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ABSTRACT

The mechanical  and strength propert ies  of  paper
r e f l e c t  t he  i n t r i n s i c  chemis t ry ,  morpho logy ,  and
s t ruc tu r e  o f  t he  i nd iv idua l  f i be r s  a s  we l l  a s  t he
n e t w o r k  s t r u c t u r e  o f  t h e  p a p e r .  T h e s e  p r o p e r t i e s
a l s o  r e f l e c t  t h o s e  c h e m i c a l  c h a n g e s  t h a t  c a u s e  t h e
pape r  t o  l o se  i t s  pe rmanence  w i th  t ime .  S t r eng th
p r o p e r t i e s  c a n  t h e r e b y  s e r v e  a s  i n d i c a t o r s  o f  t h e
permanence of  paper ,  even when the nature of  the
c h e m i c a l  c h a n g e s  r e s p o n s i b l e  f o r  t h e  d e t e r i o r a t i o n
r e m a i n s  u n k n o w n .  C a r e f u l  m o n i t o r i n g  o f  s t r e n g t h
p r o p e r t i e s  c a n  a l s o  b e  u s e d  f o r  e v a l u a t i n g  t h e
e f f e c t i v e n e s s  o f  t r e a t m e n t s  f o r  a g i n g .  T h i s  r e q u i r e s
t e s t  m e t h o d s   a n d  p r o c e d u r e s  t h a t  h a v e  b e e n
p r o v e n  t o  b e  r e l i a b l e .  T A P P I  t e s t  m e t h o d s  f o r
e v a l u a t i n g  t h e  p r o p e r t i e s  o f  t e n s i l e  s t r e n g t h ,
b u r s t i n g  s t r e n g t h ,  t e a r i n g  r e s i s t a n c e ,  a n d  f o l d i n g
endurance are discussed in terms of  the fundamental
c h a r a c t e r i s t i c s  o f  p a p e r  o n  w h i c h  t h e y  d e p e n d .  A l s o
d i s c u s s e d  i s  t h e  c o n c e p t  o f  s t r e n g t h - p r o p e r t y
m o n i t o r i n g  i n  c o n j u n c t i o n  w i t h  a c c e l e r a t e d - a g i n g
s t u d i e s .  E n v i r o n m e n t a l  c o n d i t i o n ,  p r i m a r i l y
r e l a t i ve  humid i t y ,  c an  have  a  g r ea t  e f f ec t  on
measured  strength  properties.     Testing methods are
being developed that  employ a greater  degree of
c o n t r o l  o v e r  e n v i r o n m e n t a l  c o n d i t i o n s  a n d  r a t e s  o f
loading.   The fundamental  mechanical  propert ies  of
paper  revealed by these methods promise a  q o r e
complete descript ion of  the behavior  of  paper  in
e n v i r o n m e n t s  o f  c h a n g i n g  r e l a t i v e  h u m i d i t i e s .
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art icle was writ ten and prepared by U.S.  Government
employees  on  o f f i c i a l  t ime ,  and  i t  i s  t he r e fo re  i n
the public  domain and not  subject  to copyright .

INTRODUCTION

The permanence and durabil i ty of  paper were f i rs t
d i s t i n g u i s h e d  i n  1 9 2 6  ( 1 ) . Pe rmanence  i s  ba s i ca l l y  a
m e a s u r e  o f  t h e  c h e m i c a l  s t a b i l i t y  o f  p a p e r .
D u r a b i l i t y , an  t he  o the r  hand ,  i s  p r imar i l y  a
function of  the performance of  paper;  i t  is  a  measure
o f  t h e  s t a b i l i t y  o f  i t s  p h y s i c a l  a n d  m e c h a n i c a l
p r o p e r t i e s . A paper that  is  given rough treatment
ove r  a  sho r t  t ime  shou ld  be  du rab l e ,  bu t  l i t t l e
Concern need be given to permanence. A paper that is
meant to last for a century must be compounded for
chemica l  s t ab i l i t y .  Such  chemica l  s t ab i l i t y  can  be
enhanced by storing paper at  a  low temperature;  at  a
cons t an t ,  l ow  r e l a t i ve  humid i t y ;  i n  t he  da rk ;  and  i n
a n  a t m o s p h e r e  f r e e  o f  p o l l u t a n t s . B u t  i f  t h e  p a p e r
i s  a l s o  t o  b e  u s e d - - r e a d ,  h a n d l e d ,  f o l d e d ,  e t c . - - i t s
m e c h a n i c a l  d u r a b i l i t y  i s  a l s o  i m p o r t a n t . Obviously,
permanence and durabi l i ty  are  not  independent  of  each
o t h e r ,  b u t  r a t h e r  i n t i m a t e l y  r e l a t e d .  T h i s
r e l a t i o n s h i p  i s  s o  i n t i m a t e ,  i n  f a c t ,  t h a t  d u r a b i l i t y

o r  t h e  s t a b i l i t y  o f  t h e  s t r e n g t h  a n d  m e c h a n i c a l
propert ies  of  paper  has become the most  useful
i n d i c a t o r  o f  i t s  p e r m a n e n c e  o r  c h e m i c a l  s t a b i l i t y .

U n d e r s t a n d i n g  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  p a p e r  i n
fundamen ta l  t e rms  i s  a  d i f f i cu l t  t a sk ,  and  i t  i s  an
a r e a  o f  i n t e n s e  s t u d y  i n  m a n y  l a b o r a t o r i e s  a r o u n d  t h e
wor ld .  The  u l t ima te  a im  o f  such  s tud i e s  i s  t o
p r o v i d e  a  c o m p l e t e  u n d e r s t a n d i n g  o f  t h e  r e l a t i o n s h i p s
b e t w e e n  t h e  s t r u c t u r e  a n d  p r o p e r t i e s  o f  p a p e r  a n d
papermaking procedures,  so as  to be able to
t a i l o r - m a k e  p a p e r  p r o p e r t i e s  t o  m e e t  a n y  d e s i r e d
e n d - u s e  r e q u i r e m e n t s .  U n f o r t u n a t e l y ,  t h i s  g o a l  h a s
not  yet  been achieved. I n s t e a d , a n  a l t e r n a t e
a p p r o a c h  i s  o f t e n  r e q u i r e d ;  t h a t  o f  a s s e s s i n g  t h e
u t i l i t y  o f  p a p e r  t o  m e e t  a  d e s i r e d  n e e d  b a s e d  o n  i t s
ab i l i t y  t o  s a t i s fy  t he  r equ i r emen t s  o f  some  spec i f i ed
t e s t  o r  t e s t s . Usually such tests  are dependent  upon
pa r t i cu l a r  t e s t  i n s t rumen t  de s igns  and  ca r e fu l l y
d e f i n e d  p r o c e d u r e s  a s  t o  s i z e  o f  s a m p l e s  a n d  o t h e r
v a r i a b l e s . Such tests  often measure complex
p r o p e r t i e s  o f  p a p e r  t h a t  a r i s e  f r o m  a  c o m b i n a t i o n  o f
s e v e r a l  o f  i t s  f u n d a m e n t a l  c h a r a c t e r i s t i c s .

W e  w i l l  l o o k  a t  f o u r  s t r en g t h  p ro p e r t i e s  o f  pape r  and
t h e TAPPI test methods t h a t  a r e  t y p i c a l l y  u s e d
t o  e v a l u a t e  t h e s e  p r o p e r t i e s . T h e s e  t e s t s  e v a l u a t e
t h e  ( 1 )  t e n s i l e  s t r e n g t h ,  ( 2 )  b u r s t i n g  s t r e n g t h ,  ( 3 )
t e a r i n g  r e s i s t a n c e , a n d  ( 4 )  f o l d i n g  e n d u r a n c e  o f
p a p e r . Each  o f  t he se  p rope r t i e s ,  e spec i a l l y  fo ld ing
endurance, w h i c h  i s  a  f a t i g u e  s t r e n g t h  p r o p e r t y ,
has found wide acceptance as  a  measure of  the
permanence of  paper. We will  also discuss how
e n v i r o n m e n t a l  c o n d i t i o n s ,  e s p e c i a l l y  r e l a t i v e
humid i ty ,  a f f ec t  t e s t  r e su l t s ,  and  how acce l e r a t ed
a g i n g  c o u p l e d  w i t h  s t r e n g t h  t e s t i n g  p r o v i d e s  a  m e a n s
of est imating permanence. F ina l ly ,  we  wi l l  men t ion
r e c e n t  d e v e l o p m e n t s  o f  m e c h a n i c a l  t e s t i n g  t h a t
i n c o r p o r a t e  a  g r e a t e r  d e g r e e  o f  e n v i r o n m e n t a l  c o n t r o l
f o r  m o r e  a c c u r a t e l y  a p p r a i s i n g  o f  p e r f o r m a n c e
c h a r a c t e r i s t i c s  o f  p a p e r  u n d e r  a c t u a l  u s e  c o n d i t i o n s .

