
NOTE TO USERS

Page(s) not included in the original manuscript and are 

unavailable from the author or university. The manuscript 

was scanned as received.

31

This reproduction is the best copy available.

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UNIVERSITY OF CINCINNATI

F e b ru a ry  5 th  19 54

I  hereby recommend that the thesis prepared under my

supervision by S ta n le y  w. L a s o s k l .  , T r . _______________________

entitled________ A d h esio n  o f  P o ly v in y l  A c e ta te  t o  S te e l______

be accepted as fulfilling this part of the requirements for the 
degree of______  D o c to r o f  P h i lo s o p h y ____________________________

Approved by:

F o r m  668— G .S . anc! T .C .— 1 M -4 - 5 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ADHESION OF POLYVINYL ACETATE TO STEEL

A d i s s e r t a t i o n  subm itted  to  th e

G raduate School o f  A rts  end S ciences 
o f  th e  th i iT e r s i ty  o f  C in c in n a ti

in  p a r t i a l  f u l f i l lm e n t  o f  th e  
req u irem e n ts  f o r  th e  Degree o f

DOCTOR OF PHILOSOPHY

195*

by

S tan ley  W. L aso sk i, j r .

I .  8 . The P en n sy ly an ia  S ta te  C o llege  19*9 

M. S. tm iy e r s l ty  o f  C in c in n a ti  1952

Oiilwrty of Cinctnrwti Iftwv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: DP15876

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.

®

UMI
UMI Microform DP15876 

Copyright 2009 by ProQuest LLC.

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

ProQuest LLC 
789 E. Eisenhower Parkway 

PO Box 1346 
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N

NJ
¥  
i -
<ci

ACKNOWLEDGMENT

The a u th o r  w ishes to  ex p ress  h i s  s in c e re  a p p re c ia ­

t i o n  t o  Dr. O erard Kraus f o r  h i s  adv ioe  and gu idance d u rin g  

th e  co u rse  o f  t h i s  in v e s t ig a t io n .  He a ls o  ex ten d s acknowl­

edgement to  th e  Haval Bureau o f A ero n au tics  f o r  th e  funds 

w hich made t h i s  in v e s t ig a t Io n  p o s s ib le  a t  th e  A pplied  

Science R esearch  L ab o ra to ry , U n iv e rs ity  o f  C in c in n a ti ,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

Page

INTRODUCTION............................................... . ....... 1

SCOPE OF INVESTIGATION . . .  .................................................  3

THEORETICAL..............................................................   k

I .  M olecu lar F o r o e e ............................................   *

I I .  ThenBodynwaloal A spects o f  A dheslonal
and GoheslonSl F a i lu r e  . . . . . . . . . .  5

I I I .  S tren g th -T h lo k n ess  B ehav io r o f  Adhesive
S p e o l a e n s ........................................   9

IV. M eehanloal B ehav io r o f  Polym eria K a te r la ls  IS

RESULTS AND DISCUSSION...................................   21

SUMMARY..............................    51

EXPERIMENTAL..........................     53

BIBLIOGRAPHY  ...................................    59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



INTRODUCTION

The phenomenon o f ad h esio n  ocours In  v a r io u s  

system s, e .g . ,  g a s - s o l id ,  l i q u i d - s o l id ,  s o l i d - s o l id ,  e t c .  . 

When one r e a l i z e s  th a t  d e s p i te  o u r a p p re o la b le  knowledge 

o f  m o lecu lar fo rc e s  i t  I s  n o t p o s s ib le  to  p r e d ic t  w ith  c e r ­

t a in ty  th e  m ls o lb i l l ty  o f  two l iq u id s  o r  th e  s t r e n g th  o f  a  

g iv en  m a te r ia l ,  th e  d i f f i c u l t y  in  fo rm u la tin g  a  g e n e ra liz e d  

th e o ry  o f  adhesion  becomes r e a d i ly  a p p a re n t.

Some I n v e s t ig a to r s ,  n o tab ly  W. D, H ark ins3',  have 

p ro v id ed  th e  t h e o r e t i c a l  b a s i s  f o r  th e  study  o f ad h esio n  o f  

th e  s o l id - l i q u id  ty p e , one m ight a ls o  n o te  t h a t  I t  h as  been  

only  r e c e n t ly  th a t  a  rea so n ab ly  a c c u ra te  method o f  d e te rm in ­

in g  th e  su rfa c e  a re a  o f  a  f in e ly  d iv id e d  s o l id  h as  become 

a v a i la b le  In  th e  m u lt i la y e r  a d so rp tio n  th e o ry  o f  B runauer, 

Emmett, and T e l le r 2 . T his method o f f e r s  a  r e l a t i v e l y  sim ple 

means o f  d e te rm in in g  th e  su r fa c e  a re a  o f a  powder which I s  

n ecessa ry  I f  thermodynamic v a r ia b le s  a re  to  be r e l a t e d  on a  

u n i t  a re a  b a s i s .  C onsequently , v a r ia b le s  such a s  c o n ta c t 

a n g le , su rfa c e  te n s io n , h e a ts  o f  w e tt in g , t o t a l  su rfa c e  

energy , e t o . ,  may be r e la te d ^  so as  to  c a lc u la te  th e  energy 

o f  adhesion  o f a  l iq u id  to  a  s o l id .

However, such a  tre a tm e n t i s  n o t r e a d i ly  a d a p ta b le  

to  a  s tu d y  o f  a  s o l id - s o l id  system  b ecau se  o f th e  d i f f i c u l ­

t i e s  invo lved  In  m easuring th e  p e r t in e n t  v a r ia b le s ,  e . g . ,
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th e  s u r fa c e  te n s io n  o f  a  s o l id .  In  a d d i t io n , th e  d i f f i c u l ­

t i e s  a r e  In  v a r io u s  ways augmented by th e  f a c t  t h a t  moat 

p r a c t i c a l  ad h esiv es  and ad h e re n t c o a tin g s  a re  h ig h  polym ers 

which in  th e  bonded s t r u c tu r e  e x e r t  t h e i r  own m echanical 

p r o p e r t ie s .  A lso , th e  f i e l d  o f  polym er ch em istry  i s  in  a  

r e l a t i v e  s t a t e  o f  in fa n c y . C onsequently , such s o l id - s o l id  

a d h e s lo n a l s tu d ie s  as  a re  re p o r te d  in  th e  l i t e r a t u r e  have 

been  m ainly e m p ir ic a l and phenom enological in  n a tu re , 

p a r t i c u l a r ly  in  th e  developm ent and u se  o f  p ro d u c ts  in  th e  

a i r c r a f t  i n d u s t r y T o  e v a lu a te  th e  e f f e c t iv e  ad h esio n  

e m p ir ic a l t e s t  methods such a s  s c ra tc h ,  sh e a r , t e n s i l e ,  

p e e l ,  s t r i p ,  im pact, e t c . ,  have been d e v l s e d ^ - ^ .  G en e ra lly , 

th e  fo rc e  re q u ire d  f o r  th e  u l t im a te  s e p a ra tio n  o f th e  

ad h esiv e-ad h eren d  la y e r s  i s  m easured. Most system s in v e s t i ­

g a te d  have been  complex m ulticom ponent form ulas y ie ld in g  

l i t t l e  o r  no th e o r e t i c a l  knowledge o f  th e  fundam entals o f 

b e h a v io r  o r  o f  ad h esio n  p e r  s e .

However, w ith  a  b e t t e r  u n d e rs ta n d in g  o f  th e  proper*- 

t i e s  and th e  b e h a v io r  o f  polym erio  m a te r ia ls  i t  h a s  been 

p o s s ib le  in  r e c e n t y e a rs  to  c o n s tru c t  r a th e r  sim ple two 

component system s which cou ld  be s tu d ie d  from a  more th eo ­

r e t i c a l  v iew p o in t. Suoh I n v e s t ig a t io n s  c o n tr ib u te  g r e a t ly  

t o  o u r u n d ers tan d in g  o f  a d h e s lo n a l phenomena and In d ic a te  

th e  way to  f u tu re  ex p erim en ta l s tu d i e s .
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3C0PE OP INVESTIGATION

The o b je c t  o f  t h i s  I n v e s t ig a t io n  was to  s tu d y  a  

g iv en  polym er-m etal system  thoroughly  w ith  reg a rd  to :

(1) f a i l u r e  a t  t h in  f i lm s  and mechanism o f  f a i l u r e ;  (2) 

c o r r e la t io n  o f  b u lk -p ro p e r t le e  o f  polym ers w ith  th o se  o f 

a  polym er m etal system ; and (3) ad h e s lo n a l phenomena 

o p e ra t in g  a t  th e  polym er m etal in t e r f a c e .

The polym er ohosen was p o ly v in y la c e ta te  f o r  

s e v e ra l  rea so n s : (1) i t  I s  a  l i n e a r ,  v in y l polym er w ith  

a  r e l a t i v e l y  sm all degree o f  c ro s s - l in k in g  and does no t 

c r y s t a l l i s e  on ex ten s io n ; (2) d a ta  a r e  a v a i la b le  In  th e  

l i t e r a t u r e  on i t s  v a rio u s  p r o p e r t ie s ;  (3) i t  I s  a  p o la r  

polym er and o f f e r s  an e x te n s io n  o f some work done by Kraus 

and Manaon1? on p o ly s ty re n e  and p o ly e th y le n e ; (h) i t  i s  

g e n e ra lly  reco g n ised  a s  hav ing  e x c e lle n t  ad h esiv e  p r o p e r t ie s  

and consequen tly  o f f e r s  a  range o f  m agnitude o f  ad h esio n  

o v er which th e  p r o p e r t ie s  may be v a r ie d  and m easured; and 

(5) f r a c t io n a t io n  cou ld  b e  e a s i ly  accom plished and m o lecu lar 

w eigh ts determ ined  by a  v is c o s i ty  method s in c e  th e  c o n s ta n ts  

have been  ev a lu a te d  by o th e r  m ethods.

The method used was the tensile technique utilis­
in g  f ilm s  o f  polym ers v a ry in g  between Q.0005 and 0 .0 1 0  in ch es  

in  th ic k n e s s .
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THEOREM ICAL

I .  M olecular F orces
v

In  e x p la in in g  chem ical and p h y s ic a l phenomena i t  

I s  conven ien t to  re co g n ise  m o lecu lar fo rc e s  as  o p e ra t iv e  in  

two d i s t i n c t  ty p e s  o f  bonds: prim ary and secondary . The 

b a s i s  o f  d iv is io n  i s  th e  m agnitude o f th e  in te r a c t io n  

e n e rg ie s  o r  d i s s o c ia t io n  e n e rg ie s  c h a ra c te r iz in g  each ty p e . 

Prim ary bonds -  h e te ro p o la r ,  hom opolar, m e ta ll 1c -  a re  

c h a ra c te r is e d  by e n e rg ie s  o f  d i s s o c ia t io n  o f  abou t $0 to  

150 K oal./m ole  w h ile  secondary  bonds have d is s o c ia t io n  

e n e rg ie s  o f  0 -2  ic ea l./m o le . The secondary  bonds a r e  th e  

s o -c a l le d  van d e r  Waala fo rc e s  which in c lu d e  th e  well-known 

d is p e rs io n 1 **1^ , o r ie n ta t io n 20, and in d u c tio n 2^ f o r c e s .  

