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ABSTRACT

A b i axi a l t c s t i n ~ t e c h n i que of a t i t i n — i s a l  lcd t u b u l a r  specilucli i~~

described . The spec i men ~~~ loaded w i t  Ii a comb I n a t  ion  of ax i a I t c i i -  i O i i /

compress ion and in t er n a  I/ext e r i ia  I p r e s -.u re . ik e  t echn  I qiic can be used
to  test tubular specimens of an> m a t e r t a l  . Ike y ie ld su r f  a .e  of 2 01 1—

i~ 5I a l u m i n u m  ~ac d e t e r m i n e d  to i l l u s t r a t e  t h e  t e~.t l u g  t e c h n i q u e  and
da ta  an ;t 1 vs i s .
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I l i e  r t p o u u ’ .e i i t t t r i,ils Il t L l ~~ C i - i u l t  , i x j i I  ;t  i e~~~; ‘ l a t e  b e y on d  t h e  e l i - ~t i e
r . I u i c e  i s i i i  ( S - ~~’u l t  t i l  p a r t  ot  I R- - e c l t i u t i  c a l  pr i lo r t  tes re qul i r ed by des l a l e r s  1
.t r~i t i r e s . i h i s  r i p i lt  t i ’ c r i i i e . i t e e l u i i u p i &  i -  t i - I  i i i t c r i i L  i i i  the t o r n  I a
t lii i i—u ~ il I ed t u b e  nud e  r i~ I 1 I r i  t i~ 