TESTS OF STRENGTH PROPERTIES

Tens i l e  S t reng th

Tens i l e  s t r eng th  can  be  de sc r i bed  by  s t r e s s - s t r a i n
graphs and measured by TAPPI tests T-404 and T-494.
S t r e s s - s t r a i n  c u r v e s  p r o v i d e  a  f u n d a m e n t a l
e n g i n e e r i n g  d e s c r i p t i o n  o f  t h e  m e c h a n i c a l  b e h a v i o r  o f
p a p e r  w h e n  s u b j e c t e d  t o  t e n s i l e  s t r e s s .  T A P P I
method T - 4 0 4  m e a s u r e s  t e n s i l e  b r e a k i n g  s t r e n g t h  e n d
elongat ion of  paper  and paperboard using a
p e n d u l u m - t y p e  t e s t e r , and T-494 measures tensi le
b r e a k i n g  p r o p e r t i e s  o f  p a p e r  a n d  p a p e r b o a r d  u s i n g
c o n s t a n t  r a t e  o f  e l o n g a t i o n  a p p a r t u s .

F u n d a m e n t a l  b e h a v i o r  o f  p a p e r  i n  t e n s i l e  l o a d i n g .
F i g u r e  1  i s  a  g e n e r a l i z e d  i l l u s t r a t i o n  o f  t h e
s t r e s s - s t r a i n  t e n s i l e  b e h a v i o r  o f machine-made
p a p e r . The graph represents  the behavior  of  two
str ips cut  from the same sheet  of  paper in two
d i r e c t i o n s : mach ine  d i r ec t i on  (MD-- the  d i r ec t i on  i n
which the paper  moves during manufacture)  and
c r o s s - m a c h i n e  d i r e c t i o n  ( C D - - t h e  d i r e c t i o n  a t  r i g h t
a g l e s  t o  t h e  m a c h i n e  d i r e c t i o n ) . These
s t r e s s - s t r a i n  c u r v e s  p r o v i d e  a  f u n d a m e n t a l
e n g i n e e r i n g  d e s c r i p t i o n  o f  t h e  m e c h a n i c a l  b e h a v i o r  o f
p a p e r  s t r i p s  w h e n  s u b j e c t e d  t o  t e n s i l e  s t r e s s e s  t h a t
d i s t o r t  o r  e l onga t e  t he  s t r i p s  a s  t hey  a r e  pu l l ed  t o
f a i l u r e  b y  c l a m p s  a t t a c h e d  a t  t h e i r  e n d s . T h e  x  axis
i s  a  m e a s u r e  o f  t h e  t e n s i l e  s t r a i n  o r  e l o n g a t i o n  o f
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t h e  s a m p l e . I t  i s  a  d i m e n s i o n l e s s  q u a n t i t y  t h a t  i s
defined as  the change in length divided by the
o r i g i n a l  L e n g t h  o f  t h e  s t r i p . I t  i s  mos t  o f t en
e x p r e s s e d  a s  a  p e r c e n t a g e  a n d  c a l l e d  p e r c e n t  s t r a i n
o r  e l o n g a t i o n . T h e  y  axis is  a  measure of the
t e n s i l e  s t r e s s , wh ich  i s  de f ined  a s  t he  t ens i l e  f o r ce
applied to the sample ends divided by the
c r o s s - s e c t i o n a l  a r e a  o f  t h e  p a p e r  s t r i p . T y p i c a l
u n i t s  o f  s t r e s s  a r e  p o u n d s  p e r  s q u a r e  i n c h  i n  t h e
E n g l i s h  s y s t e m  o r  P a s c a l s ,  t h e  p r e f e r r e d  S I  u n i t ,

which represents  the force of  one Newton (or  10 5

d y n e s )  p e r  s q u a r e  m e t e r .

I n  t h e  s t r e s s - s t r a i n  p l o t  ( s t a r t i n g  f r o m  t h e  o r i g i n ) ,
a s  i n c r e a s i n g  s t r e s s i s  a p p l i e d  t o  a  s t r i p  o f  p a p e r ,
t h e  s t r a i n  o r  e l o n g a t i o n  o f  t h e  s t r i p  i n c r e a s e s
l i n e a r l y . T h e  i n i t i a l  s t r a i g h t  l i n e  s e c t i o n  o f  t h e
s t r e s s - s t r a i n  c u r v e , w h i c h  i s  c h a r a c t e r i s t i c  o f
e l a s t i c  m a t e r i a l s ,  h a s  a  s l o p e  t h a t  d e f i n e s  t h e
fundamental property known as Young’s modulus.
Young’s modulus is  a  useful  concept  in  engineering
d e s i g n  b e c a u s e  i t  i s  t h e  m a t e r i a l  c h a r a c t e r i s t i c
which, a l o n g  w i t h  t h e  t h i c k n e s s  o f  t h e  m a t e r i a l ,
d e t e r m i n e s  s t i f f n e s s . Further out on the
s t r e s s - s t r a i n  c u r v e , the plot  shows an increasing
t e n d e n c y  o f  c u r v a t u r e  t o w a r d s  t h e  x  axis. This
n o n l i n e a r  b e h a v i o r  o f  t h e  s t r e s s - s t r a i n  c u r v e  f o r
p a p e r  i n d i c a t e s  t h e  i n e l a s t i c  o r  v i s c o e l a s t i c
c h a r a c t e r  o f  p a p e r . I t  i s  t h e  d u a l  n a t u r e  o f  p a p e r ,
e x h i b i t i n g  b o t h  e l a s t i c  a n d  v i s c o e l a s t i c  p r o p e r t i e s ,
which makes i ts  behavior  so complex.

A s  s t r e s s  i s  f u r t h e r  i n c r e a s e d ,  t h e  p o i n t  o f  f a i l u r e
i s  r e a c h e d , a n d  t h e  p a p e r  s t r i p  f a i l s  o r  r u p t u r e s .
The maximum value of  the stress that  occurs at
f a i l u r e  i s  a  measu re  o f  t he  t en s i l e  b r eak ing  s t r eng th
o f  t h e  p a p e r . The maximum value of  the strain,  or
t he  e longa t i on  a t  r up tu r e ,  i s  a  measu re  o f  t he
p e r c e n t a g e  o f  s t r e t c h  t h a t  t h e  p a p e r  c a n  a c h i e v e .
Typical ly,  for  machine-made paper,  both Young’s
modulus and breaking s trength measured in the machine
d i r ec t i on  a r e  2  t o  4  t imes  t he  va lue s  i n  t he
c r o s s - m a c h i n e  d i r e c t i o n  ( 2 ) .  C o n v e r s e l y ,  t h e
m a c h i n e - d i r e c t i o n  v a l u e  f o r  p e r c e n t a g e  o f  s t r e t c h  m a y
typical ly range between 0.25 and 0.5 t imes the
p e r c e n t a g e  o f  s t r e t c h  i n  t h e  c r o s s - m a c h i n e
d i r e c t i o n . T h e  d i f f e r e n c e s  i n  t h e  p r o p e r t i e s  o f
p a p e r  i n  t h e s e  t w o  d i r e c t i o n s  a r i s e  f r o m  t h e  t e n d e n c y
o f  t he  f i be r s  t o  a l i gn  p r e f e r en t i a l l y  i n  t he  mach ine
d i r e c t i o n  a n d  f r o m  t h e  s t r e t c h i n g  o f  t h e  p a p e r  w e b  i n
t h i s  d i r e c t i o n  d u r i n g  m a n u f a c t u r e .

A n o t h e r  f u n d a m e n t a l  m e a s u r e  o f  t h e  t e n s i l e  s t r e n g t h
p r o p e r t i e s  o f  p a p e r  i s  r e p r e s e n t e d  b y  t h e  a r e a  u n d e r
t h e  s t r e s s - s t r a i n  c u r v e . Th i s  a r ea  r ep re sen t s  t he
w o r k  e x p e n d e d  t o  c a u s e  r u p t u r e  o f  t h e  t e n s i l e  s t r i p
o f  pape r ;  t h i s  work  i s  c a l l ed  t he  t en s i l e  ene rgy
a b s o r p t i o n  ( T E A )  ( 3 ) .  E v e n  t h o u g h  t h e  b r e a k i n g
s t r e n g t h  o f  p a p e r  i n  t h e  m a c h i n e  d i r e c t i o n  i s  g r e a t e r
t han  In  t he  c ro s s -mach ine  d i r ec t i on ,  i t  may  r equ i r e
more  work  t o  b r eak  a  t en s i l e  s t r i p  i n  t he
c ro s s -m ach ine  d i r ec t i on  because  i t s  g r ea t e r  s t r e t ch
percentage makes the TEA greater  in the cross-machine
d i r e c t i o n  t h a n  i n  t h e  m a c h i n e  d i r e c t i o n . I n  c e r t a i n
i n s t a n c e s ,  T E A  c a n  p r o v e  t o  b e  a  s i g n i f i c a n t  p r o p e r t y
r e l a t i n g  t o  d u r a b i l i t y . Tens i l e  ene rgy  abso rp t i on
i s  a  m e a s u r e  o f  t h e  a b i l i t y  o f  p a p e r  t o  a b s o r b  e n e r g y
under  variable  loading condit ions and can be used to
g a u g e  t h e  d u r a b i l i t y  o f  p a p e r s  c h a t  a r e  s u b j e c t e d  t o
r e p e t i t i v e  s t r a i n i n g . A  s t r e s s - s t r a in  cu rve  i n  wh ich
the  i n i t i a l  s l ope  (Young’ s  modu lus )  i s  h igh ,  whe re

t h e r e  i s  l i t t l e  c u r v a t u r e ,  a n d  w h e r e  t h e  v a l u e  f o r
e longa t ion  t o  b r eak  i s  l ow ,  i nd i ca t e s  a  b r i t t l e
m a t e r i a l . A tough material  is  one that  exhibits  more
v i s c o e l a s t i c  b e h a v i o r , a  pronounced curvature,  and a
h i g h  e l o n g a t i o n  t o  b r e a k .