In te rm e d ia te  in  m agnitude a r e  th e  e n e rg ie s  (h-10  K ea l./m o le) 

a s s o c ia te d  w ith  hydrogen bonding  Which may b e  c l a s s i f i e d  a s  

a  s p e c ia l  ty p e  o f  d ip o le  b o n d s 2 1 * 22. o f  th e s e  fo rc e s  i t  i s  

v ery  d o u b tfu l w hether prim ary  fo rc e s  a r e  o f  any im portance 

in  ad h esio n  . Of th e  secondary  fo rc e s  th e  d is p e r s io n  fo ro e s  

and hydrogen bonds a re  by f a r  th e  most im p o r ta n t. A c a lc u la ­

t i o n  by London and E ls e n s o h itz 2^ shows th a t  even in  th e  ca se  

o f  h ig h  p o la r i ty  th e  d is p e rs io n  fo rc e s  supply  a  c o n s id e ra b le  

sh a re  o f  th e  t o t a l  a t t r a c t i o n .  I t  i s  on ly  in  th e  o ases  o f  

h ig h ly  p o la r  su b stan ces  a s  HgQ, NH-j, and HON th a t  o r ie n ta t io n  

fo rc e s  eq u a l o r  exceed d is p e r s io n  fo ro e s  w h ile  in d u o tio n  

fo ro e s  have on ly  a  m inor In f lu e n c e .
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A f a i r l y  re c e n t study  on th e  ad h esio n  o f polym ers 

to  c e l lu lo s e  by McLaren and H o fr io h te r2^ has shown c le a r ly  

th e  e f f e c t  o f  hydrogen bond ing . T h e ir  work r e v e a ls  a  l i n e a r  

r e l a t i o n  betw een th e  lo g a rith m s  o f  ca rb o x y l c o n c e n tra t io n  

and th e  adhesion  o f  t h a t  polym er to  c e l lu lo s e .  Kraus1? 

assum ing only  d is p e rs io n  fo ro e s  o p e ra t iv e  a t  th e  in te r f a c e  

h as  c a lc u la te d , u s in g  th e  same p r in c ip le  employed by Mark2? 

and deBoer2^ f o r  t e n s i l e  s t r e n g th s  o f  po lym eric  m a te r ia ls ,  

a  th e o r e t i c a l  ad h esiv e  s t r e n g th  o f app rox im ate ly  3000 k g ./cm .2. 

He has alBO c a lc u la te d  f o r  a  d ip o le -m e ta l in te r a c t io n  a
II

v a lu e  oa 3% o f  t h a t  f o r  d is p e rs io n  f o ro e s .  I t  shou ld  be 

p o in te d  ou t th a t  d is p e rs io n  v a lu e s  a r e  many tim e s  g r e a te r  

th a n  th e  adhesion  m easured in  th e  la b o ra to ry  and even a  sm all 

p e rc e n tag e  o f th e  t h e o r e t i c a l  ad h esio n  would accoun t, f o r  th e  

e f f e c t iv e  ad h esio n  m easured. McLaren2^ -* 1 s t r e s s e s  th e  

im portance o f  p o la r  groups which become e v id e n t i n  t h e i r  

work w ith  c e l lu lo s e  a s  th e  a d h e re n t.

I I .  Thermodynamical A spects o f A dheslonal and C ohesions!
F a i lu r e

In  th e  p re v io u s  s e c t io n , th e  m o lecu la r fo rc e s  

g e n e ra lly  accep ted  as  c o n tr ib u to r s  to  ad h esio n  have been con­

s id e re d . However, u n lik e  s o l id - l i q u id  system s, no co n s id e ra ­

t io n  o f  th e  thermodynamics o f  s o l i d - s o l id  system s and a c tu a l  

ad h e s lo n a l f a i l u r e  have been  re p o r te d .

For a  g iv en  su b s ta n ce , th e  m olecu les in  th e  i n t e ­

r i o r  a re  com plete ly  surrounded  by o th e r  m olecu les e f f e c t in g
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a  s a tu r a t io n  o f  th o  in te r a c t io n  fo rc e s  j however, f o r  a  mole­

c u le  a t  th e  su r fa c e , th a ra  i s  an unbalanced  mat inw ard a t t r a c ­

t io n .  C onsequently , th #  su b stan ce  ta n d s  to  c o n t r a c t  to  th a  

s m a lle s t  p o s s ib le  su r fa c e  a r e a .  I t  i s  f o r  t h i s  re a so n  d rops 

o f  l i q u i d  mercury w i l l  assume a  s p h e r ic a l  shape, gas b u b b les  

in  a  l iq u id  become s p h e r ic a l , e t c . .  In  o rd e r  to  ex ten d  th e  

a r e a  o f  su rfa c e  i t  i s  n ecessa ry  to  do work to  b r in g  th e  

m olecu les from th e  b u lk  in to  th e  s u r fa c e  a g a in s t  th e  inward 

a t t r a c t i v e  fo rc e  j t h i s  work re q u ire d  to  in c re a s e  th e  a re a  by 

one sq u are  cm. i s  c a l le d  th e  “su rfa c e  f r e e  en e rg y ."  The 

tendency  o f  a  l iq u id  to  c o n tra c t  to  a  sm a lle r  a r e a  i s  a 

m a n ife s ta t io n  o f  f r e e  energy  s in c e  approach  to  e q u ilib r iu m  

i s  alw ays accompanied by a  d im in u tio n  o f  f r e e  energy  acco rd ­

in g  to  th e  second law  o f  therm odynam ics. s im i la r ly ,  th e  

work re q u ire d  to  e n la rg e  th e  su r fa c e  o f  s e p a ra tio n  betw een 

two su b stan ces  i s  c a l le d  th e  i n t e r f a o i a l  f r e e  energy ; t h i s  

i s  g e n e ra lly  l e s s  th a n  th e  l a r g e r  o f  th e  two s u r fa c e  f r e e  

e n e rg ie s  because th e  two s u r fa c e s  e x e r t  m utual a t t r a c t i o n  

a c ro s s  th e  in te r f a c e  and reduce th e  inw ard p u l l  o f  m olecules 

in  th e  su r fa c e  by th o se  o f i t s  own k in d .

In  s o l id - s o l id  system s su r fa c e  e n e rg ie s  a r e  

ex trem ely  d i f f i c u l t  to  m easure; co n seq u en tly , t h i s  a s p e c t 

o f  ad h esio n  w ith  s o l id s  has been  s id e s te p p e d . Analagoue to  

D u p re 's  d ed u c tio n  f o r  a  s o l id - l i q u id  system , th e  work o f 

ad h esio n  o f  two s o l id s  can be re p re se n te d  by th e  fo llo w in g  

p ro ce ss :

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-7 -

A A
w

B B

The work o f  adhesion  la  a  measure o f  th e  energy re q u ire d  to  

s e p a ra te  th e  two s o l id s  and I s  g iv en  by

WAdh s  ^Adh * ^ A + ^B  ~ ^A/fc f1 )

S im ila r ly , th e  work o f  co h esio n  f o r  a  g iven  s o l id ( e )  I s :

*ooh ** ^©oh * 2 ŝ * ft)

I n  th e  ea se  o f ad h esio n , th e  model must be  m od ified  to  th e  

e x te n t o f  In tro d u c in g  an ad h esiv e  f i lm  between two s o l id  

speoim ens whioh may o r  may n o t be  ohosen to  b e  th e  same. 

How, ru p tu re  o r  s e p a ra tio n  may ooour in  th e  f i lm  (co h es iv e  

f a i l u r e )  o r  a t  th e  in te r f a o e  o f th e  f i lm  and th e  s o l id  

(ad h es iv e  f a i l u r e ) , v i s :

I t  i s  obvious th e n  th a t  th e  c o n d itio n s  f o r  th e  two methods 

o f  f a i l u r e  a re :

A xium uv
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<■ r u  coh

I f  on# were a b le  to  measure th e  f ro #  e n e rg ie s  o r  su r fa c e  te n ­

s io n s  in d ic a te d  in  (3) and (k ) ,  p r e d ic t io n  o f  th e  ty p e  o f  

f a i l u r e  would be r e l a t i v e l y  sim p le . Such d a ta  a re  no t a v a i l ­

ab le  and a re  u n o b ta in a b le  a t  p re s e n t .  However, a in o e  th e  

s u r fa c e  e n e rg ie s  o f m e ta ls  a re  q u i te  h iig i^2 , i t  shou ld  be 

p o s s ib le  to  e v a lu a te  such p re d ic t io n s  by r e p la c in g  th e  m etal 

su rfa c e  w ith  one o f  low s u r fa c e  f r e e  energy , e . g . , a  non­

p o la r  su r fa c e , e s p e c ia l ly  i f  f a i l u r e  00o u rs co h e s iv e ly  b e fo re  

a l t e r a t i o n  o f  th e  su rfa c e . Of co u rse , t h i s  Im p lie s  a l l  o th e r  

v a r ia b le s  to  b e  c o n s ta n tj  t h i s  i s  a  s e r io u s  c o n s id e ra tio n  in  

a  m echanical t e s t .  N e v e rth e le s s , th e  model co n s id e red  now 

i s  ( g re a t ly  ex ag g era ted ):

s o l id  adherend
adsorbed  f i lm  (non p o la r  su r fa c e )  -  ( f )  
ad h esiv e  f i lm  -  (p)

*  s u r fa c e  f r e e  energy o f  3 
covered  w ith  f

ehereby: Coh * 2 p

(fadh « T p  + d g f -  ) ^ / f

I t  i s  seen  th en  th a t  f o r  ad h esiv e  f a i l u r e

adh < T coh 0T  Tp > ^ e f  ”^ p / f  .̂5 )

ad h e s lo n a l f a i l u r e  ^adh 

cohesive  f a i l u r e
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and f o r  eoheslve  f a i l u r e

C *  *  { a n  4  C t  *  ^ , / f  < « >

B ines n o n p o la r su r fa c e s  have a  low s u r fa c e  energy , I t  ia  

q u ite  p o e a lb le  to  ach iev e  th e  s i t u a t i o n  re p re s e n te d  by 

eq u a tio n  ( 5 h

I I I .  B treng th -T h ickness B ehav ior o f Adhesive Specimens

One o f  th e  common b eh a v io rs  o f  ad h esiv e  J o in ts  I s  

th e  in c re a s in g  s t r e n g th  w ith  d e c re a s in g  th ic k n e s s  o f th e  

a d h e s iv e . T h is h as  been observed  by a  nuuftser o f  in v e s t ig a -  

t o r s - ^ ”’-*®. At l e a s t ,  f iv e  th e o r ie s  have been proposed  to  

e x p la in  such a  b e h a v io r . The more p e r t in e n t  th e o r ie s  s h a l l  

be d isc u sse d  b r i e f l y .

(a) M olecular o r ie n ta t io n  o f  A dhesive. McBaln and 

c o -w o rk e rs ^ > have proposed th a t  o h a ln s o f  m olecu les In  

th e  ad h esiv e  la y e r  a re  o r ie n te d  due to  th e  fo rc e  f i e l d  o f 

th e  adhexend s u r f a c e . F ie ld s  o f  fo rc e  due to  th e se  o r ie n te d  

m olecules a t  th e  su rfa c e  cause a  s im i la r  b u t reduced  o r ie n ta ­

t i o n  In  th e  nex t la y e r  o f  a d h es iv e , th e  m olecules f u r th e s t  

away from th e  s u r fa c e  b e in g  l e a s t  o r ie n te d . Such an  exp lana­

t io n  im p lie s  th e  fo rc e  f i e l d  o p e ra t iv e  o ver a  d is ta n c e  many 

m o lecu lar l a y e r s .  I n v e s t ig a t io n s  o f  B u lk le y ^ ,  and c a lc u la ­

t io n s  o f  e l e c t r o s t a t i c  a t t r a c t i o n s  betw een su r fa c e s  and. 

charged p a r t i c l e s  by L ennard-Jones^2 and Bowden*-* have Shown 

th e  a t t r a c t i v e  fo rc e s  to  be q u i te  weak beyond th e  f i r s t  

m onolayer. In  a d d i t io n , t h i s  th eo ry  p r e d ic ts  f a i l u r e  in
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co h esio n  f o r  a l l  specim ens s in c e  th e  w eakest p lan e  w i l l  h e  

in  th e  m iddle o f th e  ad h es iv e .

(h) Flaw T heory. B ik erm an ^  suggested  th a t  th e  

f a i l u r e  I s  due to  flaw s in  th e  same manner th a t  th e  In c re a s ­

in g  average s tr e n g th  o f f ib e r s  has been  r e la te d  to  th e  

p r o b a b i l i ty  o f th e  o ccu rren ce  o f  a  f law  o f a  g iv en  s e v e r i ty  

a t  whloh a  g iv en  f r a c tu r e  I s  l n l t l a t e d ^ ^ ^ . The th e o ry  o f 

flaw s assumes a  m a te r ia l  to  have a  d i s t r i b u t io n  o f  flaw s o f 

d i f f e r e n t  s iz e  and f a i l u r e  I s  I n i t i a t e d  o r  o ccu rs  w ith  th e  

s t ro n g e s t  f law  ( la r g e s t  s i z e ) .  T h e re fo re , th e  l e s s  m a te r ia l ,  

th e  sm a lle r  th e  p r o b a b i l i ty  o f  a  flaw .

