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A13STI~~CT

An unfilled St yr ene— but ad i efle vulcan  I ~ a I t ’  was st Lid It ’d unde r  a

b i a x ia l  t en s i le  defonut i t ton (essent  t a l l y , pure  shear)  by st retching t h i n —

w a l l  cvii ad r i  cal spec linen s a x i a l l y wh 1 t’ t a t e  rnai  gas pvc ssu re was c n—

t rol led to  m a i n t a i n  a coast ant  out s ide  di ainet or .  Bet ween 25 and 90 C ,

spec imens were st  rt ’ t c hod at c rosshead speeds between 0. 02 and 20 1 tic hes

per m i n u t e ;  bet ween — •Id and 2~~C, st res s — relttxii t ion nwasur ement  S WI? re

made. From t he’ data , at ax t al ex t  etiston rat I us A~ UI> t I) abou t 2 • 5 ,

w 1 )  (SW 51~ )  (; ( t ) an~ W , (3(t) (SW 513) (3(t) we ’re ’ t ’v a luat  ed

W is analogous to  the el as t Ic stored vile’  rg ; I~ l~ X~ + + 1 are

the s t r a i n  i n va r i a n t  s and (3(t) t s  t he’ snia I 1— d e t o r m at  ion st re’ss—

r e l ax a t  ion m odulus in s i mp l e ’ sh ear ,  it was found t h a t  W~ 
(3(t) antI

W., (3 ( t )  arc t i m e — and t e m per a t u r e — i n d ep e n d en t  , I ha t W 1 (3(1 ) t s  st’ns I bi y

cons tan t  fo r  1
~ ~ 5.5 ( i . e ’ . , ~ 2. 0t~) , and t h a t  W~ o ( i )  i s  a doe yeas

func t i on of l
~ 

. Frtwi the  result ~~~, un t a x i  a 1 tens i i v dat a were cal  —

cu la t  ed and found to  agree w i t h  exper imen ta l  dat a.

A compar i  SOU of rup t  tire ’ d a t  a bet WCt’H 25 and C in bi ax I iii and

uniaxial tension showed t h a t  t h e  u l t  Inmate’ e x ten s i o n  rat tos in biaxial

and u n t  axial tension are sviistbl y idetit ical (at t h e  same t empera ture  and

ext  elm s ion r a t e )  but that t he  n u t  ax lii i rupt tire  st  ress l ie s  between t he’

axial and circuniferent m l  r u p t u r e  st re ’sses under  the  b i a x i a l  t e n s i l e

cond i t i o n s .

A discussion is a iso g i v e n  of the large detonnat  ion and n i t  itn at  t’

properties of noncrvst nlli zable’ vu lean h a t  vs in  u n i m i x i  al t ension and of

t h e  large deformation propert ics of a nat  u rn  1 rubbe r vu lcan i  z~ t C
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SECTION I

INTRODUCTION

Stud ies  of s t r e s s - s t r a i n  behavior  and u l t i m a t e  propert ies  in

• u n i a x i a l  t ens ion  of gum and f i l l e d  vu lcan iza t e s  have been described in

previous reports.1 ’ In addition , a method
4 has been devel oped f or

o b t a i n i n g  da ta  which  represent the response to a pure shear deformat ion ,

namely ,  t h a t  f o r  wh ich  X 1 ~~ and A2 = 1.0, where the ~ ‘s are the

extension r a t i o s  in the m u t u a l l y  perpendicular  d i r ec t i ons .  From such

tes ts , rup ture  d a t a  were obtained on a s tyrene-butadiene vu lcan iza t e

(SBR-IV) at var ious  extension ra tes  at temperatures  between 25 and 90° C;

a p re l imina ry  d is cussion of these da ta  has been g iven .’

This Annual  Technical  Report  con ta ins  a discussion o f :  (1) biaxi~~1
• t ensi le  proper t ies  ( s p e c i f i c a l l y,  response to a pure shear deformat ion )
• of SBR-IV under s t r e s s-re l axa t ion  condi t ions  between -40 and 20° C , and

both biaxial and uniaxial properties under conditions of constant exten-

sion r a t e  between 25 and 90° C ; (2) rup ture  proper t ies  of SBR-IV under

• b i ax ia l  and un i ax i al  tens i le  condi t ions  between 25 and 90° C; and (3)

current  work d i rec ted  toward o b t a i n i n g  s t ress -s t ra in  and rupture data

• under equal b iax ia l  extension (A 1 = A2 =

Supplementary mater ia l  is presented in Appendices I , II , and I I I .

Appendix I is a paper prepared for  the Fall  1966 Meet ing of the Division

of Organic Coat ings and Plas t ics  Chemis t ry  of the American Chemical

Society.  Although the paper is in part  a review of past work , i t  con-

t a ins  new mater ia l  on fac tors  which a f f ec t  the s t ress-s t rain curve in

un iax i a l  tension and also it g ives a comparison of the time dependence of

the u l t ima te  properties of d i f f e r e n t  types of elastomers . Appendix II

• is devoted to the t ime and temperature dependence of stress—strain data

for an unfilled natural rubber vulcanizate. Appendix III gives the corn-

pounding recipe for SBR-IV.

In Appendix I , the figu res and references are numbered sepa rately

as are the figures, tables and references in Appendix II.

1
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SECTION II

BIAXIAL AND UNIAXIAL TENSILE PROPERTIES

A. Theoretical Considerations

Biaxial tensile properties are currently be ing stud ied to explore

facets of nonlinear viscoelastic behavior . The approach is to obtain

data which represent the response of a typical amorphous vulcanizate to

a simple type of mechanical excitation and then to develop a concise

method for reprer .~nting the data. To verify the general utility of the

method for  da ta representat ion , stud ies should be made of the response

characteristics under several types of deformation fields and under

multistep loading histories. Work along these lines is in progress.

Guidelines for data analysis are provided by Rivlin ’s5 phenomeno-

logical theory for the large-deformation behavior of an incompressible

mater ia l  under equi l ibr ium test conditions . For a pure homogeneous

deformation , th is  theory gives:

• 
~ i — = 2(A~ — X~ ) ( W 1 + W2) (1)

- = 2 (X~ 
- A~ ) (W 1 + 

~~~~~~~~~~ 
W2) (2)

where the &‘s are the true stresses (stress based on the cross-sect ional

area of the deformed specimen) in the three mutually perpendicular

directions, and the X’s are the corresponding extension ratios. Also,
• a and W~ a ~~~~~~ where W is the stored elastic (or strain)

• energy, a function of the strain invariants I~ and I~ wh ich are

= X~ + + X~ and 12 = X~ X~ + X~ X~ + ~~~~ Since Eqs. (1) and (2)

• apply onl y to an incompressible material for which X1X3 X 3 = 1, only two
• of the extension ratios are independent quantities. To f a c i l i t a t e

evaluation of W1 and W2 from experimental data, Eqs. (1) and (2) can be

rearranged to give:’

2
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~~. :~w ( \ ~ k~~) (4 )

• i t  IS 1 an d ii , w it m e l t  m i t  gene ’ l i t  I a re  t u i t e  I I t I l l s  i t  I I~ and t ,~ , Si-c

kn own t o r  a ll a l t  a t  nab 1 e vii liii ’s el I~ a nd I , I hen I he t ’qu I II hr inn

response ’ to an~ I i  pe’ 01 de’toriiua t t o l l  c a lm  be’ e - om p ml t  e ’et t loweve ’ r , t it  elc* t ’t ’ -

h i n t ’  i%~ and W~ e’iit np ti ’I e ’ l ’s , ebt t a u te i s I  be ’ i tb t  I l l  I IV ( I  W i t  i c t i  t’ i l)ri ’st ’I l t  t he’

• I t ’ S  ~t0l1$i’ I Cl it V a l ’ t e ’ t  ~‘t t ie ’ I 0 1 1%tii I i c l i i  I I i ’ lets

Re’ I a t  t ‘s civ I i t  t i i ’  I 5 Iotow u ~ hen I I he depe ’net e ’nt ’e’ c i t  W1 a m l  oil

t~~ and I and Ot t  l i t ’  t w i t c h  s t  rile - I t t  I t ’ , I” ~ I e ’l I s  t e e eta I i i  on a ma In cal t - i ih t t e ’  ~

Vu i t ’ al i t .‘ me t e’ We ’ I t ’ esh t a t  ite’d some’ \ (‘a m’ s agit I t ’ s  t~ m t  l i i i  &t i i i t  Saultete I’S • ~~ in

i i  ~ Ii I i i i  I he’se’ da t  a , I h e y s i lg~~t ’s I i’d I h a I W 1 I s sells t hi c - tins t a nt  and

I hIS I I~. I s  e ’ 551 I t t  l i t  I It I I t i le ’pe ’i t t l t ’u 1 i i t  t~ item I m s me dcc i’~’as I t i g  t u i k ’  I t oil

‘s t I ‘j’ liim I t s • I tie ’ st  i-a m u  e ’nt ’ i’~ IV ca n bi ’ w i - i t  t~~’mt :

IV h’~ (l~ • 3) t t~~ ( I ~ - 31 (5)

Wil t ’  i.e W ’. I s a cons I emit I and t~~ s a I emiee ~ I m ~in on I el l~ • Fqua * ton (5’) m s

lv i -  i t  t e l l  I n  t It m s t orn bee mu se’ IV e’qu a I s  ~ e’ m - ii wh en  I lie ma t  c c i  me I I 5 I I I  I t  s

U ti de ’ I ii I nch st  a t  e- , t i’ • , when i~ I. 3 ‘tu e t i n t  a o I I l l  v 1 m m  and
• 

~miuiii ele ’ rs’~ a t  so sugge’s I I ha t  , I 0 I~ i m e a t  app I - ox t ma t I ott , IV :tw~ 1, ami d

I bus I ha t  t he ’ at  l’it in  e’ne ’ rgy  I a

IV W 1 (I~ 
• 3) I ~IVI~ i i i  ( l~ 3) ( i i)

wht~ i.e ItS,’ Is  me e’eins t a l i t  wit i c-h may he’ c e i m i  s Ide ’  reel l i t  t ic ’  c i t  he’ i- an aidjums I i i l t  I

p arame t ci ’ or I he value’ at t a t h eel 1t~ IV~ as i~ mpproa e ’hcs 3, 0 • l’hi a i ’qua—

I on l i i i ’  the  at  r a i n  cmii ’  rg~ t’unt’ I ton  wits pri tpi ts . ’ ci b ’s tit’i t * and ‘l’homas ’

l a r ge ly  be’eause’ I t s  nut the ’mat  I t - a l  s impI  Ic I t  etxpvet i t e s  t he’ solut Ion i t t

V S t ’l etus I vpca ut  c las  t It ’ pm’ob ie’iiis • i t ’  W I is  it t ulle I t  on itt ’ l~ but I s

independen t i i i  I , • I he’n I he’ a * t’it in  e’ite ’ l’g\ is  g I c-en ti~ al t express I on

l i k e  Eq , (5)  i ’xce ’p t  t h a t  W e lleiw bet’emmt ’s ti f imi i e ’t i c i i i  i t t ’  l~

-t
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In seld I t t~ iil I 0 I he ’ resell I ti f R i v  1 Ii i  Mlii Sauliele ra . dat  a have bt ’t ’it

report eel I’C ’PIl t  l ’s lit liii I e’Il I nsoii , 11cc’ ke i’ • sitd I.andc 1” 1 oi-  a its t e l  r a t

rubbe i~ en Ic a n t  r a t  .‘ situ a pot ~el mmc l by 1 a I lOXRhte  vu ic’Sii I ?,s t e wit h e  ii cclii

I a t  fleet 2 K1 t’e w e t  ~ iit cit • ~ c ’ l i i i  c i , i - i ng Si  e\, I t l 1 , ~~’ ~ I t  boug ht I lie i i  cia I a

tilt the  t t a t  u r*l  rutitie t’ i t t  l ea n t  ~sl c were in easen t  t a l  sgl’eemeIi t w I t h  I hose

cit 14Ie l i i i  and Ssinielers • flee kci~ h as p o i n t  eel cii i I I ha I I he ti i t t  a can hi ot 1w

repicse’n t ech I I I  S s imple  man in ’ u i n  ‘ i’ma c i t  W 1 a nd It ; esape e’ I n i l e  a t

t ’cla I t  c c i v  ama i i  ule t orm a I I  on i- , ’ t ’  the ’  I I I  ted I t c I l ’ s  c l i  nc’ I t ic I ~ i i  oc 5th ’

v u i e ’*ii I ? n t  e • i t  w i t s  lotinel I h a t  W 1 t a all t ilt ’ renal tig l i th e 1 t~~h hi o h  I~ a i l c t

I a esseme t t a l l ’ s  I lidepeiideiit cit i , , and I ha t  W~ i a it d p i’ reas I itg I mu le I t t ill

• of l~, and I s  also somewha t eiepemwlelit .iii i~ - I I t i me l l ’c • I I n ’ e’h a i’se I c r1  a t  t c ’~
oh * he s I r a t  ti cite’ rg ’s t une t ton for a pe t i ’. u ret bane’ c ’ l a a t  sin, ’ i ~~~~ l i t  i sne

113’) ~ t qul  I c  smal l  de lor inat  I Otis l is t-c beeti exam t ned ht San Ml g~u c -  I )

I V Eq • 
(~5 Is known to be c-al le t , then W 1 n i n t  It ; i - a t m  Ii,’ c ’e me lu s t  ccl

f rom da t  a wh ich  represent I he behav I or of I in’ m a t . ’  r t a t  tiiide r one I Pt’

• of de form at I ciii , e . • , pure homogeneous shear fu i ’  w h i c h  I

iiu iwevei’ , t est a a re I’equ I reel wit I cit gte-c at 1 c’aa t I W et of I he’ nchIln a 1

MI ceas es as a f um e  I t  on of t h e  ch ef  urinal I on s I ate ’ ci t  he’vw is.’ It’s itne t IV.~
t’ annot he separal d c -  eva m a t  eel , To ei~ I e i’m t tic whit’ I he t eli ’ h i c i t  i ’d  . 5’)  1 a

c’sl ci , t e a  * a nin a * be made wit left  pi’ee- ide ei~~t a d i v I ’  t- v~~t ended ranges ~if

I
~ 

and 1~ . Thus fa t ’  In t h e  pi ’esent sI nely , t e s t  a iinve’ been matte t in I v  in

pure shear lot ’ wh 1 cit 1
~ 1~ \~ s • 1 antI in mu l ax  Ia  1 * ella I on (‘ci i’

wh ich i
~ 

X~~ + 2V ’ and l~ =

A pu t - c’ she’s I’ di’ fornia I t  tin I a eli’ I I med as lbs I for wh teli

A 9 = I , \ - ~ 
- Al , and ~‘-~ = 0. For aue’h a clp fot ’rna I t  t i l l  • I hi’ I l iii’s V I hicoi”s-

t i C  clas h Ic ’ I t  V shows lb s  1 ‘
~~ 

- 4~~~~~ ‘
~ 
, — 2(~ • Mlii I ilits ‘

~~ 
‘
~~ 

- 2. 0.

• wime re ( h a  I he s h e a  r modti Ins and 
~ 

ha I he i’suciiy si cit Iii wit I t ’ll equal s
• — I I n  I he l i m i t  as A 1 approaches i t i t i I v FOI pet cc shesu under  is t ’ge’

deformation , Eqs. ( 1)  and ( 2)  g I v e :
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~ 2(15 II’ I ( \ ~ — A~~~~ ) ( 7 )

•~ 2 ( W 1 4’ \ j W , ) ( l — X~ ) (8)

• (
-~-~ •~~ l ) ( i  + m )  

= 2 . = l)(i - 
(9)

I (1  +

• w h e t - c’ ,~ %V • IV~ Wh en €~ A~ — I i s  subsl  i t u l e ’d  in  Eqs. (7) and (8)
p 

mii iel  c u t  1 t c u l l s  te ll it~ h &‘oii t ci but e’ i i i  I he h u m  i t  ot smut 11 at u’mi i ui are

• j m’e I a u ited • t he’ f o l l o w ! tt g u’esu i t  a : 
~ 

• 8 (W,~ + IV ,  ) € and ‘ = 4 (W~ + IV-~ ) £
Tb u s reset I I shows t hat 2( 11 1 + IV _ . )  ( in  1 Itt ’ I In I o I zero sI rut i i i  -

It ’ c ei’d m u g  I 0 E q . (9) , •
~~ 

•
~~ 

2 ott lv  ~u t  ama 11 at  rut h i s , e’Xt’ ept ~ iiti e’ u t he’

spec’ ILI I could i t  I t ins  I h a t  ~ • 1 -

To i 1 lus t  cml c the ’ wa’s- cii wit mcl i  •• i m i i i i t  ‘ , may c-a cc- wit it A 1 • we shut i i

t is suhi l I e ’  I lim i t W 1 mind IV ,  a i t ’  c’onst  a nt s  and I hat It_ . 
~~ 

= 0.3 Under I he’sv

• coitd i t  m outs (chosen only I or m 1 lu s t  u - a t  t vu ’  PCI rpcises) , Eqs - ( 7 )  itud ( 8 )

become :

\~ \~~
‘ ( 10)

~~~~

• •_L ( I  + U , 3\~)( ]  - X~~) ( I I )

To I ud uc - a t e ’  the  non l i f l e n  i- de (uncut I I ti l l cha rae I e ’u’ I s t i e s  • dat  a i’epresent lug

Eqs.  ( I t ) )  and ( I i)  are p lo t  I i’d In  I ’i  g - I as log ~~ G mill et log (~-~ U vs

log (A 1 — 1)  - According to l iii’ p i’e’ced i ng  d m  Se ’u tSS  I on , da t  a at  sui t’ lie i cut ly

smut 11 deforms ( I  otis ( 1 i near  i’e’ spoflse’ range ) a cc’ ~ t yen by

t log ~11G - log (A 1 — 1 )  + log 1 anti iog L’~ , U log (A 1 — 1) + log 2;
~1

hose equn t Ions rep Ve ’sen I I he 1 inca of tin i t  si opt’ In 1”! g - 1 wit Ic ft are

• • sepa ra t ed  by 0.30 loga i ’l l  hmic mu I t  - Because’ I he cur ve ’s  wit Icit  m’epresc’tlt

Eqs. (10) and ( 11) bet’oint’ co Inc ideut  w i t  it I lie l ine ’s  ci I ’ t in I t  slope’ tuni c -

at  ce  c’s’ sma l l at rut I Its , I t  I s  appa i’cui t t h a t  U cannot  norma 11 y be’ eva lust  ed

ccl i ab lv  f rom t he’ in i t  la l  l i n e a r  port ion of plot s of 
~~ 

oi c’s A 1 — I .

(Th is s i t u a t  Ion a r is es  because of expe i’i meuit al d i t ’ f l e u l t  ies in m a i n t a i n I n g

precisely a pure’ siteat ’ defo rma t ton  at  smal l  cxl t ’l is  h u t , )  For most

S

_J
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tog ( X — t )  
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FIG. 1 DEPENDENCE OF LOG ~ G AND LOG 
~2 G ON LOG (A -1)

PREDICTED FOR A PUR~ SH EA R D EFORMATION BY TH~T H EORY OF FINI TE ELASTI CI TY WHEN W 2 W 1 0.3
AND BY CLASSICAL LINEAR ELASTICITY

elastomors , i t  is expected that Wa will decrease w i t h  an increase’  in  A 1
thus the deviation f ront l i n e a r i t y  may occur at smal ler  extensleut s and

may become more pronounced than shown in Fig. 1.

The method used in this report for autalyzing t ime-dependent data is

baa~d on the theory of finite equilibrium elasticity with the exception

that W~ and Wg are considered to be functions of time as well as of 11
and I~~. As shown in Section II-~~, either W1 or W~ can be represented bc-

the product of a time-dependent function and a strain function . A

critical evaluation of the general utility of these relations would

require that tests be made under complex loading histories (e.g.,

multistep relaxation or creep teats) and that a nonlinear theory be

6
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• appl ied t o  d e ter min e  whe t he r the  observed l’e’spouise can be p red ic t ed  f rom

the  da t a  g iven  in t h i s  report . Theories  w h i c h  i nvo lve  a s ingle’  i n t e g r a l

i ’epresentat ion of t i in e— dep end eui t  mechan ica l  i’c’spouise d a t a  and w h i c h  have

been applied t o  dat  a in  un I a x i a l  t e n s i o n  mi c e  d i scussed  i n  I (e Is . 11 —1 3.

B. E x p e r t i n e u t t a l _ Procedures

The met hod4 fo r  ubt m i n i n g  b i a x i a l  I ensi le dut t a c o nsi st s  of

at r e t c h i n g  a t hi i t—wal l  c y 1 I tid r i cal spec i men in the a x i a l  di  u~et.- t t oil whi t it’

gas pressure h u t s ide the  spec I men is regulu ted t o  maint a i n  coutat mutt it a

outs I dv’ di ame t e’ F . The ax iii 1 1 oad and del o rnia t i out a ci’ me’a su red along
• • w i t h  t he  i n t e r n a l  pressure,’. From these  q u ant  i t  It ’s , the t i tre ’e ’ normal

a t cease’s and the  assoc Ia ted exteut s ion rat i cia cult e’ i t he’ 1’ 1 he inside’  em’

out sict t ’  s u r f a c e  of the  cy l inete ’i’ can be computed , us di scusse’d p rev ious l y .~~

The e x t e n s i o n  r a t i o s  ut i’e de f ined  b y \~ = l . ’I~~, 5~. = C l ’,, ,  audi A.1 = t i 0

where L , C , and t arc ’ t he  l e n g t h , c i rc umlereuice (at some l o c a t i o n  ott or

w 1 t h i n  I he spec i melt ’ a w a i l )  , and t hi c kite ’ ss of I he at retc bed specimen

and k , C~ , and t ,, are I he corm ’ c’spond i ng qu um nt  i t i e s  for t be un s t  ret ched

spec ine’n . On t he out s i d e  su u ’t  aC- c’ , i~~~~ . I aunt I bus A 1 — A~~~ . Except on

the  ext t s ide ’ surf  uu ct - , A~ I ~- slig h t t I ~ g L’t ’at ci’ t han un u t y and t itu s  t he

deformat ion  u s  not pure abeam ’ , s t ri c t l y ‘~~‘v ’a k m n g ,  a l t h o u g h t he’ d e vi a t i o n

is q u i l t  small b r  t he’ spe cimens s tud ied .

To chat  .ue ’ teu’ize par t  i al ly  the non l inea r  response chara c t c’u ’ I at  lea of

the st y r en e— b u t ad i e’uic ’ gum vu lc an iz at e  SBR— IV , b i a x i t i l t en s i le  da t a  we’re

obtained i u ’~ m:  (1) s t ross— i’elax at ion t e s t s  itt — -tO , —30 , -20 , and 20” C

and at about 6 axia l  extension r a t i o s  between about 1 .25  and 2.50; and

(2) t e s t s  at 5 to 8 constant  extens ion r a tes  at 25 , 35 , 50 , 70 . and 9 ( i C ,

In a d d i t i o n , data itt  u n i a xia l  tens i on were obta ined  at 10 e x t e n s i o n  ra te ’s

at the f i v e  temperatures  between 25 and 90°C .