TAPPI t e n s i l e  s t r e n g t h  t e s t s . TAPPI tests
T - 4 0 4  a n d  T - 4 9 4  a r e  u s e f u l  i n  e v a l u a t i n g  t h e  t e n s i l e
p rope r t i e s  o f  pape r  (4 ) .  TAPPI  T -494  enab l e s  t he
s i m u l t a n e o u s  e v a l u a t i o n  o f  t h r e e  p r o p e r t i e s  f o r  t h e
same test  specimen: t e n s i l e  b r e a k i n g  s t r e n g t h .
stretch or elongation at  break,  and TEA (Fig.  2) .

Method T-404 al lows only the evaluat ion of  tensi le
b r e a k i n g  s t r e n g t h  a n d  e l o n g a t i o n  a t  b r e a k ,  b u t  t h e
t e s t  a p p a r a t u s  i s  c o n s i d e r a b l y  l e s s  c o s t l y . TAPPI
cautions that  the two methods, T-404 and T-494,  are
n o t  s t r i c t l y  c o m p a r a b l e  b e c a u s e  d i f f e r e n t  i n s t r u m e n t s
a r e  u s e d . T h e s e  t e s t s  g i v e  s i m i l a r  r e s u l t s  f o r
tensi le  s trength and elongation at  break only when
s i m i l a r  t e s t i n g  c o n d i t i o n s  a p p l y .

Fo r  t he  pu rposes  o f  t he  TAPPI  t e s t s .  t en s i l e  s t r eng th
i s  r epo r t ed  w i th  d i f f e r en t  un i t s  t han  i nd i ca t ed
e a r l i e r .  T A P P I  t e s t s  d e f i n e  t e n s i l e  s t r e s s  a s  t h e
f o r c e  p e r  u n i t  w i d t h  o f  t h e  t e s t  s p e c i m e n . This
d i f f e r s  f r o m  t h e  u s u a l  e n g i n e e r i n g  d e f i n i t i o n  o f
s t r e s s , wh ich  i s  f o r ce  pe r  un i t  c ro s s - s ec t i on  o f  t he
t e s t  s p e c i m e n . T h i s  d i f f e r e n c e  a r o s e  h i s t o r i c a l l y
b e c a u s e  o f  t h e  d i f f i c u l t y  o f  a c c u r a t e l y  m e a s u r i n g  t h e
t h i c k n e s s  o f  t e s t  s p e c i m e n s  o f  p a p e r  ( 5 ) . S i m i l a r l y ,
for  the purposes of  test  T-494,  TEA is  defined in
terms of energy per unit  area, wh ich  d i f f e r s  f rom the
u s u a l  e n g i n e e r i n g  d e f i n i t i o n  o f  e n e r g y  p e r  u n i t
volume. Because TAPPI defines stress as force per
un i t  w id th ,  i t  i s  pos s ib l e  t o  exp re s s  t ens i l e
s t r e n g t h  i n  t e r m s  o f  b r e a k i n g  l e n g t h  b y  d i v i d i n g
TAPPI tensi le strength by grammage (or basis
w e i g h t ) .  B r e a k i n g  l e n g t h  i s  t h e  c a l c u l a t e d  u p p e r
l imit  of  Length of  a  uniform paper str ip that  would
support  i ts  own weight  i f  i t  were suspended at  one
e n d .  B r e a k i n g  l e n g t h  i s  a  c o n v e n i e n t  m e a s u r e  f o r
c o m p a r i n g  t h e  t e n s i l e  b r e a k i n g  s t r e n g t h  o f  p a p e r s  o f
varying grammages. V a l u e s  o f  t h e  t e n s i l e  p r o p e r t i e s
o f  o f f s e t ,  r a g  b o n d , and newsprint  of  typical
grammages are shown in Table 1 ( 2 ) .

T e n s i l e  t e s t  r e s u l t s  r e f l e c t  t h e  i n t i m a t e  s t r u c t u r e
o f  p a p e r  a n d  t h e  p r o p e r t i e s  o f  i t s  I n d i v i d u a l
f i b e r s . The dimensions and strength of  the
i n d i v i d u a l  f i b e r s ,  t h e i r  a r r a n g e m e n t ,  a n d  t h e  e x t e n t
to which they are bonded to each other  are al l
i m p o r t a n t  f a c t o r s  c o n t r i b u t i n g  t o  t e s t  r e s u l t s .
Papers made with long f ibers  general ly have higher
t e n s i l e  s t r e n g t h  p r o p e r t i e s  t h a n  p a p e r  m a d e  o f  s h o r t
f i b e r s . However, t h e  e x t e n t  o f  i n t e r f i b e r  b o n d i n g  i s
c o n s i d e r e d  t h e  m o s t  i m p o r t a n t  f a c t o r  c o n t r i b u t i n g  t o
t e n s i l e  s t r e n g t h  p r o p e r t i e s  ( 6 ) .

Page has provided a useful  theory for  assessing the
r e l a t i v e  c o n t r i b u t i o n s  o f  i n d i v i d u a l  f i b e r  s t r e n g t h
a n d  i n t e r f i b e r  b o n d i n g  t o  t e n s i l e  s t r e n g t h  p r o p e r t i e s
( 7 ) . To  s epa ra t e  t he  e f f ec t s  o f  f i be r  s t r eng th  and
bonding,  Page’s  theory requires the measurement of
z e r o  s p a n  t e n s i l e  s t r e n g t h . The  ze ro  span  t e s t  i s  a
t ens i l e  s t r eng th  t e s t  i n  wh ich  t he  j aws  o f  t he
t ens i l e  t e s t e r  a r e  p l aced  a s  c lo se  a s  pos s ib l e  t o
e a c h  o t h e r ,  t h a t  i s ,  w i t h  z e r o  s e p a r a t i o n . The
p r inc ip l e  beh ind  t he  ze ro  span  t e s t  i s  t ha t  t he
individual  f ibers  span the gap between the jaws,  and
t h e  t e n s i l e  b r e a k i n g  s t r e n g t h  i n d i c a t e s  f i b e r
strength as  opposed to bond strength. The method
provides can index of  the ul t imate s trength of  the
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l ong i t ud ina l  s t r uc tu r e  o f  i nd iv idua l  f i be r s  i n  t he
t e s t  s p e c i m e n . The rat io between the normal tensi le
breaking length and the zero span breaking length
p r o v i d e s  a n  i n d e x  o f  t h e  c o h e s i v e n e s s  o f  f i b e r s  i n
t h e  s h e e t . Although TAPPI has not  yet  established a
zero span test  for papers.  TAPPI method
T-231, "Zero Span Breaking Length of Pulp," is
a v a i l a b l e  ( 4 ) . Commercial  instruments are also
a v a i l a b l e  f o r  m e a s u r i n g  t h e  z e r o  s p a n  t e n s i l e
s t r e n g t h  o f  p a p e r .

B u r s t i n g  S t r e n g t h

Burst ing strength is  perhaps the most  commonly
measured strength property of  paper. T h e  t e s t
a p p a r e n t l y  o r i g i n a t e d  f r o m  t h e  o l d t i m e  p r a c t i c e  o f
the papermaker who, i n  a  h a n d s - o n  q u a l i t y  c o n t r o l
e v a l u a t i o n  o f  p a p e r  s t r e n g t h ,  w o u l d  a t t e m p t  t o  p u s h
h i s  t h u m b  t h r o u g h  t h e  s h e e t .  T A P P I  m e t h o d  T - 4 0 3  i s
t he  o f f i c i a l  t e s t  u sed  fo r  measu r ing  t he  bu r s t i ng
strength of  papers with thicknesses up to 0.6 mm
( 4 ) . I t  is  also commonly known as the Mullen test .
Similar  TAPPI tests  have been adopted for  measuring
t h e  b u r s t i n g  s t r e n g t h  o f  h e a v i e r  p a p e r b o a r d s  a n d
c o r r u g a t e d  f i b e r b o a r d . TAPPI  t e s t  T403  invo lves
clamping a sheet  of  paper f i rmly between two steel
p l a t e s . T h e s e  p l a t e s  a r e  p r o v i d e d  w i t h  c i r c u l a r
o p e n i n g s , and a  rubber  diaphragm in one plate  opening
seals  off  a  chamber that  can be pressurized by a
f l u i d  ( F i g .  3 a ) . A S t he  chamber  i s  p r e s su r i zed ,  t he
bulging of  the rubber diaphragm is  resis ted by the
overlying clamped paper sheet . P r e s s u r e  i s
i nc r ea sed ,  a t  a  spec i f i ed  r a t e ,  un t i l  t he  bu lg ing
d i a p h r a g m  c a u s e s  r u p t u r e  o f  t h e  p a p e r  s h e e t .  A
pressure gauge on the instrument  provides a  measure
o f  t h e  b u r s t i n g  p r e s s u r e  n e e d e d  t o  r u p t u r e  t h e
pape r .  Bu r s t i ng  s t r eng th  i s  r epo r t ed  a s  p r e s su re  i n

pounds  pe r  squa re  i nch  ( l b / i n 2 )  o r  i n  k i l o p a s c a l s
( k P a ) ,  t h e  p r e f e r r e d  S I  u n i t .