(o) H o n -te n s lie  and I n te r n a l  S t r e s s e s . T h is th e o ry  

was a r r iv e d  a t  Independen tly  by Kraus and Hanson1? and .
kg

M elssner and B aldauf . I n te r n a l  s t r e s s e s  may be a s c r ib e d  

to  so lv e n t ev a p o ra tio n  in  th e  case  o f  l iq u id  ad h e s iv e s  o r  

d i f f e r e n t i a l  th e rm al c o n tra c t io n  s t r e s s e s  in  th e  c a se  o f  a  

molded specim en. The fo rc e  n ecessary  to  r a p tu re  such a  

specim en w i l l  th e re fo re  b e  sm a lle r  in  th e  e a se  o f  th ic k e r  

ad h esiv e  film s*  In  a d d i t io n ,  due to  th e  c o n s t r a in t  o f  th e  

adherend su rfa c e  th e  s t r e s s  c o n c e n tra t io n  Should b e  g r e a te r  

a t  th e  in t e r f a c e .  The e x p la n a tio n  may b e  ex tended  f u r th e r  

to  th e  phenomena o o o u rrin g  d u rin g  th e  a c tu a l  d efo rm atio n  and 

r a p tu r in g  o f th e  t e s t  specim en. I t  i s  suggested  th a t  f o r  a  

g iv en  lo a d , th e  th ic k e r  th e  specimen th e  g r e a te r  th e  

•‘necking* o f th e  ad h e s iv e . C onsequently , a t  th e  in te r f a c e
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around th e  edge, a  fo ro e  i s  ex e rted  h av in g  a  t e n s i l e  and a 

sh e a r  component. With g r e a te r  necking  t h i s  sh e a r  component 

becomes l a r g e r  in  m agnitude. The th eo ry  su g g e s ts  a  f a i l u r e  

o r  a t  l e a s t  an I n i t i a t i o n  in  sh e a r  and I s  supported  by th e  

observance o f  p e r ip h e ra l  r in g s  o f  b a re  m etal in c re a s in g  In  

w id th  w ith  th e  th ic k n e s s  o f  th e  ad h esiv e  f i lm . T h is  a ls o  

su g g e s ts  th a t  an e x tra p o la t io n  o f  th e  s tre n g th - th io k n e s s  

curve to  aero th ic k n e s s  i s  an  e x tra p o la t io n  o u t o f  th e  sh e a r  

component; i f  so , “aero th ic k n e s s “ specim ens would have on ly  

p u re  t e n s i l e  s t r e s s e s .  The o b se rv a tio n s  on v ery  t h in  f ilm s  

(< 50 m icrons th ic k n e ss )  ln d lo a te  cohesive  f a i l u r e  In  th e  

f i lm  which would in d ic a te  a ls o  t h a t  th in  f i lm  specim ens 

should  behave in  th e  same manner th a t  b u lk  p r o p e r t ie s  o f  th e  

ad h esiv e  f i lm  do.

As w i l l  be  shown in  th e  p re s e n t p ap e r th e  a u th o rs ' 

ex p erim en ta l ev idence  fa v o rs  (0 ) , w ith  (b) e x e r t in g  i t s  

in f lu e n c e  to  some e x te n t .
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XV. M eohanloal B ehavior o f  Polym eric M a te r ia ls

P re v io u s ly , I t  was suggested  th a t  "aero  f i lm  th ic k ­

ness H o f a  polym er-m etal system  should  behave In  a  s im ila r  

manner to  t h a t  o f  b u lk  po lym ers. T h e re fo re , a  b r i e f  d e s c r ip ­

t io n  o f  t h e i r  g e n e ra l b e h a v io r  i s  n e e e ssa ry .

(a ) D e fo rm a tio n ^ " ^ .

The d efo rm ation  b eh a v io r  may be d e s c r ib e d  by

a  m eohanloal model, acco rd in g  to  T u ek e tt, a s :
v u \ \ W \ \ U l \ vsA_T

Doe

% ■D

V

HP

T
Dwsc
k

<J m modulus 

D w d efo rm atio n  

^  w v is c o s i ty

The model has th r e e  components o f  th e  t o t a l  d e fo r ­

m ation:

(1 ) O rd inary  e l a s t i c  d efo rm atio n  (DQE) i s  an  

in s ta n ta n e o u s  e l a s t i c  resp o n se  by a l t e r a t i o n  o f  th e  bond 

a n g le s  and bond d is ta n c e s . The fo ro e s  re q u ire d  to  accom plish  

t h i s  are very high and are of th e  order of magnitude o f 

Y oung's modulus f o r  m e ta ls , c l  10^ K g./cm .2 . Such a  deform a­

t io n  w i l l  ap p ea r o r  d is a p p e a r  on a p p l ic a t io n  o r  r e le a s e  o f  

th e  lo a d . I t  i s  independent o f  te m p e ra tu re .
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( 2 ) H ighly e l a s t i c  d efo rm ation  (Dug) la  a  re ta rd e d

e l a s t i c  response  which m a n ife s ts  i t s e l f  by th e  u n c o i l in g  o f  

a  polym er ch a in . The e n d -to -e n d  d ia ta n c e a  o f  auoh ch a in s  

fo llo w  a  d i s t r i b u t io n  law  and a ls o  w i l l  have a  d e f in i t e  

range o f  en d -to -en d  d is ta n c e s  f o r  a  g iv en  te m p e ra tu re . 3uoh 

a  d efo rm ation  re q u ir e s  e n e r ^ 1 to  u n c o il  th e  c h a in  and energy 

to  overcome ln te rm o le o u la r  in te r a c t io n s  betw een p o in ts  along  

idie ch a in .

m a n ife s tin g  i t s e l f  in  th e  r e l a t i v e  movements o f  ch a in s  a lo n g  

each o th e r .  Such a  d efo rm atio n  oooura p r in c ip a l ly  n e a r  o r  

above th e  t r a n s i t i o n  tem p era tu re  and i s  analogous to  th e  flow  

o f  v iso o u s f lu id s  under an  a p p lie d  s t r e s s .  T h e re fo re , t h i s  

p ro ce ss  i s  dependent on th e  le n g th  o f  tim e o f  a p p l ic a t io n  o f 

th e  s t r e s s .

The t o t a l  d efo rm atio n  may be d e sc r ib e d  by th e  

e q u a tio n , which i s  th e  sum o f  th e  th r e e  d isp lace m e n ts , aa ;

The b e h a v io r  may be d e sc r ib e d  th u s : i f  a  s t r e s s  l a  suddenly 

Imposed upon a  polym er, th e re  o ccu rs  an  in s ta n ta n e o u s  e l a s t i c

(3 ) V iscous defo rm ation  (D ^ q q ) i s  a  flow  phenomenon

D »  Do e  + D re + 15v i  SC

T his w i l l  be fo llow ed  by th eresp o n se  o f  magnitude
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u n c u r lin g  and o r ie n ta t io n  o f  polym er m olecules whloh I s  

term ed a  re ta rd e d  e l a s t i c  resp o n se  because I t  I s  tim e depend­

e n t approaching  a t  I n f i n i t e  tim e th e  v a lu e  S /3g . The flow  

phenomenon goes on from th e  b eg in n in g  a t  th e  r a t e  3f a y  When 

th e  s t r e s s  l a  r e le a s e d , th e re  p e s u i ts  an In s ta n ta n e o u s  r e ­

covery , fo llow ed by a  r e ta rd e d  reco v e ry . The flow  deform a­

t i o n  i s  no t reco v e red . S ch em atica lly  i t  may be re p re se n te d  

by:

D

One would expect from t h i s  sIm plied  model th a t  th e  b eh av io r 

o f  a  polym er would e x h ib i t  tem p era tu re  and tim e e f f e c t s .

For example, a t  h ig h  te m p era tu res  th e  m a te r ia l  would behave 

a s  a  l iq u id  o f v i s c o s i t y ^  j  which would obscure  th e  f i r s t  

two com ponents. At very  low tem p era tu res  th e  In s tan tan eo u s  

resp o n se  p redom ina tes . At In  betw een tem p era tu res  a l l  

th r e e  components Come in to  p la y  w ith  th e  im portance b e in g  

c o n t in u a l ly  s h i f te d  to  th e  r e ta rd e d  e l a s t i c  and th e  e l a s t i c  

elem ent a s  th e  tem p era tu re  i s  low ered .

Suoh e f f e c t s  a r e  o f  u tm ost Im portance in  a  mechani­

c a l  t e s t  in  which th e  ex p erim en ta l tim e s c a le  and tem p era tu re
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may toe v a r ie d  a t  w i l l .

(to) M olecu lar Weight and T en a lle  S tre n g th .

To c o n s id e r  th e  t e n s i l e  s t r e n g th  one must con­

s id e r  th e  meohanlem o f  f r a c tu r e .  F ra c tu re  may o ccu r in  

e i t h e r  o f  two methods o r  th e  com bination  o f  th e  two, v is :

(a) ( b )

'Aki1

In  (a )  f r a c tu r e  h as  been d e p ic te d  a s  ru p tu r in g  prim ary  bonds 

w h ile  in  (b) th e  f r a c tu r e  i s  a  r e s u l t  o f  s l ip p in g  o f  ch a in s  

o v er each o th e r  ca u s in g  a  f r a c tu r e  l i n e  a t  th e  ends o f  th e  

m o lecu les . In  a  polym er in  which th e re  a re  s tro n g  fo ro e s  o f  

in t e r a c t io n  betw een n e ig h b o rin g  c h a in s , i t  i s  q u i te  p o s s ib le  

to  have th e  cohesion  energy h ig h e r  th a n  th a t  o f  a  p rim ary  

v a len ce  bond and th e re fo re  ru p tu re  may o ccu r by ( a ) .  Such 

in te r n a l  co h esio n  i s  prom oted by m o lecu la r symmetry and th e  

p resen ce  o f p o la r  groups o r  hydrogen bonding  groups a s  th e re  

a r e  in  polyam ides and s i l k ,  on th e  o th e r  hand, an In c re a se  

in  m o lecu la r w eight p roduces a  s im i la r  e f f e o t  sim ply by 

o f f e r in g  p e r  one polymer m olecule more in te r a c t io n  c e n te r s .  

The e f f e c t  i s  more sim ply i l l u s t r a t e d  and more commonly 

known f o r  l i q u i d s .  As th e  m o lecu lar w eight o f  a  hydro­

carbon  ln o re a s e s , e . g . ,  th e  b o i l in g  p o in t  in c re a s e s ,  v o la -
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t l l l t y  d e c re a se s , s o lu b i l i t y  d e c re a se s , e t c . . T h is  la  a 

r e f l e c t i o n  o f  th e  t o t a l  ln te rm o le o u la r  secondary bonding 

energy In c re a s in g  w ith  c h a in  le n g th . H ild e b ra n d ^  h as  

shown t h a t  th e  v a p o r iz a tio n  energy (AHy-KP) f o r  n -b u ta n e , 

n -hexane, and n -o e tan e  b e a r  th e  r a t i o s  o f  1 : 1 . 53 : 2 . 07 , 

baaed on n -b u ta n e .

T h e re fo re , I t  may be concluded th a t  a s  th e  molec­

u l a r  w eight In c re a s e s  th e  t e n s i l e  s t r e n g th  w i l l  in c re a s e  a t  

a  g iven  te m p e ra tu re . Of co u rse , s in c e  th e  therm al energy , 

r e f le c te d  In  v ib r a t io n s ,  r o ta t i o n s ,  and t r a n s l a t i o n a l  move­

ments o f  segm ents o r  c h a in s , In c re a se s  w ith  in c re a s in g  

tem p era tu re , a  polymer f o r  a  g iven  m o lecu lar w eight w i l l  

e x h ib i t  an in v e rse  r e la t io n s h ip  betw een te n p e ra tu re  and 

b in d in g  fo ro e s , i f  only secondary bonds a re  th e  b in d in g  

f o ro e s .