The c y l i n d r i c a l  specimens for b i a x i a l  t e s t s , prepared at the A i r

Force M a t e r i a l s  Laboratory , have nit inside d iametcu ’  of 1.50 i uit ’hes , a

wall thickness of about 0.048 inch , and a 6-inch gage section . To obtain

a precise value for the extension ratio (A 1 ) in  the a x i a l  d i rec t i o n ,

7
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se-u , e ’hl f iduc i a 1 maz’ks we i~c~ i usc vi bed around time ’ e- I i.t, - uinf e’ relic e of a

specime n at ap p r o x i i uu u t e l v  1 — i r k - h I ut e r ’v a l s  along the ’ gage sect ion.  T h i s

was ac’eompl ished by pl ay - ing a spec imen on a mand rel w h i c h  was then

tu  rued a I out lu ,  oui a I a t im e ’ whi lv ’ 1 i lii’s were drawn w i t ft a f l u t e  bit i lpoi at
• pen. In add i t t  on , one or mci-c vei’t t ea l  lu t e s  we’ cv’ d z’awn leuigt  hwi se

along the ’ gage see- I ion to  a id  in vei’t teal al ignnient  of a specimen at t he

be’g 1 nut m u g  ~ t a t c-  -
~ t and to  1 uc i l i t  ate obt a m u g  pre ’e i se c-a t h e  tome t c i ’

1 (’aLI I r igs C I I  I i, -  I- idu - tal 1 I nes

Table ’ I A l l  i - ’ i r c s s — r e l a x a t i o n  t e s t s

DATA WHICH SHOW COMPLETENESS OF wer e Made u s i n g  only  two specimens
RECOVERY OF CYLINDRICAL SPEC I ME N (s p ic - l u l  tests We’Fe, ’ made’ n i t  o the u-

ArFER EACH TEST IN A SERIES
spec i incas) . Al’ t er  a t e at  , t he,’

specimen was a l lowed to  r~’co vv ’ i’ itt
Leuigth (cm) Between

Nuinbe r I Out ,- r Bench Ma rk~; rOom t v’nipe r a t  o re’ t o t ’  ito iv’ s s t h.ea
• S t r e t c h e s  A l t e r  Rce’ovt’i’y Period 

~~~ day before’ i t  ut~ m~ used i a

o 15, 2 10 au lot her t e ’ st  . Subsequent  t o  c’ac’h
1 15 .5-15 r ey - ou , - ( ’u ’y  peciod , i t  wit s found  t h a t

15.570
3 15 .580 the? spec i mcii had u’e’ga I iie’d ,1eu 1 c’

-1 15 .595 close’ 1 v Its or ig i flu 1 leuigt h. Dat .m
5 15.5’/O
6 15.570 w h i c h  stuoct ’ that t h e ’ rc’ -oi’ e ’Z - V was
7 15.590 c’ssent ia l i v  co:np it ’ i i ’  a r c  un 1’.m b i e ’  I -• 8 15.565 -

• 
, 9 15.590 T h i s  table shows t i i . i t  , after l iii ’

• 10 l~ - 585 i mt-n h ad cc ~‘ov~- re-el t ’ u’ eum t he’
11 15 . 600
1 .  1~~ .585 fut’ st at r c ’t e~~i , I hi’ d i a l  an t e ’
12 15.610 t he,’ I we (‘Xi i’c’me’ be’ t i e - hi ma rk a hi
1-1 15. 590

t n t  i’e ’a se ’et  ci , 235 v_ nt
’ Or  1 - 5 ’  

~\ i i  e’ u-

t hi’ se ’coutd ext ens t o r i , t ‘i i ’  ie’iig t h

was at,ou t 0. 035 cm g i-eat t ’r t h a n  p r i o r  to t he’ se’conci a t  cc’ h e - h ;  an i 1k Ft’~usi

of abeii t 0. 23% , However , fo l low iutg each subsequent e ’x t en sion , th e

l eng th  was near ly  t h e  same , r em a i n i n g  be t ween 15.57 and 15.61 cm. The ’

s t r e s s - r e l axa t ion  da ta  did riot appear to  depend on the  p a r t i c u l a r

spec linen tested or on the number of t i m e s t h a t  a specimen had been

stretched .

S
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Pr ior to making  a test , a spare specimen was mounted in the apparatus

and stretched to approximately the extension at which relaxation data

were des ired . Gas pressure was admitted to the specimen and the position

of the sens ing probe , used to cont rol the pressure , was adjus ted until

the outside diameter of the specimen was 1,596 inches. Although the

diame ter was carefully determined w i th prec ision calipers, the measure-

men t was accu ra te only to about 0.01 inch , or possibly slightly more .

Greater accuracy was not possible because the specimen deformed some-

wha t when contacted with the calipers. In carrying out many of the

tests , the outside diameter was inadvertently set at about 1.54 inches.

• Because the stress-relaxation data , espec ially at relatively small

extensions, are quite sensitive to the precise diameter of the specimen

during a test , data from tests made at a diameter of 1.54 inches were

corrected to a diameter  of about 1.60 inches. The method for  making

t h i s  correct ion is discussed in Section II -D.

Af ter the sensing probe had been positioned , the spare spec imen

was removed from the app aratus. Next , a te st specime n was mounted and

clamped on the lower end piece and allowed to attain thermal equilibrium

in the temperature-controlled cabinet (containing a multi-pane window )

on the Ins tron tester. After the positions of the seven fiducial marks

were read w it h  a cathe t omet er , the upper end of the spec imen was clamped

and the m at ron crosshead was lowered at 20 inches per minute (the

max imum possible rate) until the desired extension ratio (A1) was

reached . During this extension , nitrogen gas was admi tted into the

specimen ; the rate was cont rolled by the sensing probe so that a f ixed
outside diameter was maintained . While the specimen was maintained at

a fixed elongat ion and diameter , the ax ial load and the gas pressure

were recorded during a period of two to three hours . In addition , the
positions of the fiducial marks on the stretched specimen were read ;

these readings along with the initial values were used to derive A 1.

The method for deriv ing A 1 from the cathe tometer readings of the

f iducial lines on the stretched and unstretched specimen is possibly

novel and thus will be described in some detail. Suppose we designate9
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t h e  reading  fo r  each f i d u c i a l  mark  on the  s t re tched  spec imen by ( R )
1

and Ott the  u n str e t c h e d  specimen by ( H ) 1, where i = 1, 2 , 3 . . 7 (we

are here cons ide r ing  sc’ven f i d u c i a l  marks) . To i l l u s t r a te  the  method ,

suppose we have two other readings , (R) arid (R), whe re for  t he

moment these may be considered to be readings for another mark on the

spec ine rt . We can now w r i t e :

(R). - (R )

( H )
1 

- ( H ) 0 
= ( 1 2 )

This e q uat i o n , w h i c h  i s  v a l i d  for any value  of i , can  be rewritten to

give :

(R ) ,  = A 1 ( R  ) + (R ) - A 1 ( R  ) (l3a)
S i  u i  SO U O

= X 1 (R). + K (l3b)

where K is a constant which equals (R)0 
- X 1 ( R ) 0. Equation (13) shows

tha t a plot of ( H )
1 

vs ( R ) ~ w i ll yield a straight line whose slope is

X~~, provided the extension ratio is the same at all points on the gage

section between the first and the seventh fiducial marks . Equation (13)

also indicates that (R) and (R) need not be known; in fact , t hese

quantiti es were introduced only to show c l ea r ly  that the slope of a plot

of (H). vs (R)
1 
equals A 1

The above method was used to obtain highly accurate values of X 1

in general , the accuracy appeared to be within 0,5%, and commonly

better. Table II provides illustrative data. Both sets of data are

represented qu ite precisely by the equations beneath the table. (In the

table , the subscr ipt i has been omit ted from the symbols R and H .)

Data in the table show that the differences between the observed values

of R and those computed from the equation are quite small , espec ial ly

in the case of A 1 = 1 . 4 7 .  For A 1 = 2 . 26 , the differences are somewhat

greater and the tabulated values show that the experimental values of

• R5 lie along a shallow curve , instead of a straight line , Although this

10
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C0M1’~ ht I “ON Oh” CA flIETO METER REAh ) 1 NGS WiTh VALUES
CA1k’U1~\’1’Eh) FROM A LiNEAR EQUATION

• 1 17 A 1 2. 213

l-’ i e ttic t .u l
II (‘in ) R (c-un)

Mum -k 5 5 
___________K (cm) H (c ’uu i)

(‘,tlc ’ 
a 

1)u ft . Obs . Ca lc , 1)i fIT -

• 1 Sa . o~ei 77. 600 ~ .~~7 0,03 82. 120 62. 32~i 61, $6 —0,365

2 S i  63a 81.380 81 . 37 -0 . 01 85. 165 68.175 68. 07 -0. 105

3 90, 2 11) 8u . 17u $u . 16  —0 .015 87. 7 1(1 73 , 1)5(1 73.69 — 0 . 213

¶12 iSa 88.985 8 8. 9 5  — 1) . LI5 li e ) , 35a 76 , 7131) 79 .80 0 . 04

a • 275 ¶ 1 2 ,  e~u5 ¶ 12 . 6 1  0 . 0- ta 92. ¶Jaa 85. 7- tO 85 .68 — 0 .06

- ~ ;o 96 . 16a 96 . 13  0 , (t ~ia O~~ 13130 1)2, 105 91 .79 —0 .315

7 100.-l00 100.1 35 10(1 . 1 - I (1 . 005 98 . 270 97.830 97,69 —0 . 1-1

- . Cc ’ittp u I e ’ei t rcim I t i c ’ e - q u t  a t  t c l i i  : R I - -1 7t) ~ ~~ 
.17 - a 1

b - Cenu iput e’d I’ rein I he’ c ci i i  -t t i on :  R 2 . 260(1 H — I 2-I - - I t t .

bc - t i . e v  I n c  sugge’st a th at t lie ’ e ’xt  r i t a  i eta i s  sI u ght I u i c l l iUf l  m t’O flii along the

gagi ’  arc I tou t , I lie’ V a i t  a i i  clii I a i ittte ’c’d (ju i t  e ’ ant _ c l ! -

‘I ’tt 1 a ne ’W mc’ t heel it I ci t -I e’ run I i i i  t ig t lie’ e ’ x l  c ’ttS i oui i-at i C 1  ltppe ’ a i s  1 o lac~ c’

lie’ t ciii OW t u g  udu- ant agt’a ny c ’  i- t ht.c I pi’e ’v i cnis I v  ii se ’cI :~ (1) mionu n i form

at ra in along I lie’ gage - se-ct ion c-a l t  be’ react t 1 y ete’t c-c t c’d ; and (2’) t he’

I i , t t i c  m a  I n u t  rk.-~ ite ’e’d nell I)i~ e ’v t ’ut Iv  apac e’cl — a nt’ce-ssa i’y v-end i t  ton for

app 1 m e-u t ion o 1’ 1 he p i’t~v Ott a me’  t hod - i t  i a p1 aniie’d t e l  app] v I he’ new

pi’ x’e’etu cc’ te l eibt c l i i  •\ I m’einn ptto I ~ u- a phs math’ c ’ 1 he’ I’i Clue’ i a 1 ma i-ks

clii i i  ri g teat s mit C Out at  au  t c’ XI c’i i  a t  clii r e t  c ’s

-‘ t t c’i’ I hut’ Ii rat cc) axic t t e n t  I e ’a I Ii.iel hc ’e’fl pc’ rfo nuied and a vii h ut ’ of

~ had be’e’ui e b t  a I ned • i t it  e I fee t i ic’ gage’ lengt ~~ 1’e ’ ~~~
‘ u’osshc’ad t ravel),

(\  — 1) wit s v-a Ic -t i l at  i’d . 1’Ite’ui c I ~as peas t bit’ to cit Icu l  ate ’ t he’ c’ cuss—

hie’ctd t cave ’ 1 reqeii re - cl It ’ g t i e ’ app r ox  iiii .i t c’ly t he’ e’Xt c’ut s ion rat to dc’si red

i n subse’quvutt I e ’st a - h lc ’e ’ .u i s , ’ it spec imen  was i’emetunt ccl on the end piece’s

ii.
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before  each t e s t , t he’ actual va lue  of L var ied  s l i g h t l y among t e s t s,

HoWever , f e c  eac h tc ’s t t lie ’ spet’ m cii was mounted and clamped in as nearl y

identical a fashion as poss i bl e, and the variation in  L among tests was

acv-om’d ingly snun ,tll . Esseuttiallv all values obtained fom’ L lu~- between

6.-b and 6.80 inches; the average of numerous determinations was about

6.65 inches. For the v’arlie’r tests4 made at constant extension rates ,

cm’ e) sshemt d d i sp lacement  was converted i n t o  X 1 -1 by us ing  an effective

gage’ l eng th  of 6 .40  inches.  (This value is the  average of those obta ined

by photo gm ’ap hi in g f i d u c i a l  marks  d u r i n g  each t e s t . )  Since t hit ’ specimens

lot’ t h ~ sc’ t e s t s  may have ben t mounted s l i gh t l y differently than for the

r e l a x a t i o n  t e s t s , thc ’  agreeincut t bt’twc’v’rt the L values t’rom the  two

method s is  q u i t e ’  good . I I  is  concluded t h a t  L = 6.40 inches was prob-

ably the best s ing le  value to use in reducing the  c o n s t a n t  ex t e n s i o n

ra t e  dat .t

B i a x i a l  m’ c l a x a t  ion t e s t s  we re made at six ext emision rat ios b etween

about 1.25 and 2.50 at each t e s t  t empera tu re  except —- b C. At  t h i s  low

t e m p e rat u r e , da ta  could utot be obta ined at A1 grea te r  t h a n  2 .0 because
c f  ~cu t  i n s t a b i l i ty  in the  cy l i n d r i c a l  specimen.  The i n s t a b i l i ty  con—

s t a t e d  of a ballooning in a gage sect ion . The reason fox ’  t h i s  i n s t a b i l i ty

is  d is cussed b r i e f l y in  Sect ion I V — A .

Each test gave the follow ing raw d a t a :  the  fom ’ce in the  ax i a l

di recti on sensed by the load cell of the Inst ron tester; the gas pressure

inside the spec imen ; and the eXte!isiofl ratio A 1 at which the relaxation

data were obtained . From these quamitittes along with the dimensions of

a spec imen at 25aC, 
~~ 

amid ~~ were computed , where 
~~ 

is the average

st ress (based on the cross-sectional area of the deformed specimen at

• the test temperature) in the ’ axial direction and 5~ is the circumferemi-

t ial stress evaluated on the outside surface of the specimen .* The

equat ions for these comput ations are included in the discussion

*
Ac tually, the circumferential stress (~~ ) based on deformed cross-
sectional area equals the engineering stress a~ since the area over
which the hoop tension acts is independent of the magnitude of A 1,,
prov ided A~ 1.0.

12
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previously given .4 In making  the ca lcula t ions, it was assumed that at

25° C the inside d i a m e t e r  of each spec imen is 1.50 inches and that the

wall  t h i ckness  is 0.048 inch;  the change in these dimensions with tem-

pera ture was accounted f or by using the coeff ic ient of thermal expans ion

fo r  SBR-IV.

As discussed in Ref . 4, &~ varies  s l igh t ly  across the wail of the

specimen.  However , ~~ on the outside surface d i f f e r s  from the average

value  by 1 to 3%, depending on A 1 and the proper t ies  of the mater ia l .

• Calculations were also made of the values of a1 and a2 which

develop during the extension of a specimen to the particular value of A 1

at which relaxation measurements were made. For these calculations , A 1

as a function of time was derived from crosshead travel and the effective

• gage length was derived , as mentioned above, f rom cat hetome ter readings
on the f i d u c i a l  marks on the specimen.

The exper imental  aspects of the tests  at a series of constant

extension rates have already been described.4 The data  were reduced in

a manner similar to that for reducing the stress-relaxation data, except

that for each test A 1 was obta ined f rom crosshead displacement using an

L of 6.40 inches . The major diffe rence in the calculat ion is that
C

values of a1 and a2 were f i r s t  obtained at a large numbe r of values of

A 1 and then by interpolation at a series of fixed values of A 1. Thus,

plot s could be made of log 
~~ 

vs log t and log a2 vs t , where points

along single curves correspond to a constant value of N~ and where the

t ime t equals (X1-l)/X1 ; ?~1 is the extension rate which equals the cross-

head speed divided by L .

C. Uniaxial Tensile Data

Constant extension rate tests in uniaxial tension were made on rings

cut from cylindrical specimens of SBR-IV. Tests were made at crosshead

speeds between 0.02 and 20 inches per minute at 25, 35 , 50, 70, and 90°C.

Other aspects of the test procedure have been discussed previously and

the rupture data have been presented .4

L 
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I ’ht e ’ ~l*t * ~~e’ u’ e’ e’valuti t c’d i i i  t he’ u sua l  muuaam t ez ’ 1 ~ by 11 n - st  pn ’epar tug

I he p lot a of lug ~‘ i-s log t . where ’ ‘ a 1 outg e’ ac h i i  itt ’ c orresponid s t o  a

f i xe d  c alue  of A ;  snt’hi p l o t s  gave. a St’ u ’ies ot para l it ’ l a t  r a i gh t  l imi t ’s  at

c’~~t- ti  I e’mpe rat are As showni i i i  Fable ’ Ill • t tic ’ I i lie-S I roui a 11 plot  a had

ute’g*t t ie slope ’s, hid teat m uig t hat e q u i l i b r i u m s  rc sponst -  was not  achieved

c- c e’ui a t I he highest t c’s I t enipe’ V a I n  cc’

F. it i l t’ l i i

*tON E\’-k h i ’ l l N  PARAXh}~i’ERS AM) MODULUS VALUES FH1~i1
1S(X’HRONAL DATA ON SU-R - - l \ ’  i N  U N 1 A X 1 A L .  TEI~S10N

Te’unp . (,• C) M~ 
.t) 

:‘t’, F( 1) (b )  (p~ m )

25 0 . c l i S  3.1. -b 130.1 257

35 (1. 0 12 313.5 59 ,2  2130

:10 c),O1$ 38.5 57 ,0 258

7e l (1.&1113 38 . 7  5 7. 8  2132

‘iii el .011 36. c i i , • ,‘) ,.~ ) 
~0 267

( a t  M — (ci log ‘~ ci leg I ) 
• t lie’ a lope c i t  p l o t  a t i C log

vs log i -

( t i) F( I )  e ’tie• —~~ m u t t  I c nuo etu 1 us C u-nit  ph c i t  c i t  \c’ vs (\ — I)

One’— n tmnut e ’ I ss ’ch t  u’~iit.t 1 at  r e aa  - a t  r.c i ut dat a we’ Vt’ cibt a iuied 1 ruin t he

plot a c i t  log • ‘ v s  1 c’g t - . iu icl  I hie ’se we’ i.e usc’ct t e l  etc m’ l it ’ t he  t e’mperat U cc—

• dependent M~ cc utc ’i — H m v i i  ii picramet e’ m’ s C1 and C~ . \‘,c t u e’s e l f  2C 1 auict 2t.’-~ at

eac h I t’mpe’ ra t a n  i re’ c b t  t i i  iit’d I u’ttunu I tie’ i i t t  e’ cc. ept cu te1 slope’ , c’e’spc’~’ t t ye lv

of p l o t s c i t  ‘(1) (\—k ~~ 
) va l’\,, where ’ ‘(1) I s  t h e ’ 1 — m i n u t e ’  st i ’ c’ss value’.

BuI l t  2t’, and 2t ’~ are’ s l i g h t  1 t e’n tp t ’ra I  tm t’c’ — clc ’pc ’ntci c ’ m i t  • as shown m u  Table ’

Ill ; 2t’~ i tit ’ rt’eIse’s W i t  hi t c’ncLi c’ rut eirc’ whit’ rt’~t s  2C.~ clc’c re’iisc’s . The dat a

bc’c’eme’ inc reas ing ly le’ss ae ciuccu te ’ i ts  thi ’  t empe’m ’atur t ’  i s  t n e ’m’ e’ased

because spe’e- tune’uts rup tu red  at progress i v e ’ly  lower c’longat to u t s  and thus

oui L~- 1 tinttt’el data we’re’ ~ vii t l itbit’ cut e ’lc-yti te ’cl t e’uuipe m’aturt’s for ttte

Metoney-Rivltut plot s.
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One- — ni m l i t i  te ’ acie i iVOml ~ 1 i a  lue ’s of the  at rc’ss we’ cc’ also Usc’d t o  de t t ’ r —

in ilie’ t he oute’ —in i mm t c’ modulus 1’( 1) t rum I he sl opt’ s of p l o t s  ol’ A~ (1) V 5

— I - These’ plots we- re I i  n t - a u ’  at  ext ens t onus be’l Ow about 30% ; above 30%,

• I he’ P lot  S c ’ em cv c.d dow miwa u-ti sl i gh t l v  . As shown in  ‘rub 1 e I l l  , F ( 1) t emids

I c i  1 ntc rc’.tse somewhat w t t hi t e.’n ipt ’rut U cc’ .

D. B i a x t . t l  ‘F t - mis t  I t-  D a t a

1 - Time Dt ’p e -n i t i c ’n i c v  of D a t a

As .t 1 r ead mc.’nt t i o in e ’d  • t i - a t  5 we m ’ e.’ nadt~ a t  25 , 35 , 50 , 70 , and 900 C

.ct a (0  8 c ro sshe- ,ud a p e -c - it s  be t we’en 0.02 amid 20 t n t c ’h c’s per n i n u t  e - Data

at  35 C arc’ sIte)it ul iii F i g .  2 by p lot s ut log 
~~ 

vs log t amid log ~~ i s

log I .u t  v a l u e ’s of \ ,  bc’ t iv ’t ’it 1 . 1 and 2.-I . Results i tt  ot h~-r  temperatures

we i’t’ a i :iil a u ’ - St m’ e’s a — rd uxa t i Out t eat a we u’ e made’ a t  20 , — 20 , —30 , and

• • —- 10 ’ C a t ex t e u i s i o i t  m’ . c t i O s  of about 1.25 , 1.50, 1.75 , 2.00, 2. 25 , amid

2.50 . (At — - h c ~
’ C , da t a  could n iot  be o b t a i n e d  at A 1 value-s of 2 . 25 anid

2.50 because’ t he’ spec ime’mi b:ul loout ed i i i  t he’ gage sect i oui . ) For i l l u s t  i’a—

t t c-c pu ~~~~~~ , ii a t  a a I — 3 0 ’ C a re’ showni in  F i g .  3.

I n  iii I i l ls  I aut’ t’s, dat a Ii  he ’ those in  l”i gs - 2 and 3 coul d be re ’pre—

sented b~- pa ra l l e l  curves; d a t a  f rom the  const  amit ex t  el ision rate t e a t s

could be represemi ted by at  ra i gh t 1 inca whi e ’  i’eas ecu i’ve’S we’ i-c required to

f i t  the r e l a x a t i o n  d a t a .  W i t h i n  the  e x p e r i m e n t a l  cm n c e t ’ ta i n t y ,

d log 
~~ 

d log t — M1 was  found to equal d log ~~~~~, d log t —N 2 , as

shown by t h e  resul t  a i n  Table IV .  (From t h e ’  rt ’l axa  t ion dat  a , M1 and M~
were eva l u a t e d  at a t i m e  of 10 minutes.) A g a i n  w i t h i n  the  cxp e ’m ’ l mt ’ntt al

u n c e r t a i n t y ,  M1 f rom u n i ax i a l  t e s t s  at cons tan t  ra tes  of ext em is ton we re

found (Table IV) to equal those from the  b i ax i a l  t c st s . However , the

re l axa t ion  i -a te  was q u i t e  small  (2  t o  4% per decade of ti me) and thu s no

f i r m  conclusion can tic drawn from t h i s  obsez’vat Ion .  Event a t  low temper—

attires , at  which unlaxial t e s t s  were not made , the relaxation rate was

relatively small , being about 9 and 12% per decade of t i m e ’ cut -30 and

-40°C, respectively.

15



pr ~~~~~~~~~~~~~ 
‘
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~

—

~~

---

~
-- --

2 6 — -
. i

S U R  lv ~~~~~~~~~~~~~~~~~~~~~~ c?~~ 2
~ . —-~)----O--” ~—_,,

22 ‘

—o—-—-’ c—, — ___________ —

$‘ [8 —, $

4 -  I 1

20 L_
~I~~—~~~~~.~

: i ’ 2
-

~
c ‘ . ‘ I

—n—-—-’ —‘ ‘— ~—,-—— -—__~_,
6

I 2 
0 0  0 2 0

log I n  mm

FIG. 2 PLOTS OF LOG AND LOG 
~ 2 vs LOG t .

Data from biaxial tests at constant extension rates
at 35°C on SBR— IV.

28
SHR - IV

H i t  A X A I I O N  OA I A  AT ~~~~

IN HIAX IAI TCNSION. I ~ 10
26 ~~~~

2 2  

‘2 0~

e 1 • I49 -

I 8 ~~~O-~-t ~—_ .

~~~~~~~~~~~~~~~~~~~~~~~~~~ • •i -

2 2  i1~~ 2 4 9

log I in mm
ID S ;’4

FIG. 3 PLOTS OF LOG ~ AND LOG 
~ 2 ~~ LOG t.