Because of  the symmetry of  the test  specimen,  there
i s  n o  p o s s i b i l i t y  o f  a s s i g n i n g  m a c h i n e  d i r e c t i o n  e n d
c r o s s - m a c h i n e  d i r e c t i o n  v a l u e s . However, by
o b s e r v i n g  t h e  n a t u r e  o f  t h e  r u p t u r e  p a t t e r n  o n  t h e
t e s t  s p e c i m e n , i t  c a n  b e  s e e n  t h a t  t h e  d i f f e r e n c e s
between propert ies  in machine direct ion compared to
c r o s s - m a c h i n e  d i r e c t i o n  d o  i n f l u e n c e  b u r s t i n g
s t r e n g t h . The  bu r s t  f a i l u r e  u sua l ly  r e su l t s  i n  a
roughly “H”-shaped tearing pat tern in the specimen
(F ig .  3b )  ( 3 ) . The orientat ion of the “H” with the
two direct ions of  the machine-made paper indicates
t h a t  f a i l u r e  i n i t i a t e s  i n  t e n s i o n  a l o n g  t h e  l i n e  a t
r i g h t  a n g l e s  t o  t h e  m a c h i n e  d i r e c t i o n . This occurs
i n  s p i t e  o f  t h e  f a c t ,  a s  s h o w n  i n  T a b l e  1 ,  t h a t
t e n s i l e  s t r e n g t h  o f  p a p e r  i n  t h e  m a c h i n e  d i r e c t i o n  i s
g r e a t e r  t h e n  t h a t  o f  p a p e r  i n  t h e  c r o s s - m a c h i n e
d i r e c t i o n . As the specimen bulges in the burst ing
t e s t , i t  i s  s t r a i n e d  e q u a l l y  i n  b o t h  d i r e c t i o n s .  T h e
spec imen  r eaches  i t s  s t r eng th  l im i t  i n  t he  mach ine
d i r ec t i on  a t  a  l ower  s t~ -a in  t han  i t  does  i n  t he
c r o s s - m a c h i n e  d i r e c t i o n . T h i s  i n d i c a t e s  t h a t  s t r e t c h
i s  p robab ly  t he  l im i t i ng  f ac to r  ( r a the r  t han  t ens i l e
s t r e n g t h )  i n  d e t e r m i n i n g  b u r s t i n g  s t r e n g t h . T e n s i l e
b r e a k i n g  s t r e n g t h  a n d  b u r s t i n g  s t r e n g t h  e x h i b i t  g o o d
c o r r e l a t i o n , and  t hose  f i be r  p rope r t i e s  and
p a p e r m a k i n g  p r a c t i c e s  t h a t  e n h a n c e  t e n s i l e  b r e a k i n g
s t r e n g t h  t e n d  t o  a l s o  e n h a n c e  b u r s t i n g  s t r e n g t h  ( 8 ) .
F o r  t w o  p a p e r s  o f  e q u a l  t e n s i l e  b r e a k i n g  s t r e n g t h ,
however, t h e  o n e  w i t h  t h e  g r e a t e r  s t r e t c h  w i l l
c o n s e q u e n t l y  e x h i b i t  t h e  h i g h e r  b u r s t i n g  s t r e n g t h .

B u r s t i n g  s t r e n g t h s  o f  t h r e e  t y p i c a l  p a p e r s  a r e  s h o w n
in Table 2 (2). I t  is  more meaningful  to compare
b u r s t i n g  s t r e n g t h  o f  p a p e r s  o f  d i f f e r i n g  g r a m m a g e s  i n
terms of burst  index. Burst  index is  obtained by
dividing the burst ing strength in kPa by the grammage

of  t he  pape r  i n  g /m 2 ;  bu r s t  i ndex  va lues  a r e
included in Table 2.

Tea r ing  Res i s t ance

The most  commonly used tearing test ,  T-414,  also
o f t en  ca l l ed  t he  E lmendor f  t e a r  t e s t ,  measu re s  t he
in t e rna l  t e a r i ng  r e s i s t ance  o f  pape r  r a t he r  t han  t he
e d g e - t e a r  s t r e n g t h  o f  p a p e r ,  w h i c h  i s  d e s c r i b e d  i n
T-470  (4 ) .  I n t e rna l  t e a r i ng  r e s i s t ance  i s  a  measu re
o f  t h e  f o r c e  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  p a p e r
n e c e s s a r y  t o  t e a r  a  s i n g l e  s h e e t  t h r o u g h  a  s p e c i f i e d
d i s t a n c e  a f t e r  t h e  t e a r  h a s  a l r e a d y  b e e n  s t a r t e d .
Edge-tearing strength (T-470) is  a  measure of  the
f o r c e  n e e d e d  t o  i n i t i a t e  a  t e a r .  T h e  f o r c e  n e e d e d  t o
i n i t i a t e  a  t e a r  may  b e  s ev e ra l  t i mes  t h e  fo r ce  needed
t o  p r o p a g a t e  t h e  t e a r  o n c e  i t  i s  s t a r t e d . T h i s  i s
commonly known to anyone who has experienced the
diff icul ty of  opening a cel lophane bag,  which,  once
n i c k e d ,  t e a r s  o p e n  e a s i l y . Those papers and other
f i l m  m a t e r i a l s  t h a t  e x h i b i t  h i g h  t e n s i l e  s t r e t c h  o r
e l o n g a t i o n  t o  b r e a k  a l s o  e x h i b i t  h i g h  e d g e - t e a r i n g
s t r e n g t h . High  s t r e t ch  makes  i t  d i f f i cu l t  t o
l o c a l i z e  o r  c o n c e n t r a t e  s t r e s s  i n  a  s u f f i c i e n t l y
s m a l l  a r e a  s o  t h a t  a  t e a r  c a n  b e  i n i t i a t e d .

The Elmendorf  method (T-414) measures tearing
r e s i s t a n c e  o f  p a p e r  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e
sheet  or  when paper is  torn in the out-of-plane mode
(F ig .  4 ) . This is  the mode of tearing used for
e x a m p l e  w h e n  d e l i b e r a t e l y  t e a r i n g  s t r i p s  o f
newspapers. The out-of-plane tearing mode is  to be
d i s t i n g u i s h e d  f r o m  t h e  i n - p l a n e  t e a r i n g  m o d e .  A n
i n s t a n c e  o f  i n - p l a n e  t e a r i n g  i s  t h e  s e p a r a t i o n  o f
c o m p u t e r  p r i n t o u t  s h e e t s  a l o n g  a  p e r f o r a t i o n  w h i l e
both sheets  are held on the surface of  a  desk.
In -p l ane  t e a r i ng  i s  r ep re sen t a t i ve  o f  t he  t e a r i ng
f a i l u r e  t h a t  c a n  o c c u r  d u r i n g  t h e  t r a n s p o r t  o f  a
paper web through a print ing press. The  ou t -o f -p l ane
tearing mode, u s e d  i n  t h e  E l m e n d o r f  t e s t ,  r e s e m b l e s
the type of  tearing that  occurs  when a nicked sheet
in a  book is  accidental ly torn by a reader while
turning pages.

D u r i n g  a c t u a l  t e s t i n g , seve ra l  shee t s  a r e  t o rn
simultaneously in the Elmendorf  apparatus,  and the
work is measured. The work needed to tear  a  s ingle
sheet  of  a  given length is  determined by a
c a l i b r a t i o n  p r o c e d u r e . When the unit of work is
divided by length, t h e  t e a r i n g  f o r c e  i s  o b t a i n e d .

