1.  A  c o h e r e n   e x p a n d e d   n o n w o v e n   s h e e t  

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

and  o p t i o n a l l y   up  to  80%  by  w e i g h t   f l o c ,   t h e   s h e e t  

h a v i n g   an  a p p a r e n t   d e n s i t y   of  l e s s   t h a n   0 . 1 6   g /mL  a n d  

b e i n g   c o m p r i s e d   of   a  p l u r a l i t y   of   p a p e r - l i k e   l a y e r s  

of  m e m b r a n o u s   e l e m e n t s   w h i c h   j o i n   and  s e p a r a t e   a t  

r a n d o m   t h r o u g h o u t   t h e   t h i c k n e s s   of  t h e   s h e e t   to   f o r m  

e x p a n d e d   m a c r o s c o p i c   c e l l s .  

2.  An  e x p a n d e d   n o n w o v e n   s h e e t   of  c l a i m   1 

c o n t a i n i n g   20 -80%  by  w e i g h t   f i b r i d s   a n d  

c o m p l e m e n t a l l y   2 0 - 8 0 %   by  w e i g h t   f l o c ,   e a c h   n o t  

m e l t i n g   b e l o w   1 3 0 ° C .  

3.  An  e x p a n d e d   n o n w o v e n   s h e e t   of  c l a i m   1  or  C l a i m   2 

c o n t a i n i n g   5 0 - 8 0 %   by  w e i g h t  f i b r i d s   and  2 0 - 5 0 %   b y  

w e i g h t   f l o c .   a n y  o n e  o f  
4.  An  e x p a n d e d   n o n w o v e n   s h e e t   o f / c l a i m s l   to  3 

w h e r e i n   d i s c r e t e   a r e a s   c o m p r i s i n g   up  t o  5 0 %   of  t h e  

t o t a l   a r e a   of  t h e   s h e e t   a r e   n o t   e x p a n d e d .  

5.  An  e x p a n d e d   n o n w o v e n   s h e e t   of any one of claims 1  to  4 

w h e r e i n   t h e   f i b r i d s   a r e   c o m p r i s e d   of   an  a r o m a t i c  

p o l y a m i d e .  

6.  An  e x p a n d e d   n o n w o v e n   s h e e t   of  c l a i m   5 

w h e r e i n   t h e   f i b r i d s   a r e   of   p o l y ( m - p h e n y l e n e  

i s o p h t h a l a m i d e ) .   
a n y  o n e   o f  

7.  An  e x p a n d e d   n o n w o v e n   s h e e t   o f / c l a i m s   1  to  6 

c o n t a i n i n g   f l o c   w h i c h   i s   c o m p r i s e d   of   an  a r o m a t i c  

p o l y a m i d e .  

8.  An  e x p a n d e d   n o n w o v e n   s h e e t   of  c l a i m   7 

w h e r e i n   a t   l e a s t   some  of   t h e   f l o c   has   b e e n   p u l p e d .  

9.  An  e x p a n d e d   n o n w o v e n   s h e e t   of any one of claims 1  to  8 

w h e r e i n   t h e   m e m b r a n o u s   e l e m e n t s   f o r m   a  t h r e e -  

d i m e n s i o n a l ,   h i g h l y   i r r e g u l a r   n e t w o r k   of   n u m e r o u s  

i n t e r l e a v e d   m a c r o s c o p i c   c e l l s   w i t h   t a p e r e d   e d g e s .  



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

e x p a n d e d   n o n w o v e n   s h e e t   c o m p r i s i n g   p r e p a r i n g   a  w e t  

m i x t u r e   of   f i b r i d s   o f   a  w h o l l y   s y n t h e t i c   p o l y m e r ,   a n d  

o p t i o n a l l y   up  to   80%  by  w e i g h t   f l o c ,   f o r m i n g   a  

w e t - l a i d   n o n w o v e n   s h e e t   of   t h e   f i b r i d s   o n  

p a p e r - f o r m i n g   e q u i p m e n t ,   m a i n t a i n i n g   w a t e r   i n  t h e  

s h e e t ,   a d d i n g   a d d i t i o n a l   w a t e r   i f   n e e d e d   to   i n c r e a s e  

t h e   w a t e r   c o n t e n t   of   t h e   s h e e t   to   a t   l e a s t   60%  b y  

w e i g h t ,   and  h e a t i n g   t h e   wet   s h e e t   to  v a p o r i z e   t h e  

w a t e r  r a p i d l y   and   to   e x p a n d   t h e   s h e e t   to   p r o v i d e   a  

p r o d u c t   h a v i n g   an  a p p a r e n t   d e n s i t y   of   l e s s   t h a n  

0 . 1 6   g / m L .  

1 1 .   P r o c e s s   of   c l a i m   10  w h e r e i n   t h e   w a t e r  

c o n t e n t   i s   m a i n t a i n e d   a t   a t   l e a s t   40%  by  w e i g h t .  

12 .   The   p r o c e s s   of Claim 10 or claim  1 1   w h e r e i n   up  t o  

50%  of   t h e   t o t a l   a r e a   o f   t h e   s h e e t   i s   e m b o s s e d   b e f o r e  

e x p a n s i o n   to   p r o v i d e   a  s h e e t   w h i c h   i s   e x p a n d e d   o n l y  

in  u n e m b o s s e d   a r e a s .  

13 .   The  p r o c e s s   of any one of claims  10 to 12 wherein  t h e   w e t  

n o n w o v e n   s h e e t   c o n t a i n s   2 0 - 8 0 %   by  w e i g h t   f i b r i d s   a n d  

c o m p l e m e n t a l l y   2 0 - 8 0 %   by  w e i g h t   f l o c   on  a  d r y   b a s i s .  

14 .   Process  of  any  one  of  c la im 10  where in   t h e   w e t  

n o n w o v e n   s h e e t   c o n t a i n s   5 0 - 8 0 %   by  w e i g h t   f i b r i d s   a n d  

2 0 - 5 0 %   by  w e i g h t   f l o c   on  a  d r y   b a s i s .  
a n y  o n e   o f  

15 .   P r o c e s s   o f / c l a i m s l O   to  14  w h e r e i n   t h e  

f i b r i d s   a r e   c o m p r i s e d   of   an  a r o m a t i c   p o l y a m i d e .  

16 .   P r o c e s s   of   c l a i m   15  w h e r e i n   t h e   f i b r i d s  

a r e   p o l y ( m - p h e n y l e n e   i s o p h t h a l a m i d e ) .  
a n y o n e   of  t o  1 6  

17 .   P r o c e s s   of any one of claims 10 to 16 wherein  a r o m a t i c  

p o l y a m i d e   f l o c   i s   u s e d .  

18 .   P r o c e s s   of   c l a i m   17  w h e r e i n  

p o i y ( p - p h e n y l e n e   t e r e p h t h a l a m i d e )   f l o c   i s   u s e d .  
a n y  o n e  o f  

19 .   P r o c e s s   o f / c l a i m s   10  t o l 8   w h e r e i n   t h e  

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



20.  P r o c e s s   o f / c l a i m s   10  to  19  w h e r e i n  

t h e   r a p i d   v a p o r i z a t i o n   of   w a t e r   i s   i n d u c e d   b y  

d i e l e c t r i c   h e a t i n g .  
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