Data from biaxial stress —relaxation tests
a t — .~u i_ o n  — .
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Tub li’ IV

RElAXATiON RATE OF SBR -I V  iN  B I A X I A L  AND

UN IAXIAL T~~4 SI ON AT Dl F’F’EItENT TEMPERATURES

B i a x i a l  Tes t s  U n i a x t a l  Tes ts  at
Const ant A ,

Temp. (,oust ant A & o t is  (ant A

~~~~u )  ~~ b) M1 ~~ M1

— 1 0  0 .1 )5 0. 030

—30 0 . 04() 0 . 041)

—20 0. 025 0 . 1)2 5

20 0 .015 0 . 015

25 0.010 0.0 15 0.015
• 35 0 , 0 1 5  0.0 1 5  0 . 012

50 0 .0 1 0  0 .0 1 (1 (1 .018

7(1 0.010 0. 015 0. 016

91) 0. 010 0. 0l() 0.011

• 

( - )  NI d l e)g cT~
~~ 

— 
ci log t

(b )  ~~ - 
d log ~~~ .

d log I

2. Isoc hironal Da t a

One—mi mtut  c i soe’hii’omtmul dat a were i’ead f coin the  plot a c f  I n1: ~~ 
and

• log ~~ .. vs log I , i l u  r a t ed  by Fi g. 2, and used I ci pm’cpa cc’ a plot of

/ ~~ vs A 1 — i  ( not shtown i) . S i m i l ar l y , lO— nt inu t t ’  m sochi’onul d a t a  we re

reach V m-om the plot s i ’epreaemi t lug t h e  at  r ess— u ’clux~c t i  on dat  a .  Wh iem i t hte ’ae ’

we Vt’ m mc ltude ’d on t hit ’ plot of 
~~ 

vs A 1 —1 , It  was f ocund t hat dci t a f rom

t ht ’ rd axu  I t out t c’s t s lay somewha t above those  V roumi I he c o n s t a n t  extents  ion

r at e  t e s t s . A l sc i , at  small ex t en t s iout s , ~~ ~~ f rom the re laxa ti on t e s t  a

i ut - reused with decreasing A 1 —l ins tead  of cout I i  ntu I ng t o eit~c l’euse’ tow a rd

a value  of 2 ,0 at A 1 — 1 , as predic ted  by Eq. ( 9 ) .  The lack of agreeme nit

between 
~~ ~~ f rom i’e ’lmixu t  Ion and coltst ant rate test a wa s a t t r ibu ted  to

t he  f a - t  t h a t  A~~ was s l i g h t l y  le’ss t han  u n i t y  d u r i n g  t h e  r e l a x a t i o n  t e st s ,

17
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as meui t totted in Sect b i t  l i — B .  lit t ac t , spec ia l  t e s t s  v e r i f i e d  t h a t

‘
~~~ 

/ ~~ is ve ’n ’y st ’its i t  lye’  t o  t he pre’c 1st’ va lue  of  A~ , c’s pe’c I a l l  
~

- at smtul 1

e’ x t  t ’us Lotu s .

The se’ns i t  l v  i t  y ol’ ~~~ mind i~~~ t o  tht’ pre’c’ ise va lue  of A~ at which  a

I c’s t is made can be seen by empi’ v I zig Eqs. (1) and (2 )  t o  obt t im i’d a —

t m tins between (~~ )  and (ä ~ )~ t umi d Lx’t we’emi ~~~ c and (~~ )~ , who cc’ (~~ )~
and (~~ )~ are vat tic’s at a A~ dl I V c’ yen t V reiun unit y autd (a1 ) and ~~~ c
a cc’ vu lue’s a t  A~ 1 . The’ ce’su l i i  utg e ’qutut I tints (obt cii mied by t’eca 11 iitg

t h a t  ~~ 0 and A a = A~~ oii I he out si  itt ’ ui  the specimen) mir e :

- 
(A~ — A

”
~~) ( l  + ~ )

— 

C 

= ______— ( 14)(c~ )
~ (A~ — AT~~ A j~ ) (1 +

(~ t~~ ) 1 —
C 

= (15)(~~~) o ()~ - 
~~~~~ A~~)

whe re’ ~ W~ . W 1

Al t hought Eqs . (1- I )  ante !  (15) can I~e’ t’ ettci i lv  solves! , provided a is

known , we sttall now e’t iiis idei ’ t bit t A~ is rt’lat ive’lv clost ’ to  eu u i i t ~’ aut el

• o n ly  examine two l i m i t  lug cases .

Case 1: A 1 ~~~~‘ 1. lit th u  I s I n s t  dun ce ’ , Eqs. (14) mind ( 15) i’c’dc mc v t o :

- 

c’ ( l + o) 
(16)

(1 + Aba )

(&i )
= (17)‘ -a ‘a

i f  A~ = 0.97  and ~t = 0.3 , then we f i n d  that (&~ ) (&t ) ~ = 1,0 1  and

~~~ ~~~~~~ 
)
~ = 1.06 ; t h i s  i l l u s t r a t e s  t i t at  at hi gh extens ions &~ is rela-

t i v e ly i n s e nsi t i v e  t o  X a whereas ~~ is s t i l l  q u it e  dependent on

18
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Ca se ’ 2: ~: - - • - , ,  (1 ,2 , wlu’ i ’i ’ ~~ = — 1  ~tnd e~ A 1 — 1 .  Under

I hi&’~ t’ c’oudit ions , Eqs. (1-1) and (15) g il - c’:

• 

-
~~~~~~ •~~ • -_____

• 
‘ 

(1 ~
- 

~~~~- — 
~~2

) ( ’  + ~~~ (18)
1 +& 

( 19)

A g.i n u t  let  us au~~, ’~ —~~ I h a t  t~~ — 0 .03 (A ~ = 0.97) a u t O  ‘i 0 .3 a nti t hwn i

t’outsidt’t’ the a i t  u t  i t n i  tvl t c ’it 
~~ 

- -  
t) . 10 (

~~ i = 1 - 10) - Uitth’c t li(’S(’ coi)d i —

Ii ona ( 
~ 

( 
~ 

‘I I . 15 autO ( ) ~~~ 
) 2.5 , Tb is cxamplt’ i ilus—

I ’ l l  es t h a t  , a t  ama 11 t,u l Inca ut A 1 , .. i a at m’onigl y t ic ’p e ’m ident omi A 2 but

t lta t i 5 Ott i~ nntodt’ m’a t t’ Iv (i c ’pc ’flde ’i i I t int A

In e-a r i ’v tu ig  cnm l c - x I i c ’ r i nne ’ i i t  S Oi l  I itt’ cvi i iteirical spe’cintc!is , i t  is

q cu i t t ’  i i  he lv  , c’ve’it whte’n ext rent’ p i’et’ nut t c i i i  ~~~.t i ’  t’ I a ken t , flint A .. will l ie ’

5(lfl tc ’WhiC re be’ I Wci ’it 0 . ¶195 and I . 005 i t i s not cu i i l  ike  is’ in  cei’t a i n

i n n s  t an ic i ’s  I hat ( it t ’ unce’ i’t a m i t  y i i i  A 2 IV!  11 be ’ sonnw ’wi ta I i t i  m-ger , C - g

-
~ l’, c - i(owt-t - i ’r , i r A .  = &) . 995 ~~~~~ — 0. 005) , I he n ( ) .  (à,_ ~ = I .  11

at A 1 = 1.10. T h i s  result iliu st ~~~~~ (lw g re at  d i f f i c u l t y  in o b t a i n i n g

h igh ly ttce’ura Ic  va Itu’s of a t  anti  II  i a  inc’s of A

• In comt du et  I ug ( lit’ i ’claxat iom i t i’s) s , t h e  out s ide  dta me ’t e ’ i’ 01 t lit’

cy l iu i d r i c a l  spec Imeuts IVIIS i t t i u d v e r t  e ’ni t l y r eg u l a t e d  a t  va lue ’s  close I n

I .5-I imtches  iiist cad ni  a t  t he  (It’s i n’cd t a  lime’ 1 , 596 1 uiehes . Du ct  h g  aniy

Si mtg lc t ca t  , however , t he’ d i a m e t e r  unetoubt  cci l y v t i  u - i ed by it’s s I hu m t 0. 01

i mcli - Thus Eqs. (14) and ( 1 5 )  we cc employed I c) cot-ret ’ t t lit’ obse’ i’ved

• values of &,~ tine! r~~ t o  t host’ t ha t  co r rcspc) i td  t e l  A2 1 . 0.

To make t he’ correc t m u , values of W1 and W2 ,  and t h u s  of ~~~, were

e ic ’t ’ i vod  f rom the  c o n s t a n t  ex tens ion  r a t e  d a t a . (It is believed that A 3

• r emained qu I t e close I o u n i t  s- d cmr l  uig I tte ’se ’ t e s t s . ) The values of ~~~,

which  depend omi A 1 bu t wh ich need uto t  be uc ccmi ’ tctt ’ly known , were used to
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correct the observed 10—mi uttm t e’ 1 sochr ontal va lues  of a1 autO a~ , accord i ng

t o  Kqs . (i-I) and (15); the c a l c ula t  ton was made’ for  several values  of

Theut , t he  rat  to - , f r o m  c’ou’m ’c’cted data , was c ompared with data from

the  cons tant  e x t e n s i on  ra te  t e s t s .  Th i s  comparison showed t h a t  t h e  best

valut’ to assume fo r  X , was 0 .975 ; t h I s  value was used m t  co r r ec t in t g  the

d a ta .

3. Detvriniinattomi of Stralni Func t ions

Ten-minute  isochronal d a ta , corrected t o  A2 = 1. 0 , we re ’ used along

w i t h  I — m i n e I soch t’onal dat  a f  i’om t h e ’  coht st  u ni t ex t  cui s i on ra t e’ I e at  s to

prepare plot s of log a1 antd log ~~ vs log (A 1 - 1 ) .  Plot s repi’eseht t im i g

the re laxa t ion  da t a  are shown in  F ig .  4 ,

1 1
• I St iR - tV

hO- MINUTE DATA F ROM RELAXATION TESTS
35 IN RIAXIAL  TENSR1N . too )

3 0  ~ o } .bo u ~~

• 

~~~ (IC)

2 0

5 — -20 C l  05

~o 02 ac~—~~O 0 3  0 7

• - t O  -05 0 05 0
log ~ e 1 —

FIG. 4 TEN—MiNUTE ISOCH RON AL STRESS—STRAIN DATA
FROM BIAXIAL STRESS—RE LAXATION TESTS
AT TEMPERATURES BETWEEN 20 AND -4O e C

• 20
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:\~ -‘ t l i  scu sse’t l  i n  Sec I I  on 11 —hi un t O m 11 us 1 m’a t c’d in  Fig. 1 , an miecurat e

v a I tie’ n t  t he smuu l I tie’ 1 ornut Ii out alien r uiueslu Ins caititot be’ obt at ned from

c u r v e s  1 m itt’ ( Inci se a itown i in  h - i  g . -I . Thus , v t i  I inc ’s of F( 1) 3, w it  m e ’h equa ls

(Itt’ alie n m’ utu xluliu’; , I corn ( lit ’ un i  ax m , m l  I c ’i m s lI t ’  Out  a (Table’ III ) we t..’ used

in  re’duc t og ( lit ’ b a xiii J tIn I .n from I he’ c oins (tim ! t’ \ I c - n a n  ott cii t i ~ I c’s I a

‘Fite ’ cia  I -I a i’c’ sltei wii t i n  F u g 5 h~ p lo t a ci i  tu g  ~~ ( 1)/  F( 1) t t i td

log 3i~ ( 1 ) ,  F( 1) vs log (A 1 — 1 )  . The’ dot ted 1 inc ’s  , w h i c h  me rge ’ wi  t i n  the

sul tel cdi t I e ’ s  a I sn ina  I I  ext c u t s  I t in t s , u . n  t-~ 
- a tint  i t  si opt’, ai’~’ sepmu rated by

• 0 , :io lc’ga n - i t  hun t e’ nit m l  (a tac t or of Iwo) , ten d cu t I e ig  (A 1 — I )  = 0 I ite’y g i v e ’

~~~~ 
( 1) h”( 1) 1.0 , e mui 3~~ ( 1) F( 1) 2 .  0. It t  01 he - u’  words , I hit’) represe nt

• I 0 -—-—
~~~~~~~~

S O R— l y

I MINUTE DATA FROM TESTS AT
CONSTANT EXTENSION RATES IN
BIAXIAL TENS ION (X~~.I o)

05
M1\ 3~ ’ ( I )

1(11
• # 3t~’, ( I )
• ~~‘

~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

UNIT ~ 0 90 890 6 2 6
S L O PE  I I

- ~ 
__ i_ _ _ _ L ~~~ i t

- i s  - t o  -o. s 0 05

log (
~‘ 

- i )

FIG. 5 PLOTS OF LOG 3i7
~

(1) F(i) AND LOG 3 ’  ~1) F(i) v s LOG 
~-‘~ 

-1)
PROVIDE D BY 1— MINUTE ISOCH RONAL DATA F ROM BIAXIAL TESTS
AT CONSTANT EXTENSION RATES AT TEMPERATURES BETWEEN
25 AND 900C. Th. quantity F(1) i s  th. i— minute constant extens ion rate
modulus horn uniax iol tonsil. test i .
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t ile’ equ al id)his a1 = - 1C ( X 1 — 1 )  and ~ ., = 2 G(X 1 — I)  . Because I heat ’ equal  Ion s

provided by c l a s s i c a l  d us t  i c i l y  must  h old in  t htt ’ 1 u n I t  of /c ’m ’O St r u i n ,

the  solid curves ( cepi’esenit ing  e x per i m e n t a l  dat a )  must  approach t he’

do t t ed  1 iuies at small  St rat  mi s.  Ft gure 5 shows I hat the e’xpe ’ i ’m nnn c ’n t  al

dat  ci confo cnn to  t h i s  e’xpec t at  ion . In add i t  ioit , t h e ’  f t  gur . shteiws t h a t

da ta  at t h e  f i v e  te m pera tures  between 25 and 90’ C superpose’ t o  d e f i n e

q u i t e  precisely  the  i n d i v i d u a l  cu n ’ v d ’a .  I t  perhaps should be e x p l i c i t ly

pot n ted out t It a t  dat  a at  t imes othe r t hunt  1 ni l nu t e  would yield curves

i d e n t i ca l  to  th o s e  m i  F i g .  5 ;  this follows because the relaxat ion rate ,

• as giveu i by d log a 0 log I , i i i  umtiax ictl tensiomi i S  t ile  S ante us f o r  t h e

anid a data f rom t he b i a x i a l  t e s t  a intel bec tin at’ t lie re in  xci I t on i  i’cut c in

each i nat  aiice is independent of t h e  mui g ht  i tude of A 1

To reduce the s t r e s s— c e l a x a t i o n t  data , the p l o t s  (Fi g.  4) of

log 
~~ 

(10) vs log (A 1 — 1. ) we t-c sli t f ted cm long t h e  o z’d i flute I c i t’ I let ’ t super—

posit ion ; simi  in  ci y , t he’ log ~~~, (10) vs log (A 1 —1 )  cu i’Ve’s WI’ l’t’ sUpe cpt iscd

• The’ sh ift distances give relative’ value’s of t h e ’  l0— n ni nut  e’ shear  nn o dulus

he’ relative’ values f coin supe rpos i mtg (lie 
~~ 

( 10) dat  a We’ cc ’ semis i bl

i dent t i c  ~il w i t  in those f ront supe’ cpus i utg ( lit’ ~~ (10) dat a . To ob tct I it t ht’

shear  modem lu s at 20°C , t lie en m’vc a represent i ng is  oc It coon 1 d te l  a a t  2tY C

were shi f ted yen icni l v  I t )  superpose w i t  Ii t hose In Fig. 5 .  (i~gu I  Ii , I lie

supe rpos i t  ion c i t  I. lie c~ timid ã~ On t a gil ye t tie same’ alt if  t ( l i s t  ante t’s . ) From

the modulus a t  25°C [specifie~ullv, t’conn F ( l )  3~ and the shift elistane’c,

the 10—minute relaxation shear modu lu s, 0(10) , was obl te l  mie ’d at 20” C;

values of G( 1O) at lower ternpercutui-t’a weu ’c’ I lien d e r iv ed  f m ~c imnn I he z ’cla—

tive values of 0(10).

Because F( i)/3 is the shear modulus f rom constan t exten sion r a t e  t e s t s ,
it should have been coniverted , s t r ic t ly  speak ing , into 0(1), the 1-
m i n u t e  s t ress-relaxat ion modulus , before d e r i v i n g  0(10) at 20°C . The
conversion equation14 is 0(1) = E F ( l ) / 3] [l  + d log F(l).d log t);
sluice d log F(l)/d log t is about -0.015, 0( 1) and F( l )  3 d i f f e r  by
only 1.5%, a small d ifference which can be neglected ,

22
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Plots we’re n ex t pm - epa r i-el ci t log 
~~~ 

( i t ) )  • G( i t ) )  and log •~~ . ( i t) )  • • • G( 10)

vs  l c g  (A 1 — 1) and I ht ’se ’ a u’ e ’ shown in  F i g .  6. The’ aol  t d cu rves , w h i c h

lt .i~- c’ been 0 u-awn t o  be’ i d e -m i t i c i !  w i t  it ( I n c i s e ’  n i t  Fig. 5, represent the

at m’c’ss—r t .ltcx ,it mo o d i i  a h i - !  co- ,- in 2l) .cntd — - I (~ C qun i t ’  pn’e’c-i seiv . The l a b u —

Let 1 clii a ci I nnnei d u in s  I .e I ties t i n  F t  g - 5 a m id 6 a Itc w I Ita t 0 ( i t ) )  tnt 20 • C i a

7 I .6 psi  ant i  t hut F( h ) , 3 .11 2:i is 5,i .~~~ pal - ‘l’hi i s  d i  t t’e’t’e’nce uu id oubt cdl v

,i r t a t ’S  bet’ ~tUsc I lie spec  h i l t , -  is I c i i ’  I he ’ r e l a xat  t oni t c’s I a we cc’ prepared at

a ltt t c’r dali’ I h.m ii t li c- , e -  I runt I lie ’ c - ernst alit e’Xte’mts ion m~ttt e’ (c-st s tumid pi ’o—

bab 1~ lIe ’ m ’ e’ miot e t h  i’ ect l e e  ( ( it’ s , u I m ’  e x t  ( ‘ i t t

I ‘— - ---
~
—— —i——-—- - __________

S BR —

10-MINUTE DATA FROM RELAXATION
TESTS IN BIAXIAL T ENSION (A :’ I o)

05 
~~(lO)

I;

,,~It ~~ t~~~ /
/

-05 
TEMP ,

-‘~ -30 8 19  576
a -40 95. 1 669

- 10  I ~~~~~~~ I £ —

-1 .0 -05 0 05
log (X 1 — I )

• FIG. 6 PLOTS OF LOG ~T1(i0) G(1O) AND LOG ~~ 10) G(iO) vs LOG (,\~— I )
PROVID ED BY 10—MINUTE ISOCHRONAL DATA FROM BIAXIAL
ST RESS—RELAXATION TESTS AT TEMPE RATURES BETWEEN
20 AND —40 °C. The quantity G( iO) is the 10—m inute st ress—relaxat ion
modulus in shear. The curves are identica l to those in Fig. 5.
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lk’e’atmst’ till hi m a  x m l  Out  a bt ’t wt’en — -10 and iii) C ( ‘c d l i  be’ l’epu ’e’Sc ’lt i t’d by

tWO t’U u’ves (those’ In Fig. 5 tu m’e ideu t t  t e a l  w i t  hi those’  In  Fig. 6 ) ,  i t

fei l low s t h a t  t he’ clii t tu  a cc ’ g I ve’ht by:

~~~~ 
(\ ~~ , t , T) 4~~( t  , T)I ’1 (A 1 ) ( 20)

~~ (A 1, t , T) • 2G(t , T)L,~(A 1 ) (2 1)

where ’  G( t , 1’) i a l iii’ a I t t -an ’  mnexlu lu a at t i lilt’ t a mid I eunpe t’a lu r e  T , and

~~~ 
(\ ~ ) cuinet ~~

‘
‘ ( \ .~ ) ar c ’ d i  t’fe ’r er t t t’unct tons of \~ ; bot h of these ’  at  r a in

fu n c  t I t in t s  i’cdut’t’ t o  ( A 1 — 1 )  l i i  ( lie’ i t  i i i  t c i t  ic~ n -u at  i’u in

E . Ev~u1uat iout ci t  W 1 and W~

The qu nut t i t  tea W 1 autO W~ t’ an t be’ eva 1 t e at  ed I corn t lit’ b i a x i a 1 On t a tn t

F ig a  - ~i unt i l  ii by u s iit g  Eq s .  (3) tund (‘I), ump ciin n’e’e’all inig tlti~t ~~ 
0 ,

1 , 0 , nuiel X - ~ = A~ - As showit c u l i c i v t -  , I he’ h i t  a \ i  .11 tint a ace  u’epl’esent ed

bs- Eqs . (20) and ( 2 1) .  Upon subat lInt tnng t h~- -~ - e ’xpu’e’sa l u l l s  t e e n ’  c~1 ti mid
*

‘,,, j o t  o Eqs. (3) and (4), th~’ t’oi I ~iti n nn~ ~‘qe n.e 1 e ~i n t ~ resuu I I

2W1 (A 1 . t )  6(1 ‘l \ .  &~~ ‘I ( 2 2 )

2W: (\ 1 , t )  = 6 ( t ) \ , t \ i ( 2 3 )

as
whe re W 1 (A 1 , t ) and W~ (A 

~ , t ) a cc , In ge’uic n~a 1 - t’uun c  t i , i~~~~, of A ana l  I

A l ( 
~I ~ autd k~ (A 1 ) are di t’ fei’ent fuite’t touts c i t  . I”u’eimn t ltt ’ d l  ac ’t mas  m tIn

in Sect ion II  —A , i t  fol 1 ows t h a t  W1 and W an - c’ at  i’ .m n u n  — i ut clt ’p e’n dc ’n I at

s u f f i c i en t  ly  smiu l 1 st i’a i us and t itus 2 W 1 ( 1)  + W . ~~ 
) ] = 6( 1 ’) undc’ r such

t’out ct i t  i c i l i a . -

a
It is here assumed that t ime-tempe’ratum’c supcrposntiout i s  v a l i d  and
thus t lit Eqs. (22) timid (23) should be comisidered t o  be’ t , t1

1
, where’

a
T 

Is the t ime-temperature shift factor.

**More prec isely, W1 and W~ are functions of I~ and 1~ its well as of t ime’,
In the present case, however , I~ = I~ = A~ + A~ + 1,
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1”’ e ’ \ . d l I I . l t c ’ 2W (A 1 , t) 6 ( t )  au t h 2W (A 1,  t )~~C (t )  (tltest ’ qu tu mit it t e a

c e i t i , c  I ( lie ’ at  n’ .c un ( n i n e - I  m outs  ( 
~ 

) amid k ~ 1 re’spt’c I t v c ’ l v  ) , Eqs - (3)

ceu i cl ( 1)  c ’~u mt be’ w r i t  I c -n i  .e~ I ol low -c

/ ~~~~;, ~~ 
2W1

-
~~ 

— —— — -- — —— — — — -  — _—‘ — ( A ~ - 1) (2.!)
C, - - . (J

— -~
- I — A 1

/ 2W
— ~~~ - — ( A ~ - 1) ( 2 5 )

- \~ A~ - A?/ C

cu l t , - i t  - (t in - s innp l i t  i t  I lie ’ tlepeiicle’ne’c ’ ol I.] c m i  t , u nt i l ol W~ amid W_ oh A 1

.um i t l  t i s  it c e t  sh i e ’t t I it ’.c l l  i t mi t t  t t , i t e’d -

The ’ i - I  I s i d e  c i t  Eq , ( ‘- I ’)  antI .e iso of Eel . (2i ) was counput eel from

d.u t a re -wi I i’oiui t Itt ’ cun’vc -a in  Ft g . 6 ( ide’flt i t - t e l  t o  t ltose’ I mi Fi g. 5) amid

t t t t ’ae ’ qu am t t  i t t  c’s tire p lot I cci tiga ins I A’.~ — 1  i t t  F i g s .  7 and 8. Ft  gure 7

~ t l t t u t 2W 1 Ci 0 ,  625 tot - value’s of A 1 up to about 2.1) (1 I~ 5 .  25)

lie ’ retu t te d ’  i t  d e e ’ i.e t i  se’s somewhat  iv i t  hi t I l e ’ i’e ’t i  si  u t g  \ . Fi gu re 8 show s

t h.i t 2W: ,- Ci cI t -c ’ m - e.eae  S c oli  t u nin a l iv  w i t  hi n uie’ i’e .m a tog . The dot t ed  i i  tie

w.ms  c i ca i t mi  h t m u - i ng a aleipe of ~~~~~~~ I l i l a  s lope’ , w h i c h  e ’quals  Ihe i m l i t  t a l

i .m 1 tie c i t  2W~ / 0, was s t - I  ccl i ’d I c) s t i t  is! v t i n e ’  i’d ci t  on 2W 1 Ci ~ 2W.~ 0 = 1 ,

where’ 2W 1 0 = 0 .62 5 , as shown tn t  F’ig  - 7.