- i t  i i  I h i p  I sI r e -  - e s  . \ b r i e  1 d e c  r p1 t o n
i t lie m e c h i , I u i i c I l  l i s t  I u i  i I l L  m d  i i l t o r r i . i t  t o u t  I in  o t t  t e d  d a t a  . i m q u l v : i t  oft
n i l  ~~~~l t  r i  1 -

~~~ s i t U  i r e  p r e -  r u t  md. I b i m ’ o i l  m ( e ~l c u i t  r i  p . i I iv - t  i t  J i t e r r m i u i . i t  jolt

t i l t1  ‘ - i s m ’ \ V m - r u I ~i m l i t . I  I j i l l ~~t i i  m - - i u t ~ i- - i  I I s  2P1 I— b .  I a r e  i i  o d i  ‘. cit ’o , t ’th .

II. f I S r I ~~ T IL I IN I Q IJL S

I h e  r p m  I ~ I I g u t e  I r e p i  i red i pe i - i  o r  t lie 1 1 1 . 1 5  I i  1 t e I l i p -  ot  t u b a  I i  r
Sp ec - - s o s  c i i i  i~ ~1 c r i l i e d  i n  t O r - i - s i  o r  151 , i I I ! i t  n i - n v , I l ie n e t l i u m  ~ i i  itt

- i t  e s  icli no • i i i !  T I -  I I ~~~r ~~\ ‘ 1  i S , l i m a  d a t  - i  - I L  (it i t  I Il l i i id  c U t  u - I  s~ s te m .

Ik e  m m d i i i  - st  r . m  1 r a t ~ ~i e li l i t  ‘i P~ i s  l i i  I ’  i n e r I t  e t l ie I S  i l  t o i l  i In
or  t u p r i  s i o u i  s t  r - ’ , l % l u l  l e  t h e  l u t e e - i t  m u - ’. s s t m s  ~~I~~~\ m i e - - t h e  t I u i g r u t  i l  ( o r
h i 1  1 e l i s  i Ii ’ i c m l u l I l r -  l o l l  s l i t ’ -  -~~~ in  a I u - u  I i r  ‘~~ m ’c h u h . I I to  i t i  i c i p i  I s i t  1 1 10

I l l  c oot  ro l  s v s t e  r t c l r t l  i t O  s b  i t  I I  Wi t  .m l i l t 1  g e u i r r i t  es i l Si m l i t i l  s u ~~ u u i  Is t o r
i t  hi - s  l i i  l i t ’’-

~\ . Mod I US S tra i t  b~ m I 1’ M o b  i u ie  V

I lue ~t Sk~l I S 1 I I I  1 _
~~ i de t e~ t Rich u ic m i p i l I e i i n c  u i t  i u - ~ 1 l i l 

• i l t i l i  l1o~1 1lm ls
.ix i i i  t e l l - - I out i c o n h I u i~~~

i i o u . Ik e  t i s o  s uit s i t  i l p e r u t  t o u t a r -  I I I  op en loop s \  - t  en ,

•nid 1 c l o r d l o op  - c r 5  o b u ~ I r a u u i  i c ’ s s t  el-I . I lit ’ ope l i  101111 55 ~ t c - i  l o i s  t III ’ c . lp a l ) i  l i t  r
ot  s t l ’ i i i l  r I t e -  t i i ~ i 1 t o  ~0l S c  , hu t  i t  j ;  i i ’t  n i - s i l  l~ u sed in  h i : i x i i I  t e s t -
i n g .  Ike c lose d  b oll svsteuui i~~i 1 1  produce  st r i ii r i t e s  f r o m  l P ~~’ to 10 1 sec

ml T I  ‘ ‘ ‘- m I \ i
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i h i e  ~IoK ’t c o l 1t r ~l l  p l u t o 1  g i s  e~ t h e  oj)e !’ i t or  s e l e c t  IOfl t i t f imiu’ d i f f e r e n t  t m - m d —
hi ck cent ro I modes: load , d i  sill ic e l : l (  I Tt , u t  C i  I i i  • m d  op t  t e n t I . T h e r e f o r e , w i t  h i
pr op e r coiu im.ind i np u t s , tests i t  con’ t • i i i t  r i t es  - i ’ 1 1 1 0 , d t sp l a c e u ien t , m u d st  r i  u n
m m p e r t o r n u e d .  The o p e r a tor  may s e l e c t  one of mmiv d i  f t ’e r en t  111 10 ee l  I s  t o

a c h i e v e  t h e  best  c e - l i t  re- I o> em t h e  des i red test j u g  rIu i ~~c . ‘I lie - I l i c i u u n e  i s  &‘quii p 111 th
i t li t 1 5— g h ou l  h v d r t u  l i e  p OIs e r s u p p ly  i ui d i I 5 — g p u u s erv e -v t I i  e . \ t  r i t 1115 t i  i i  — s i  e

m d  I m i t in g  d e v i c e s  w h i c h  em t i t er  d i s p l i v  a w i r u i u n g  l i g h t  or cause  a n t ; i c k i i t e  sk it —

down ir e  i nc o r p o r a t e d  i n t o  t lie cou i t  r e - I  sy s t e m .

l I i e  MSRM li l id (rime is d e s i gn e d  t i l l ’  II St  i t l u l e s s  greater t h i n  15 “ I O l~ I i  i n .
itid h i s  a t o t a l m a c h i n e  s t r e t c h  01 1) . m i i )~ , i n c h  at  1 111 , 01)11 lb  l o t h .

B. Intensifier Systeni

I h e  c lo sed  loop s or v o hv dr i u l  i c  i n t e n s i  t i e r  s v s t e u i used f o r  t h e  b i a x i a l  i n t e r —
na 1 m u d  ex t  e r u t  I p r e ss u r e  t e s t  in g  I s c ip .il i I c  o I ge ne r I  t l u g  a p res - I i i C O  e- I I P m . 000
p s i  . Ike i u t e u t s  it ’i er 5-e sse  1 h i t s  a 1— t tick i n s  i d e  d i  m e t  e r  w it ii in  S— i ucli l e n g t h
g i v i n g  a v o l t i u t e  of about  1) c u t l , i c  i n c h e s .  \ h l i s k e l  I a i r — d r i v e n  pum p j c  used to
f i l l  the  int ei is it ’i e r  sy s t e m  w i t h  S toddar d  s o l v e n t  I S t h e  p r e s s l t r i : i n g  f l u i d . l ’ h i i s
t’l uu I d Ills .1 t ree: ing P O I  lit  WO II in  e x c e~ c o f seven k i l o b t r s .

Ek e i n t c n s  I f i c r  cent  i t i l p ine I g I >e~ t h e  op e r a t o r  a se l ec t  ion of ’ ( i i i  d i  t i e r —
cut  feedback loops : 1 o;id , St ra in  , d i  ~p 1 ac em oui t  . and opt i 01111 . IV i t  Fm t he  pt’ t lpe r
cotutuna nd in p u t , c o n s t a n t  r a t e s  a re  p o s s ib  ft un der  c l ose d  loop c o n t r o l .  I n  essence ,

he m t  ens i f  icr svs tern is 1 t e s t  lu g  ma cli i no by it s e l f ’. 111 ft ’cr ent  Pt’ i ’s sure  t m a n s —
ducers  can be used so t h a t  the best centre 1 i~ a vi l  1 all Ic over the  