I t  i s  p e r t in e n t  to  m ention, a t  t h i s  p o in t ,  t h a t  

a tte m p ts  have been  made to  c a lc u la te  t h e o r e t i c a l  t e n s i l e  

s t r e n g th s  o f  polym ers2? »2«>55. m a l l c a s e s , th e  c a lc u la te d

v a lu e s  c o n s id e ra b ly  exceeded th e  observed  v a lu e s  -  some a s

much a s  500 tim e s . S ev era l f a c to r s  may c o n tr ib u te  to  t h i s

d isc re p an cy : (1 ) A ll th e  bonds o v er th e  a re a  o f  f r a c tu r e  do

n o t b reak  sim u ltan eo u sly  a s  assumed; th e  ru p tu re  o f  bond

in c re a s e s  th e  lo a d  on th e  o th e rs  by J L .  where n i s  th e
n-1

number o f  bonds to  be b ro k en . In  t h i s  way, th e  b re ak  may be 

p ro p ag a ted  a c ro s s  th e  f r a c tu r e  l i n e .  (2) The s t r u c tu r e  may
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no t  be  r e g u la r  and i t  e x h ib i t s  m icroscopio  “f la w s” which may 

be v ery  low m o lecu lar polym ers, v o id s , o r  im p u r i t ie s .  Such 

" f la w s” a re  reg io n s  o f  h ig h  s t r e s s  c o n c e n tra tio n s  which may 

I n i t i a t e  f a i l u r e .  The im p lic a tio n s  a re  th a t  a f t e r  i n i t i a t i o n  

a  te a r in g  type mechanism p ro p ag a tes  th e  s t r e s s  r e s u l t in g  in  

f a i l u r e .

(o ) Tem perature E f fe o ts .

In  o rd e r  to  e x p la in  th e  phenomenon o f  polym ers 

e x h ib i t in g  in c re a se d  s tr e n g th  o r  b r i t t l e n e s s  a t  low er tem per­

a tu re s  i t  should  b e  assum ed^"5&  th a t  th e  maoromoleoule in  

th e  m olten o r  d is s o lv e d  s t a t e  can undergo two k in d s  o f  move­

m ents: (1) a m&ero-Brownian movement o f  th e  t o t a l  m olecule;

(2) a  m iero -B rom lan  movement c o n s is t in g  o f  v ib r a t io n s  and 

r o ta t io n s  executed  by segm ents o f  th e  m olecule. The macro- 

Brownlan movement i s  more o r  l e s s  f r e e  in  th e  p l a s t i c  s t a t e  

o r  in  s o lu t io n  b u t c ro s s  l in k s ,  e . g . ,  by v u lc a n iz a t io n , 

p rev e n t t h i s .  The th e rm al m ioro-Brownian movements o f  the 

segm ents c o n t in u a l ly  d e c re a se  on c o o lin g . Fewer and few er 

segm ents have s u f f i c ie n t  energy to  execu te  v ib r a t io n s  o r  

r o ta t io n s  and th e  m a te r ia l  becomes more v is c o u s . F in a l ly ,  

when i t  h a s  c o o le d  to  an e x te n t  t h a t  th e  m iero-Brow nian 

movement has p r a c t i c a l l y  s to p p ed , th e  m a te r ia l  i s  b r i t t l e  

and g la s s l lk e .  T his “f re e s lo g - in *  ta k e s  p la c e  o v er a  sh o r t 

range o f te m p era tu re  and i s  c h a ra c te r iz e d  in  two d i f f e r e n t  

ways: d e te rm in a tio n  o f  th e  second o rd e r  t r a n s i t i o n  p o in t and
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d e te rm ln a tio n  o f  th e  b r i t t l e  p o in t .

CD S econd-order t r a n s i t i o n  p o in t  ( l m) . This 

p o in t  m a n ife s ts  I t s e l f  a s  a  sudden change o f  th e  tem p era tu re  

dependency o f  many p h y s io a l p r o p e r t ie s  such a s :  s p e c i f ic  

v o lu m e ^ , s p e c i f ic  h e a t**7, therm al expansion^3, r e f r a c t iv e  

in d e x ^ ,  c o m p re s s ib il i ty ^ 0 , e t c . .  I t  shou ld  h e  no ted  th a t  

each  o f  th e s e  methods u t i l i s e d  approx im ate ly  th e  same tlm e- 

s o a le . The v isc o u s  flow  i s  th e  f a c to r  t h a t  i s  supposed to  

h e  re s p o n s ib le  f o r  th e  m a n ife s ta tio n  o f  th e  seco n d -o rd e r 

t r a n s i t i o n  p o in t .  That t h i s  i s  a  thermodynamic s in g u la r i ty  

h a s  been  th e  s u b je c t  o f  much d eb a te  and d is c u s s io n . I t  h as

been shown, f o r  example, t h a t  p o ly s ty re n e  e x h ib i ts  a  change
»

i n  th e  Tb  gs th e  r a t e  o f  c o o lin g  i s  v a r ie d  in  s p e c i f ic
A  £a

volume m easurem ents . In  f a c t ,  Boyer and Spencer have 

shown th a t  Ta  d isa p p e a rs  when measurements a re  s u f f i c i e n t ly  

p ro longed  ( e .g . ,  15 h o u rs) to  rqaeh  e q u ilib r iu m . T h is  

tem p era tu re  th e re fo re  may b e  d e fin e d  c a s  th e  lo w es t tem per­

a tu re  a t  which an  o b se rv ab le  amount o f  v isc o u s  flow  can 

o ccu r und er th e  fo rc e s  a c t in g  on th e  system  and w ith in  th e  

tim e l im i t s  of th e  ex p e rim en ta l te ch n iq u e  employed. fthen 

th e  r a t e  o f v isc o u s  flow , upon s t i f f e n in g  o f  polym er, becomes 

to o  sm all under ex p e rim en ta l c o n d it io n s , a  Tffi i s  found. 

G en e ra lly , a  m a te r ia l  a t  th e  t r a n s i t i o n  p o in t  h as  a  v i s ­

c o s i ty  n e a r  10*^ p o i s e s ^ .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-1 9 -

(2) B r i t t l e .  p o in t  (T ^). The b a s i s  o f  th e  b r i t t l e  

p o in t  d e te rm in a tio n s  depends upon th e  f a c t  th a t  a s  th e  tem­

p e ra tu re  i s  low ered th e  e l a s t l e  p r o p e r t ie s  d is a p p e a r  and 

em b rittlem en t o cc u rs , In  g e n e ra l , th e  m a te r ia l  h a s  to  r e a e t  

i n  a  v ery  Short tim e d u r in g  th e  a p p lie d  t e s t .  I f  th e  

e l a s t i o i t y  i s  in s u f f io i e n t  to  y ie ld  t o  t h i s  fo ro e  hy deform a­

t io n ,  th e  m a te r ia l  w i l l  b re a k . T h e re fo re , th e  b r i t t l e  p o in t  

may b e  d e fin e d  a s  : te m p e ra tu re  a t  which th e  tim e  in te r v a l  

re q u ire d  by th e  specimen to  undergo th e  n ecessa ry  deform a­

t io n  i s  j u s t  eq u a l to  th e  ex p erim en ta l t im e so a le . At h ig h e r  

te m p e ra tu re s , th e  tim e i s  more th a n  s u f f i c i e n t  to  o b ta in  a  

p l a s t i c  defo rm atio n  o f  th e  sample w ith o u t b re a k in g ; a t  low er 

te m p e ra tu re s  th e  m a te r ia l  can  no t deform  f a s t  enough and i t  

b re a k s .

The d i f f e r e n t i a t i o n  betw een th e  two te m p e ra tu re s  

d isc u sse d  i s  determ ined  by th e  f a c t  t h a t  th e  seco n d -o rd e r 

t r a n s i t i o n  tem p era tu re  i s  a  v isc o u s  resp o n se  to  a  s t r e s s  

w h ile  th e  b r i t t l e  tem p era tu re  i s  an  e l a s t l e  re sp o n se . The 

b r i t t l e  tem p era tu re  (T^) i s  always g r e a te r  th an  o r  eq u a l to  

T*.

The most Im portan t f a o to r  th a t  d e te rm in es  th e  

p o s i t io n  o f  Ta  i s  th e  s t r e n g th  o f  th e  secondary bond en e r­

g i e s ^ .  M olecules w ith  s tro n g  p o la r  g ro u p s, which in c re a s e  

th e  seoondary b in d in g  e n e rg ie s  have h ig h  seco n d -o rd e r t r a n ­

s i t i o n  and b r i t t l e - p o l n t s ,  e .g .  compare, p o ly v in y l a lo o h o l
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(Tw •  75° 0 .)  and p o ly T in y l a c e ta te  (Tw « 2$° C .) .

(A ) ^ l l g l r g j r  E S 5 2 1 .

fh e  e f f e c t  o f  a  p l a s t l o l s e r  e s s e n t i a l l y  i s  th e  

s a tu r a t io n  o f  th e  a o t lv e  o e n te rs  o f  th e  polym er c h a in  and 

th e  sp read in g  a p a r t  o f  th e  c h a in s . By v i r tu e  o f  th e  reduced 

in te r c h a in  m o lecu la r a t t r a o t lo n ,  a  polym er i s  ren d e red  more 

f l e x ib l e .  T h is  p ro c e s s  i s  th a t  o f  e x te rn a l  p l a s t i c i z a t i o n .  

The same e f f e c t  may b e  accom plished  eopo lym erlz lng  an  

in f l e x i b le  polym er w ith  a  more f l e x ib l e  one ( I n te r n a l  

p l a s t i e i e a t l o n ) , e . g . ,  v ln y lc h lo r id e - a o e ta te  copolym ers.

As th e  p e rc e n ta g e  o f  p l a s t l o l s e r  in c re a s e s ,  th e  

p h y s ic a l  p r o p e r t ie s  change. Of I n t e r e s t  in  t h i s  p a p e r  i s  

th e  t e n s i l e  s t r e n g th  which h as  been shown by B o y e r^  to  be  

( th e o r e t i c a l ly )  r e la te d  to  th e  w e ig it p e rc e n t o f  p l a s t l o l s e r  

by:

a ,  b « c o n s ta n ts
b  w

T*8 » a  -  — -  —!— fTo « no. av e rag e  mol.
«g w t. polym er

* mol. w t. p l a s t .

In  a d d i t io n , i t  i s  p r e d ic ta b le  th a t  a s  th e  p la s -  

t l e i z e r  co n ten t in c re a s e s ,  th e  seco n d -o rd e r t r a n s i t i o n  

d e c re a se s  s ln o e  th e  p l a s t l o l s e r  re n d e rs  th e  polym er l e s s  

b r i t t l e  o r  d e c re a se s  th e  in te r n a l  v i s c o s i ty .
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RE8ULTS AND DISCUSSION

In  F ig u re  1 a r e  shewn e f f e c t iv e  adhesion  v e rsu s  

f i lm  th ic k n e s s  cu rv es f o r  a  p o ly v in y l a c e ta te  f r a c t io n  o f  

v i s c o s i ty  average  m o lecu lar w eight 225 ,000 . The cu rv es  a re  

in  a l l  r e s p e c ts  s im ila r  to  th o se  o b ta in e d  w ith  p o ly s ty re n e  

and p o ly e th y le n e1^ . A t th in  f i lm  th ic k n e s s e s  th e  e f f e o t lv e  

ad h esio n  i s  o f th e  o rd e r  o f  m agnitude o f  th e  t e n s i l e  s t r e n g th  

o f  th e  b u lk  polym er and th e re  i s  a  d ec re a se  in  ad h esio n  w ith  

f i lm  th ic k n e s s .  In c re a s in g  th e  tem p era tu re  d e c re a se s  th e  

e f f e c t iv e  ad h esio n  and d im in ish e s  th e  r a t e  o f  d e c re a se  w ith  

f i lm  th ic k n e s s . The same b e h a v io r  i s  e x h ib ite d  by th re e  

o th e r  f r a c t io n s  o f  m o lecu lar w eigh ts 1^7 , 000 , J J , 0 0 0 ,  and 

5^ ,000 . The m o lecu lar w eig h ts  o f  th e  f r a c t io n s  were computed 

from ex p erim en ta l i n t r i n s i c  v i s c o s i t i e s  w ith  th e  m odified
67S tau d ln g e r eq u a tio n  u s in g  th e  c o n s ta n ts  re p o r te d  by Wagner 1:

"I » i.ss  x io“  ̂u0#6g ( $ )

The e f f e c t  o f  m o lecu lar w eight on e f f e c t iv e  

ad h esio n  i s  shown in  F ig u re  2 in  which th e  d a ta  a t  22° 0. 

a r e  p lo t t e d .  S ig n i f ic a n t ly ,  th e  d a ta  re v e a l  a  c r i t i c a l  

m o lecu la r w eight above sh lo h  th e  e f f e o t lv e  ad h esio n  i s  n o t 

in c re a se d  to  any e x te n t .  The only  o th e r  d a ta  in  th e  l i t e r a ­

tu r e  re v e a lin g  t h i s  b e h a v io r , to  th e  a u th o r 's  knowledge, i s  

th a t  o f  M cL aren^ on th e  ad h esio n  o f p o ly v in y l a o e ta te  to
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alumlnum and re g e n e ra te d  c e l lu lo s e .  In  F ig u re  3 a  com parison 

o f  th e  ad h esio n  d a ta  o b ta in ed  in  t h i s  f o r  25 and 250 micron# 

f i lm  th ic k n e s s e s  i s  p lo t t e d  a lo n g  w ith  McLaren1 s d a ta  v e rsu s  

i n t r i n a io  v i s c o s i ty .  Both s e t s  o f  d a ta  in d ic a te  a  c r i t i c a l  

m o lecu la r w e i# i t ,  th a t  co rresp o n d in g  t o [ y ] m  0 .5 0  d e e p ite  

th e  f a c t  th a t  th e  two methods o f m easuring ad h esio n  a re  

e n t i r e ly  d i f f e r e n t  and th e  s u b s t r a te s  a re  d i f f e r e n t . In
Ox

a d d i t io n ,  Wiley and B rau erw  have shown th a t  th e  second 

o rd e r  t r a n s i t i o n  p o in t  f o r  p o ly v in y l a c e ta te  l a  app rox im ate ly  

c o n s ta n t above/ ? 7  » 0 .5 0  in d ic a t in g  l i t t l e  change in  cohe­

s iv e  p r o p e r t ie s  above t h i s  m olecu lar w eigh t.