Figure ti shows 2W1 ~C , 2W :, 0 , untO W~ W 1 p l o t t e d  aga ins t  11 —3 = 1 —3 .

The vu lime’s o t’ 2W1 , Ci tuiid 2W: 0 were’ cib t ,m i mied by n- ending ord I u t i l e  ~‘t e l ues

t’ n’om t h e  CUEVe ’s  i n n  F i g s .  7 and 8 and d i v id i n g  these  by the coi’respondiuig

v te 1 ties of A ~ —1. The cc’ suIt  tog dtu t a ttl ong w i t  hi W~ W 1 a re’ t abulated in

Table V.  The elepeutdcnce of 2W2 6 on l~ —3 I~. —3 is  qual i  t a t  ive ly  s i m i l a r

t e e  the dependence of 2W2 on h —3 fountd by R iv l in  and Saunders ’~ for  a

natura l rubber vulcamiizate . (Frouni their e’xtenslvc study, they suggested

t h a t  W~, i s  a funct ion only of 1, and t h a t  W1 is a c o n s t a n t  . ) In the

present study, however , d a t a  we’re obta ined only m i  pure shean ’ f o r  which

= I~~, and thus it is not possible t o  state whethen’ 2W2 Ci is independent

of I~ and l ikew ise whe t her 2W1 C is independent e)f 1~ . The data do m elt—

c a t  e, however , that 2W1, Ci decreases t~ t values  of I~ = I~ greater than about

5,3.
25
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FIG. 9 PLOTS OF 2W 2 C, W , W 1, AND 2W 1 G vs ~ —3 - 12~” 3
(Quantit ies evaluated from curves in Figs. 7 and 8.)

I 1
S8R — ~~

o FROM SMOOT HED -

E XPER I MENTAL DATA

~ (X~ + n) (w , + *2) --

~ w 1 + A ~w 2 1~~

- -

-

i I t I
0 05 

(X 1 _ m )

FIG, 10 PLOT OF 
~ ~‘2 vs ,\~— 1. Open circles represent data from curves

in Figs. 5 and 6 and solid circ les represent those obtained by ins.rting
values of 2W 1 G and 2W 2 C in Eq. (9).
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Table V

VALUE S OF 2W1 /G, 2W2 /G , AND W3 /W 1

A 1-l l~ -3 2W1~~~~G 2W2/G W2/W1

0 0 0 . 625 0.375 0.600

0.2 0.134 0.625 0. 359 0.574

0.3 0 .28 2 0 .625 0.326 0.522

0.4 0 . 470 0 .625 0.297 0.475

0.5 0 . 694 0 . 625 0.278 0.445

0. 6 0 .951 0 .625 0.258 0.413

0.7 1. 236 0 . 625 0.240 0.384

0.8 1. 549 0 .625 0.222  0 .355

0.9 1.887 0.625 0 .207 0,331

1.0 2 .250 0.625 0.193 0.310

1.2 3.047 0.615 0. 173 0.281

L4 3.934 0 .597 0.156 0 .262

1.6 4.908 0 .578 0.142 0. 245

Data represented by t he curves in Fig .  6 were used to  ob ta in  ~ 1/&2
and selected values are shown by the open circles in Fig. 10. To check

for internal consistency,  va lues of 2W1/G and 2W2 /G f rom Fig.  9 were

used to calculate a1/a3 according to Eq. (9). The results, shown by

solid circles in Fig. 10, are in close agreement with those from the

smoothed experimental data. It is of interest that the data are repre-

sen ted b y the equat ion a1/a2 = l.l8(X1—l) + 1.74 for (X 1 -l) > 0.5.

As Gent and Thomas7 have proposed Eq. (6) to represent approximately

the stra in energy fun ction , it was of interest to determine how closely

the present data conform to this equation. If Eq. (6) is valid , 2W3
should be inversely proportional to I~~. FI gure 11 shows that the pre-

sent data are represented reasonably well by 2W3/G = l.O4/I~~. Although

this equation is possibly invalid at 1 1 > 0.3 (A 1 < 1.33), the deviation

from the experimental results is not greater than about 7%. Also, for
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~ 1 . 33 , the  va lues - i f  2W. , G u i - c less a c c u r a t c  t han at larger exten-

sion s , Thus , i f  We assum e as a l i t - s t a p p r o x i m a t i o n  t h a t  2W~ is a c on-

st a nt  ami d t itat  2W—~ is dependent  onl y on 12 ,  the  s t r a i n  energy f u n c t i o n

is represcit t ed a p p r o x i m a t e l y  b y :

W = G~. O . 3l25 ( I1 -3) + 0 . 5 2  l m i ( I 2 /3)~ (26)

As I~ arid 12 approach 3 , Eq. (26) should approach W = 2G( X 1 -l) 2 ,

the equation given by l inear  theory . A c t u a l l y ,  Eq.  (26) approaches

W = L943 G(~~1 -l)2 in the limit of zero strain. This limiting form

results because the da ta  in  Fi g. 11 were f i t t e d  b y a l ine of slope 1.04

instead of (3 x 0.375 ) = 1.125 . However , the  former slope gives the

best over-all  f i t  to the da t a , although i t gives a somewhat incorrect

resul t  in the l i m i t  of zero s t r a i n,

— 0.4 ‘

0
- SBR- 1~ 

0

0.3 — —

“-I
~~O 0 2 —

0. h — 2W 2 .04 —

- -

I I 1
0 0. 1 02  0.3

1/12

FIG. 11 PLOT OF 2W 2 G vs I

-
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I” , Compu I - I  M O n  i i i  ( ‘c i i  c U t  m i t  u ’ti ~~inei  EX i l e ’  1’ h ine ’u i t  c i i  t i n t l I t  \ I I i i  ‘‘ic-. I i i ’  l i i i  i d

Front t he’ un (a  a l a t I ens t i c ’  clii i a i t t  f t  y e  I empi’ i- a  h u t - ”  I - -  - I Weell 25 aut O

• 1 cig 3 \~ i”( 1) Wnt M tIe i .I ~ eii aiici r t ’i t I ’ ePieun h i t  I Vi ’  C i i  l i i i ’  . t ’t i e ’ ii t e’miic’n’ —

at U cc’ a cc’ sheewun by I lie pin I ~t h  a In I” t g . 1 2 , W I  l b  I n  v X) it ’ u - I  mdli  t a I em’ rum’,

• F ( 1 )  15 I t ’n n pt ’  c ci I I I  cc’ — I nt clt ’pei iclt ’iit

l’ht c’ viii ne’s ~‘f 2W1 Ci u ni t  2W 2 , Ci , g I C en in Tab Ic V , Wi ’ t’e’ U sed i n  e ci I —

en l o t  I uig nu t [ax i a l  tin t I a ainti t i t t ’  n ’ c ’su i t  a cc cc’ ah ic i w mn h e I it e ’ s i n i  i i i  c - t i  i v ’ ’ h u t

F I g ,  12 . T h e  c a icu I mit eel values ace sennc ’witmn I It ’s a I m ciii I hit ’  ca m s ’  u ’ I nnc ’mn I a I

~-a 1ues , a l t h ou g h  t in t ’  gu ’ t’cu h c ’ s t  O t t  f en ’ e ’mn e ci Is less I t t iu n lI r~ .

1 .0 ———

UN IAX IA L T E N S I L E  DATA ON c i

S8R- t~

t 
CALCUL AT ED FROM

05  R I A U A I  DATA

UNIT SLOPE

lIMP , ~, (Il/ I
‘C p.1 lcg/~m’

-05 ~~~~~~ 
~~‘ 25 85 1  F .O~
• ~~~‘ 86 1 6. 10

~\ 50 860 605
4 10 81.3 c 1 4
I i  90 890 6 26

—1 .0 — - -
~~~ - —- I

- I S  - l O  -0 .5 0 05

iog ( X — i )

FIG. l2 UNIAX IAL TENSILE DATA (point.) FROM TESTS AT CONSTANT
EXTENSION RATES BETWEEN 25 AND 9O~ C COMPARED WITH
RESUL tS (solid curve ) CALCULATED FROM BIAXIAL DATA
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Ketu.i I u on (26 ) g u v t - a  h it ’ I o i l  ow m r ig - c lu a  I A on b r  s I  rca a — s t  ra in Oat 8

t n m u  m . i  a m .11 ( c - m u M  t i m :

LU-I (A3 - 1)  
(27)

2A3 
I- I

Wi l i i i it I htc m’antgc 1 . 2 1. A -
_ 2 ,  2 , v a l ue s  oh ’ A ’  G f rouin E q .  ( 2 7 )  agreed ye t y

e I ~i5~’ I v (be wec un ab omu I (1 and 2’;~) w m  ( i t  t Itose d - r m  ved f roun t he t abu lut  ed

value ’s  o F  2W1 Ci ci mid 2 W -  Ci - Ft in’ 2 - 2 —. .\ — , the ag i’&’&’fl ne’ l it  iv cia Sonic’ —

- 
- wh at p00 i’ t .’ i’ (e l i -v  t a t  1 ( i t i S  up  to  ti :~) . iloweve i’, t h i n a poorer agreenneni t a u - c  se’s

bc-c aim at’ Eq . (2 7 )  is  based on t lie a ssump t i on I Ito I 2W 1 - Ci I a a couis t an t

wh tc u’eas [eec A ‘ 2. 0 , 2W 1 - Ci dcc ’ m ’ eascs somewhiu I wit hi i m t cr e as  i t i~t A 1 as

ini d i cat cd m i  ‘l’-tb le  V -

Ci - -\ I I cnnpt t o  Obt a in  Equ ii  I b t ’  I in n i-u u’ce’—Tc’nipe’ e a t e n  u’c Dot  a Umt dc ’ r Bk ax ic i . i
C i ) I n d  it  Toi ls

At t ci3pt s ice- n~e min od e t 0 0~’ t cciii i ii ’-  I lie I cmpe’ rat u cc de penid c’utc c of -

a nt i ~~~
. under  cqu i 1 i hr  in n  curiO i t  loins at  a a c - e t c - s  e f  c i x  l i i i cx I c - m i s  b u n  m ’at 105

fon - A .  = I . Inn  p t - i  t ic I p 1~’ , such do I cc co i n  be’ o b t a i n e d  by ( ‘X I  en d i n g  t h e

c v i i  rid m ’ I cal slice i uncu t t o  (is ’  dc’s u red i c t  h it’ of A 1 • wa i t  l ug  u n t i l  equ 1 1 ib—

r’ t u rn  Is es I abi I shed , a mid I lie-n Oct erm I I i i  rig I he 51 i t  ‘s- . i .a a t  ci sei’ics c i t

t empe r a i n  I’d ’s , (Once ut ’t ’hani ca l e’qu n l i i i  i l  nun u a , - ‘— I  cn b )  i she’d , dot  a can be

obta ined  at ot tiei’ t elnipc i ’UtUI ’cs as soon ,us I It e m ’mn a l rein t i i  b t ’ iunt  i s  est ab—

11 shied,  ) In pI’ac t icc , nnore (tutu omit’ c i o y  t a requ i red fun’ ShIR—IV to a t  t c i i  It

mechian I cal equ i i i  b n’ inu n at  roonn t enipe’ u’n t n rc’. Du n’ i ntg (his pen’ i 00 , t he

d r i f t  i n  the load cel l  and pressu re’ I i ’amt sduc - - n’ nic e be a p p r e c i a b l e .  ‘l’ticua ,

c’qu i i  ibm ’ turn must  be ha at cited by cxpos t it g a spec i un cut t o  a hi  ghe 1’ t eunipe F—

atu I-c ’ .

Two I ( ‘at  a were made on SBR— Iv spec l me ’l i s  cit A2 = 1 . 0 aitd �‘ 1 . 25

i-ac  Ii I e’st , t h e  s I m’ c tc lied spec lun ch was i mi i i A ~ullv inchi a t  (it )  C’ f o r

about 2 hours: II A a belIeved 1 h a  I equ i i i  b r t u m  was cut ’ hi keyed On ci mig t his

i)t ’r l od, In  th e ’ I i i ’ s  I I r s  t , t int’ temperature wits t hen ch’c n’ rcisc ’ti i n  i n iece —

m e r i t s  of abou t I0° (’ t o  ~4(~ ’ C , and t hc’ii the temper ature  was s i m i l a r ly

I mic rca ar ch . Tb I n ’I v t o  f o r t y  ml niut es we re allowed at each t e ’mperut nrc ’ t o

31

LL



~W~~” 
-- ~~ -,

c-st  abi I sit t lie ri un al e’qu U ibm’  Inn , c i t  I c - n ’  wIt it ’ hi the ax ial t ’ ou’ c - - ottO t he i i t t  cm’ —

ito 1 p ct’ssui’e we i’m’ no ted . Dot a obt c i t  h e’d On m ’i rig I he dee’ re-cisc ’ and I nic reasc~
m u m  t e m p e rat u r e  we ’re ’ i n  exce l len t  agi ’eemenit . llowevem~, du n’ I mig t h i s  t e s t ,

no eorl ’ec t ion wins uuudt’ for I he I he nina 1 con t i-ac-I t Or i  i i i  cippa i’mi t us component S

t itus , t he ’ 01st amice ’ bet wet-ui bench ma m’ks out I he ’ gage sect Ion of t he’ spec i un ic it

changed s l i g h tl y w i t h  t cnnnp cr a tn re .

In  I he ’ ae ’cc ih ld  t ca l , I l it ’  c l’c ) SSI l e ’c l i i  ut  t he ’  I n s t  i-on was adjus It ’d a t

c _ i t - it  t empe rat  u n’ c’ t t) tunic ( l i t  ci t n t  a co In 5 1 c m  l i t  t h i s  t cU t e ’ e’ be t wet ’nt bentc hi ma t ’k s out

t h e  spec i nteni . htowevc t’ , Oat  a obt &iA rit ’et ciut’i meg ( lie’ st epw iso cit-c m ’ e~iist ’ li t

t empe’ i_ ct tu cc we’ n’e slight t 1 y hi  ghe’ r t h aut  Our  i nig t lie- a t . e - pw lsc m u -  i’ c ’c ise’  I hit ’

m ’ e’ason fo  n’ t h i s  disc cepane’ v m a  not kni owui - A l  so , I hte ’ ci x t o  i fence - c’ wa s

lower by Se’Vc ’ u’a 1 pe m’ce’mit c it —4 (~
’ C I Itani t)bse’ n-vest i t t  the I i  i-al t est ; l i i i s

di I It’ t’en it ’ e i’e’su 1 t e’ci bee ause’ t lie it -rig l i t  of t he a pc - c I lilt ’ It w it s  ma t i n t  a t  ned

cout st anit (lim e’ i rig t lie’ st-e ’e int e l I e ’~ I whe n _ c- _ i s  it d ee’ u ’ e ’c i c—c’ i t  al i gttt I ~ cc it h i

& Ie ’e ’ i’OOS I nig t empe rat  um’e On n’i rig t he’ I I n’ st It ’ s t . Next , an a t t t ’hn ip t ic-ci a itna tie

t t) obt it i nt Oa t a a t  A 1 -� 1 .50. h lciwe ’i - e- m ’ , a lt e r  abou t 30 lIt (nut ea at 5(1 
- 
(‘

mit td be fo re equ i ll  b ri urn was  at  t a (tied , t lie’ spec’ i nne’ n i’CI pt n red . Au iot itt- i’

apt-c (uncut  was at re ’tt’heel to  a A 1 1 50 a u tc t  I l ie- ti t ic -c it ret t o  -to t,’ - m i  t h i s

Inst otter , t hit’ spec’ (mcii rupt U red at’ (ci’ about 2 .5 hon i~s , agici  it be for t ’

e’qu 1 1 b n i u m  was e at  cibi A she’d . It t hits cippe stu i’s I hin t equ i i  bi’ I nut f ii  i- c - c’ —

tempe ra tel cc’ do (a c anmiot be’ obt a t  uie’d on SBR— IV ovem an app n’e’c I ab le ’ ext c ’ i t—

s tu n  n’aflge owl utg t o  t he’ prope’ns i t  v cii spec k utit-uts to rupture ’  be’ fore c - c u t I —

l i b riu m  is a t t a i n e d ,

Al though  prec ise dnt  ii weI ’c- not obt aluie d at A 1. 25 , i t i s  poss ible

tha t t h t ”  e x p e r i men t al  procedure could be cc-f  i tte-d t o  gi c-c l i t  ghl y eel I nblt -

data  at t h I s  extens ion ; a special e f f o r t  would be required  t e) o b t a i n

= 1 . 0 prec ise’ i ~
‘ . (See Se’t’ I lomi I I  — D — 2 .  ) However , be-can ac of the

dc’s irability of ob t a ir t i ng d a t a  at a sen t’s of ex t  c-I ts l outs , f u r t h e r work
- 

, may poss ibly be done on a c y l i n d r i c a l  spec imen ut  e ’l t he i ’  a n a t u ra l  rubber

or silicone vulcanizuto , The’ natural rubber vulcanizate should nt ot  rup-

tu re  under  the  a n t i c i p a t e d  t e ’s t  cou id lt i on s .  A i t h i ou g h  t h e  silicone v u l —

caniza te ’  may rupture  at r a t h e r low e ’x t e ’u t s ions , e q u l l l b r i u i n t  may be

sens ibl y established prio r to z ’uptun ’e and t h u s  I lt i ’ des i red d a t a  can

possibly be obta In ed.
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Sh-X”L’ION I I I

RUPTURE 01” 51111—TV UNDER II I . \XIAL ANI) L I N I A X I A L  TENSILI -: CONI)ITIONS

Ft gin re 13 , i’e-p n’ citiue ’ed F i’oiuu I lit ’ p r ev i cam s a n n ua l  Tt ’t’h t it i e’o 1 Report ,~~

sheiws rupt  u cc’ clot a I rein I he ’ h i  c ix m c i i I c - a l  a ciii I e -un(ie ra ( U  I’ e’— i’e’eiit cc’d p 1 e) (  S

ci I log 29i~~ b TX lb  log 2~tK~_ Ii ‘1’, cued 1 og A ib  ‘~~~ I en g A , °T ’ whit ’ cc- I ite

s u b s c r i p t  ‘‘b ’’ i t i d i c - .et  c’s n ’u p ln i - c’ , (‘Flit - e h n c i u i t  i t v  
~i b -  ~‘m b  m a  ( ti e ’ i ’mnp t uec ’

s t  t’ e’SS , t n t  (itt’ .1 x i , m l  c i i  n - c -c ’ I i on , bctse’eI cmi t he’ c’cuss — se-c t I e~ tc i 1 ci t’ccm ci F t lii ’

emits t n’ c. a se’ei ape- c - i uu e ’n i , l” ci n- t lie’ e’ u i’e’ eum un fe ’ l’t- nt  t 1 c m  i sI  u _ c-s s ‘ -b vol itt’ S bcisrel

on I hi t ’ e’ r o s s—se’t ’t io ut al  circa c i t  I hit ’ a t  t -rsae ’eI  ape-c- i ric’Il ci t~c’ ( itt’ sainne c ia

I hose’ base’et ci i i  t he’ ci t ’f en runc’ti a u ’ c ’ci . ) Expe ’ ci ilne ’It I c e  i i  V t ic t c’ t ’nii rit~ i c c i i t i es  of

a,1, g c t c c ’  , ci i t  h i t  n e’xpe ’ n’ i m r u t t  ol  m im ic - c’ n- I c i i  n i l  v , .1 at  i_ c i t  glt t i i  He ’ out ci plot of

log mi
~ , c-s 1 . ‘1’; the slcipe’ c c - i  n-re ’sp cmn tded to ant at’ I i c - a l  i t i n t  e ’ h ic’  u ’gy tn t’ 35 1w cii

Value ’s of log a.~ F n’om l i i i  a p lo t  we’ i~r mns t- d Io hi u ’e’p a i’ e ’ n’cduct ’d en ni t ’s

( F t g . 1.1) of the’ L’eup t Lure ’ dcc t o  I’rom mint i c e  x i  a I t e’S t s . ( 1  ttd i c  I dua l  c c c l  Ura

Ci I the ’  mi _ n  t c n  .i u c ’ t abu lot  eel i i i  Appcutd i x IV oi’ Re’ t . -h . )

I” i gmu t.e’ 15 shows cc t ’ ounnpa n’ t M c ml i  ci F ( li e ’ t i it  i .i x t o  1 ~eut t1  h i ax m c i  1 u ’mu p t nrc’

- 
- clot cm . ( T u e  a t  re -a s 

~~~~ b is bmis ’d t)lt I lie ’ e’ i_ ei sa — sect i On c i 1 cm t’c’a ol mmlts  I rc’sse’d

ape-c tme’ns , ) TIi is t’ i gin t’e- shtoic’ s I hat , cc- n t i i  i t t  t lie ’ e’xpe’i’! mer i t  cii Ltncc’ r t a k  i t t  ~

A b Is t he’ saline ’ f u n  be n t hi ni t  l~~i x i c n  I cru el b i c l x i  c i i  I e ’t ) S  I On. if  I I S clasemiift’ci

I hut t he’ t hi Fec—c ho i i i  lie ’ t w o  n’k mode ’ 1 cii at ’ usseci by I’ve’ i c - i c c ~~~ i a c- ce 1 i i i  , I hen

t t m i g h t  puss Ib l y  be’ e’xpe’ct e’et t l in t  A 1 b will he’ I lie ’ a c m i n i ’  cuticle ’ n’ m m ii i cmxi ccl

auid bi ccx l i i i eoutd ( I i  cilia.  More’ p ret ’ i s c ’ 1 ~ , I lie- m ode’ i p n- cd m c I  a I b ce t A

w i l l  be’ t he’ scone ’ u itdt ’r but ht I c ’st  round i t t  e m i t s . (Tl ii ’ qe ua ut t  i t  v A~1( -’-) is

dise-ussed m t  App euici I x 1 , )
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FIG. 13 RUPTURE DATA FROM BIAXIAL TESTS AT CONSTAN T
EXTENSION RATES ON SBR—IV BETWEEN 25 AND 90°C,
Symbols and aT values are same as used in Fig. 14. ( Flags
desi gnate extension rate according to code shown in Fig. 9
of Ref. 4.)
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AT CONSTANT EXTENSION RATES ON SBR— IV
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SECTION IV

BIAXIAL TENSILE PROPERTIES UNDER VARIOU S
TYPES OF DEFORMATION FIELDS

A. Tests on Cylindrical Specimens

The biaxial tensile data presented in this report were obtained

under a deformation field which is essentially pure shear. Data repre-

senting the properties under other deformation states can possibly be

obtained by testing the thin-wail cy lindrical spec imens in different

ways . For example , stress-relaxat ion tests can be made by mounting the

ends of a specimen over end pieces whose diameter is greater than that

of the unstressed specimen; the specimen can then be stretched in the

axial direction while the internal gas pressure is regula ted to ma intain

the diameter of the specimen equal to that of the end pieces. After the

desired extension is reached , the decrease in the axial load and in the

pressure required to maintain a fixed diameter can be monitored , Thus,

it may be possible to obtain data under deformation fields for which

> 1.0.