The work needed to tear  paper is  only a  fract ion of
the TEA or the work required for  rupture in a tensi le
strength measurement. Th i s  i s  because  t he  t ea r ing
ac t i on  d i r ec t s  a  s t r e s s  concen t r a t i on  a t  t he pex of
an advancing tear , and the route that the tear takes
w i l l  t e n d  t o  b e  t h e  c o u r s e  o f  l e a s t  r e s i s t a n c e . The
work done in tearing is made up of two main
c o n t r i b u t i o n s :  ( 1 )  t h e  w o r k  n e e d e d  t o  s e v e r
individual  f ibers  and (2)  the work needed to pull  out
u n b r o k e n  f i b e r s  f r o m  t h e i r  s u r r o u n d i n g  n e t w o r k s .  V a n
den Akker et  al .  (9)  have shown that ,  in general ,
less  work is  needed to sever a  f iber  than to pull  a
f i b e r  f r o m  t h e  s i d e s  o f  a  t e a r .  B e c u a s e  s h o r t  f i b e r s
a r e  o b v i o u s l y  e a s i e r  t o  P u l l  o u t  t h a n  l o n g  f i b e r s ,
papers  made of  long f ibers  show much bet ter  tearing
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r e s i s t a n c e  t h a n  t h o s e  m a d e  w i t h  s h o r t  f i b e r s .  A s
i n t e r f i b e r  b o n d i n g  i n c r e a s e s  i n  a  s h e e t  o f  p a p e r ,  a
f iber  lying in the path of  an advancing tear  becomes
m o r e  l i k e l y  t o  s e v e r  t h a n  t o  p u l l  o u t . As bonding is
improved,  s tress at  the apex of  the tear  is  q ore
c o n c e n t r a t e d  a n d  i s  l e s s  r e a d i l y  s h a r e d  w i t h  t h e  r e s t
o f  t h e  s t r u c t u r e . Consequently, t e a r i n g  r e s i s t a n c e
u s u a l l y  s h o w s  a n  i n v e r s e  c o r r e l a t i o n  w i t h  b o t h
t ens i l e  s t r eng th  and  bu r s t i ng  s t r eng th  (10 ) .  Those
p a p e r m a k i n g  p r o c e s s e s  t h a t  e n h a n c e  i n t e r f i b e r
bonding,  such as beat ing,  improve tensi le  and
b u r s t i n g  s t r e n g t h ,  b u t  t e n d  t o  d e c r e a s e  t e a r i n g
r e s i s t a n c e .

T h e  t e a r i n g  r e s i s t a n c e  o f  o f f s e t  p a p e r ,  r a g  b o n d ,  a n d
newsp r in t  a r e  shown  in  Tab l e  3  (2 ) .  The  t e a r i ng
r e s i s t a n c e  i s  r e p o r t e d  i n  e i t h e r  g r a m s - f o r c e  o r
m i l l i n e w t o n s  r e q u i r e d  t o  t e a r  a  s i n g l e  s h e e t .
Table 3 also l is ts  the tear  index,  the recommended
measure of  tear  for  comparing papers of  differ ing
grammages. Tear index is  obtained by dividing the
t e a r i n g  r e s i s t a n c e  m e a s u r e d  i n  u n i t s  o f  m i l l i n e w t o n s
(mN) by the grammage of the paper in units of grams

pe r  squa re  me te r  (g /m 2) .

Folding Endurance

A  f o l d i n g - e n d u r m c e  t e s t  i s  u s e d  t o  m e a s u r e  t h e
a b i l i t y  o f  a  p a p e r  t o  m a i n t a i n  i t s  s t r e n g t h  a f t e r
r e p e a t e d  f o l d i n g . There are two TAPPI t e s t
m e t h o d s  ( 4 )  u s e d  f o r  e v a l u a t i n g  t h i s  p r o p e r t y :
T-423,  which employs the Schopper tester ,  and T-511,
which employs the MIT tester . T h e  e s s e n t i a l
differences between these methods arise from the
d e s i g n  a n d  f u n c t i o n  o f  t h e  t e s t  a p p a r a t u s .  I n  b o t h
methods, the test  specimen is  held under tension and
s u b j e c t e d  t o  r e p e a t e d  f o l d i n g ;  t h e  n u m b e r  o f  f o l d s
necessary to cause fai lure is  taken as a  q easure of
folding endurance. The Schopper instrument operates
a t  a  r a t e  o f  1 2 0  d o u b l e  f o l d s  p e r  m i n u t e .  A
reciprocat ing motion folds the specimen by looping i t
s n u g l y  a r o u n d  a  s m a l l  c y l i n d r i c a l  s u r f a c e .  D u r i n g
t h e  r e c i p r o c a t i n g  m o t i o n , t he  t ens ion  app l i ed  t o  t he
15-mm-wide test  specimen f luctuates between
approximately 800 g to 1 kg (7.8 to 9.8 N) in normal
o p e r a t i o n . The MIT apparatus applies a  double fold
of 270° (±135°)  at  a  rate  of  175 double folds per
minute by means of  an osci l lat ing jawlike clamp
( F i g .  5 ) . The applied tension to the 15-mm-wide
specimen is  maintained constant  during the folding
act ion by means of  a  spring device.  In normal
o p e r a t i o n , the  app l i ed  t ens ion  in  t he  MIT  t e s t  i s
fixed at 1 kg (9 .81 N). However, this tension may be
adjusted depending on the s trength of  the paper  being
t e s t e d . The advantages of  the MIT tester  over the
Schopper tester  are that  the MIT al lows a wider range
o f  p a p e r  t h i c k n e s s e s  t o  b e  u s e d ,  a n d  t h e  c a l i b r a t i o n
and adjustment of  the MIT instrument is  less
d e m a n d i n g  t h a n  t h a t  o f  t h e  S c h o p p e r .  T e s t  r e s u l t s
o b t a i n e d  w i t h  t h e s e  m e t h o d s  a r e  n o t  i n t e r c o n v e r t i b l e
because the folding operat ion is  not  the same in both
c a s e s . The MIT method is viewed as more closely
resembling the repeated act ion of  opening and closing
a book, and i t  has been found especial ly valuable in
m e a s u r i n g  t h e  d e t e r i o r a t i o n  o f  p a p e r  w i t h  a g i n g  ( 1 1 ) .

Folding endurance may be considered a  modif ied
t e n s i l e  s t r e n g t h  t e s t  b e c a u s e  t h e  t e s t  s p e c i m e n  i s
u n d e r  a  t e n s i o n  t h a t  e v e n t u a l l y  c a u s e s  f a i l u r e .  B u t
t he  r e su l t s  o f  t he  t e s t  a r e  a f f ec t ed  a s  much  by  t he
f l ex ing  ab i l i t y  o f  t he  pape r  a s  by  i t s  t en s i l e
s t r e n g t h . Tes t  r e su l t s  r e f l ec t  t he  combined  e l a s t i c
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a n d  v i s c o e l a s t i c  p r o p e r t i e s  o f  t h e  p a p e r . Lack of
f o l d i n g  e n d u r a n c e  c a n  r e s u l t  f r o m  l a c k  o f  s u f f i c i e n t
f i b e r  l e n g t h , i n a d e q u a t e  f i b e r  b o n d i n g ,  o r  b r i t t l e -
n e s s . As a rule, rag pulps produce paper  high in
folding endurance, whereas groundwood papers and
heavily f i l led papers  show poorer  folding endurance.
I n  t h e  e a r l y  s t a g e s  o f  b e a t i n g ,  f o l d i n g  e n d u r a n c e
i n c r e a s e s  a s  d o e s  t e n s i l e  s t r e n g t h . As beating
proceeds,  however,  folding endurance eventual ly
d e c r e a s e s  a s  i n t e r f i b e r  b o n d i n g  i n c r e a s e s  t h e
b r i t t l e n e s s  o f  t h e  p a p e r .

Folding endurance can be measured in both machine and
c ros s -mach ine  d i r ec t i ons  ( fo r  t h i s  t e s t ,  mach ine
d i r ec t i on  s i gn i f i e s  t he  l i ne  o f  f o ld  pe rpend i cu l a r  t o
t h e  m a c h i n e  d i r e c t i o n ) . As a rule, mach ine  d i r ec t ion
folding endurance is  higher  than cross-machine
d i r ec t i o n  fo l d i n g  en d u ran ce ,  w h i ch  r e f l e c t s  t h e
h i g h e r  t e n s i l e  s t r e n g t h  u s u a l l y  e x h i b i t e d  b y  t h e
m a c h i n e  d i r e c t i o n . For those papers for  which
c r o s s - m a c h i n e  d i r e c t i o n  f o l d i n g  e n d u r a n c e  v a l u e s
ex ceed  mach i n e  d i r ec t i o n  v a l u e s ,  f l ex i b i l i t y  o r  t he
v i s co e l a s t i c  ch a r ac t e r i s t i c s  o f  t h e  p ap e r  p l ay  a  more
s i g n i f i c a n t  r o l e  t h e n  i n h e r e n t  t e n s i l e  s t r e n g t h .
Table 4 contains the MIT folding endurance values of
t h r e e  t y p i c a l  p a p e r s  ( 1 2 ) .  S i n c e ,  a s  a  g e n e r a l  r u l e ,
folding endurance increases with basis  weight  or
grammage up to a certain optimum after  which i t
d e c r e a s e s , t h e r e  i s  n o  s i g n i f i c a n c e  t o  a  c o n c e p t  o f
" f o l d  i n d e x " a s  t h e r e  i s  t o  t e a r  i n d e x  a n d  b u r s t
i n d e x .
O n e  c h a r a c t e r i s t i c  o f  f o l d i n g - e n d u r a n c e  t e s t s  i s  t h a t
the resul ts  vary widely even on presumably identical
samples. T h e  s o u r c e  o f  t h i s  h i g h  v a r i a b i l i t y  s t e m s
from the very small  area of  the sample that  is
fo lded .  Fa i l u r e  i s  f o r ced  t o  occu r  a t  a  spec i f i c
l o c a t i o n  r a t h e r  t h a n  a t  t h e  n a t u r a l l y  w e a k e s t  p o i n t
i n  t he  t e s t  s t r i p ,  a s  i n  no rma l  t ens i l e  s t r eng th
measurement. For the folding endurance test  method
t o  m e e t  t h e  n e c e s s a r y  p r e c i s i o n  r e q u i r e m e n t s ,  t h e
TAPPI method now recommends that folding endurance
be reported as  the logari thm (base 10) of  the number
o f  d o u b l e  f o l d s . However, the standard does permit
resul ts  also to be reported as  number of  double
f o l d s .