In  F ig u re  4 th e  e f f e c t iv e  adhesion  e x tra p o la te d  to  

aero  f i lm  th ic k n e s s  i s  shown v e rs u s  te m p era tu re  f o r  a l l  fo u r  

m o lecu lar w eight f r a c t io n s .  I f  th e  »8h e a r - s t r e s s "  th e o ry  a s  

p re se n te d  on pages 10 and 11 r e p re s e n ts  th e  mechanism o f  

f a i l u r e ,  *s e ro - th ic k n e s s  * f i lm s  Should re p re s e n t  th e  b u lk  

polym er b e h a v io r  s in c e  th e  th eo ry  su g g e s ts  th a t  such f a i l u r e s  

a r e  c o h e s iv e . D ata in  F ig u re  k show a  d ec re a se  in  s t r e n g th  

w ith  tem p era tu re  (a  q u i te  r a p id  d e c re a se  f o r  th e  h ig h e r  

m o lecu la r w eight f i lm s ) and a  m erging o f  cu rves in  range o f  

*K5° C. -  50° 0. At t h i s  tem p era tu re  th e re  i s  no s ig n i f ic a n t  

d i f f e r e n c e  in  th e  d a ta .  K lsoh and P io k e n ^  in  an in v e s t ig a ­

t io n  o f  e l a s t l e  p r o p e r t ie s  o f  p o ly v in y l a c e ta te  r e p o r t  th a t  

above 50° C. no change in  th e  te m p era tu re  dependency o f th e  

fo rc e  re q u ire d  to  m a in ta in  a  sample in  a  g iv en  iso th e rm a l 

e x te n s io n  was observed ; below  50° 0 . such dependency was
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observed  to  undergo v a lu e s  from p lu s  to  m inus. T ills would 

In d ic a te  a  change in  e l a s t i c  p r o p e r t ie s  a t  abou t 50° 0 . 

T u o k e tt?0 r e p o r ts  an  e l a s t i o  te m p era tu re  range f o r  p o ly v in y l 

a c e ta te  a s  3 5 °C .-t5 °  C. Such a  c h a r a c t e r i s t i c  tem p era tu re  

may be id e n t i f i e d  w ith  th e  » b r i t  11 e - te m p e ra tu re * o r  " f r e e z -
71

In s-tem p e ra tu re*  o f  O lash and B erg ' re p o r te d  f o r  o th e r  

polym ers and ru b b e rs . In  a l l  o a se s , i t  r e p re s e n ts  th e  tem­

p e ra tu re  a t  sh io h , upon approach  from above, th e re  i s  a  

t r a n s i t i o n  from an  e l a s t i o  to  a  b r i t t l e  s t a t e ;  t h i s  i s  

evidenoed by a  r a p id  in c re a s e  in  modulus. A lthough th e re  i s  

no d e ta i l e d  d a ta  on m o lecu lar and t e n s i l e  s t r e n g th  dependence 

o f  p o ly v in y l a c e ta te  in  th e  l i t e r a t u r e ,  i t  I s  in t e r e s t i n g  to  

view  suoh d a ta  o f  C arsw ell, Hayes, and Bason?2 f o r  po ly ­

s ty re n e . T h e ir  d a ta  show th e  same b u t l e s s  pronounced 

b e h a v io r  ( a t  an  u n s p e c if ie d  r a t e  o f  t e s t in g )  w ith  a  m erging 

a t  about 105 0 . ,  about 2^ 0 above I t s  reco g n ized  second- 

o rd e r  t r a n s i t i o n  p o in t . I n te r e s t in g ly ,  th e  d a ta  show t h i s  

same b e h a v io r  a t  50° C. f o r  p o ly v in y l a c e ta te  whose second- 

o rd e r  t r a n s i t i o n  te m p e ra tu re . I s  2b° 0 . - 2*° — a  C°

d if fe re n o e . Indeed , i t  i s  s u rp r is in g  t h a t  th e  d if fe re n c e  

in  b o th  o ases ( 2b 0°)  i s  th e  same because  b r i t t l e  p o in ts  

vary  w ith  th e  r a t e  o f  t e s t i n g .  However, i t  should  be p o in te d  

o u t th a t  b o th  p o ly s ty re n e  and p o ly v in y l a c e ta te  a r e  s im ila r  

In  th e  re sp e o t t h a t  th ey  a re  l i n e a r  polym ers which do not 

c r y s t a l l i z e  and do d is p la y  e l a s t i o  p r o p e r t ie s  s im i la r  to
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ru b b er above i t s  t r a n s i t i o n  ran g e .

In  o rd e r  to  e s t a b l i s h  th e  r e l a t i o n  betw een e f f e o t lv e  

ad h esio n  and ev idences o f  m o lecu lar w eigh t d i s t r i b u t i o n  two 

b le n d s  were p rep ared  a s  fo llo w s :

Blend A: Equal w eight f r a c t io n s  o f  M * 225,000 and 

M » 5^»000. The v is c o s i ty  average  molec­

u l a r  welg&t f o r  b le n d  was 1^ 8 , 000 .

Blend B: Equal w eight f r a c t io n s  o f  M •  225,000 and 

M * 1^7 , 000 . Hb le n d  .  180,000.

A lthough th e  average m oleou lar w eight f o r  b o th  b le n d s  I s  

l a r g e r  th a n  th e  " c r i t i c a l  m oleou lar w eigh t" f o r  ad h esio n , 

th e  r e s u l t s  (F ig u re  5) show b len d  A to  have an e f f e c t iv e  

ad h esio n  d e f in i t e ly  low er (abou t 15#) th a n  a  Sharp f r a c t io n  

o f  8  m 1^7 ,000 . On th e  o th e r  hand, b le n d in g  o f  two f r a c t io n s  

b o th  o f  Which exceed th e  o r i t l o a l  m o lecu la r w eight h as  no 

s ig n i f i c a n t  e f f e o t .  T his b e h a v io r  o f  lo w erin g  e f f e c t iv e  

ad h esio n  by low m oleou lar w eight m a te r ia ls  a ls o  p a r a l l e l s  

th e  b e h a v io r  found to  M ark ^  f o r  th e  t e n s i l e  s t r e n g th  o f  

c e l lu lo s e  a c e ta te  f i la m e n ts .

The e f f e o t  o f  a  p l a s t l o l s e r  on ad h esio n  i s  i l l u s -
5

t r a t e d  in  F ig u re  6 . The cu rv es  a re  n o t n e c e s s a r i ly  p a r a l l e l ;  

In  f a o t ,  s im i la r  p lo ts  f o r  5°  0 . do n o t e x h ib i t  t h i s  p a r a l ­

l e l i s m  b u t  in s te a d  show a  d e c re a se  in  s lo p e  w ith  in c re a s in g  

p l a s t l o l s e r  c o n te n t (F ig u re  7 ) .  The p resen ce  o f a  p la s -  

t l o i s e r  cou ld  produce s e v e ra l  e f f e c t s .  One a d h e s io n s !  e f f e o t
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i s  t h a t  th e  d ec rease  o f  e f f e c t iv e  ad h esio n  v e rsu s  f i lm  th ic k ­

n ess  I s  l e s s  marked f o r  p l a s t i c i s e d  specim ens which could  be 

a t t r i b u t e d  to  th e  in te r n a l  so f te n in g  and th e  consequent 

a b i l i t y  to  r e l i e v e  s t r e s s e s .  T his i s  i l l u s t r a t e d  p a r t i c u ­

l a r l y  by th e  d a ta  a t  5° 0 . (F ig u re  7 ) .  I t  i s  a ls o  shown 

th a t  e f f e c t iv e  ad h esio n  i s  co n s id e rab ly  reduced  a s  th e  

w eight p e rc e n t o f  th e  p l a s t l o l s e r  i s  in c re a se d , th e  l a r g e s t  

d ec re a se  o c c u rr in g  in  th e  i n i t i a l  increm ent o f  p l a s t l o l s e r .

I f  a d s o rp tio n  o ccu rs a t  th e  in te r f a c e  t h i s  b e h a v io r  I s  to  be 

a n t ic ip a te d ,  i f  no a d s o rp tio n  o ccu rred  a t  th e  in te r f a c e  one 

would expect a  p a r a l le l i s m  betw een ■ze ro -th lo k n e ss-fU rn s*  

and b u lk  t e n s i l e  p r o p e r t ie s  o f  po lym ers. Boyer g iv e s  th e  

fo llo w in g  r e l a t i o n  betw een t e n s i l e  s t r e n g th  and p l a s t l o l s e r  

c o n te n t:

T .9 . ** a  — 1 — ^1'- (1 0 )
%  %

where ww i s  w eight c o n c e n tra t io n  o f  p l a s t l o l z e r  o f  m o leou lar 

w eigh t %  and S2  i s  th e  number av erag e  m oleou lar weight.
F o r Mg and M̂  c o n s ta n t,  i t  reduces sim ply to :

T .S . » A -  BWj (11)

F ig u re  d i l l u s t r a t e s  th e  agreem ent o f  ze ro -th ick n eso -f1 1 m s 

w ith  t h i s  eq u a tio n  a t  b o th  te m p e ra tu re s .

The p a r a l le l i s m  betw een th in  f i lm  specim ens and*JV
b u lk  polym er may be extended f u r th e r  to  Ino lude  th e  tim e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o
to

CL

UJ CM

CD

S-
LlJ
QC
3
—

U_

—  CNJ

to

CM
(TSd)N0IS3HQV 3AU.033J3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

FIL
M 

TH
IC

KN
ES

S 
(M

IL
S)



( lSd)N0IS3HQV 3 M i0 3 J J 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

W
T.

PE
RC

EN
T 

DI
BU

TY
L 

PH
TH

A
LA

TE



- 3 * -  *

dependenoe. F ig u re  9 I l l u s t r a t e s  d a ta  o b ta in ed  f o r  * se ro -

th lc k n e s s B f i lm s  o ver a  r a t e  o f  s t r e s s  a p p l lo a t lo n  range  o f

approx im ately  tiro  o rd e rs  o f  m agnitude. The d a ta  r e p re s e n t

a  l i n e a r  r e l a t i o n  betw een te n e l l#  s t r e n g th  and lo g a rith m

o f  th e  r a t e  o f  lo a d in g  and ev idences o f  10$ ln o re a se  In

s tr e n g th  f o r  eaoh o rd e r  o f  m agnitude ln o re a se  In  r a t e  o f

s t r e s s  a p p l lo a t lo n . In  th e  same f ig u r e ,  th e  a u th o r  h as  a ls o
76p re se n te d  th e  d a ta  o f  F in d le y ' t o  I l l u s t r a t e  th e  b e h a v io r  

o f  c e l lu lo s e  a c e ta te .  O ther w orkers?? have shown a  s im ila r  

In c re a s e  o f  10% In  s t r e n g th  f o r  an  o rd e r  o f  m agnitude I n ­

c re a s e  in  r a t e  o f  s t r e s s .