Several pre l iminary  tes t s  were carr ied out fo l lowing  the procedure

outlined above . For the tests, the end pieces had the diameter reqeLired

to give a A2 = 1.50, At room temperature , the spec imen was pressu r ized

so tha t the specimen wall was parallel with the ou tside surfaces of the

upper and lower end pieces and the specimen was stretched axially to a

~ 1.25. However, when A1 was subsequently increased to about 1.50,

the walls began to balloon , the size of t he balloon increas ing slowly

w i t h  time . Next , a s imi lar  test at A 1 ‘
~~~ 1.50 was made at -20°C. At

th is  tempe rature, the specimen ballooned almost to rupture as soon as it

was stretched axially. A similar type of instability was observed during

— tests at -40°C at A2 = 1.0 when A1 was greater than about 2. 0.

The reason for the instability (ballooning in the gage section of a

specimen) has been mentioned to us by Professor A. N. Gent , who has

studied similar problems. For certain values of W1 and W2, a plot of
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hit’ pu’ e’asil l’c’ (P )  t u i s t  t ie  h it’ spec i men ago i n s t  A 1 w i  11 g l i e ’  a C u  rye h a y  i rig

ci m ci x i  mum ciuit i p ro b ab ly  a i s o  a in i n  t iiiiuumt at all e’ x t e’ 115 ion gre-c l t cc  t lion t h a t

ci t wIt ic , h the- max I mumu n ciccU i’s. Tlt i a behav ion -  s m gut i f  i c’s t h a t  A~ I a a mu 1 t i —

valued  fuuic t ion oF P , Unt ck’ r sue-hi  cond i I t outs , t i im eucs iona l  1 u s t a bi  l i l y  i s

e’ xpe ’c ted bc’c ccci se t It t’ a p e-c ’ t u n c u t  w i  11 tend t o  dc-ye’ lop t We) c’ x t  ens i oti s commen—

Sin rate ’ cc - i t  hi t he ’ saint ’ i n t l c- r i ta  1 pressure . l i i  pc ’act ice’, fcnt’  t o n - s  ot lieu’ t han

W1 amid 1% neay c el L e’e’I t h e ’ c om i c - I i I ions for i i n s t a b i l i t y ,  e . g .  , en d — e f f e c - l a

and I he lionhomc-)gc-ne’imus s t  r -Sa ctc Ec iss  I tie ’ c c c i i i  e)f the c’ 1 i t ide- r p o s s i b l y

mi t ’ed t o  hi c - - t emni s ie ie ’red

Tem obt cc i  ui .1 ge ’u ierai ic - ic -c t  about c c - m d i t  i t m u t a  t hcn I un oy be tuu i s t  able ’ , eve ’

cu ss uine’c-i ci M o ou te v— t vpe- of at  u - ct i i i  c - i t t ’  m’gv func  t t cmli and counupu I c-cl P c s  A 1

1-n r c - c’s f un ’ d ii  tc ’rj ’m it  v a l ue s  c - i f  e,C 1 cend fot -  A - -- 1, 0 .  Wh en C - , C 1 is

g re -cc I c ’ F t h i an i about 0 . 07 , no nna x imunn c-ice’Ux’ s . hosed emit a t  t i di es  ~ of t he’

I e’mpe r at  u cc’ c-i e’pc’nidenc e’ of C1 and C~- i mi umi ic e xi  al t c-mis i c - mi t , i t  is  expee’ ted
- 

- t hice t C-- C1 cc-ill t ie-c I’e ’ci at’ r ap  ic - i l v be 1 ow sonic’ 1 ow I c’nipe ’ i- c i t  u i.c’ bee’ cut at’ of

a rap id i uic i’c’ccse’ i n n  (‘~ - Thus , for t lie SBR— 1 V spec imens , l iii’ inc  re’cisc’d

t endencv f c m r  I nt s  I ab ii  i t  v at  —- i~
’
~ C f l h iV  u ’esU i t  L i’cmm cnun Inc r e-cns e ’d  W1 - ( I tt

the present  context  , W 1 and IV cn l’c i de n t  ic-al to t’
~ 

and c~ . ) It is

pianuied  to  c a r r y  out a e l c - l i t  ional c’cilc-ui cet ions of I h i s  t y p e ’  and c-spec ia l ly

te) conside n- t he c-ondi  (cons that may g i ve  I mis t  c ib i  1 i t v when ~ ~ 1. 0.

B. A p p ar a t u s  femr Te-s t s  iu i  Equal  B i a x i a l  Tensiout

An object i c e  c - i l  t he  present  s tudy  is  t o  det c ’ m’ mm ne’ I hte at re ’ss—st rcc t H

c’ha r c e e -t e r i s t  i t ’s and c u t  I r a t e ’  pm ’opert ic- a umie ler di i fe i ’e’nt defor in iat  i omt

I ic lds . Exper in ie ’u t t c e i  nic ’ t hiod s t e m  e)b ta in  bc ’ct l i ty p e ’s  of datc i  ci Fe’ d i f f i c e n i t

be’cinuse’ the (c-st spec’ c ult- n must be so designed I hat z ’upt ure dc-me’s not

occur ua ’ .n u’  ( li e ’ ed ge’s where  t h e  spec u unne n i s  g r i pped . (As di  scuasc ’c-t above’,

.i t lii l i — W a l l  C ~ I i  rid n i c c m  1 spec imen o f t  e’n i cccnui ot  be t c-s I c-c - I  when N -  ~‘ 1

be-cause - I m i s t  abi  1 1 t y  ti d y develop iii the gage se-ct  iou when t lie’ apc ’c’ uncut is

s t r e t c h e d  iii t he c ix l  ~cl d i cccli out . )  Omte met hod wIt I cli e ’ au be used ( c m

obt a in  both st t ’ess— st r a in  and i’upt uie dat a i i i  equal biaxial t ensiout

(A 1 X~ = A~~ i nv o iv e ’s  t he’ n i t f l a t i on of a t h u u i  rubbc ’ n ’ sheet t u b  a
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bal loemn . To e)bt an mi d ccl  a uu ider such coutd i t  l outs , an cc ppc i l ’a t  eta , cal  led a

bubble t c’ste ’r , i s  b c ’cu tg  ct ssc ’mble ’d -

Al  thoengh ae ’c-c- ’ i- cc! c uiv e ’st  n gce I o n-s~ ‘ 
— 16 have obt at  uted d cit a by t nf  lot  i mt g

c’ i t  her a rubbe n- b a l l  ooui or ci t hi in  n’ubbt’ r she’c’t , onl y a fe’w c’onumemtt a cc-bc -nut

t ht e ’se ’ at  ut l ics w i l l  be’ made c-ct t h i s  t inc . l’u -e lo am ’t ’ st c uc - i it’d j u t  e’ent sjc-le ’r—

ceb it ’ tje’t ccl 1 the  uni  form i I y cmf I lie de’foi ’ma t i e mi t  oyc-n ’ t he’ ~c- u t I cece ’ of t lie

bu!.thlc’ ce ut d femut id t h a t  t he’ u i o n u u t l f o r m i t v  ine’reased pu’ogr essive ’lv w i t h  t he’

c i t  a t ccil ’ ’e c lWi cV I ron the ’ pole’ ; t h e  n i e m m n u u i i  lei nfl i t \  W c e s  p a i t  icul.i n ’ Iv pro—

ut ounte-ed . it  hi gh extensions . hloweve’r, mt c ’ce u’ the’ pole I he ’ dc ’fornt at  ion u s

u r i c  t c m r m  iu tc - i  t he’ degree of tic-c- i a ll oui f rum uui i f  ciriui i t  y depends cm the ’

p ar t  i c u l c c r  fo rm of t h e  c - l a st  I t ’ a t  m-a i mi e’nc’rgv , ci s al tem evu t by (lie t hoemrc’t ie’cil

a ’tc elysi s of Adkins auiei R I v l i n . 19

Some’ rupt  ui- c’ dat a have bee’n repoi- t eel10 ’ ~
- ‘ cn mi d t hit ’ mac u’emse ’ ei h m i e ’ I’Up—

l u r e  mechani c suit has been couia ide’ red by ‘l’re lei c e  r 1”° who obse i-ved t h a t  .i

spec i mcii nonn ce 11 y f u- cc-gnnent ed uiea r t lie pole to g i v e ’  a l an -g e ’  uiu ut nbe ’ n’ of

pet al—shaped p ic-ce’s. Because’ the  bubble  i s  I h i  uncle ’ s I cit I he pol c ’ ~ , n - imp—

ture will begint at or near t i t i  a p o i n t t  and w i l l  be I oi 1owc’d ’
~’° by e’ I c’cuv cige

of the sheet along i’ad Ice l l i n e s  wlii ch ci u’e’ pan’ a l ie ’  1 t e n  I li e- or i t - u t . i t  t out

d i ccc I iou  cit  the lie ’ t i c or k  chi c-t i i ts .  For t he’ se’ve ’r di 1 n’ubbc’ rs t e s t  e’cl b~
T rd oar , al l  gave cc ntumb e r of pe Icc - la  tupon i’cupt tire , c’xc ept for cell StIR

1 oaeled w it hi c 1 d y  . Because cc black—loaded SBR gcive Pc’ I al  a , l’re’ 1 c-a n c - c~ut —

c luded that c i’y a t a  i i i  zat  ion has no import  ant bea ci uig e)tt I he pheuionic ’noti,

cia SBR does not c i-yst u cilize under any condit iciut a , ”

The apparatus for the proposed at  c-i c-i~’ i a shiown m t  Fig. 16 and a

schema t I e- di agi’ant i a in Fig. 17. For a (eat , a rubber altec’ t I a c 1 ampe’ei

be tween two circular metal rings (A) ‘1.0 l utchea i i i  d iame ’t cn ’ ; i t  i s

i n f l at ed in t o a bubble (B) by gas pressu re . The hieigltt of the ’  b cubb h -  as

ci func t ion of time I cont rolled t hroughi t h e  s t r a i n — g a g e ’  senisot’ (C) neu id

the assc e’iated aerc- o—me chati i sm . To determine the radius of curvature

and the ex t cn siou i  ra t to  Iii the vie in i t  v of the  bubble ’s pole , e’onceui t n- ic

c i r c l e’s  and r ad ia l  nn arks  w i l l  be un t a cr ib e ( i  on the undefon ’nied sheet . The

di s p l ace m e n t s  of these f i d u c i a l  l i ne s  w i l l  be de te rmined , p robably  by ci
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C —STRAIN GAGE
D —FOLLOWER ARM

E— FOLL OWER MOTOR

F —PR ESSURE MOTOR
G —ROTARY POTENTIOMETER
H —PRESSURE SWITCHES

I —PRESSURE TRANSDUCER

J —BLEED SOLENOID VALVE
k—PRESSURE SOLENOID VALVE
L—3 —WAY VA LV E
N—PRESSURE REGULATOR
N—FLOW CONTROL VALVE

IS - 7 24 -2 5

FIG. 17 SCH EMATIC DIAGRAM OF APPARATUS (bubble tester) FOR STUDYING
BEHAVIOR UNDER EQUAL BIAXIAL TENSION

40



— n - ~~~~~~”~~- -
~~ ’~~~” ~~~~~~~~~~~~~

photographic me-thod , cind t h e  resulting data w i i l  be used i n  der i c ’i n g

the  rad ius  of cu r v a t u r e  cend th e  e’x(ensIofl i-at io , From the  obse rved gas

pressure , the initial thickness of (he rubbei sheet , and the radius e)f

curva ture we cami deriv e- t hic at  i_ c-as  ci t  t he  po le.

Te) m ake a r e l cc x a l  ion t e s t  . t hit’ se’mising de’c’ i c e ’  is locked in some pre-

determ ined positioui ami d gas pressure appl ied  to  i n f l a t e  t he  rubbe r shc-et

i nit o a bubble’ of the  des i u-ed hei ghit  - Wh en t lie a i ~ e’ of the bubble i a

suff icient to e-on t ac t t he  ae ’u i s i m i g  ele’vie’e, the resultiuig t’le’ctrlecul output

fi ’ouuu t he  device at ’ t i yates the soieuioid calve’s (J amid K) to u’egulat e (lie’

gas pressure t o  m aj u i t c e i ml a cons tan t  bubble h e i g h t  . Dur ing  the  ensuing

s t ress  r e l a x a t i o n , the  pn’essuu’e ins ide  the biubble is m o n i t o r e d , When i t

is desit -ed t h a t  the  lie’ i gh t  of ( lie bubble cliccngc comit inuous lv  dur ing  a

t e s t  , the  seul sing c c z m  ac t  ic - cc - I  es the  s~’u ’v O — t r ack ing  device  t h a t  provides

a record of t h e  hei ght  of t h e  bubble cia a finne t ion of time . It is planned ,

at leas t  f o r  the  f i r s t  t e s t s, to  c o n t r o l  t he  h e i g h t  of ( hit ’ bubble as a

f u n c t ion of t ime by m a n u a l ly  r e gu l a t iu t g  t h e  pu -easun -c - . For t e a t s  under  ci

c o n s t a n t  pressure, t he s c i-v o — t r a c k i n g  dec- ic- c- w i l l  g ic - e’ a t int e record of

the  bubble ’s he ight  and pho tograph ic  d a t a  cv i i i  p rovide  the  ex tensioui  r a t i o

and the  rad ius of c u r v a t u r e  ciS a f u n c t i o n  of t i m e .

To complete the  appara tus , it  w i l l  be necessa ry  to develop a photo-

graphic procedure to de te rmine  t h e  displacement  of f i d u c i a l  unarks .  Ju t

addi t ion , a temperature-controlled cabinet , equipped with windows thi’ough

which photographs can be t a k e n , is needed . Work along these l ines is m t

progress.

To date , only exploratory tests have been made to evaluate the

operation of the servo-mechanism , and to verify that the clamping device

will hold a specimen tightly and thaI rupture will occur neat’ the pole of

the balloon . For the latter , several sheets of natural rubber and one of

a silicone rubbe r were inflated until rupture occurred . In each instance ,

rupture occurred in the vicinity of the pole. The natural rubber sheets

fragmented explosively into numerous relatively small pieces , biut the

silicone sheet ruptured rather quietl y to give a single , relatively

- 
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small fragment . Interestingly, the Si~~L’5 of t h e  si l i c o n e  and n a t u r a l

rubber  balloons at the i n s t a n t  of r tnp ture  were mtot too d i f f e r e n t ,

although the ultimate pressure inside the natural rubber ballooui was

severalfoid greater.
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Stress-strain characteristic-s of an u n f i l l e d  s t v r e u t c -— b u t a d i e n e

c’ulcanizate ’ (SBR-JV) we- re determined under one t y p e  of b iax i a l  t ensil e

deformation at t emperatures bet ween --10 amid 90°C aitd also under uniaxial

t e n s i l e  c o n d i t i o m n s  be t ween 25 anti 9(Y C. Tht- biaxial tensile data , which

r ep re sen t  the  respomise t o  e s sen t i a l l y  a pure shear de’fcm rmation (i.e.,

= 1 . 0  and \~ = ~~~‘) , we’ re o b t a im i e d  by st r e t c him ig  t h i n — w a l l  cy l indr ica l

specimens in t hie ax i a l  dit - ectiomi w h i l e  i n t e r n a l  gas pressure  was con-

t ro l led to m a i n t a i n  c-n c o n s t a n t  outslc-ie’ diameter . Between 25 amid 9tYC ,

t est s were made cit cou i s tant  ex te - ut s i o n  r a t e s  (crosshead speeds t-~’tween

0,02 and 20 inches pet’ m i n u t e )  whereas between --10 amid 2 (f  C , s t ress

re laxat ion  t e s t s  were made at ax ia l  ex tens ion  r a t i o s  ( X . )  up to  2 ,5 .

U n i a x i a l  t ens i l e  da ta  were ob ta ined  by testim ig rings , cut  from the thin-

wall  cy l i n d r i c a l  sp ecinnens , at crosshead speeds between 0.02 and 20

inches pet’ m i n u t e .

The b iax ic t i da ta  can be represented b~- :

~ U1, t )  = 4 G ( t ) \ 1 (X 1 )

(
~~ , t~ = 2G( t ) \ - -  U 1 )

where ~ 1 (X 1, t) and ~~ (X 1, t) are the s t r e s s e s  (eachi a function of \~ and

the t ime t) in the axial and c i r c u mf e r e n t i a l  directions , respectively;

G(t) is the small—deformation stress-relaxation modulus jut shear; and

X~ (X 1) and X~~(X 1 ) are functions only of X1 . These feu mictions become

equal to )c-1— l at sufficiently small deformations ; under such comiditions ,

the above equations represent the stress-relaxation characteristics of a

linear viscoelastie material.

From the da ta , obtained at values of X 1 
up to about 2.5,

W1/G(t) (~iW/~I1 ) G( t ) and W~ , G( t ) (~cW . ~~~~ G(t) were evaluated. The

quant ity W , which is analogous to (tie e las t i c  stored energy used in the

-13
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I l t , ’ c - iu ’ v of 1 lut It c- equi 1 ibu ’iun u  c - - l a~~t I c- I t  v , i s  c-n t uut e-t l e u i  c - it t amid I lie’

St cc-Wi Im ncci rii ’ u n t a I~ A~ f ~ ~~ n c-mid 1 .  A~~A~ * ~ A~i\ - For

It t ’ b i  ax i a l  d e f o n n n u t  t out f t  c-Id c-u sc-cl I un I lie’ pn’u’svun t at c-ndy

11 1,- \~ X~ I- 1 - m u  uce-orda unc e  w i t  It t he- abc -we c ’qu cc -t  iou is  f o r

~ U , t ) nuid 
~~, 

(A ~ , I ) , I t  was iouuic l  t l in t  W~ G( t ) amid W.~ ~~ t ) c-i re t ime’ —

nc -u i d I vn np t ’rnc - tuu’e— i u ie l e p eu id v u u t  , t h a t  W 1 G( t )  i s  sc ’t i s lb l  c - o u st c - emit f o r

- 5 - 5 (1 - e’ . , 1 ‘_ A 1 2. (18) , c-m ed that W.~ 
- G( t ) i s  c-n nh’c m ’ eas I mt g fuu ic  I t  on

c - i f  I -c- I . W I ( l i t un ( lie’ r uu i ge ’  I ‘
~~ ~‘ 

2 . 5, 
( lie cc-i I t o  W~ - W 1 ‘~~‘c- ’ reused

I von c-u bean 1 0, ~~) t o  0 . 25 - Oye u- t h e  a cc-unit ’ cc -u u u g i ’  o f  , t he- n -u t  i n ’  i 
~- _ tu ne re’aae’d I ronn 2 . (1 ( t lie value ’ g ic - c-m n by c- I n n s  s i c- a l  -18 at  Ic I I y ( I n c - c -  o’c- ) 1 o

cnb u u t  3 , 5 ;  for  A 1 ~
‘ 1.5 t I n ’  s I r e - a s  r a t i o  I s  g i v en h~- :  ~~~~~~~~~~~~ 1 .18 

~ c- + o . u ; u ;

by : 

‘l’o ci r easoutab 1 ~ good ni fiprox I nina I I  out , W ( I~ , 1 , t ) c-cc-n be’ i’ep iese’uit ed

W ( I 1 , L , t )  - - 6 U ) L U . 3 l 2 5 ( I ~~-3) n (1 .52  In (I c- 3 )]

‘l’hu I a equat tout c-c -pp ece vs t C) be valid app n’ox inc-i I c-i y eund e r (he ce)Itd It touts f n i  r

wIt I c - l i  W1 / 0 (t )  is a cc- m i s t  c - em i t .

From t he’ dc-’I t’t’f lnI I)t’(l m i  h ue s  oh W 1 enuiet W , c -u s wt’ l 1 c-c-a I’ n-out (l ie mtbo y t -

c-qu iet  I on f o r  W( I~ , l~, , I ) ,  u u i i u x i  c-el teut a tie d a t a  we i’e ca lcu la ted  c-c -u tel fouuid

(em c-egret’ gui  I o c loae’ I w i t  It e’xpev in c -m e t  m el c - h u n t c- i •

A compuu’ I aoui was made of u ’u pt c -u r e dat c-c- obt c i i  uiec -i be’t wc-t ’I i 25 amid 90 ’C

lut  h i nixi ci I c - iui c -I c - uni t ax i  c-c -I t cuts toni . W i t  h iu i  the t~xpe ’ n i ntent ( c - i l  c-uutc e n’t c-c -jut t y ,

Inc cu lt imec-te e’xt e n t a l  c - nut rat los in -n  b l a x i m i l and u u i t a x i a l  t ens ion c-i n- c’

I dc-Itt i t ’ a I at ( l ie  same t empe rat  u n-c’ uuu d ex tent s  ion n-c-n I t’ . lIowe c c - c , I lie’

m’up( c-n rc at  rosa I in Un lax In] tens Ion lie’S be’ ( we-en (t i c  c m x  I n n  I nuiel c-’ I i’cunn—

feren I I iii r u p t u r e  at  rn’ss ’a ubat’ m’veeI uunder bt next al t c -n at  le- cound i t t  t iu i s  -

Ann c- u I t empt  was mac-Ic I a p rocu u-c dat  a by a t  cc’ ( c - I t t nig I Ic -c - ( h I  u n — w a l l

ahs’c-- tme’nis wlti lc’ (lie’ c - i  i ’cumfer eut t  ial  ex t en t s  I on u’.n (Ic - i \~ was nine I n t l  a I nc-el

eonst nui t c-m t a vuu i Uc- ‘i f  1 .5. Uutde r such cenund it tout s, the spec- I molts eouimoutl y

ball ernuied lit ( lie- gage sc-c I I c - i n n . TIc - I $ I v pm - of hi t s  I c-c-b 1 1 ( 1  y , white It wut s c-c-i so

observed at — ‘U~
’C when A~ — 1 . 0 and A 1 was g r e - i n t e r  I h am abou t 2 .0 , eie n m rs

‘i-I
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APPENDIX 1

DEFORMATION ANt) FAI LURE OF NONRIGID POLYMERIC MATERIALS

This  appem idix , an iit v it cd  pape r fon- presentation before the

D i v i s i o u t  of Organic Coatings and P l a s t i c  C h e m i s t r y  of the  Amnerie -an

Chemical  Society at  t he  Fall 1966 M e e t i n g , has bc-eu pi’eprinted by the

Division in the ir preprint series Volume 26, Numbe r 2, Septembe r 1966.

A l t h o u g h  por t ions  of the  pape r are of a review n a t u r e  (as requested by

the organizers of the sc-salon at which the paper will be presented),

other poz’tiomis cover new work. The discussion Umilaxial Tensile Proper-

tics of Noncrystailli-able Eiastouners is the same as that submitted for

the I n f o r m a l  Discussion Meeting on Noutlineur Viscoelastie- Response of

Polymeric M a t e r i a l s  held at the A i r  Force M a t e r i a l s  Laboratory ,

Wright—Patterson AFB , Ohio , omi July 26-27, 1966.
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APPENDIX I

DEFORMATION AND FAILURE OF NONRI GID POLYMERIC MATERIALS

Thor L. Smith
Stanford  Research I n s t i t u t e

Menlo Park , Cal ifo rn ia

INTRODUCTION

In many technological applications , a polyme r experiences mechanical

— and thermal stresses which may cause e i t he r  undue dimensional changes or

rupture . To select the most reliable polymer for a specific need and to

make an optimum engineering design , two types of information are needed .

The first is the stress—strain-time-temperature relationships for the

polymer , i . e. , c o n s t i t u tive equat ions  which represent t h e  response char-

acteristics of the material under the anticipated environmental condi-

tions. (If the material is isotropic and is subjected to small

deformations, constitutive equations can be formulated from experimental

data in terms of the theory of linear viscoelasticity or, in some

ins tances, of c lassical e l a s t i c i t y . )  The second need is adequate

f a i lure cr iter ia , i.e., a specification of the conditions under which

rupture--or othe r undesirable instabilit y--will occur. Under service

cond iti ons , the stress throughout a polymeric component is normally

nonhomogeneou s , giving regions of stress concentrat ion in which rupture

tends to occur under the existing combined (multiaxial) stress state.

Thus , to pred ict failure , rupture data from tests under various multi-

axial stress states are needed . Although few data of this type now

exist , a significant amount of work is currently being directed toward

establishing failure criteria and constitutive equations for representing

response at deformations up to rupture .

To a high degree , the mechanical properties of a polymer are

determined by its physical state. A polymer may be either aneorphorous

or semicrystalline , depending on its tendency to crystallize , on the

temperature, and on its thermal and mechanical history . Above the glass
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c-nape vat  a z’c- Tg - of ant ic-untorphous polymnie r , or above t he macit i ng poimi t of

a e’rystall ttte pol~-une z’, a e’roaslniiked polymnen’ us a rubberl i ke solid , and

a nonerossl Inked pol ~-nn nc r is a liquid . (More p n-cc i sc-I v, t lie 1cc- t t t’r 1 a an

elasti c- liquid bec’aust- umider an aiiplied stress , ene rgy is both stored

tim id d i s s i p a te d .  )  The g lass tempe r a t u re  (defined by t h e  b r e ak — p o in t  in a

plot of i - c - m lu m ni e a g a i n s t  t eunnperuture) is uiot a thermodynam ic t rants it  t out

V and c - s  sonuewha t dep emtdc --n t on t he cool ing  rate ; a tenfold reduc t ion I a

cool i ng r a t e  decrc --aaea Tg by roughly 3’ C. lut the glassy state , t he

spc-c i f t e - volume is a f un d  A u mi  of thermal bc - at or~- . In t ur n , t h e run u l

h i s t o r y  a f f e c t s  to some degree t h e  nuechanica l  p roper t ies . Also , T as

we ll  as mnee h am i i ca l  prope m’ t l ea  arc - -  sc - - mta  i t  ive to t c-’ac- c- ’s of soluble-

L o r e - c - g u i  nia t e - r i a l a .

The preseuit  d i scuss ion  cemi t e - r s  aroumid t ite ’ u n i c - c -x i a l  t eu ts i  1e~ I ml . c - m pc - -  m - —

ties of amorphous polymers at temperatures above T .  We I i n’at e-onsidec-

e-er ta in rheolog ie-al pm ’opert ic-a  of i dea l i zed  m a t e r i a l s  uuid t h e n  t h e  l a rge

de f o r m a t i o n  and u l t i m a t e  ( r u p t u re )  p roper t ic-a  of el a s t ome ra  t n t  u u c - i a x i n c -l

tens ion . Although emphasis is placed oui couiventional elic-stoniers, most

of the principles outlined are applicable to  h i ghl y ci ’ossl iuiked i’t~s i m i s

and noncrossl inked pol ymers at tennipe r c - i tu i ’c--s abo v e- 1’
g

RHEOLOGI~ AL PROPERTIES OF MATERIALS WHICH
EXHIBIT LINEAR RESPONSE

Rheology is a branch of ntee-han ics devoted to studies of t ltost-

proper t ies  of mat  c-r i  als w h i c h  det c- run t ne the e r response t o  n cn - e -h au t  c - c -- c- cl

force .  Commonl y ,  Newton ian f lu ids and Hookeami so l ida  are t -xc -luded ,

V 
because s tud ies  of such m a t e r ia ls  more properl y lie c-ui the fields of

hydrodynamics and elasticity. Thus, rheology is concerned pi’iniurily

wi th materials whose response characteristics depend on the stress-

strain history , in addition to the instantaneous state- a of stress ,

deformat ion , and deformation rate.

To i l lus t ra te  cer ta in type s of behav ior , let us consider t hree

idealized materials: a Hookean solid , a Newtoninut liquid , and a linear
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v iscoel tc -at  ic m n i a t e r i c - c - l .  Fur ther , le t  us suppose t ha t  cacti is subjee t ed to

a u n i a x i a l  t emisi le  d e f o r m a t i o n  w h i c h  increases l inearly w i t h  t i m e , i . e . ,

€ = ~ t , where e ,  ~~~, and t am- c strain , strain rate , and t ime , r e s p e c t i ve ly .

(This  atraiui — tim n e history is -onisidercd because the da ta  discussed sub-

sequent ly  were ob ta ined  under  such c o n d i t i o n s . )  For the three types  of

m a t e r i a l s , we o b t a i n :

V a
- V Hookean Solid = E€ or — = E Et

€

Newton ian  Liquid  = or =

Lim i t - ar  V i s cocl ast  ic M a t e r i a l  F(t)

where E and .n m ~ - t he  t e m i s i l e  modulus and t ens i l e  v i s c o s i t y ,  bo t h of

w h i c h  are indepe ndent 01 the  m agm i i tude  of the  de fo rma t ion . The r c c - t i o

o~ € is inversely propor t ional  to t ime fo r  a Newtonian  l iquid  and is

independent of time (proportional to t°) for a Hookean solid.  For a

linear viscoelastic material , ~~~ is independent of the  strain magni-

tude but is a function of time. The t ime function , F( t ) , called the

constant—strain—rate modulusc- , gives a complete characterization (in

principle) of the linear viscoelastic properties jut uniaxial tension ,

provided it is known for 0 < t < ~~~ . This modulus is related to  the

better known stress-relaxation modulus , E( t) ,  by the equa tion:

E ( t )  = F(t) [1 + 
d~ l~~

g
F~t)] (1)

Figure 1 illustrates the general features of F(t) and E(t) for a

typical high molecular weigh t noncrosslinked polymer. At very short

times (equivalent to convent i onal test conditions at a low temperature),

the polyme r exh ibi ts glassy re sponse ; the modulus (abou t lO bo~ dymc-es cm~)

is nearly t ime-independent . As time inc reases progressively, the

modulus decreases to the so-called rubbery plateau at 106.9 dyne s/cn~~,
attributed to a transient network of entangled chains. (If the polyme r

were crosslinked into a three—d imeec-~ional network by primary valence
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bomids , thami  at long t m ica the  modu lus  would app roac h an e q u i l i b m - i u m

value , det e r m i mied by the numbe r of chemical  cr o ss l i n k s  amid p e r m a n e n t l y

t m-apped phys ica l  c-nt ang leun emit a .  ) At s t i l l  lomige r t imes , t h e  modulus

decreases owiuig to  viscou s f low and the  a s s o c i a t e d  mionrecoverable

de fo rma t ion .

Fi gure 1 show s t h a t  t he  F( t ) and E ( t )  curves are s i m i l a r , except

at vem-y long times. In the rubber-to-glass t ransition zone, the

greatest difference betweeit E(t) and F(t) is a lactor of about t iret- .

In the terminal relaxation reg i out , F(t) is directly proportional to

t~~~, whereas E(t) approaches a vert ical asymptote.

The modulus 1(t) ma u’clated to time ’ by the proportionalit y

F( t ) ~~ ~
m 1( t )  

, where t he- t m ae- dependent t-xpoutent ut(t) lit- s on the range

— 1 ~
- n( t ) ~ 0. When n(t) = 0, the m cc - t em -m cc l shows Hookean behavior;

whe n n( t ) = — 1 , i t  exhibits Newtouiiaui viscou s flow . The exponent 11(t)

is a qualitative index of the rel at iv c- - amoumits of energy dissipated and

stored during the deformation . Wh.n n(t) - 0, t h e  energ y to def orm a

spec imen is completely s to red , but  w hen n( t ) -1 , t he energy t o  m a i n t a i n

a constant deformation rate ma completely dissipated as heat .

UNIAXIAL TENSILE PROPERTIES OF NONCRY STALLIZABLE ELASTOMERS

~.ir starting point is the statistical theory of equilibrium

rubber— like elasticity~ wh ich is envisioned applicable to a relatively

perfec t ne twork st ruc ture formed from very long molecules , each molecule

constituting many chains of high molecular weight in the final network .

In the elementary development , the t heory is based on the assumpt ions

that the change in end-to-end separation of each network chain is

d irectly rela ted to the change in the macroscop ic d imens ions (an af f ine

deformation) and that the fret- energy of each chain (predominantly

entropic) is derivable from a Gaussian probability function . These

assumpt ions lead d irectl y to the elastic stored energy
W = ~~ (A ? + 4 + 4 - 3) , where G is the equ il ibr ium shear modulus and
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t he  \ ‘ a arc  the extenaiomi rat  ios~ imi the mutually perpendicular directiomis.

For either u n i c c -x i a l  t eu t s ion  or compression , the  stored energy gives:

= ~~~~~ (A -A ~~~) (2)

where ~ is t he- a t  reSs baac-d on the  undeformed cross—sec t ional area and

the equ ilibr ium tens i le unodu lu s E
e 

equals 3G .