ENVIRONMENTAL EFFECTS

TAPPI test  methods require str ict  observance of
standard condit ioning and environmental  condit ions
du r ing  t he  s t r eng th  t e s t i ng  o f  pape r .  These  a r e
covered in TAPPI m e t h o d  T - 4 0 2 .  S o m e  p r o p e r t i e s  o f
paper  show a dependence on temperature,  and al l
strength and mechanical properties of paper are
s t rong ly  i n f l uenced  by  r e l a t i ve  humid i t y .  The
standard test ing environment  is  23.0 ± l .0°C and
5 0 .0  ±  2 .0  p e r cen t  r e l a t i v e  h u mi d i t y .  Co n d i t i o n ing
the sample for  a  t ime in the same environment before
t e s t i ng  i s  r equ i r ed  t o  ensu re  mo i s tu r e  equ i l i b r a t i on
of the specimen. Because of the phenomenon of
h y s t e r e s i s , in which the moisture content  of  a
material  depends somewhat on i ts  previous history,  a
p r e c o n d i t i o n i n g  s t e p  i s  a l s o  r e q u i r e d . Method
T-402 suggests  a  precondit ioning environment  between
22 to 40°C and a relat ive humidity between 10 and
35 percent. Keeping test  specimens for  a  period of
t ime  a t  t h i s  l ower  r e l a t i ve  humid i ty ,  be fo re
e q u i l i b r a t i n g  i n  t h e  s t a n d a r d  t e s t  e n v i r o n m e n t .
e n s u r e s  t h a t  t h e  e f f e c t s  o f  t h e i r  d i f f e r e n t  h i s t o r i e s
will  be minimized.

If it iS i m p o s s i b l e  t o  m a i n t a i n  t h e  s t a n d a r d  h u m i d i t y



c o n d i t i o n s , t he  measu red  s t r eng th  p rope r t i e s  c an
e x h i b i t  m a r k e d  d i f f e r e n c e s . Figure 6 demonstrates
t h e  t y p i c a l  t r e n d s  a n d  e x t e n t s  o f  t h e  d i f f e r e n c e s  i n
o r d i n a r y  s t r e n g t h  p r o p e r t i e s  t h a t  o n e  w o u l d  e x p e c t
over a  range of  relat ive humidit ies  (from 15 to 85
p e r c e n t )  a s  c o m p a r e d  t o  s t a n d a r d  c o n d i t i o n s  ( 8 ) .  AS

humidity and the moisture content  of  the paper
i n c r e a s e , t he  gene ra l  t r ends  appea r  t o  r e f l e c t  two
i n t e r a c t i n g  t e n d e n c i e s : (1 )  i nc reas ing  mo i s tu re
i m p r o v e s  i n d i v i d u a l  f i b e r  s t r e n g t h  b y  i n c r e a s i n g  t h e
v i s c o e l a s t i c  c h a r a c t e r  o f  t h e  f i b e r ,  i n c r e a s i n g  f i b e r
s t r e t c h , and al lowing a more uniform distr ibution of
s t r e s s e s  t o  t a k e  p l a c e , and  (2 )  i nc r ea s ing  mo i s tu r e
c o n t e n t  c o m p e t e s  f o r  b o n d i n g  s i t e s  i n  t h e  f i b e r
n e t w o r k  a n d  i n t e r f e r e s  w i t h  t h e  n a t u r a l  b o n d i n g
between f ibers  to weaken the network structure.

T y p i c a l l y , tensi le  s trength measurements tend to show
a  s l i gh t  i nc r ea se  w i th  r e l a t i ve  humid i ty  up  t o  a
l eve l  o f  abou t  35  pe r cen t .  As  r e l a t i ve  humid i t y
fu r t he r  i nc r ea se s  ( above  35  pe r cen t ) ,  t en s i l e
strength shows a continuous decrease. T h e  i n i t i a l
i nc r ea se  i s  p r e sumed  to  a r i s e  f rom a  be t t e r  ab i l i t y
o f  s t r e s s e s  t o  b e  d i s t r i b u t e d  t h r o u g h o u t  t h e  s t r e s s e d
p a p e r ,  b u t  a b o v e  a n  o p t i m a l  l e v e l  t h e  l o s s  o f
i n t e r f i b e r  b o n d s  b e c o m e s  t h e  p r e d o m i n a n t  e f f e c t  ( 8 ) .
Bu r s t i ng  s t r eng th  shows  a  s im i l a r  t r end ,  exh ib i t i ng  a
smaller  maximum than tensi le  s trength,  again around
3 5  t o  4 0  p e r c e n t  r e l a t i v e  h u m i d i t y .  A t  h i g h e r
r e l a t i v e  h u m i d i t i e s , t h e  d r o p  i n  b u r s t i n g  s t r e n g t h  i s
n o t  a s  g r e a t  a s  t h e  d r o p  i n  t e n s i l e  s t r e n g t h . This
i s  p r o b a b l y  b e c a u s e  i m p r o v e d  s t r e t c h  a c t s  t o  c o u n t e r
the  l o s s  i n  s t r eng th  a t t r i bu t ed  t o  t he  l o s s  i n
i n t e r f i b e r  b o n d i n g . Bur s t i ng  s t r eng th  i s  a  comnlex
p r o p e r t y  i n f l u e n c e d  b y  t h e  c o m b i n a t i o n  o f  t e n s i l e
strength end elongation to break,  which moisture
a f f e c t s  i n  d i f f e r e n t  d i r e c t i o n s . (Mois tu re  ac t s  to
l o w e r  t e n s i l e  s t r e n g t h  b u t  t o  i n c r e a s e  e l o n g a t i o n  o r
s t r e t c h . )  T h u s , o f  t h e  s t r e n g t h  t e s t s ,  b u r s t i n g
s t r eng th  i s  a f f ec t ed  l e a s t  by  changes  i n  r e l a t i ve
h u m i d i t y .

T e a r i n g  r e s i s t a n c e  g e n e r a l l y  s h o w s  a  c o n t i n u o u s
inc r ea se  w i th  i nc r ea s ing  r e l a t i ve  humid i t y  ove r  t he
r a n g e  o f  r e l a t i v e  h u m i d i t i e s  ( 1 5  t o  8 5  p e r c e n t ) . Fo r
e v e r y  p e r c e n t  i n c r e a s e  i n  r e l a t i v e  h u m i d i t y ,  t h e r e  i s
a n  a p p r o x i m a t e  1  p e r c e n t  i n c r e a s e  i n  t e a r i n g
r e s i s t a n c e .  T h e  i n c r e a s e d  s t r e t c h  a n d  v i s c o e l a s t i c
c h a r a c t e r  c a u s e d  b y  t h e  i n c r e a s e d  m o i s t u r e  c o n t e n t
he lp s  de loca l i z e  and  d i s t r i bu t e  t he  s t r e s s  a t  t he
t e a r i n g  p o i n t , and  p romote s  f i be r  pu l l ou t  r a t he r  t han
fiber  breakage as the dominant  mode of  fai lure (10).
At very high humidit ies  (above 85 percent)  or  when
p a p e r  i s  w e t t e d , t e a r i n g  r e s i s t a n c e  a l s o  d e c r e a s e s
b e c a u s e  o f  t h e  u l t i m a t e  d i s r u p t i o n  o f  t h e  i n t e r f i b e r
network bonds caused by the water . The  loss  in  the
t e a r i n g  r e s i s t a n c e  o f  p a p e r  o n  w e t t i n g ,  h o w e v e r ,  i s
n o t  a s  g r e a t  a s  t h e  l o s s  i n  t e n s i l e  s t r e n g t h  t h a t
occurs under the same condit ions.