Thus f a r ,  a l l  ev idence p re se n te d  p o in ts  to  a  cohe­

s iv e  mechanism o f  f a i l u r e  f o r  th in  f i lm s ;  f o r  th ic k e r  f i lm s , 

undoubted ly , b o th  ad h esiv e  and co h esiv e  mechanisms ta k e  

p la o e . I t  has been  observed  .th a t f o r  th ic k e r  f ilm s  { > 1 0 0  

m icrons) th a t  a  p e r ip h e ra l  r in g  o f  b a re  m e ta l, In c re a s in g  in  

w id th  as  th e  f ilm  th ic k n e s s  i s  in c re a se d , becomes e v id e n t; 

a l s o ,  such a p e r ip h e ra l  r in g  o ccu rs more r e a d i ly  when 

f a i l u r e  ooours a t  low er te m p e ra tu re s , A p p aren tly , a t  low 

tem p era tu res  th e  polym er i s  n o t a b le  to  r e l i e v e  s t r e s s e s  a s  

w e ll ,  Which i s  c o n s is te n t  w ith  polym er b e h a v io r . Quoh a  

f a i l u r e  I s  re p re s e n te d  by a  number o f  sm all i s la n d s  o f  

polym er surrounded by a  p e r ip h e ra l  r in g  o f  a p p a re n tly  b a re

m etal -  a  p ic tu r e  c o n s is te n t  w ith  th e  o b se rv a tio n s  o f  o th e r s ,
fc*n o ta b ly  M elssner and B a ld au f . The appearance o f  th e s e  

p e r ip h e ra l  r in g s  may be co n s id e red  a s  good ev idence  o f , a t
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l e a s t ,  I n i t i a t i o n  o f  f a i l u r e  in  sh e a r . S ince th e  sh e a r  

s t r e n g th  o f ad h esiv e  J o in ts  approx im ates t h e i r  ad h esio n  

t e n s i l e  s t r e n g th ? 3 , I t  I s  q u i te  p o s s ib le  th a t  th e  sh ea r 

eoapoiicnt developed in  th e  t e n s i l e  t e s t  must have a  co n s id ­

e r a b le  v a lu e , k  t h e o r e t i c a l  s t r e s s  a n a ly s is  o f  th e  t e n s i l e  

ad h esio n  t e s t  would r e p re s e n t  an Im portan t c o n tr ib u t io n  to  

o u r  u n d e rs ta n d in g  o f  ad h esio n  in  g e n e ra l;  however, no such 

q u a n t i ta t iv e  tre a tm e n t h a s  been  worked o u t to  d a te .  In  

a d d i t io n , s ln o e  th e  u l t im a te  s t r e n g th  i s  beyond th e  o rd in a ry  

th eo ry  o f  e l a s t i c i t y  f o r  polym ers, p ro s p e c ts  f o r  an  e a r ly  

s o lu t io n  o f  t h i s  problem  seem p o o r.

I t  must b e  em phasised, a t  t h i s  p o in t ,  t h a t  a l l  

experim en ts in  t h i s  work were perform ed w ith  o a r e f u l ly  

p u r i f i e d  and f r a c t io n a te d  polym ers and th a t  th e  h l g i  e f f e c ­

t i v e  adhesion  v a lu e s  a r e  a  d i r e c t  consequence o f  t h i s  p ro ­

ce d u re . F ig u re  10 shows th e  r e s u l t s  o b ta in ed  w ith  u n p u r lf ie d  

p a re n t polym er used  in  th e  f ra o td o n a tio n . The ad h esio n  

v a lu e s  a r e  th e  same as  f o r  th e  lo w es t (and s m a lle s t)  molecu­

l a r  w eigh t f r a c t io n s  and e x h ib i t  c o n s id e ra b ly  more s c a t t e r  

The mean t e n s i l e  ad h esio n  s t r e n g th  compares c lo s e ly  

(3520 p . s . l . )  w ith  th e  v a lu e  o f 3^00 p . s . l .  r e p o r te d  f o r  

p o ly v in y l a c e ta te  -  s t a in l e s s  s t e e l  by D eL o lils  and o th e rs ? 3 . 

The much low er s t r e n g th  o f  th e  u n p u r if ie d  polym er su g g es ts  

s tro n g ly  t h a t  im p u r it ie s  a re  adsorbed  a t  th e  in te r f a c e ,  

a d v e rs e ly  a f f e c t in g  th e  ad h e sio n . Such adsorbed  im p u r i t ie s
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depending on t h e i r  c o n c e n tra tio n , s iz e ,  and lo c a t io n  would 

cause a  wide d i s t r i b u t i o n  o f r e s u l t s . The most u n fa v o rab le  

lo c a t io n  would, o f  co u rse , be  n e a r  th e  p e r ip h e ry  o f  th e  

adherend su rfa c e  where th e  s t r e s s  c o n c e n tra tio n  i s  th e  g r e a t ­

e s t .  As a  p re lim in a ry  t e s t  o f  th e  e f f e c t  o f  th e  a d s o rp tio n  

o f  im p u r i t ie s  a t  th e  s u r fa c e , deoanoio a c id  t r a c e s  were 

adsorbed  from n -h ep tan e  on 2J3iSL su r fa c e  o n ly . Xn every  case  

f a i l u r e  a t  a  much low er v a lu e  was observed  to  ta k e  p la c e  and 

alw ays a t  t h a t  p a r t i c u l a r  su r fa c e  f o r  th e s e  specim ens.

A more thorough  in v e s t ig a t io n  o f  th e  e f f e c t s  o f  a  

p read so rb ed  f i lm  i s  shown In  F ig u re  11 . Deoanoio a c id  was 

p read so rb ed  from n -h ep tan e  s o lu t io n s  on to  th e  s u r fa c e s  a t  

d i f f e r e n t  coverages in d ic a te d  as f r a c t io n s  o f  a m onolayer 

c a lc u la te d  on th e  b a s i s  o f  th e  g eo m e trica l s u r fa c e  a re a  and 

th e  c ro s s - s e c t io n a l  a re a  o f  decanolo  a c id  a s  20 square  

a n g s tro m s '^ . The r e s u l t s  a r e  s t r ik in g  in  th a t  th e  e f f e c t iv e  

ad h esio n  i s  d ec reased  m arkedly w ith  on ly  t r a c e s  o f  deoanoio 

a c id  on th e  s u r fa c e . An unusual b e h a v io r  o f  e f f e c t iv e  

t e n s i l e  ad h esio n  v e rsu s  f i lm  th ic k n e s s  i s  a ls o  e v id e n t w ith  

th e  in c re a s e  o f  ad h esio n  w ith  f i lm  th ic k n e s s .  I t  should  be 

no ted  t h a t  th e  m olding tim e  f o r  th e  d a ta  in  F ig u re  11 i s  

l i s t e d  a s  one h o u r . A v a r i a t i o n  in  e f f e o t lv e  ad h esio n  v e rsu s  

th ic k n e s s  a t  d i f f e r e n t  molding tim es I s  i l l u s t r a t e d  by 

F ig u re  12 in  w hich th e  d a ta  r e p re s e n t approx im ate ly  6 mono­

la y e r s  p read so rb ed . For a  g iven  f ilm  th ic k n e s s  and coverage,
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th e  ad h esio n  In c re a s e s  w ith  m olding tim e . In  f a o t ,  depending 

on coverage, th e  ad h esio n  In c re a s e s  w ith  tim e and becomes 

I d e n t ic a l  w ith  th e  b la n k  ru n  (no p re a d s o rp tio n )  a t  some d e f ­

i n i t e  f i lm  th ic k n e s s .  A lso , one should  em phasize th a t  t e s t s  

made w ith  only  so lv e n t on th e  su r fa c e  r e s u l t e d  in  th e  same 

cu rve  a s  th e  "blank* f o r  a  m olding tim e o f  one h o u r .

B efore d is c u s s in g  th e  above r e s u l t s ,  I t  i s  appro­

p r i a t e  to  in tro d u c e  a ls o  r e s u l t s  w ith  p e rf lu o ro d e o an o io  a c id  

p read so rb ed  f i lm s . The c r o s s - s e c t io n a l  a re a  I s  assumed to  

b e  about 2d sq u are  angstrom s. The e f f e c t iv e  ad h es io n  v e rsu s  

f i lm  th ic k n e s s  a t  v a r io u s  coverages f o r  a  m olding tim e o f  one 

ho u rs  I s  shown by F ig u re  13# f o r  a  g iv e n  coverage o f 3 .6  mono­

la y e r s  th e  e f f e o t  o f  m olding tim e I s  shown In  F ig u re  l k .

P reced in g  th e  d lso u s s lo n  o f  th e s e  r e s u l t s  I t  should  

be em phasized th a t  th e  t e s t  specim ens a re  In  every  m echanical 

and chem ical sen se  th e  same excep t t h a t  th e  m etal s u r fa c e  h as  

been  re p la c e d  t o t a l l y  o r  p a r t i a l l y  by a  n o n -p o la r  s u r fa c e .

I n  a d so rp tio n  o f  a  n o n -p o la r  a c id , a s  in  th e  a d s o rp tio n  in ­

v e s t ig a t io n s  o f  Greerihill®'*', D a n ie l s ^ ,  and o th e rs  o f  long 

ch a in  p o la r  compounds on m e ta ls , th e  c a rb o x y l group i s  

a t ta c h e d  to  th e  su r fa c e  presum ably by hydrogen bonding  and 

th e  n o n -p o la r  end o f  th e  m olecule I s  s ta n d in g  up and, in  t h i s  

c a se , in  c o n ta c t w ith  th e  polym er. The e f f e c t  i s  e s s e n t i a l l y  

th a t  o f  r e p la c in g  a  m etal su r fa c e  o f  h ig h  su r fa c e  f r e e  energy 

by a  su r fa c e  o f  low su r fa c e  f r e e  en e rg y . I t  w i l l  b e  r e c a l le d
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t h a t . t h in  f ilm s  bonded to  a  m eta l su r fa c e  have been  shown 

to  f a i l  in  cohesion  in d ic a t in g  th e  ad h esiv e  s t r e n g th  to  b e  

r a th e r  h ig h . Therm odynam ically, an  ad h esiv e  f a i l u r e  r e ­

q u ire s

However, w ith  a  p readso rbed  f i lm  th e  c r i t e r i o n  f o r  f a i l u r e  

In  adhesion

t, >4 -  f,K
which i s  more e a s i ly  s a t i s f i e d  s in c e  i s  q u i te  low . Con­

se q u e n tly , one m ight expeo t ad h esiv e  f a i l u r e  f o r  p read so rb ed  

f i lm s .  The d a ta  o b ta in ed  su p p o rts  t h i s  q u a l i t a t i v e  p ic tu r e  

and v is u a l  o b se rv a tio n s  o f  th e  specim en a f t e r  f r a c tu r e  d id  

shdw a p p a re n tly  b a re  m etal sp o ts  o v e r th e  s u r fa c e .  In  f a c t ,  

w ith  p o ly e th y le n e  a s  th e  polym er, th e  f i lm s  a t  abou t one 

m onolayer coverage seemed to  f a l l  a t  b o th  in te r f a c e s  alm ost 

s im u ltan eo u sly  w ith  th e  m e ta l su r fa c e s  b e in g  co m p le te ly  b a re  

o f  polym er and th e  polym er f i lm  alm ost com plete ly  d is jo in e d .  

The r e s u l t s  w ith  t h i s  polym er w i l l  b e  d isc u sse d  l a t e r .

th e  phenomena o f  in c re a s in g  ad h esio n  w ith  in c re a s ­

in g  f i lm  th ic k n e s s  may b e  a s c r ib e d  to  d i f f u s io n  o f  th e  p re ­

adsorbed  a c id s  in to  th e  polym er f i lm . As th e  f i lm  th ic k n e s s  

i s  in c re a se d  th e  c o n c e n tra tio n  o f  a  g iv en  amount o f  a c id  in  

th e  f i lm  i s  l e s s  and th e  d r iv in g  fo rc e  (c o n c e n tra tio n  oft

Cm
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s u r fa c e  -  c o n c e n tra tio n  in  b u lk ) I f  g r e a t e r .  T h e re fo re , f o r  

a  g iv en  m olding tim e  and coverage one would have l e a s  "ao id" 

on th e  su rfa c e  and a  consequen t in c re a s e  i n  ad h esio n  f o r  

th ic k e r  f i lm s .  T h is  presumes th a t  th e  adhesion  i s  a  fu n c tio n  

o f  th e  su r fa c e  n o t covered w ith  th e  p readso rbed  a c id s .  Sub­

s t a n t i a t i o n  o f t h i s  mechanism i s  g iv en  by F ig u re s  12 and lty 

in  w hich, f o r  a  g iv en  coverage , a l l  cu rv es f o r  v a r io u s  mold­

in g  tim es e x tra p o la te  to  th e  same v a lu e s  a t  z e ro - f i lm -  

th ic k n e s s .