When the ch a im i s  para l le l  to  t h e  s t r e t c h  d i r ec t  ion are h igh l y ex-

tended , neither the Gaussian probability function nor the a f f i n i e

deformation assumption is valid. In one approach t- . the problem,

Tr eloar2 applies another probability functioui to t h  a f f in c  d e f o r m a t i o n

(assumed) of a spec i f ic  uc-etwoi ’k model and ob t a in s  a at io n  which  fo r

uniaxial tension reduces to:

A (c=)

= G ~~ s_ i[x~A~~~] 
-

where X (~ ) is the extension ratio (hypothetical) at which da dA ~ and

.ri(x )  is the Inverse- Langevin function of x \ , A (m) . Although this

equat ion should not be considered quantitatively accurate , it predicts

the correct shape of the stress— strain curve. When A
m
(
~~ 

is less than

about 0.3, Eq. (3) reduces to Eq. (2).

Precise expvrimcntct l tests of the stati stic-al theory have shown

several unexpla ined phenomena. First , equilibrium data are exceedingly

difficult (commonly impossible) to obtain owing to a slow , yet  persistent ,

*For a specimen which is a rectangular parallelepiped , the ex tens ion
rat ios  are X c- = L/L~., , ,  A 2 = W/W-~,, and A3 = T/T ,,  where L , W , and T are

- - the lengt h, width , and thickness of the deformed specimen and I~~, W0,
and T0 are the dimension of the unstretched specimen. luc- t h e  present
d iscussion , the symbol A is used in place of X~~, where A 1 is the
extension ratio in  the direction of a uniaxial stretch. The quantity
(A-i), which equals ~~~~~~~ is defined formally the same as the Cauchy
strain € .  Because the volume of ami elastomer is sensibly cons tant
du t- ing a test , X c- X~~X 3 = 1. Thus , the stress based on the cross-
sectional area of cc deformed specimen is Aa
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r e la x at  L e)fl or c’ reep. h u -  1 m g itt l v  c n-ossl imiked c- -last aunt- n’s, t he- t c-n in e

depcuidcmice is mton-iinal lv more pvouioumi cc-d t inane fom’  those un i on -c - t i g h t ly

c- rets a! iii ked . V c c - i S iou a a t U(l tea of t lie a plc-c- miounc ’ m iam i i c -c - ev e be’ emc- inc -c-dc- ; ann ouc -g

the  severa l  propoae-d e’xpl c-c- u i at c- outs , h a ute tic -is bc -cut generall y accepted .

The second unexpi  a i mn e ’ d ph em ionn iem ioun is  t ti c-i t the at n-es a ( icc- uei i cr-c- i a 1 t c-ic-si on

cmmt de’r ncar—t-qu iii bi’iunt e-omtd it e omc-s) at imitermed i a te  ext  c-Ic - si outs c a som in c—

what  le’SS thamc - p r e d i - t e d  by Eq.  (3) ,  p rov ided  C is c -v a l u a t e d  from d a t a

cit smal l  defoi -mat  ions . The t i c - i  i ej  c-tmi oui taly is (he oe-(’ui ’ i’c-mic e of rup t  un -c

at  small va lues  of \ ~~~(v )  . :\t lc--vatt- d t en np ei ’c -t tui -c-s , where e q u i l i b r i u m n t

respouc-se is appz-occ-cited nn ost c lose ly ,  ~ b X ( ’ ~’) 0.2, whe n-c- A
b ~ S tic-c

extenta c- out ratio at break.

Certain general features of c m n i a x i a l  t e it s i le  behav ior  a r t ’ i l l u s—

t rat  ed~ in Ft g .  2 by dat a out a V it out ~— HV (hyde -of luoi’oc cc - rbom c - )

vul i-an i  za tc .  The t ic-c-ivy cue -v t ’ ( tV ci i lure ’ cave-lope) r e p r e s e n t s  t he’ locus of

rupt  ui-c data det ee-innined at v a r  iou s ext euc-s i oui r a t e s  at ei ght  I c-nape r c t tu rc - s

between —5 c-c-nd 230’ C.  Tite curves  to t ic-c- l e f t  e)f t ic-c- emivelope rn-present

at  r e s s — a t r a iu c -  data ob t a i ne d  at t ic-c’ sante cx t em i s i o n  c--ate ’ ( d c - c - t a  c- it two

rate- s arc show n at 55” C) . The dashed c-u rye- out t ic-c- c-nc -y e lope- ‘ a n-i gilt is

t ic-c equ i 1 ibi ’ium curve  der ived  imc -d i n’ect ly  as out ii ned below . T u e

quant  i t  v (A ) is  tic -c ’ nna x imum n t ob ae ’t’ v c-ibl e rat io amid A (~~) , def i nc-ed
- b nc-ax inn

above , is ant c-st i nina t e of t he max i nc-ant ex t  c-its i out m’at i a t h a t  wou ic -I be

observed under  equil  ib r i  uni cou c-di t t outs if  rupt un-c did nc-at m i t  e n ’vene’

We shal l  nc-ow comiside n’ da ta  fro unt u m c - i a x i a l  t e n s i l e  t e a t s  at  d i f f e r e m i t

extensiomi n-cites and t empera tures . (Tic-c approach out l iut ed  cc - c - u i  a lso be

applied to  s t r e s s — r e l a x a t i o u c-  cc-nid crc-e’p d a ta . )  The developed s tr e s s

t ) — — a  func t i ouc- of the e’xt c n c - s i o n c -  r a t i o  A anc -d tic -c t i utc t (
~~

- (A— i) \

where A is the con st amc-t  r a te  of e x t e n c - s i o u i ) — — c a m c -  be’ decomposed icc -to  two

functions as follows :

a (A, t) = F ( t ) F ( \ , t )  (4 )

where r(x , t )  is cc function which approaches tine Cauchy atra i un , A - i, in

the limit of zero extension . Thus, F(t) is the modulus , discussed jut the

previous Section , and r(X.t)/(x—l) is c-c- measue’e of t ic-c d e v i a t ion froun

l inear response.
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To evalua te F(t) autd F(X , t )  f rom data at a series of comist ant

extemisiomi rates , plots nc- n-c’ first nniade of log ~ vs log t , where the

poiuc-ts alouig a siuig le curve represent data at the same extensiout . Auc-

illustration i is provided by Fig. 3 which shows data obtained on a

V itoni A-HV vulcanizate at 130”C. Because the lines are parallel , it

fol lows t ha t , wit i c -i mc- t he  experimenttal uncertainty , f’(A ,t) is indepenideuc-t

• of t ime Qver the range beiuc -g considered . The negative slope shows tic -at

relaxatiou c- occurs comitiuc-uousiv dun’iuc-g a test at each exteutsion rate.

Thus , the curvature In a stress-strain curve is the i-esult of two

effects: (1) the continuous relaxatiout of stress; and (2) the inic-eremi t

nonlinear relation betweeec- stress acid straiuc- .

To analyze  tic -c- r esu l ts  f u n - t h e e’, va lue - a of a t  reas auid at  n - c - c - j u t  a i c

read c- it a f i x e d  value of t c ute f rom the  plot s of log .-~ vs log t . (The

result  ing values are termed i soc-hi-octal at  c-- c - a s — a t  n- c- c - i nn c - Ic - it  c - c - . ) Counnnomi i y

1—minute  i sochrouc -al dc-i t c-c are’ ob t o  inc-ed and used to e y c - c l u a t  e t he ’ 1—mi i c -u t e’

modulus , F ( 1); t hi a nc-ada las cc-c-n convent i eat 1 v be obt a i nc-cd c- i  the  n’ f ronu t h e

i n i t i a l  slope of a plot of \c-’ vs ( \ — l )  on~ froni t ic-c- posit  ion of the  l i n t ’

of unc-it slope onc- a plot of log Aa vs log (A—i). Afte r 1(1) has beenc-

obtained , 1—minu te  values of t u e  a t  n-a imc - fumc - e- (1  onc - (A , 1) cant be obt at uc-ed

f m-am the relation c-’(\ ,l), F ( l )  =

Over certain i’auiges of A amid t , the  fu n c t i o n  r ( x , t )  is izn d ep enn ~~~nt
*of t ime , as well as temperature , and tic-us:

= I ’(A )  = (5)

where 0/S
e 

is the ratio of the equilibriuun n stress to the equilibniunn

t en si le modulus , S .  Consequeuc-tly ,  If r(\) is in fact time-independent

and c-s available from lan’ge—defornc-atioui dat a , then t ic-c equilibriu nni

*
In this discussion , i t  will be assumed that t ime-temperature nc-open’-

V position c-a applicable to data being considered . Thus, the phrase
range of t ime” will tacitly signify aut equivaleuc-t t emperature ranc-ge.
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st n’e’s s — s t r aj u i  c-lm rvt - c c - c - u n  be de r ived , provided E is known , at extensions

above t h a t  at w h i c h  ruptue ’c On-curs uu c-der “eq u i l i b r i u m” tes t  c o n d i t i o n s .

I t  was not ed some veal’s ago by Guth and coworkers4 c-c-mc -d by Tobolsky

and Andrews5 t h a t  the  equat ion  c ( X , t )  = E (tW (A) could often be used to

represent s t r e s s - r e l axa t i on  d a t a ,  Several s-ears ago , Eq. (5) was shown

to  be appl icable  fo r  n -c-p vc - sc -n it ing da ta c- 
, at extenc-sions up to rupture ,

f rom t c - st s  cit cons tanc - t extension rate on auc- SBR vulc-anizate at t emper-

atures  from -34 to 93° C. The u t i l i t y  of t ic-e equa t ion  “ = E i ( A )  was

e x p l i c i t ly  pointed  out by H a1p i n c -’~’ ’ who showed t ha t  couc - s t an t  extension

r a t e , s t ress  re laxat ion, and c reep da ta  may ( f o r  c e r t a i m c -  m a t e r i a l s )

g ive sens ib ly  the same t’(A). (His  da t a  we re on act SBR v u l c a n i z a t e  at

tempera tures  dow n to -35 ’ C and ex tens ions  up to  nearl~- 700%.)

l~ t us now comc- sider  the  con c-d it  lout s under which  F ( X ,  1) - -at  least fo r

some elastomers--might be expected to be t ime- indepenc-dent  as well as ante

reason for the function being time-dependenc-t under other conditions.

Fol1~~ ing the approach of Halpin7 , we shall for expediency assume that

the stress-strain curve is given approximately by Eq. (3) except that

A (~) is replaced b y a t ime-dependent e x t e n s i b i l i t y  A ( t)  ~ A ( ~~) and
V 

G is replaced by F(t)/3. This gives :

A ( t )

V 

r (A, t )  = ~ £ ‘  

[
A /X (t ) ]  — (6)

To generalize somewhat and to indica te  a graphical  method for  de r iv inig

A ( t )  franc-i experimental da ta , Eq. (6) can be w r i t t e n  in the  form :

~ 
+ 

~
) A~ ( t)  = 3X ( t )  ~ [ A / A t ]  ( 7a)

= f [ A/ A (t )~ (7b)

where the function f[A/A (t)] need not equal that on the right side of

Eq. (7a). Because r’(x) = 3x + 9x31V5 + - . ., the right side of Eq. (7a)

reduces to A (it becomes time independent) when A/A (t) becomes less than
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abou t 0.3. Equat .i ou c - (7 )  show s t h a t  \ . A~~~~) is  c-c- h i g h l y  s i g n i f i c a n t

qu am t t  it y amc-d t h a t  c - c - c - c ou n t  should be t akeut of ( t) in  compar ing  si r ea s—

st m-a c - i c -  dat  a for  d i i  fc  re-nt mat  e n - c - a l a  -

One—minute  c- sochronc -c - 1 d a t . n  t r am  c o n c - s t a n t  ex t e n s i O n  n- c - i t t ’ t e s t s  on

a V i t o n  B v u l cau t i za t e  are shown m c -  F i g .  4 p l o t t e d  as log F ( \ , 1) vs

log (~~-l) .  Al though  the  1 - m i n u t e  modulus , F ( i ) ,  x u t c x -ea a e - a from about

200 to 300 psi betweenc - 70 n c-m id -.5~ C , ~ (A , t) c-s seu tac-bl~- n cc-depenc-dent of

t emperature (and also of t ime) at  c x t en s i o m t s  up to about 100%; at

int ermediate extc’ut aionc-s, the Ium c-ctc-ont is smaller thau c- (\—X~~~ ),3, showmi

by the dotted ic-ne . At all extenisiont s, r (\ , t )  is essentially temper-

ature independent between 70 and 25 C; at large c’xtcnisions below about

25 C. it depends out temperature because of the t empex- c-iture dependence

of ‘- ( t ) ,
m

To obtain relat ive values of ) (t), plots were made of log

13~~1F( 1) ÷ A~
c - ] vs log A and these were superposed by ahiftiu c-g along

* - C’a line at slope 2.0 ; the  s h i f t  dist c- ic - e-es gave- \ - A , where A and
ITt at iTt ft

are the extenc -sibil ities at the reference temperature (25 ’C) c-c-n i the

other t emperatures , respective ly. The tabulated c - -c - i i u es  of ~
°,- A in

Fig. 5 show that A decreases by about 30% betweeui 25 acid -5’ C. As

Fig. 5 shows, data at differentt t empe i- c - c t u r e a  superpose q u i t e ’ we l l  except

at intermediate extenc-siomis where the points move upw a e-d w c t l t  c-i temper-

ature decrease.  (This  behavior  a ri s e s  be-cause of the c o n t r i b u t i o n  of a

term analogous to C2 iii the Mooney equat ion.) The ratio of the modulus

to A ( t a b u l a t e d  in Fi g. 5) c-s con c- s tan t , and t ic-us A is inc-versely
ft lit ft -

propor tional to ~he modulus , 29$F(1), T. For other vulcantizate s , it has

been repor ted’ tha t  A ( t )  ° [E(t)] ~~ . Undoubted ly , \ ( t )  dt-peuc-ds in a

complex manner on network topology .

In recent years , considerable data has been obtained , usucc-llv

covering three logarithmic decades of extension rate , on a var iety of

vulcan izates, (Normally , data were obtained at temperatures not less

*If Eq. (7b) is valid , then plot s of data at different temperatures
(or times) must superpose whet- shifted in this manner.
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thanc -  20°C above T .) For mc - c u t y v u 1 e c - c - n u i ? V a t i~-s under all conditions at which
g

X ( t )  is cons tan t , c- sotit ernnal  d a t a  cit ex tens ions  up to rupture-  can be

represented by Eq. ( 5 ) ,  -~(A , t )  F ( t Y ( \ ) .  However , f o r  c e r t a i n  vulcan-

izates (commouc -ly those yen- lightly crosslinked), the equation is

appl icable  onl y for  ~ X c- 
‘~~‘— \ ( t ) ,  where X

c- 
is seldom less than about

2.0.

A somewhat ext reme exanntple of the  t empera tu re  dependence (and thus

ti me dependence) of r (X ,t )  is provided by data (Fig. 6) on a light ly

crosslinc-ked Vitonc - A—H V v u l c a n i z a t e .  The e x t e n s i b i l i t y  A m ( t )  decreases

below 25°C as shown by the curves which represent data at -5 , 10, and

25 C. Because rup tu re  occurred at relativel y low elongations at 130 and

V - 230°C , X ( t )  cannot be e s t i m a t e d , c - n i t c - i o u g h  i t  is expected to be either

equal to  or greater  t h a n  c - n t 25° C, The reasouc- for values of (A , t )  at

130 and 230°C b k- in tg  g r e a t e r  t h an  at 25°C is not kniown .

A more t y p i c a l  example of the t empera tu re  dependence of F (X , t )  is

provided by data (Fig. 7) for a crosslinked poly(methylmethacry late)
V polymer in i t s  rubbery s t a t e .  For t h i s  polymer , r(x, t )  inc-creases pr~o—

gressivel y as the tempera ture  decreases from 165 to  125 °C, (This

behavior is similar to that found by Ha lp in 8 in s tudies  of l i gh t ly cross-

linked styrene-butadiene rubber vulcanizates ; he attributed the behavior

to a nonc-affine mi gration of network junction points at high extensions

and to the p~~ gresaive increase in this phenonnenonc- as the temperature is

increased.) The relatively rapid increase in r(X , t )  at high extensions

a t 125 and 135°C results from finc -ite extensibility effects , i .e., A

begins to approach X (t), as illustrated more clearly by the data icc-

Fig. 4.

ULTIMATE PROPERTIES OF ELASTOMERS IN UNIAXIAL TENSION

The ultimate properties in uniaxial tension are the teuc-sile

streng th , 
~b ’ and the associated ultimate extension ratio , A b

. These

quant ities are strongly dependent on the temperature and the stress-

strain history . Although ab 
and A

b
_ l are relative ly small at elevated
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ennpt’n-at c-u n-es ( 15 1)— 250’ C’ above 1’ ) , t ltcse q u uun t i t  u e’S I m i c  n - c - - c - mac - -  by f a c t o r sg
of abou t 30 amid 10, 1-espec t m vely, as t ine t emnpen ’a t c-nr c m a  dcc re-used . C o u n —

-o mn t t aut t ly  • the unnod u lus f o r  sonic-c- el c-c-st one n-s sh ows lit I le an- no lut e reuse ,

whereas lou’ a) hers ii may imner ea se  severa l  fold, Whemi t he t ennnpe ra t  un -c  is

c-edict -ed f u n - t h e n ’ , t h e  b r e a kin g  clouc-gic I lout , (A
b
_ 1)100 , dc--c n- cc-cacs , but t int-

I ens i ic at  m’vngt in c-omi t I mines t o I uc-c reasc ; t he’ unnodu ius , howeve u’, I mic n-eases

rapidly amid approaches the value for glassy (plast Ic) polymera.

Ut- t’ort’ t ine’ c - ui ) I anal c-’ pu -opc - - n-I i c -~s of di [fm -r em it ‘1 cia t onic n-s -ccm n be- coin—

I n c - c red , i t  i s  nt c -’ t i - s s c - c  u-v t I) ch nm n ’ c -u - ter n c-’ c- - t u t  a Inc-- th— t c c i i  t h e  t i nuc -’ an t i )

eninp crc -c-tu n-c-’ d ep -ut d eunc-- - at  t heat’ p m’opert ic - - s . Two int ’ l (nods c - nrc  c - n y c - i  n ic-c-bi t-

bat it i ic -’ ci ’ 55 i t a f t ’  t It t- ilc -’ t  en -m i mi n i I i out c - n f rem pt  c - mn - c - - d c - c t  a mv, - n- b u’o ncd r c - n m n g t - a  ot

eunp erc -c -t c-u n-c- and ext c-mist out n - c - it c . (E quc -c 11 v c-ic e’ c -’~ n I able fan’ c- I n c - n i c - m e t e n - t i c - i t  n oun

c-c n-c-’ n’Lmpt eu t’e c - I c - i t  c-c - t i’ann C ri-c --p ou~ , c-v it Ic- t nt ci cc- rt c - t i lt I c--nape rut a n-c-’ n- cuc-gc--

S t m ’ c - ’ ss — rt ’l c i x c - c t cc-ut I c - - s t  a . ) U I  I t un ic - ct c p i’apc m’t v d n c t c - i  c - n n ’ - not am- n oc-u s I y mmm i—

re-pvc-due I ble , am i d I In c - is c -m ade i g i ven  I c - -st  cc-mid I I  I ohs c - n i  I m m c i ) t ’ pn-opc n-I u ,‘s

c c - c nn be’ i-c-pet’ i lied p re-c -i ac Iv oic-l y by a t  a t  n a t  I cc - c - Il v t n - i - c - i t  c nig d c - i t  c- i tn -ann

i’cpe t i t  L we t e st  s . Out the at Itt - i ’  hc -t c-c- 0 , i t  i ~ c- u sc - mc i  11 y of g n - c - -c u t t- r vu i c -m e t o

m’b (cc c li dcc -tu c-it cc l a rge uc -unn b e n- of’ ex t  cu t s  t out n- cc- t i -s t I nc - c - ui  t a at  c - c - t n  a t  ic -c - c - i lv

dc-f inn ,’ t he’ c - nit i i n c - c - I c -  prope c’t i t ’s  ni t  cc s i  u t g i  c- ’ on ’ c- - v t - u n  c--c -ev e n - c - i l  ex t  i lt S i o n

n-c-i t c-S ; t ht- n - c - - s c - m i t  n ing da t  c -u c - c - c - mu  bc- ’ r - p  rc s cmu ted by c - i  snu c -n ) t  lu-d c-u n-ye wli ic-h

g i v t ’ c - - c - c - I n- c - ic -soni c -c -b 1 y g( tO( 1 i’e’f) u ’ese ’mc - t c - c - t i  c - l I t  of I lie c - n y c - ’  n cn gi ’ a m -  111(1St t u ’obn c- bit ’

va I c - nc - -s  u t  ext c-na tout n- cc - I c--s i t t  t h e  1- ni mig e be n u ig -a i i s  ide n-c-c- I

1’Iit ’ [~ i n-st mite t hod at’ e- h c - n  n’ c-c-c t en’ i i.i ng c - m i t  I mat n - p m’ apc - - n - t  i e a i a bm csc - - d out

t ite c-c-ppl i c -n i t  I ant at I I lin e’— t i-nap e n -cc (c-u n-c’ ac-upe n-pos i t  I out (in u n i t t’ n - n - c - - .i c - c t  e r eup t  c - t n - c

dc-it ii nit (It ftcrt ’mt ( tc-’ninpe i’nt tc - n rc - ’ a c-c-mid c - - x t  -u ia  tou t  n - c i t e s9 . ‘l’h e’ sti pi ’n’~m aai ti c - c - ui

P r~ c-’ e-du i.e ’ , wit I c-h upp ec -u i-s (I) be nc-ppi I c--&c b l c—— n t I c c - n a t  app m’ox I n nat  c l v  — — to

(Inc - t i c -  c-) lt ic-mit on ’p liou s el c - c a t  anne ’ n-a , ic-ada ( C )  cominp os i t  e c-u n ’v c - -a wit i c -h  sh ow th e

di- p -  nnc - k- mn c c - ’ o I t ic-i ’ t i - m i s  I le’ at  ri— mc - g t~ ii on t -  I t  i t t - n -  t ic - c - - I ennnpe n- c -c In  n-c — u ’c - c -hc -n c- i’d

c-’x t ens t out n -c -c -t i ’ , Ac - c -1,, ou- t ine I chic-pc n - c - ct c-u n - c -— u’edc-nce’d t imnt ’ — t o— brenk , I 
~~

, cc- ,~., -

(The’ qununt. i t y cc,1, h a  t lie t -mnp c - - n’ nt t a u ’e— c -Ie p eudemt t alt i f  t fcc -c t e l  n .c - ~ c-’omntoni l

used tnt supe rpos lung c-u rves wfil c-h u’vpn’c-’se u n t mne - fu iiui icc-c l pri ’p c --  n -I V dat nu c-i

var b c-n a ( c-’mpermc I c - u  m’t-s t o  obt c - c - I  mi n i cc- unpo s it t ’ plot  . ) Sc-nc-in cc -un -v ca, c-c- long

wit it as a t uutc t tout c-) f t empe c- ’cctu re , e mtmc -b le  t lie’ c - n i t  in c it e  ~) c’c-)L)( ’ n t  i c -s  t o

bc-’ predIcted over wide rin uc-ges of ext c - - i t s  l out n -ate  ami d t empt ’ u’ n c - t un -c ’.
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Ue’t ’ c-i c -mat ’ l iii’ c - c - u u - v t ’ s  d c - -pc - -unit  c - nut a t  rc--sa— at n-c -u i n n  I n n  s ti n nv , t int-v cc u’ c-- in c-I

s c - m i t  c - c -bit ’  f ar  prc--iII c-I n mug wh it -mn n-c-m ill c-uu ’i- w n  I i  tc -t ’c - ’c -n u- c - im n d c - ’  n- c - i l l  c - m u - I n t l  n - c - c - r

S t  u i -a s — I  m it- ic- u ’ a t  u- c - m i  ui— t u ni t ’ h i m  a t e  ~

‘I’ic-t ’ see ’ounil uni t - t ic-ac -I m a  t u t  It , n-nina -‘f c - n I c - n i I c - n m’ e c- ’uv,-l ic -t c -e~ , o ft c - -ut

n-i’presc-’utti’d by mc p lot at lag 
b ’’ 

‘
~
‘ ~~ log 

c-
- I )  - (A t y pic - c c -I t ’ c t u l c - m u ’ c-’

t- u iv c - - l  c-c-pt ’ u s  shc - c -w uc - t i c  I” ig .  $ - ) Pu- tnt- c c - I c - -c - I I c - n a ’  — I i -m a im - m . m  I c - n i t ’  su i nc -’ m’pc-ns i t  i c - n u n

I a nc -p pi ic - -c-c -bit’ , vcc I c-ut-a c - c - f  I) n c - i t t )  c-c- b 
g u v i -  c - n s c - m u g  I -  c- - c - n m vt’ (i - n c - v t - i  m ine ) w i t  i t -i n

us t m iihc --Ic-c - ’uitIt -unt of I l ine’ ( c - - x t  c - - n c - : -  n ec -ni m a l t ’ )  amid I i-ic - c -~m - n , t t  mn m ~ ’ c u t  i t t -n ’  c - i

c- I, ’m m’ i ’ c - c - Si ’ 1 m i I c--ninpe n- c -c - I c -u n - c ’ i n n -  am c- t ie ’ u i - c - n i - _ i ’  n u n  ~~~~ I i ’nn a m ann n - a u  ~~- c - i n ’  n - i ’ 1 y sic- i I I i-.

c-c - pcI iu n l , c’c-’p u’ - s c - - m i t n ung rc-up l c-n n-c-’ c - Ic - c l ~i • t - cn c - u ui  l , , m~c I tnt ’ kw I —. ‘ ,t t i i c - u m n i l t ic - i ’

euiv elec-p e’ . ~\ i t  hiougic- I hit ’ t’,c c Ic - n  u ’ c- - c - ’ un c -’ i- t i c - pm ’ n t , n c -  ih i ’~c - i ’ uu d  ‘- inc - c - mi - c - c  Ii i )  i n t l  a t  n - i -c - -, -

at m u m  m Ist or c- l iii’ uIt -pn- n n d t- m nci- us c- ip In .I re ’uc - t  i i -  a t  u g l c - I  c - u u c - I ,-ss  t in , ’

his toi’l c-’a .1 uc - - gut ias I v di sam nu t I ,tr , e.g. , tin ,n I , t  s c - , m n c -’ i ,t I i’d u - mt It c-c c- c- Ic - c - -

at u’c-ss ic-a c ec - mi n p c -c - u- c-c-I c-v i t  in ci mani c-nt i c - m i m e- n i l I ~- m u i n m m c - t i ’ c- - n - , ’.ts c- mu ~ i—I i c c - - a -

Tic-c-’ Ic - i I ic-i n-c-’ i ’ii t’ c-’ lope’ sinaw c--c- c i t - c c - i  I v I ic- i ’ ic - na \ i n n c u n n i c - h i m -  n ’v c - ib  I c - ’  c-’xl c- -mc -a n c-c-ut

u- c- ct i t - ’  (\ ) . Al  c - i c - m i t - e m i l  I c - c - mi ni ! i ’ x t , - m t a i c - c - u t  n - cites , I_ A ) c c--c- c - nb a cu’v i -c - I
b Inc-c X lc - l inu x

at c-c t c-tape’ n - n c - I  c -u n-c-’ wit it - l i , t Ic - - p c - n c - c - I  l u n g  c - c - mu I lit ’ c-’ I c - cat aunt- u , c a u ’o c-n gh i V :~c- c - c-~c- 
V
C

abc-c-ye I lie gl c-c-a S t e-nnpe- n-a I c - u n - c. A I I c - c - w i -n -  I ,-s t I c-’nupc -’ n’a I c - u i  m ’5 , c-u’ ,t t I Ic -c --

c-’qu I vii Ic --n i t ly hI gu i- u~ c-’ x l  c - -cc - a n a tm n.c - c - t i’s , n-up Ic - un - i- c - I c - c t  a c c - c -m nn nc - o uc -  1 y c-te l  n t tn l

n-c-apt’ n-pc -c- sc t e l  p n -c c- c- ’ i c - I c - -  c -i sa c - c - c - c -I it c- ’ x l  ~‘nns u eli at I hi’ c-’c m u ’ve c - Ic - ’  I u unc-’c-I liv ~t c i t  c- c c - c t

ic-i g lie ’ n- I euinpc n- c- c- ( c-n c-’c-’s ic-i’ I an-c-’ r t’ xl etc - S  i m u m  m’ c - i t  c - -s  I Ic -us , c-aid ,- r ( Itt -a c -’ c-c - c -nc - —-

c h i t  l outs , a l t  I tic -c -u t c-’ ~ n - mc - }c - t’ i’ t t i - s  c~n cuu prec-bnc -b 1 y bc-i c-ha n-c-c-c-- t c-’ n - u  . i’d c - c -ut ! v n’c - c - c -u gh l v

ic-v cc- Ic - i t ic -u me c - - I c - v t -  I c- c-pc - ’ c-in’ t i c - i -  conic-pc-c-s i t  c-’ c-c-n n-vt-a wit t t ’ i n  aI c - t c - w I hi ’ I I nut ’ —

dc--p c-n c - c - le n a - c - c - c - f I Itt ’ c- t i c - I nc

Two i m port  c - cult  q c - u n c - u c - I  i t  I c - - a  iI c- ’ I t un e d  I c-v nc - I c n n  Lu m~i ’  , ‘u n v c - -  I tc - t c - i ’  .1 mc (.1
- I) ma c - c - x

ic -ic -c -I t he assoc ic - c - t i- c-I t euns iii- at m’cmtgt It (c- ) . The mm ncn x l  ac - man i -x t e l l s  i in t i l t  v
b mccc x V

I a quit c- ’ st -nc - alt I vc -’ I c-c- nit’ t wcc-c- ’k t c-c-pol c-c-g~- cc - u tt l  dc - - pc - - mi mic - - c - c - c - mi c- - n -oa s i t  nc - k d c - - n a t t y

accord l u n g  ( c - c - I itt’ ic-~c-p i’ec-x In c - I c - t i ’  c- c- -i i c - I i c - c - t i  (A ) - ‘  N nn 
, u-Ic-c-’ i- c-’ N I c--c- t ic- c -’b mmc x c c

nn c- ’m’ m~c- i gc-- n c - l e n - a I i m — we Igint ic-I’ n - f - t n - c- ’ I Ic - ’~- itc-’ t wc - c -u ’k c- ic -nc t u n a  c - c - m i t )  uc - altec-c-mit ) c-’qc-nic-i

0 ,5 It’ I itt’ mt e twon - k  th’ fcc-runs cc-If tntel~’ , Iii Lc -m’ c-cc - I i c - i ’ , htnwc -’vi’ i~ - it imnc - c - v bc--
— 

a iguc- if ic-nu t ly great e rt t halt 0. ~c- - a r i - f  li-c -’ I I c-c- it i c - f  t ic -c-’ l ute- n’c-ic-sc-’c-I e ’xt  c-ui —

sib tilt v c-c-h Ic-h rca c - nil a f ram t int ’ nnonnc -f I I mit ’ di’ ftc -n -m a I n i c -u n  i i i  l iii’ nn c - ’t ~- t c - u k  -

The I u’uc t ens I 1 c-’ a t  reuc-gt It , (A cc- ) , f e c- n - t ic-c-’ t- lmc - st amm nm ’n’ s t ic-c-na Ic - c - ub b nc-mi x

I

~ 
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a tti c-I n c-- c- I i - - n’c-nuginlv 10~ psi , cv -n t l n u u c - cc fnc -e’ta u’ t n t  2 I a  - I .  Thus , ,cs cm t i n - a t

n c pp r i c- x u m c-u , n  t i c - c - u n  (c- ) 1 0~ (A 
~ 

— 1 
-b nunc -x b c-m ax

‘l’ic-c-’ c- inc - c -u- n c-c--I i ’c - ’ n / c - i l  i c - c - u i  c - n i
. t ic-c’ nit i nm i. c- t i~ I c - n - c - c - i c - c - ’ u’t c - c - - s  i c - c - c ’  c - c - i n . u inc - u s

c-’ 1 cc - st c-c-inc-c’ n’s c-nc -cc-bi t-a I lte’ iu p i’ec- t c -c -’ u - i  i n  - a I c-c - be e - am m m pc - c - rt ’c -I c - intel I Ic-c n i em c - dc - n  i’c-c- nc-c--

c-uit c-le i’ c-I i I I i ’  n-c-nt Ic- ’a t c- - c-c-nd I t  ic -nc - a  Ic - c -  ic-c-’ in u’e’c-I Ic- I c-’eI . i l c - c - w c - - c - -  n- u’ , t i c - c -  c - i c - c - i l l  c - cb l c- ’

d~c-t cc c - c - mu c -ne c -m a ’ u ’y st a l l  I c c - c -h i  e’ i c - i a t  c - c - m u c - c n ’ s shiic -c - c - - t i c - cc - I I Ic - c-’ in - prc -c -j c - c - ’ n’t tea n c n ’ c- ’

react rkcc-b Iv a inn i i c - c - n ’, pc--c - c - c- - ided pu’opt’ r c -c - cc - c -c - c - c - n t  i n-n I c-c-ke’u c- ic - I dif Vt ’ n- c- -i c-c-c - - a c - u t

g lass I t ’nc -p ernc -t a n-c’ c-c-m id c-’ n-ic -as i n nc -k c-It’uc-s I t - A mm l ute ’ n-i’nc-ac’ (or dc-’e - n- i c -i a t - )  I mc-

T
g 

sIc - i t  Is I Ic-c-’ e’tc -c- c -c - Inic - a c - tm ’ cc - in - v ia wit i e i t  m ’ c - ’ p u ’es c - - m c - t  I ite’ I I c-Ic-c-’ e le ’ i c - m ’ u t c - I e -m n c ’c-- c - n i

(lit’ c -mit c- inc-c-c-I c’ ic- u’c-)pc-’ c’t c- i ’s - 1 ic- c - c - c - c - n - c - I c-c- iii giic-- n’ (c-c - i’ ic-we u’) t c--mmn i c- e n- c - c - Ic - mu- c’, ic - c-vt uc-g

t i c- t ic-c’ c-ic -c - c -nc -g e c - cc -  I inc - I c -’ — ae’c-i Ic- I
V ic - n’ ic- c -c - c -i c-’cc-i ic-c c’ n- i-cc - i ’ u ’ac - t g e -c m i e ’nc - I s , A c’ ic - c -c - it g ’ I mc-

‘n’ tc - sa 1 um i k c-Ieun c-—c- i t v l i c - c -a c-i a t  n ’ ec- ntg i ’ t t i ’ c - t c - c -ut t ic-c-’ c - n il t nmt at t ’  i’l c -c -nc -gc c-t i cc - ni ,

c - n I t  ic -c -c -c - ugh c - nmic - h e ’ m - mac c- n cc-c-nd m t m c - c - m i s ( t ’ s i nm ’c i c - c -i l y low c-c - n - hi g h c- I i ’m c - upc - ’ n-a I c - u n ’,- ) t ic-c-’

c-f f i ’c ’ 1 ac - n t efls I i i ’  a t  i’i ’nc - gt  Ii i c - t V t i - n i  I a n- c-i I ic - on’ aimnc - c - l 1 . c-i

i t i s  c- ’ec- c- aec -iic -c -b Ic I 0 c-i a au nnm c ’ t I c - c - c t  c l i  V Ic- r eui t  c ’ I c - n s t  aimic ’ 1 5 c c - n - c - ’  c - u t  c - -cc -u’  I’m-s  —

pc-c-n du  m t g at  c -c - I c--s who’ui I he’ I c - - s t  cc - c -nc - c - lu I c - c - m i s  cc - n c-’ ac -nc-it (Inc - i t n - c - t i c - I c - in-c-- inc - c -c-lu’ s c - i t  V

~~ ~~ nc -nc - x ’ Wii cu c - (A b
) 