F o l d i n g  e n d u r a n c e  i s  t h e  s t r e n g t h  p r o p e r t y  o f  p a p e r
t h a t  i s  m o s t  a f f e c t e d  b y  r e l a t i v e  h u m i d i t y . Fold ing
endurance tends to  show an increase of  between 1 and
5  p e r c e n t  f o r  e v e r y  1  p e r c e n t  i n c r e a s e  i n  r e l a t i v e
humidity over  the range of  15 to 85 percent  relat ive
humidity. Th i s  i nc rea se  r e f l ec t s  t he  i nc rea se  i n
f l e x i b i l i t y  a n d  v l s c o e l a s c i c  c h a r a c t e r  c a u s e d  b y  t h e
i n c r e a s i n g  m o i s t u r e  c o n t e n t . At very high
h u m i d i t i e s , t he  t ens i l e  l oad  t ha t  i s  app l i ed  t o  t he
f o l d  s p e c i m e n  b e c o m e s  t h e  l i m i t i n g  f a c t o r ,  a n d  f o l d -
endurance measurement ,  too,  shows a dropoff  near

s a t u r a t i o n . Because folding endurance is  the
s t r e n g t h  p r o p e r t y  t h a t  e x h i b i t s  b o t h  t h e  g r e a t e s t
v a r i a b i l i t y  i n  m e a s u r e m e n t  a n d  t h e  g r e a t e s t
s ens i t i v i t y  t o  mo i s tu r e  con t en t ,  c a r e fu l  humid i ty
control  and proper  condit ioning of  specimens are
e s s e n t i a l  f o r  r e l i a b l e  f o l d i n g - e n d u r a n c e  t e s t i n g
( 1 3 ) .

So rp t i on  o f  mo i s tu r e  w i th  changes  i n  r e l a t i ve
h u m i d i t y  a l s o  c a u s e s  a  s i g n i f i c a n t  d i m e n s i o n a l  c h a n g e
i n  p a p e r , i n  b o t h  i n - p l a n e  a n d  t h i c k n e s s  d i r e c t i o n s .
T h e s e  c h a n g e s  a r e  a t t r i b u t e d  t o  s h r i n k i n g  a n d
s w e l l i n g  o f  t h e  i n d i v i d u a l  f i b e r s  a n d  t o  r e l e a s e  o f
s t r a i n s  b u i l t  i n t o  t h e  p a p e r  d u r i n g  t h e  i n i t i a l
d r y i n g  p r o c e s s . The extent  of  dimensional  change is
v a r i a b l e , but  a  gross in-plane change of  1 percent  is
not uncommon in the change from 25 to 90 percent
r e l a t i v e  h u m i d i t y . Pe rhaps  more  s ign i f i can t  i s  t he
fact  that  the dimensional  change can vary
s i g n i f i c a n t l y  o v e r  t h e  s h e e t ,  l e a d i n g  t o  s h e e t  c u r l
and pat terns of  local  buckling termed cockle. New
i n s t r u m e n t a t i o n  i s  b e i n g  d e v e l o p e d  t o  e v a l u a t e
d i m e n s i o n a l  s t a b i l i t y  a n d  c u r l  ( 1 4 ) .

ACCELERATED AGING

Two indirect  indicators  of  the chemical  changes
responsible for  lack of  permanence are the
d i s c o l o r a t i o n  o f  p a p e r  e n d  t h e  l o s s  o f  s t r e n g t h
p rope r t i e s  t ha t  occu r  w i th  t ime .  The  r ea sons  fo r  t he
lo s s  i n  s t r eng th  w i th  ag ing  a r e  no t  comple t e ly
understood,  but  they are presumed to be direct ly
r e l a t e d  t o  t h e  c h e m i c a l  a n d / o r  s t r u c t u r a l  c h a n g e s
t h a t  o c c u r  a t  t h e  m o l e c u l a r  l e v e l . B e c a u s e  o f  t h i s
presumption, r e s e a r c h e r s  h a v e  f e l t  j u s t i f i e d  i n
a p p l y i n g  c o n c e p t s  o f  c h e m i c a l  k i n e t i c s  i n  q u a n t i f y i n g
t h e  e f f e c t s  o f  a g i n g  ( 1 1 ) .  I n  t h e  c h e m i c a l  k i n e t i c s
approach, t h e  l o s s  i n  s t r e n g t h  p r o p e r t y  w i t h  t i m e  i s
u s ed  t o  ch a r ac t e r i z e  t h e  r a t e  o f  d e t e r i o r a t i on  o f  t he
m a t e r i a l . Obviously, the best  way of measuring
s t a b i l i t y  o f  s t r e n g t h  p r o p e r t i e s  i s  b y  n a t u r a l
a g i n g . Bu t  r ea l t ime  s tud i e s  a r e  an  imprac t i ca l  and
cost ly method for  assessing the long-term use
p o t e n t i a l  o f  p a p e r . Techniques of  chemical  kinetics,
on the other  hand,  provide a  means of  effect ively
a c c e l e r a t i n g  t h e  n a t u r a l  a g i n g  p r o c e s s . According to
t h e  A r r h e n i u s  k i n e t i c  t h e o r y ,  t h e  r a t e  o f  a n  o r d i n a r y
chemica l  r e ac t i on  w i l l  be  acce l e r a t ed  by
a p p r o x i m a t e l y  a  f a c t o r  o f  t w o  i f  t h e  t e m p e r a t u r e  a t
which the reaction is  run is  raised by 10°C.

S i n c e  i t  i s  u s u a l l y  n o t  p o s s i b l e  t o  d e s c r i b e  a  n o r m a l
aging environment, TAPPI has proposed two provisional
me thods  t ha t  s imu la t e  two  d i f f e r en t  ag ing
env i ronmen t s  (4 ) .  Me thod T-453 describes a method
f o r  e v a l u a t i n g  t h e  e f f e c t  o f  d r y  h e a t  o n  t h e
p r o p e r t i e s  o f  p a p e r , and T-544, a method for
e v a l u a t i n g  t h e  e f f e c t  o f  m o i s t  h e a t  o n  t h e  p r o p e r t i e s
of paper and board. Knowledge of the environment in
which the paper would l ikely be stored aids in
s e l e c t i n g  t h e  m o s t  a p p r o p r i a t e  t y p e  o f  a c c e l e r a t e d -
aging environment. I t  i s  known  tha t  mo i s tu re  g rea t l y
a c c e l e r a t e s  t h e  a g i n g  o f  p a p e r ,  b u t  t h e  r a t e  a t  w h i c h
t h i s  i n c r e a s e  o c c u r s  v a r i e s  g r e a t l y  d e p e n d i n g  o n  t h e
type of paper. T h e r e f o r e , d r y - h e a t  a g i n g  o f  p a p e r  i s
less  sensi t ive and probably does not  rank papers  in
o r d e r  o f  s t a b i l i t y  a s  a c c u r a t e l y  a s  m o i s t - h e a t
a g i n g . However, d ry -hea t  ag ing  i s  cons ide r ab ly
e a s i e r  t o  a c c o m p l i s h . The older dry-heat  method
u t i l i z e s  o n l y  a  f o r c e d  v e n t i l a t i o n  o v e n  t h a t  i s
maintained at  105°C. Test  specimens in the oven
need only be shielded from direct  radiat ion from the
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h e a t i n g  e l e m e n t s . T h e  m o i s t - h e a t  m e t h o d  u t i l i z e s
laboratory apparatus devised by Graminski  for
maintaining an environment of  90°C end a relat ive
humidity of  25 percent . Because of the demanding
h u m i d i t y  c o n t r o l  ( ± 1  p e r c e n t ) ,  t e m p e r a t u r e  m u s t  b e
m a i n t a i n e d  a t  a n  a c c u r a c y  b e t t e r  t h a n  0 . 5 ° C
( p r e f e r a b l y  0 . l ° C ) . With both methods,  papers are
m a i n t a i n e d  i n  t h e  s p e c i f i e d  e n v i r o n m e n t  f o r  v a r y i n g
l e n g t h s  o f  t i m e ;  2 4 ,  4 8 ,  7 2  e n d  1 4 4  h o u r s .  E a c h
specimen, a f t e r  app rop r i a t e  cond i t i on ing  t o  t he
s t a n d a r d  t e s t  e n v i r o n m e n t ,  i s  t e s t e d  b y  t h e  T A P P I

test method of interest. Test methods
e m p l o y e d  t o  e v a l u a t e  t h e  e f f e c t s  o f  a g i n g  t y p i c a l l y
may include brightness (T-452),  pH (T-509),  copper
number (T-430),  and sodium hydroxide volubil i ty
(T -212 ) ,  i n  add i t i on  t o  any  o f  t he s t r e n g t h
t e s t s  m e n t i o n e d  p r e v i o u s l y . The  t e s t ed  p rope r ty
i n d i c a t e s  a  p r o g r e s s i v e  d e t e r i o r a t i o n  w i t h  t i m e .
S i n c e  i t  i s  i m p o s s i b l e  t o  d e s c r i b e  a  n o r m a l
e n v i r o n m e n t ,  T A P P I  c a u t i o n s  a g a i n s t  r e l a t i n g  r e s u l t s
f r o m  a c c e l e r a t e d  a g i n g  t o  a c t u a l  a g i n g .  H o w e v e r ,  t h e
r e s u l t s  o f  s e v e r a l  i n v e s t i g a t i o n s  h a v e  i n d i c a t e d  t h a t
accelerated dry-heat  aging at  105°C for  72 hours
corresponds approximately to "normal" aging of  25
y e a r s  ( 1 5 ) .