From th e  above, i t  becomes c l e a r  th a t  z e ro - f i lm -  

th io k n e sse s  f o r  v a r io u s  ooverages a re  un ique in  t h a t  they  

r e p re s e n t pure t e n s i l e  ad h es io n  s in c e  sh e a r  s t r e s s e s  and 

d i f f u s io n a l  e f f e c t s  a re  e x tra p o la te d  o u t .  To I l l u s t r a t e  th e  

d e c re a se  o f  ad h esio n  o f  z e ro - th ie k n e s s - f i lm s  w ith  in c re a s in g  

o overages, F ig u re  15 i s  shown w ith  th e  d a ta  f o r  b o th  deeanolo 

and p e rf lu o ro d e c a n o ic  a c id .  I t  i s  e v id e n t th a t  b o th  s e ts  

o f  d a ta  may be re p re se n te d  by a  s in g le  cu rv e . T h is  f ig u re  

su g g e s ts  s e v e ra l  c o n c lu s io n s :

(1) The s u r fa c e  roughness f a c t o r  i s  approx im ate ly

1 .5  s ln e e  th e  cu rve  ten d s  to  le v e l  o u t about th a t  c a lc u la te d  

coverage.

(2) The su r fa c e  e n e rg ie s  o f th e  two d i f f e r e n t  p r e ­

adsorbed  f ilm s  a re  approx im ate ly  th e  same s in c e  b o th  curves

a r e  th e  same, p a r t i c u l a r ly  a t  </> » 1 , where <p » -£=•„
1*5
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(3) The su rfao e  l a  heterogeneous; s in c e  th e  t e n s i l e  

a d h e s io ^  b e in g  a  fu n c tio n  o f  coverage o r  (1 -  4>) n ig h t be 

expected  to  d e c re a se  l i n e a r ly  down to  <fi •  1 I f  th e  su r fa c e  

were homogeneous.

The f i r s t  In fe re n c e  I s  c e r t a in ly  lo g ic a l  q u a l i t a ­

t i v e ly  s in c e  th e  su r fa c e s  were ground and do e x h ib i t  peaks 

and v a l le y s .  The second co n c lu s io n  h as  been v e r i f i e d  by

h e a ts  o f  w e tt in g  o f  powdered s o l id s  covered  by s t e a r i c  and
eg

p e rf lu o ro d e ea n o lc  a c id s  t o  v a r io u s  coverages up to  0 » 1 . 

The h e a ts  o f  w e ttin g  a t  f u l l  m onolayer coverages e x h ib i t  

p r a c t i c a l l y  no d if f e r e n c e ;  sm all d if f e r e n c e s  in  su r fa c e  

e n e rg ie s  would c e r ta in ly  b e  beyond th e  range o f  s e n s i t i v i t y  

o f  t h i s  m echanical type  o f  t e s t i n g .  The th i r d  co n c lu s io n  o f  

su r fa c e  h e te ro g e n e ity  i s  n o t u n l ik e ly ; a  number o f  l n v e s t i -  

gators® 2”^  in  th e  f i e l d  o f  a d s o rp tio n  have a t t r i b u t e d  t h e i r  

r e s u l t s  to  s u r fa c e  h e te ro g e n e i ty . H a ls e y ^ ,  In  p a r t i c u l a r ,  

h a s  suooeeded in  d e r iv in g  th e o r e t i c a l  a d s o rp tio n  Iso therm s 

assum ing an ex p o n e n tia l d i s t r i b u t io n  o f  su r fa c e  e n e rg ie s . 

A lso , i t  should  b e  m entioned th a t  h e a ts  o f  w e tt in g  o f  w a te r 

on powdered s o l id s  covered  w ith  s t e a r i c  a d d  and p e r f lu o ro -  

deeanoio  a o id  films**® show a  d ec rease  o f  h e a ts  o f  w e ttin g  

w ith  coverage s im ila r  to  th e  d ec rease  o f  t e n s i l e  ad h esio n . 

A lthough th e  h e a ts  ( d i f f e r e n t i a l )  o f  a d s o rp tio n  v e rsu s  

coverage f o r  g ases on s o l id s  have been known f o r  a  long  tim e 

to  e x h ib i t  t h i s  sharp  d eo rea se  a t  sm all ooverages, th e  d a ta
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©f Hhodin*^ and Beebe and S tevens (H ill*® ) f o r  a d s o rp tio n  

Of N2 on po lyo ry  s t a l l l n e  oopper and i ro n , r e s p e c t iv e ly ,  a re  

p a r t i c u l a r l y  in fo rm a tiv e . Hhodin snowed th a t  th e  d i f f e r e n -  

t l a l  n e a ts  o f  a d s o rp tio n  were g r e a te r  a t  sm all ooverages 

th a n  a  sim ple sum o f  th e  d i f f e r e n t i a l  h e a ts  o f  a d s o rp tio n  

on th e  [ l i o ] ,  / lO o 7 » and f l l l j  c r y s t a l  fa c e s  o f  oopper.

In  v iew  o f  t h i s ,  th e  a u th o r  su g g es ts  th e  p o s s i b i l i t y  o f  

ad h esio n  b e in g  a  fu n c tio n  o f  th e  energy d i s t r i b u t io n  over 

a  su r fa o e , In  p a r t i c u l a r  th e  number and th e  energy o f  a c t iv e  

s i t e s  above th e  average  su rfa o e  en e rg y . !Ehia would be con­

s i s t e n t  w ith  F ig u re  15 when one c o n s id e rs  th a t  th e  g r e a te s t  

p e rc e n ta g e  d ec re a se  in  ad h esio n  ( ~ 6o£) o ccu rs  when <f> m 0 . 0 7 . 

A f te r  4> m O .07 , th e  t e n s i l e  adhesion  d e c re a se s  much l e s s  

r a p id ly  w ith  in c re a s in g  coverage .

As m entioned p re v io u s ly , th e re  a re  two methods o f 

t e s t i n g  th e  e f f e c t  o f  su rfa o e  f r e e  energy  on ad h esio n  w ith  

p read so rb ed  f i lm s : (1) change th e  p readso rbed  f i lm  f o r  a 

g iv en  polym er, th e  r e s u l t s  w ith  t h i s  method have been  d is ­

cu ssed ; (2) change th e  polym er and compare th e  b e h a v io r  o f 

two polym ers w ith  th e  same preadsorbed  f i lm . In  th e  l a t t e r  

c a s e , th e  n a tu ra l  s e le c t io n  o f  a  polym er was p o ly e th y le n e  

s in c e  i t  i s  n o n -p o la r  and o f f e r s  a  com parison w ith  p o la r  

p o ly v in y la o e ta te . F ig u re  16 shows th e  r e s u l t s  o b ta in e d  w ith  

a  c a lc u la te d  coverage o f  3 .75  m onolayers o r  an  a c tu a l  cover­

age (assum ing su r fa c e  roughness f a c to r  « 1 .5 )  o f  2 .5  mono-
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l a y e r s .  Ih e  z e ro -f llra  th ic k n e s s  e f f e c t iv e  ad h esio n  i s  seen  

to  b e  1000 p . s . i . j  t h i s  v a lu e , a s  m entioned p re v io u s ly , 

should  r e p re s e n t t r u e  t e n s i l e  adhesion  w ith  d i f f u s io n s !  and 

sh e a r  s t r e s s e s  e x tra p o la te d  o u t .  The e f f e c t  o f  p o la r i t y  th e n  

i s  c l e a r ly  r e f le o te d  in  th e  com parison w ith  p o ly v in y l a c e ta te  

whose e f f e o t lv e  ad h esio n  u n d er th e  same c o n d itio n s  i s  1750 

p . s . i .  At th e  same tim e th e re  ©an b e  no doubt w hatsoever 

th a t  th e  f a i l u r e s  in  t h i s  in s ta n c e  a re  a d h e s io n a l; th e  

polym ers in  ooheslon  a re  r e a d i ly  cap ab le  o f  s u s ta in in g  muoh 

h ig h e r  lo a d s  under th e  same s t r e s s - d i s t r l b u t i o n . T h is  i s  

c l e a r  When one c o n s id e rs  th e  zero  f i lm  th ic k n e s s  e f f e c t iv e  

ad h esio n  o f  th e  b lan k  ru n s  -  2750 p . s . i .  and 7000 p . s . i .  -  

f o r  p o ly e th y le n e  and p o ly v in y l a o e ta te  r e s p e c t iv e ly .
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amocARs:

The th ln - f i lm  e f f e c t iv e  t e n s i l e  adhesion  o f  & 

p o ly a e r-m e ta l ad h esiv e -ad h eren d  system  h a s  been  I d e n t i f i e d  

w ith  h u lk  p r o p e r t ie s  o f  polym ers. T h is  e a ta h l ia h e a  & 

co h esiv e  mechanism o f f a i l u r e  f o r  th in  f i lm s  l e s s  th a n  25 

m lorons in  th ic k n e s s . With th e  v is u a l  o b s e rv a tio n s , a f t e r  

f r a c tu r e ,  o f  p e r ip h e ra l  r in g s  In c re a s in g  in  w id th  w ith  

th ic k n e s s  o f  th e  f ilm , t h i s  i d e n t i f i c a t i o n  v e r i f i e s  th e  

"S h e a r-S tre s s  Theory" o f  f a i l u r e .

The I d e n t i f i c a t i o n  o f  th in - f i l r a  adhesion  w ith  h u lk  

p r o p e r t ie s  has been  dem onstra ted  w ith  m o lecu lar w e ig h t, tem­

p e r a tu r e ,  b r i t t l e  p o in t ,  m o lecu lar w eight d i s t r i b u t io n ,  r a t e
t

o f  lo a d in g , and p l a s t i c l s e r  c o n te n t.

The p re a d s o rp tio n  o f a  f i lm  e f f e c t in g  a  change 

from a  h ig h  su rfa o e  f r e e  energy s u r fa c e  to  one o f  low  su rfao e  

f r e e  energy  h a s  been  shown to  d ec rease  th e  e f f e c t iv e  adhes­

io n  Go t o  75% o f  i t s  o r ig in a l  v a lu e . The d ec re a se  was g r e a t ­

e s t  f o r  p o la r  p o ly v in y l a c e ta te  <75?f) and l e s s  f o r  n o n -p o la r  

p o ly e th y le n e  (6o£). However, th e  ad h esio n  o f  th e  more p o la r  

polym er t o  a  n o n -p o la r  su rfa o e  was g r e a te r  th a n  th a t  o f  a  

non-polar polymer to a  non-polar surfaoe.
The deo rease  o f  ad h esio n  w ith  f r a o t lo n a l  coverage 

o f  th e  su rfa o e  by deoanolo a c id  and p e rf lu o ro d e o an o lo  a c id  

was shown to  be th e  same. However, th e  r e l a t i o n  o f  ad h esio n  

v e rsu s  coverage was no t l i n e a r  b u t in s te a d  an  ex p o n e n tia l
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ty p e  r e l a t i o n  s im i la r  to  th e  v a r ia t io n  o f  h e a ts  o f  w e ttin g  

on powdered s o l id s  v e rsu s  ooverage and to  th e  v a r ia t io n  o f 

th e  d i f f e r e n t i a l  h e a ts  o f  a d s o rp tio n  o f  g ases on p o ly ­

c r y s t a l l i n e  m a te r ia ls  v e rsu s  ooverage . The e x p la n a tio n  o f  

th e  l a t t e r  has been  b ased  on, and shown to  be due to ,  s u r ­

fa c e  h e te ro g e n e i ty . S im ila r ly ,  th e  r a p id  d ec rease  in  

e f f e c t iv e  ad h esio n  v e rsu s  ooverage may b e  a t t r i b u t e d  to  

su rfa o e  h e te ro g e n e i ty . I t  should  be no ted  th a t  t h i s  

d ec rease  in  ad h esio n  i s  muoh more r a p id  th an  th a t  o f  th e  

h e a ts  o f  a d s o rp tio n  v e rsu s  ooverage. Such a  r a p id  d eo rease  

a ls o  was no ted  w ith  th e  h e a ts  o f  w e tt in g  d a ta .  The sug­

g e s t io n  i s  th a t  th e  sm all p e rc e n t o f  " a c t iv e  c e n te r s "  on a  

m e ta l l ic  su rfa o e  c o n tr ib u te  g r e a t ly  to  th e  o v e ra l l  adhesion  

and a d s o rp tio n  ta k e s  p la c e  i n i t i a l l y  a t  th e s e  c e n te r s  ren ­

d e r in g  th e s e  th e  l e a s t  a c t iv e  w ith  r e s p e c t  to  ad h esio n .
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EXPERIMENTAL

F ra c tio n a tio n  o f  P o ly v in y l A c e ta te .