~~~~~ mnu a x nc - uid i c -c -g - c- 
~c-

’l’
~ / T c c - n ’ c- - p 1~n t  i t- c - I cc -ga i n c - s t

1 cc-g t I I ) , whim ’ n-i ’ ( I  ) u a t ic-c’ c - - c - t i c - Ic - i  c’c- ’ t i nc - Ic-’ (tn-m aine- n- cc -I c - in - c - ’ re’c-Ic-ucc-c-i)
b b nc-c-ax b m m ccx

ci t wit ic - i c -  ( -A ) i s  ic -h an -  n -v c-’ c - i , t ic-c-’ c-u l v i ’ s  1 n- ~ni mc - c - I n c - i c c -  cc - mt c - i c - c - I ri c - ’t v c - c - Ib u n i x  V

c- i c - c - a l  cc -Inc - era nc - c - c - I 0cc- lv c-c- c-’e fo c-uui cl I in be c-ju t t i  a c- nil l a m ’  I ui sic-c-c-pc bc-u I c-c-i so ( c-c-

1 i t ’  n-c-c t ic-c-’ u’ e’ I c - c -sc -’  ( age’ t ic-c-’ u , cc -a ahc-c-wun icc - ~‘i g . 9 - Tic-c-ca, c - I i Ii c - c -mig c - ’ i i i

c-’ Ic - c - - n c - c - i c -’ c-cl at c-’uc’ tc-urc-’ , c -c - nc -c - I m ’ ve ’ u c -  t n t  c- n-ic-as l i u k  cIe ’u c - a i t  v - g i v c -’ a i c - n - i n c - n c -c-’ c- 1 ci

e’hcc - nge l ic -  ( I  ) nc -nc - i t ( A  ) -in m m mc i x b ic - i c - i x

Tic-c- at u’ c- ’sc--c- -—s t n c - c - i un nc - mnc - l c - I l l  i nc - c - c - t c - propt ’ L~t ic _ a c- c -f  i ’ r \ - a l  c - c - l i  i~ ’ c ih1 n-

c-ic -talc-c-nit- n’s cnn -c - nc -c-c-dt f i n - c - I markedly c-rite- ui at u_ c-as— i cc-c -Ic -nc - cc- I c r y s t a l  I I i c - i t  i c - c - un

c-c-ecu n-a - Tic-c’ ci c -t c-c -t gc - ’ i c - c -  a t  u’ c-- ss — at  c-’ c-c - t n t  ic-rotc-c-’ n’t I c-s i a t ic -c -’ c - c -c -nc -c -pc - c- a m i t ’  c - f  f m _ c ’ I

c-c-f n-c t r i- c - - c -a c - I t - c ’ n c - v c-isSi )e’ I nc -ted w c -  tic - t ’ m’y a t  n c - I l  i ~c- cl ic -nut cc -ic - c-I (ic-i- subsequt’ni I

I ute n-c-ic-si ’ ic - n (ic-c- a ic - c - I c - c - ’  of t i n t ’  a t  c-- c --a s — at t’c-c-i mc - c’c-i n-c-’i’ e’nc-tusc -’c-I Lc- y t ic-c-’ u’i’ i c - i—

f m c - rt ’ I uc-g c - ic -’ t I ,n mi of l iii- it c -c - t’ei C u’v s I c - c - l i  i c-c-c-’ plc-nc-se. l’ic-c c - nil mmm c- Ic- ’ pr c-c-~c-c’u’t I i ’s

ic-re c - i f  t’ec ted because c-- n - v at a l i t  i c - c - ( t i c - u i  p u ’ mc - b n i b I v beg i n c - a jc-n -i’ f - c-’ u ’ c-’ nn I n c - i l i c -c- ’ n u n

t ic-c-’ v it - tic -i tv i c - f  ic-it t ic-c l pic --utt e’ rac’k c-c-cc -c-I I tic-c-a I un It tbi I c--c- it a l i c -  n-mat l out nc - in c - I

g rowt ii. Ccc-uc-suquenc-t I y , uuc-dc-’ r nc-any t cat c- ’ c - m c - I i t  i c - c - nc - a - c-c- apt-c -- i m c - c - c - ’u n c - n c - c -n be

at re’t c-hc-’c-I Ii -’ c-c- Ic-i gic- c-Ii’g u.c- - i - , c-c-nc-d t ic-c-u s c’ nc-n ac-ia I c - c - i uc- uc- i c - i ght c--c- I n’ c - s  s , wit ic - cc -c -u t
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_ _ _ _ _ _  
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n’c-np ( Ui’c- 0cc-urn-i utg . Wime -un I Ic-c’ test cc-)nc-d it jolts c-c- re pc’og rca a I ye 1~- c- hacc-ged

sic - tiic - c -t th e  ext  cc - mit  c - c - f  e’ ry a t  c - c - l i t  za t  ion icc-creases , t ic-e ul t m m l i ’  e iongc-c-t ion

p n -c-c-gr es a c - w e - i  V c-ic-c i’cc-c-Se 5 1 .-c ,1~4

Re iuc-foc’ciuc-g filler jut cc- c’c--ystc -c-lliza ble elastonuer muc -ay modif y the

comic-I i t t  cc -mis uuc -der wit ic-li  a t  n -n - as— i mc-duced c i-y stall j zc-it ion occurs , acid icc-

tic -is cc--c-cs- , c- c - itt -n - the ultima t e’ propem ’t ies . In  a n on c r yst a l l iz a bi c

elastoic-ner, fillet’ dec reases Ike u-ate ol’ t’c-’rtaiui relaxation processes

c-cu d t ic-c-is the ic-i gic-— st recc-g th reg ime is d is p1cc-c-ed tow c-c- i’d c-c- higher tempe n’ —

c-ct Ui~c-~~’ , Howcvc’n- , c- c t e i c - -vat c-c-I I emperatuc’cs, Ii lit-c’ ic-as a n- c- ic -it ive iy

small effectt4? c- , tic -c- icc-crc-c-c-se itt teuc-sile stz’c-ic-gtic- being abou t the sc-c-me

c-is t i c - c - c t  in n t h&’ modulus; the nnodulus increase’ mmmc m v be ic-early tic-at n-epre—

sc-cited by t lie Gen t ic-— Snn c - ii iwood equat tout .