A plot  of  the data as a  function of  t ime al lows one
to  ca l cu l a t e  t he  s l ope  o r  t he  r a t e  a t  wh ich  t he
p r o p e r t y  d e t e r i o r a t e s . Figure 7 shows typical  shapes
of  curves encountered during the aging of  paper
( 1 3 ) .  O n l y  r a r e l y  i s  t r u l y  s t r a i g h t - l i n e  b e h a v i o r
o b s e r v e d . Concave curves occur more often then
convex curves. I t  i s  common  p rac t i ce  t o  l i nea r i ze
the  cu rve  by  u s ing  l oga r i t hmic  p lo t s ,  o r  by  f i t t i ng
t h e  d a t a  t o  t h e  b e s t  s t r a i g h t - l i n e  r e l a t i o n s h i p .
F r o m  t h e  s t r a i g h t - l i n e  p l o t s ,  i t  i s  p o s s i b l e  t o
e v a l u a t e  h a l f - l i v e s  t h a t  a r e  u s e f u l  i n  c o m p a r i n g  a n d
r a n k i n g  t h e  r e l a t i v e  s t a b i l i t y  o f  d i f f e r e n t  p a p e r s
e n d  i n  e s t a b l i s h i n g  t h e  e f f e c t i v e n e s s  o f  c h e m i c a l
treatments to improve permanence.

Some  o rgan i za t i ons  o f f i c i a l l y  r ecogn i ze  t he
importance of  heat  aging in helping to determine the
s u i t a b i l i t y  o f  p a p e r s  f o r  l o n g - t e r m  a p p l i c a t i o n s .
The National  Associat ion of State Textbook
A d m i n i s t r a t o r s ,  f o r  e x a m p l e ,  r e q u i r e s  t h a t  a l l  p a p e r s
s h a l l  m e e t  s t r e n g t h  s p e c i f i c a t i o n s  a f t e r  a c c e l e r a t e d
aging of  24 hours  in a  dry oven at  100°C (16).

F o l d i n g  e n d u r a n c e  i s  t h e  m o s t  s e n s i t i v e  t e s t
i n d i c a t o r  o f  t h e  d e t e r i o r a t i o n  o f  p a p e r  o n  a g i n g .
Changes in  folding endurance of  paper  show up long
b e f o r e  t h e r e  i s  a  c h a n g e  i n  t h e  t e n s i l e  s t r e n g t h ,
b u r s t i n g  s t r e n g t h , o r  t e a r i n g  r e s i s t a n c e . Both TAPPI

method f o r  h e a t  a g i n g  o f  p a p e r  s u g g e s t  t h a t
f o l d i n g  e n d u r a n c e  iS t h e  p r e f e r r e d  t e s t  m e t h o d .
U n t i l  r e c e n t l y , t he  L ib ra ry  o f  Congre s s  r e l i ed  so l e ly
o n  t h e  f o l d i n g - e n d u r a n c e  t e s t  a f t e r  h e a t  a g i n g  f o r
d e m o n s t r a t i n g  t h e  i m p r o v e d  l i f e  o f  t r e a t e d  p a p e r
( 1 7 ) . I n  a d d i t i o n  t o  f o l d i n g  e n d u r a n c e ,  t h e  L i b r a r y
n o w  a l s o  r e c o g n i z e s  t h e  z e r o  s p a n  t e n s i l e  s t r e n g t h
t e s t  f o r  e v a l u a t i n g  t h e  e f f e c t s  o f  a g i n g . I t  h a s
b e e n  f o u n d  t h a t  t h i s  t e s t  i s  e s p e c i a l l y  u s e f u l  f o r
evaluat ing degraded book papers ,  which would not
s u r v i v e  e v e n  a  s i n g l e  f o l d ,  b u t  w h i c h  m i g h t  s t i l l
have  u se fu l  l i f e  i f  r e s to r a t i ve  t r e a tmen t s  cou ld  be
e f f e c t i v e  ( 1 7 ) . Zero span breaking length is
considerably more sensi t ive as  a  measure of  the
e f f ec t s  o f  ag ing  t han  i s  no rma l  t en s i l e  b r eak ing
l e n g t h . Th i s  sugges t s  t ha t  f i be r  weaken ing  o r  t he
c r e a t i o n  o f  w e a k  p o i n t s  a l o n g  t h e  f i b e r  p l a y s  a
s i g n i f i c a n t  r o l e  i n  h e a t  a g i n g  o f  p a p e r  ( 1 1 ) .

FUTURE NEEDS

We have reached the point  where the performance of
p a p e r  a t  s t a n d a r d  c o n d i t i o n s  i s  f a i r l y  w e l l
u n d e r s t o o d , We have also been able to ut i l ize
a r t i f i c i a l  a g i n g  e n v i r o n m e n t s  t h a t  s i m u l a t e  s o m e  o f
t h e  c h a n g e s  i n  p h y s i c a l  c h a r a c t e r i s t i c s  o f  p a p e r  t h a t
o c c u r  n a t u r a l l y  w i t h  t i m e . But until now we have not
been able to measure mechanical  and strength
p r o p e r t i e s  t h a t  a r e  r e l e v a n t  i n  t h e  w o r l d  o f  c h a n g i n g
environments, i n c l u d i n g  c y c l i c  h u m i d i t y . I t  has  long
been known that  the mechanical  propert ies  of  paper
a r e  d i f f e r en t  a t  d i f f e r en t  humid i t i e s ,  bu t  d r ama t i c
changes can also occur  under  f luctuat ing or  nonsteady
c o n d i t i o n s . I f  pape r  i s  s t r e s sed  s lowly  ove r  a
number of  cycl ic  humidity changes,  for  example,  the
s t r a i n  t o  f a i l u r e  w i l l  e x c e e d  t h e  s t r a i n  t o  f a i l u r e
t h a t  w o u l d  o c c u r  u n d e r  h i g h ,  b u t  c o n s t a n t ,  r e l a t i v e
h u m i d i t y  c o n d i t i o n s . T h i s  d r a m a t i c  a c c e l e r a t i o n  o f
t h e  d i s t o r t i o n  o f  p a p e r  i n d u c e d  b y  l o n g - t e r m  s t r e s s e s
i n  c y c l i c  r e l a t i v e  h u m i d i t i e s  i s  a  p r i m e  e x a m p l e  o f
how nonsteady environments  inf luence the mechanical
behavior of  paper (11). T h i s  m e c h a n i c a l  e f f e c t
overlays the chemical  changes that  are bel ieved to be
accelerated by storage in changing humidity
environments. Wi th  behav io r  l i ke  t h i s ,  i t  s eems
l i k e l y  t h a t  s t a n d a r d , constant-condition tests do not
provide an adequate picture of  behavior  in the world
of changing environments. C u r r e n t  r e s e a r c h  a t  F o r e s t
Products  Laboratory seeks to observe and explain the
m e c h a n i c a l  b e h a v i o r  o f  p a p e r  i n  t r a n s i e n t  e n d  c y c l i c
h u m i d i t y  e n v i r o n m e n t s  ( 1 8 ) .  F o r  t h i s  p u r p o s e ,
instrumentat ion has been designed and constructed
(F ig .  8 )  t ha t  a l l ows  fo r  t he  cha rac t e r i za t i on  o f  t he
fundamental  mechanical  propert ies  of  paper  under
cond i t i ons  o f  cons t an t  o r  cyc l i c  r e l a t i ve  humid i t y
e n d  c o n s t a n t  o r  c y c l i c  s t r e s s . Stresses may be
a p p l i e d  e i t h e r  i n  t e n s i o n  o r  i n  c o m p r e s s i o n ,  a n d
strain as well as Young’s modulus may be measured
con t inuous ly  o r  i n t e rmi t t en t l y  a s  a  f unc t i on  o f  t ime
d u r i n g  c h a n g e s  i n  e n v i r o n m e n t  o r  s t r e s s  a p p l i c a t i o n .
Because the dimensions of  paper  also change with
humidity along with mechanical  propert ies ,
correct ions must  be made to obtain true strain
measurements.

The combined effects  of  s tresses and changing
e n v i r o n m e n t a l  c o n d i t i o n s  a r e  e s p e c i a l l y  r e v e l a n t  t o
the performance of  paper in packaging materials ,
whe re  r e l a t i ve ly  sho r t - t e rm  f a i l u r e s  a r e  no t i ceab l e
i n  c y c l i c  h u m i d i t y  c o n d i t i o n s . But these effects may
also play a role in the long-term performance of
l i b r a r y  m a t e r i a l s . Paper continually undergoes
s t r e s s e s  b e c a u s e  o f  i t s  a n i s o t r o p i c  p r o p e r t i e s  a n d
because of  changes in temperature and humidity.
These induced stresses.  al though small ,  may play a
r o l e  i n  a c c e l e r a t i n g  t h e  l o s s  o f  m e c h a n i c a l
propert ies  when paper  is  s tored for  decades under
condit ions of  cycl ic  humidity and temperature
changes. The instrumentat ion and methods under
development  should help quantify these effects  and
p r o v i d e  a  f u l l e r  e x p l a n a t i o n  o f  t h e  c o n n e c t i o n s
between the mechanical  durabi l i ty  and permanence of
p a p e r .
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