The te c h n iq u e  employed in  th e  f r a c t io n a t io n  was 

e s s e n t i a l l y  t h a t  o f  W ag n er^ . S ev en ty -f iv e  grams o f  duF on t*s 

"ELvaeet *10-15 * d is s o lv e d  in  1200 ml* o f  meetone a t  

approx im ate ly  30° 0. The s o lu t io n  was f i l t e r e d  th ro u g h  a  

f r i t t e d  g la s s  s u c tio n  f i l t e r  to  remove d i r t ,  l i n t ,  and 

ex tran eo u s  im p u r i t ie s .  The r e s u l t in g  s o lu t io n  was a llow ed 

to  s ta n d  o v e rn ig h t in  a  c o n s ta n t tem p era tu re  h a th  ( 30°  0 . ) .  

The p rooedure  c o n s is te d  o f  adding th e  p r e e l p l t a n t ,  (1 :1  o r  

1 :2 )  w ate r-m eth aao l, to  th e  s o lu t io n  v ery  slow ly  and w ith  

c o n s ta n t s t i r r i n g  u n t i l  a  m oderate o p alescenoe was o bserved . 

At t h i s  p o in t  th e  a d d i t io n  was d isc o n tin u e d  and th e  s o lu t io n  

h e a te d  about 3 °-h ° C. cau sin g  th e  s o lu t io n  to  be  c l e a r .

The s o lu t io n  was allow ed to  coo l to  b a th  tem p era tu re  w ith  

c o n s ta n t s t i r r i n g  and th e n  allow ed  to  s ta n d  o v e rn ig h t, oa 

tw en ty  h o u rs . A f te r  t h i s  p e r io d  th e  in s o lu b le  f r a c t io n  

s e t t l e d  o u t a s  a  g e l p h ase . T h is  g e l phase  was com plete ly  

s e p a ra te d  by d ec an tin g  most o f  th e  su p e rn a ta n t s o lu t io n  and 

c e n tr i fu g in g  th e  g e l  p lu s  a  sm all amount o f  rem ain ing  so lu ­

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

o th e r  f r a c t io n s .  The f r a c t io n s  p rep a red  were re d ls s o lv e d  

in  ace to n e  and r e p r e c lp i t a t e d  t o t a l l y  in  a  la r g e  amount o f  

w a te r . The polym er f r a c t io n s  were th e n  d r ie d  to  c o n s ta n t 

w eight under 3 mm. p re s su re  and 4o°-50° C. (abou t 3 -h  w eeks).
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The m o lecu lar w eigh t o f each in d iv id u a l f r a c t io n  

vae determ ined  fey th e  v ia o o c ity  method u s in g  an O stw ald- 

Cannon-Fenaka ty p e  v isc o m e te r . D e te rm in a tio n s o f  v i s c o s i ­

t i e s  were made a t  a t  l e a s t  th re e  c o n c e n tra t io n s ;  a c tu a l ly  

th e  s p e c i f ic  v is c o s i ty  was c a lc u la te d  d i r e c t l y .  S ince th e  

v is c o s i ty ,  w ith  k in e t ic  energy c o r r e c t io n s ,  I s  re p re se n te d  

fey

A, B » v isco m ete r c o n s ta n ts

m M t -  B d ^  d «■ d e n s ity

t  * tim e  o f flow

and th e  s p e c if ic  v i s c o s i ty  I s  d e f in e d  fey,

Tap * 1 where 70 * v i s c o s i ty  o f  so lv e n t

th e  s p e c i f ic  v i s c o s i ty ,  assum ing a d d i t iv e  volumes o f  polym er 

and s o lv e n t,  i s  r e a d i ly  o b ta in e d . U sing  th e  v a lu e s

a t  th r e e  c o n c e n tra t io n s  and e x t r a p o la t in g  to  sero  co n c en tra ­

t io n  th e  i n t r i n s i c  v i s c o s i ty / "  i s  o b ta in ed  w hich f o r

p o ly v in y l a c e ta te  i s  r e l a t e d  to  th e  m oleou lar w eigh t fey

[ * ( 7 *  l . M  x 10“ * m°*6s 

The d a ta  o b ta in e d  a re  g iv en  in  T able 1 ,
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T ab le  I

F ra c tio n I n t r i n s i c  y is e o s i ty M olecu lar Weight

M

A -l 0 .7 9 225,000

A-2 0 .59 147,000

A-3 0 .3 5 77*000

A-4 0 .30 54,000

P -2 ,3 ,4 0 .5 5 130,000

F-2 O.61 150,000

A ll o th e r  f r a c t io n s  f o r  subsequent in v e s t ig a t io n s  

were p re p a red  and m o lecu lar w eigh ts de term ined  s im i la r ly .

P re a d so rp tio n  o f  F ilm s.

Film s o f  lo n g  c h a in  a d d s ,  deoanolo (A .R .) and p e r -  

f lu o ro d eo an o ic  a c id s  (M.M.M. O o.), were adsorbed  on th e  

m eta l su r fa c e s  by p ip e t t in g  a  p red e te rm in ed  amount o f  so lu ­

t i o n  on to  th e  su r fa c e s  from a  s e ro lo g ic a l  p ip e t t e  g rad u a ted  

in  0 .001  m .  d iv is io n s  and a llo w in g  th e  so lv e n t to  e v a p o ra te . 

The s o lu t io n s  were p rep a red  by w eighing th e  s o lu te  w ith  a  

sem i-m icro a n a ly t i c a l  b a la n c e  to  th e  n e a re s t  h u n d red th  o f  a  

m illig ram  and d is s o lv in g  t h i s  in  n -h ep tan e  ( P h i l l ip s  

Petro leum  -  Pure Grade, minimum mol p e rc e n t p u r i t y ) ,
a

S o lu tio n s  o f  d e s ire d  c o n c e n tra t io n  were th e n  p rep a red  by 

su c c e s s iv e  d i lu t io n s  so t h a t  a  g iv en  volume gave th e  d e s ire d
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a d s o rp tio n  ooverage. The c ro s s - s e c t io n a l  a re a s  o f  th e  

m olecu les were assumed to  h e  20 and 2$  sq u are  Angstroms 

f o r  deeano ic  and p e rflu o ro d eo an o io  a c id s  r e s p e c t iv e ly  in  

th e  c a lc u la t io n  o f  ooverages based  on th e  g e o m e tr ic a l 

a r e a  o f  th e  s u r fa c e .

P re p a ra tio n  o f  T e s t Specim ens.

C y lin d r ic a l p lu g s , G.7500 in ch es  in  d ia m e te r  and

0 .500  in ch es  in  le n g th ,  were ground on a  su rfa o e  g r in d e r  

y i e ld in g 'a  su rfa o e  o f  abou t 1^ m ic ro -in ch es  -  which i s  th e  

r .m .s .  average h e ig h t o f  th e  p eak s . O ther s u r fa c e  roughness 

v a lu e s  were o b ta in ed  by v a ry in g  th e  e l s e  and ty p e  o f  w heel. 

A ll d a ta  re p o r te d  a r e  f o r  a  su rfa o e  roughness o f  i t  m ioro- 

inohes ex cep t th e  d a ta  f o r  p readso rbed  f i lm s ;  th e  su r fa c e s  

i n  th e s e  experim ents were 5 m ic ro -in ch es  a s  de term ined  by 

a  p ro f i lo m e te r .

A fte r  g r in d in g , th e  su rfa c e  was covered  w ith  a

f i lm  o f  polym er by ap p ly in g  a  one p e rc e n t polym er s o lu t io n

(ace to n e  a s  so lv e n t)  w ith  a  camel h a i r  b ru sh , th e n  f i lm s

were p read so rb ed  t h i s  s te p  mas re p la c e d  by th e  p re ad so rb in g

s te p .  Specimens covered  w ith  a  polym er f i lm  were d r ie d

* ln  vacuo* a t  30° C. f o r  a  p e r io d  o f  one to  two h o u rs .
go

The p lu g s  were assem bled in  a  mold - and molded 

w ith  a d d i t io n a l  polym er powder g iv in g  r i s e  to  a  polym er f ilm  

betw een two p lu g s  v is :
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k -  *t| — j * -  — >|

The m olding tem p era tu re  was 26g° - 275° 0 . f p r  p o ly v in y l 

a c e ta te  and 300° F . f o r  p o ly e th y le n e  specim ens. ih e  s p e c i­

mens p rep a red  were t e s t e d  i n  a  u n iv e r s a l  O lsen t e s t i n g  

machine o f  10,000 pounds e a p a e lty . To In su re  p u re  t e n s i l e  

a p p l ic a t io n  o f  lo a d  th e  s e t-u p  c o n ta in e d  two n e e d le -b e a rin g  

u n iv e r s a l  j o in t s ,  one on each end o f  th e  specim en. A Bulok 

eng ine  mount c o n s is t in g  o f  a  ru b b e r pad oemented to  two 

m eta l p l a t e s  was p u lle d  i n  s e r i e s  w ith  th e  speolmen to  p ro ­

v id e  a  cush ion  e f f e c t  a f t e r  f r a c tu r e  o f  th e  speolm en.

A f te r  f r a c tu r e ,  th e  polym er was d is s o lv e d  from th e  

p lu g s  w ith  an  a p p ro p r ia te  s o lv e n t .  By m easuring  th e  th ic k ­

n e s s e s , t x and t g , o f  th e  p lu g s  a f t e r  d is s o lv in g  th e  polym er 

and m easuring  t  b e fo re  f r a c tu r e ,  th e  polym er f i lm  was c a l ­

c u la te d  a s  t  -  ( t^  + t g ) .

F o r -h lg i  tem p era tu re  t e s t i n g ,  th e  t e s t  specim en 

was surrounded by a  s p l i t  and h inged  b r a s s  c y l in d e r  whose 

in n e r  su r fa c e  was p a in te d  a  m o ttle  b la c k  and an in f r a - r e d
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lamp was d i r e c te d  tow ards th e  s p l i t .  By v a ry in g  th e  v o lta g e  

w ith  a  r h e o s ta t  and a d ju s t in g  th e  d is ta n c e  from th e  s p l i t ,  

te m p era tu re s  a s  h ig h  a s  £0° 0* eou ld  h e  a t t a in e d  c o n v en ien t-  

l y .  Low te m p era tu re s  were accom plished hy u se  o f  a  copper 

s le e v e  sh io h  f i t t e d  abou t th e  sample and had a  r e s e r v o i r  f o r  

c o o la n t . With s o l id  <30g In  th e  r e s e r v o i r  te m p e ra tu re s  a s  

low  a s  - 60°  0. oould  b e  a t t a in e d .

A ll t e s t i n g  was done a t  a  r a t e  o f  t r a v e l  o f  th e  

o rossheads o f  h.O ln eh es p e r  m inute excep t a s  o th e rw ise  

n o ted .

P l a s t i c i z a t i o n  o f  Polym er.

The p l a s t i e i z e r ,  d ib u ty l  p h th a la te ,  O .P ., was r e ­

d i s t i l l e d  and p r e c a lc u la te d  amounts were in tro d u ce d  in to  a  

s e r ie s  o f  g la s s  tu b e s  c o n ta in in g  p o ly v in y l a c e ta t e .  The 

tu b e s  were evacuated  o v e rn ig h t and se a le d  o f f .  They were 

su b seq u en tly  p la c e d  in  an  oven a t  150° 0 . f o r  IB h o u rs .

A fte r  t h i s  tim e d i f f u s io n  was found to  be com plete i n  a l l  

o ases and th e  p la s t i c i z e d  polym er oould  be o b ta in ed  a s  a  

homogeneous m ass.
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