A i t  hougui cc- c- cc -nc -pc -c -i’ m sc -un c-c-f t ic-c- nnc c c r-oscopic propec- ’t ic-s of var iou s

clc-c-stonn ei ’s e’ain prc -c -v i de  u se fu l  re la l  ionc -s b etw c -euc -  u lt  inc -ate-  propert ies and

nc - etwo z ’k a t  n -c- ,uctu c ’e, c -c -mi c -mui ders t c c-n di mc-g of rupture (‘c-c-ic- only result from

studies of t he’ c ’upturc nc -cc - ic -c -c-n c -is a c-c-ic -el c-c- deliuc-eat ton of the factors which

a f f e c t  t h i s  process . R u p t u r e ’  c - c c - t a i l s  tic -c- foc-’nnal ic-nc- of a c-rack  wic-ose

grow t ic- s lowly ac - c c- len -c it e’s c - int l  I I  c-c h igh—speed t e r m i u t a l  V e l c - ) C i t y  is

reached . Tic-c- uc-ew sun-Ic-c-cc’ arc -- c - c - ftc -n -c-c-c-c-c-I dc-urinc -g t ic-c slow—growth stage may

inc-dc-cd be q u i t e  sac-c -Il , anc-d t ic-us t ic-c rupture process can appear t o  occui’

ac-mc - i dc -’ uc - lv. Rowc-yen’ - I Ic-c- i’e’ i c’otis ide i’abie evidence that c-’i’ack growth  may

oc cur du r ing  cc a igic- if  Ic ’ c - in t l  I i’ c- c-c-’ I ic-c-cc- of the c-nc-I 1 c-’e’ t e s t  p e n - i  ec-d

Tic-c- rup ture  I hc ’ec-c’ i c--a c-c-f Buechc-’ cc-nd 11cc- i pi ic- c- and cc-I  K~c-UUS5r7 pro—

It’ i-c- i c - c - t i c - c - m i s  be t wc-.’cmn a l t  inc - c - Ic -  c-c-mid vi a c o ’ln i a t  ic p c-opez’t ic-s . In t he

Buc-’c i c - c -— H al p ic n  t h e o r y , c-c c-- i scoclast ic fuu ic t  i i c -mc - - - co n c -mo u c - ly  t u e  c reep

complininc-ce—-la n-c-icc-ted to t he’ ultimate’ prope c’t ic-s tic-rough two parameteu-s;

0cc-c- includes t ic-c- criti c -cc -i stress (oc’ the reialed c-riti c-al elonigattouc-)

for ruptui’e at t ic-c-’ crac k I tp; acid the ot her is c-c- paz-ante-ten’ which u s  t Int’

rat to of the tc -m t al t ln~’ before high—speed c’c’cuc’ k growlh to the rupture

timc - for each successIve filamc uc-t at the crac k tip. In the t heory of

Knauss , t he  rem it Ion I a  fornwalatc - ’d in  t erm s of a I Im c—dc-p ecnth ’mc - I s tored

c-’mnc --rgy ; wheuc- the product cc-f the crmc-ck length and t ic-c atc - u’c-’d c-’nc -ergy

attains a critical value , catastrophic crack propagation ensues,

I
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APPENDIX II

TIME AND TEM PERA TURE DEPENDENCE OF STRESS-STRAIN DATA
FOR AN UNFILLED NATURAL RUBBER VUI.CANIZATE

Several s-ears ago, the st r e s s — s t i - a i n  b eh av i om -  anid the ult innate

proper t sos In u c t i a x i  al t ens ion  were det er m imc-ed c- “ on an unc-f i i l c c - i

v ul can i z a t e  of n a t u r a l  rubbe r at 8 to  10 crosshead speeds at temper-

a tures  betwecic- -55 and l50 C. (At l5(~~C some chemical degradation

occurred during the test periods acid thus no c-le t a i led a i c -a l y s  is was made

of the data.) The time (St rain r a t e )  acid t e m per a t ur e  dependence of the

nit imate tenc -sile properties h av e bee n discu ssed 1 ’ ~“ ~ amid a p r e - l i c - m i l n a r y — —

and t hus somewhat a p p r o x i m a t e — — a n a l y s i s  of t h e  st r o s s — s t  r a i c i  d a t a  h as

.c-lso been presented . In t h i s  Appendix , a more e x t e n s i v e  .c -mc - d somewhat

more refined analysis of t he  stress—st rain dat .i is p r e sen t e d .

When an clastome t- is st ret  e’iied , 1kw dcc c--eased contigurat s ocial

ent ropy of t he  cit- two s- k inc reases t ic-c t endency of t ic-c c ita in s  to cry-

stallize . Tic-is is illustrated by the rapid c ry s t a l l iz a t i o n  icc - a

st ret ched natu i-al rubber vuic an s~~a t e , i ci cent  ~~~ I to the slow crys  t a l l  i —

zat  ion in the  unc-s t re tched c- ’u lcai c -i .~a te .  Tite c r y s t a ]  1 i z a t  ion i -at e  amid the

morphology of the result  t u g  c r v s t a l l t m t e  phase depend on t empera tu re ,

s t r a i n , and elapsed t i m e , as wel l  as on the  m e c h a n i c a l  and t h e r m a l

h i s t o r i e s .  Thus , an adequate  desen -ip t  ion of the mecic-anica l  p rope r t ie s

of c r y s t a l l i z a b l e  elastomes- s would n ’equ ic c  a q u a u t t i t a t s v c -’ unden -st acid i nig

H not only of crystallization kinetics and c r y s t a l  m orphology but also of

the effect of the crystalline phase on the respoic-se characteristics of
- I 

the remaining amorphous matrix. Because relatively little is known

about the in terplay of such f act ors , presocit understanding of large

defonnation properties of crystallizable clas tonners  is  largely q u ali t a -

t ly e.

During the crystallization of a specimen at a f i xed  exte u c - s io u c-, t he

stress dec reases and , under  cer ta in c o n d i t i o n s, becomes less t h a n  zero ,

i.e., it becomes compressive . When specimens are tested at a se ri e s  of
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cocist ant exteuc-siomi rates acid t empera tu re s , the  st r e s s—st ra i mi d a ta  arc

par ti cularl y di ft ’ic c -mlt to interpret because of two competitive processes:

(1) stress relaxationt caused by crystallizat ion ; (2) s-einforcement pro-

vided by the hard ci-ystalline regions dispen-sed in the rubbery matrix

which reduces the extensibility of the vulcanizate and causes a marked

increase icc - s t ress , at a g iveuc- e longa t ion , over t h a t  for  the  completely

amorphous vulcan izate.

In cons ider ing  the s t r e s s — s t r a i n  da t a  obtained at d i f f e r e n t  exten-

sion ra tes  on the ciatural rubber vulcanizate , we shall discuss first the

t i m e  dependence of the stress at extensions below those at which crys—

tallization occurs amid then at the highe r extensionc-s at which the data

reflec t the crvstalli zationc -. Following this discussionc-, 1—m inute iso—

chronal stress-strain data at variou s temperatures are coic-sidered pri-

marily in terms of the change in  maximum extensibility effected by

d i f f e r i n g  s t a tes  of c n -y s t a l l i n i t y .

A.  Time Dependenc -ce of St ress-St ra in  Data

The s t r e s s — s t r a i n  curves f rom t e s t s  at the d i f f e r e n t  extenc-s ion

rates were analyzed by t ic-c method which was adopted several years ago.b 
-

- 
-

Plots wem-e first made of log c~ vs log t , where each curve resu l t s  from

data at the same value of the extension ratio A . (The tensile stress ~
is based on the cross-sectional area of the unstressed specimen and the

time t equals (X-1).~~, where ~ is extension s-ate.) At temperatures

above -5°C, the d a t a  gave lines of ze ro slope , except a t large values of

A , i.e., those at which the vulcauc-izate is in a seniicrystaluine state.

This behavior shows t ha t  the da ta  represent , w i t h i n  the experimeic-ta l
- - accuracy , equilibrium responc-se. At and below -5°C , relaxat ion occurred

during the test periods owing to viscoelastic effects. This behavior is

i l l u s t r a t e d  in Fig.  11-1 which shows data at A = 1.2 at temperatures 
V

between -5 and -45°C. At —5 and -20°C , re laxat ion  occurred to a rela-

tivel y small extent and only at the shorter t imes .
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2.5 i m I
NATI.RAL RUBBER VULCANIZATE

- A T X ” I . 2  TEMP -

“C ’ A

a 2.o - ~~ g~ -

-20 O.I

b - ‘~ 4,_ -45 C
O~~~~—. . . QQ_ ~__~~~ -35”C

+ 1.5 
_ _ _  _ _ _

I I i I
-2 -I 0 I 2

log I in mm
7*- 5724 - - -

FIG. II.) EFF ECT OF TEMPERATURE AND
TIME ON THE STRE SS IN SPEC IMENS
OF A NA T URAL RU BBER VUL CA N I Z A T E
AT A 1.2. (Data are from tests at a series
of constant extension rates.)

At high extensions , the behavios- is complex because of the com-

petition between relaxation caused by crystallization and the increased

stress from reinforcentemc-t by the relatively hard crystalline phase.

This behavior is illustrated by the data in Fig. 11-2 which are \ = 7.0

and at selected temperatures betweenc- 100 and -45°C. The data show t Ic-e

following : above 10°C, the stress decreases with time whereas at 10°C

the stress is sensibly time—icc-dependent ; at -5 and —2OC- C, the st ress

increases with time , although at -45°C. the stress first decreases and

then increases with time . These dissimilar effects result because the

degree and rate of crystallization are depenc-dent on the temperature ,

extension , and extensiouc- rate.

Various studies6 , as well as thermodynamic considerations , show

that at higher temperatures crystallization begins at a higher exten-

sion and proceeds to a smaller extent than at lower temperatures . Thus,

the decrease in stress with time (i.e., with decreasing extension rate)

a t 25 and 100°C is consistent with the assumption that the degree of
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NATURAL RUBBER VULCAN IZAT E
V AT A :7.0 -

TEMP. C  -45 -20 -5 10 25 100
40 - 

A 0.6 03 0.2 0.1 0 0 -

- 
-4 5°C

• 
: ~~ ~20.C_0 T

o
O_ _

~~

~~

. 

- 
-

I O C
~~u cp o u:: 

I 1 2 3
log t i n  m m

‘I- 5724 - 0

FIG. 11.2 EFFECT OF TEMPERATURE AND
TIME ON THE STRESS IN SPECIMENS
OF A N A T U R A L  R U B B E R  VU LCANI ZATE
AT A = 7.0. (Data are from tests at a series
of constant extens on rates.)

crystallization increases with time and that the reinforcement produced

by the crys tall ine phase , which forms largely at a high extension and in

a relatively small amount , is not sufficient to offset the stress decay

associated with crystallization . This viewpoint is reasonable , although

it seemingly is in disagreement with results (discussed by Treloar6)

from a study of the birefringence of stretched s-ac-c-- rubber; tic-e bire-

f r ingence da t a showed that  at 25°C crys tall iza ti on was nearl y complete

immed iatel y af ter extend ing the spec imen and that a t 50°C crystalliza-
tion was sensibly complete in the time required (a few seconds) to

extend the specimen . However , these dissimilar observations can

probabl y be explained by noting that the ingredient s added during the

preparation of a vulcanizate normally increase the t ime required for

crystallization .
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The increase in stress with time at -5 and -20°C can be expla ined

by assum ing t hat the degree of cry stall izat ion aga in inc reases with ti me

and tha t now a major port ion of the crystall iza tion occur s at extens ion

ratios considerably below 7.0. (These assumptions are in agreement with

results discussed by Treloar.°) The crystalline material which forms at

A ~ 7.0 acts to augment the stress required to attain a A = 7.0. Thus,

if the degree of crystallization at a A below 7.0 is relatively large

and is an increas ing funct ion of time , then the stress at A = 7.0

should also be an increasing function of time . This behavior can result

because the rel axat ion in stress associated w ith c rys ta l lization at

extensions below A = 7.0 is less than the reinforcing effect produced by

the relat ively large f r a c t i o n  of c rys ta l l ine  material  which form s during

the test.

At 10° C , the two e f f ec t s  cancel and the stress is time-independent .

The initial decrease in stress at -45°C may result in part from a rela-

tively long induct ion per iod for  the beginn ing of crystall izat ion

V (possibl y little crys tall izat ion occurs at extensions markedl y below

A = 7.0); stress decay may also reflect viscoelastic stress relaxation .

The increase in stress at times greater than about 10 minutes undoubtedly

results from the same processes that give a stress increase at -5 and

-20°C. These presumably occur because the test period is sufficiently

long so that considerable crystillization occurs before an extension

ratio of 7.0 is reached .

A qual it ative ind icat ion of the t ime dependence of the stress at

extcn~ ion ratios other than 1.2 and 7.0 is given in Table 11-1.

V
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Table LI— I

STRESS-TIME BEHAVIOR OF NATURAL RUBBER VUICANIZATE
AT FIXE D EXTENSIONS SHOWN BY DATA

FROM TESTS AT CONSTANT EXTENSION BATES

Temperature  Approximate  Ramiges of A for Indicated Behavior
0 _____________________ _______________________

(do, di) = 0 (da . dt )  ‘J 0 (do/dt) ~~
- 0

100 -
~- 5.5 ~ 5.5 -—

80 - - 5 . 5  5 . 5  --
60 — 5.5 > 5.5 --

*
40 -- -- --
25 ‘

~~ 2.0 ~ 2.0 — -

10 all A —— — —

-- -- � 5 5

-20 -- -- ~~4.0

-35 -- -- ~~5.0

** ** **-45 -- — 1.5 — 1 5

*Data are anomalous; d~ 1d t = 0, within experim ental uncertainty,
at all A.

**For A .1.5, behavioi-  is the same as illustrated iii Fig. 11—2 .

B. Isochronal S t r e s s - S t r a i n  Data

One-mimiute values of the stress , read from the plots of log ~ vs

log t , were used to construct plots of log Xe vs log (A—l). Data

between -45 and 120°C and for  e longat ions up  t.o about 100% gave a pre-

cise fit to straight linc-es of unit slope . From these lines , values of

the 1-minute modulus , F ( l ) , were obtained and are tabula ted  in Table 11-2 .

Al though these values differ only slightl y from those obta ined from t he
previous analysis 1 of the data , they are t abulated he re fo r  convenience

acid because they are probably somewha t more reliable.
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Table 11-2

VALUES OF THE 1-MINUTE MODULUS, F’(l),
FOR NATURAL RUBBER VULCANI ZATE

V Temperature log F ( l)  F( l )
- . °C psi psi

120 2.3B0 240

110 2.276 189

100 2.270 186

90 2.270 186
V 

80 2.252 179

60 2.255 180

40 2.207 161

25 2.208 161

10 2.200 159

- 5 2.173 149

-20 2.190 155

-35 2.195 157

-45 2.302 200

Figure 11—3 shows data at selected temperatures on plots of

~(1)/F(l) vs A— l , where cT(l) is the 1-minute value of the stress.

These curves show clearly the change in the stress-strain curve which

results from a variation of the degree of crystallinity with temperature .

The temperature dependence of log a(l)/F(l) at A = 7.0 is shown in

Fig. 11-4. Because the points representing data at 110 and 120°C lie

somewhat below the dotted line , it is likely that some chemical degrad-

ation occurred during the test period at these elevated temperatures ,

although the 1-minute modulus at 120°C (Table 11-2) appears to be unduly

high instead of 1c~ as should be found if degradation occurred . The

curve in Fig. 11-4 has a maximum at -35°C, an indication that the degree
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tO I ‘ ~J I
NATURAL RUBBER

VU IC A N I Z AT E
B - 

I-MI NUTE DATA 40°C 
-

Ioo.C

6 —  -45°C — 
—

-35 C -

4 -  —

2 — 
- 20°C

V 

- 

0 1 I I ~
0 2 4 6 8 tO

A - i
‘S c- ’ . . V

FIG. 11-3 DATA AT VARIOUS TEMPERATURES FOR THE NATURAL
RUBBER VULCANIZATE SHOWN BY PLOTS OF ,~(1) F(1) vs.WHERE (7(1) AND F( J~I ARE 1—MINUTE VALUES OF THE STRESS
AND MODULUS , RESPECTIVELY

I ’ l ’  I ‘ I ’  IV
I 0 - NATURAL RUBBER -

TEMPERATURE , C
‘I c - : .  S

FIG. 11- 4 DATA ON NATURAL RUBBER VULCANIZATE AT -\ - 7.0
SHOWN BY PLOT OF log o(1) F(1) vs TEMPERATURE
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0 t m ’ \ St .1 lii  Za t t oil i s  a mil a x m i m i a t  I t i m  s t enupe ~~ t U Vt ’ . Russell , who

s I ud cii t hi’ c rv st  al l  s -ia I j ots c - a t e ’ of a var i ct  v of isa t i m  c-al rubbe r v in 1—

i i  i i i  .~ ml i S , f ound I isa I t he max i nn i m m c rv st  a l l  i zut  ion r a t  t’ n mc- t he ucc-s I ret ched

vu lean s n •‘a I e s occu I~S at about  —26 C, ins cons fo r m s it v c-v i t  Ic - rests it s m epon -t i’d

by Wood - I or unvu  lv amc - i zed vu bix’ r - These ii mid i ms g s art ’  i is n- ut  her c 0 Si’

ag rc t ’mut ’ ci t  c-v it  is I he dat  a ins Fi g 1 1 — I  wh i cii show t is at the St  ri s s at

= 7 . ~~ ~~~~~~~~~~~~~~~ 
by on l y a sinai 1 amount  between —20 and — 3 5 - C . ‘l’he’ p lo t s

i i i  Figs • 11— 3 acid I I — ’ l  i mid i cat ed t h a t  less c ry  st al 11 zat  ion occu vs at

— - I S  C t han it  —35~ C.  Icc -  t h e  inn s t m-essed s t a t e , I he c n v s t a l l  i z a t ion rate

of nsa t una i rubbe i~~ i s Si’ n si  b 15 ic n-c, be 1 ow —50 C ; 51 n- i’ s s — r c  1 axa I ion dat ac- ~

at A = 1 .5  i n sd iv ’a t  c that , even icc - t h e  st s-cssevl s t a t e , t ic-c s-ate i s  ~-c r\-

- 
- loc-r at — 5~i C.

~‘is (l iscussed  in s App emid i x  I , amc - innpo i - t an t  p a r u m et en -  t h at  a f f e c t s

St r e s s — s t  r a i n c -  b ehavios-  at las-ge e xt e c s s ion s  i s  t ic-c m a x i m u m e x t c n s s i b i l i t v ,

mu ~ ~ l’h is quant  i t  V , which j ~~~,c- f u n c t i o n  of Ii me and t hu s also of

t empera t u re , i s t he ext  p u s ion rat 10 at whi i-h 4 4 = -‘- , where  - ‘ and \

a re  i soc ii ro cc-al v a l imes at  t i me t . The 1—mn i nut  i’ i soc h n-o m s a 1 tI at a £ on~
n a t u r a l  rubbe i- at v as- i ous t cnispe n-attires we re supi’ rposed , f o i l  owing t he

m et  hod out i i  ned ic c - Append ix I , t o  obt a icc - t he rat i o 1 L 
, wise ye s s

he max imnis ns ext etc-si bi l i t  v a t  1(5( 1 C and A t h e  vu lim e at I empe r a t  u ye ‘r.ins
The result i mc -g comupos i t e  plot - is  shown im s Fi g. I l — S  . ( l ) it a a t  a l l

t enip er at  ii yes between 100 amid — i 5 ~ C c- oimld be superposed , a l t  hough dat a

a t  oci lv se 1 v-c ted I. enipera t ures are showis il l Fl g. 11—5 .
a

The ra t  io A -
- A , t abul at  ed in  Fi g.  11— 5 , i s seen t o  Inc  reuse I i-on

us in
unit s at  1(51) C I o 1 . 13 at — 20~ C i t  p robab i~ a d s  i Pvi’S a max juan us at — 35 1’

Howe ’vc n- , t h i s  ru t i o is somewhat lower at — -15 C t han a t  — 2(~’ C - undoub ted lv

because t ic-c degi-ec of crystal ii za t ion is lower than a t  a sonsewic-at highe r

t dup e vu (- U s-c.

Al t hough  the  present d i s cu s s  ion shows t h a t  stress— st ra n ms dat a on a

ci a tu ra l  m’ubbe r vu lcacc - i -za t  m~ cUll be exp la ined  qual It at s Vi ’ 1 y , the ext i-nit 0

c i-~ st a l l  t n t  t v  , acid t h u s  the  st  r t ’s s— st  rns ic c -  b e ic - av i om ’, depe nds omi the

mechanica l  amid thermal  h i s t o ri e s .  Tic-us , t h e  r e s u l t s  r t ’pr i ’semstcd I m s

Fi g. 11—5 cannot be used to predict mechanical rvspomis( ’ Un d e r  a nb i t n -a n s I y

sd ci- t ed t e s t  conid I t om ss
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APPE NDIX I I I

COM1~~UNDI NG RECIPE FOR STYRENE-BUT ADIENE VUICAN I ZATE , SBR-IV

The ingredients in the  s ty s- emit ’ -bu tad iene  v u l can i z a t e , SBR-IV , and

• the cure conditions are given below . The specimens , prepared at the

A ir Force Materials Laboratory , wei.e thin—wall cylindrical specimens

whose dinsensions are : inside diameter , 1.50 inch es; wall thickness

- 

- 

(mc - om nsina l ) ,  0.05 inch;  gage length , 6.0 inches; length of f i l e t s  between

gage section and overs i zed end sec t ions , 0.75 ic c -cu ; and t ic-c l eng th  and

wall thickness of end sections are 1.25 i mc-ches and 0.15 Inch , r e s p e c t i v e ly .
*A schematic diagram and photograph of a specimnseic - are given elsewhere .

Although the nominal wall thickness of the gage sect iocc-  is 0.05 inch ,

the best determined value is 0.048 inch.

Ingred ients Quantity

F i restone 1502 SBR 100

Zinc Oxide •1

Me thy l Tuads 4

Stearic Acid  1

Al tax (MBTS) 1

Formulation cured for 60 minutes at 300°F.

*Smith , T .L . , Biaxia l  and Uniax i al  Tensile Properties of Elastomez- s,
Technical Report AFML- TR-65-356 , March 1966.
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A discussion is also given of the large deformation and u l t ima te  properties of
noncr~ stallizable vulcanizates in uniaxial tension and of the large deformation
properties of a natural rubber vulcanizate. (U)
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