~~~~~~
‘
~~~~~~~~~~~

‘ ran g e
i l l  i n t e r e s t  . Pressure  cen t re  I i s  used i i i  t h e  opt 100.1  1 mode. S-cs tern P1’m’ss u I t e  i s
u s e  m o n i t o r e d  u s i l i g  a p r e c i s  ion  I l e i s e  ca g e  ud t h i  1 c i j ’ m c i t r  of’ lt)0 ,t)t)t) psi  • I ’hie
i n t e n s i f i e r  uses the  SILilit’ h v d r a u l  Ic  power supp ly  as t he  T u o j i t l u u u  s t r a i n  r t e  m a c h i n e .

C. Data  A c q u i s i t i o n  and Control  Systen t

Eke computer  ce-uf igu ra t  I ou t co n s i s t s  of a cen t  r i  I ~~~~~~~~~~~~~~ 4 K words  of h i s  I c
memo rv P I us 1 2 K wo rds ex t  ended memo r~’ , real  — t i i t o  c lee k . re I iv  meg i st e  r , I . t~ n i  I I i eu
word d i s k , two magnetic tape drives , t e l  etvpe .it i h l i n e  pm i u t  or , di  sp l t y ’ screen ,
nit I t  i p lexed ana I c i g — t o — d i  g i ta  I c o n v e r t e r  ( l (  c h a n n e l s ) , and t I i ree d i g i t t  1—t o — l u l l I ig

cort v er t e r s  . The sv stc i Tu i n t e r t ’;ice i tic ludes ci  g u t  i t  li e t’i I ters and s e t  I i  ng
amp l i t ’ crc

The d i g i t i  I c omp u t e r  has a c e n t r a l  p roces sor  w h i c h  I t s . i t ~ momer i  to  h o l d
the  operating s~~stem , to store pr og r a ms  ~l u r i n g  e x e c u u t  i on , j f l t I t o t ’  t ei~i h i t ii’ I r V  St  o r —
age of ’ h i t  a

i ’onimand sigt lJ is are genera ted by the centr.i I pro ’t’ssor , i i td  c e n t  t o  t h e  d i g i  t t  I —
0— . i n i  I i)t~ convert er~ at  a predet erm u t i ed i i i  t erva I b~’ t h e  i ’ ~~t — t I me c lock. The ‘~~m~~

ver t  or ch inges h i  r u m  rv numbers I 2B I I S  ) , wh I cli i r i  t he i ut er iia I i i i  t o  m u t  i on  ha se 01 ’

the  comput em , to i i i  ;it i~i log  v o l t  igo ( I OV ) t h a t  t s ic ce~i t il ’ 1 e t o  t he se rvocen t  ro I —

I or of t h e  t e~ t ma clii iii’ s . Ike  cent  t s ’ l l  e rs ope t’, i t  e i f l  .1 los ed— loop ut iede genera l i TI ~
1 S i  gu , i  I w h i c h  d r i v e s  t h e  e l e c t  r o h v d r i u l  i c  ser v i v i l v e s .  I k e  s er \ ’o \ ’i lv e s  r e g u l a t e
the  t ’ Iow of o i l  t o r n  t h e  h v dr au l  Ic pois er  is p- p Iv , t o  the  test m a c h i n e  m e t a l  be -m s
w h i  cli d o t e - r i  t h ’  cp~ c i u n e u i .  l ’ hi ~ si l l S m i lton b i d , h l r n s s t t ro . s i t - t i ns , i n t l  d i s p l m c e i : e u t  c



— —

I

It re cont I I iU O U 5 I ~
‘ men i te- red lim O i u l l i ut i i i  t m )  time coumput er . lh L ’s e  a n a l  t~ g Si gna is a sc

t i  l t er e d  t o  t’ eriov _ u t o i s e  m u d  sc.m led to m i i t c h i  t he  h u l p i u t  r l t u i g e  of the  a n a l o g — t m ) —
d i g  i t m  1 con v e r t er .  Ek e tim I t  i 11 I t -\ c  r cc icc 1 5 one of ’ the  1 c, c h a nn e l s  f o r  i n p u t  to
the  111.1 log— t o — d i g I t i !  c om e r t  er m c c i )  m d i  ng to the  p r o g r I t u l u  . \ sauui p i c — a n d — h o  10 c i r—
c u i t  h o l d s  t h e  ~~m l t z e  u % h j  i n  i t  i - s  c o n t or t ed t o  a b i n a r y  t i u u i b e r  for  i u m p i z t  j i l t )  t h e
cent  r i  I processor. 1’hie dat  :i ar e  st o  red i i i  u T i e u u o r  , t hen  c i t  h e r  d i  sp l m y e d  on thi n
screen , pr  i i t t  ed , or s tored oii : m i g i i e t  i c tape  or  0 i sk  -‘ second couu iuuiat ud si gul l I m ay
now be ‘sent to o t h e r m acli m es t h r o u g h  a d i f ’t’ereuit d i g i t i  1—to— a rm al o g c o n v e r t e r  ch ; t i u—
rid , ba sed on the  da ta  r e c e i v e d  f r o uuu  t he  f i r s t  s i g n a l .  I’Iie r e a l — t i u u t e  c l o c k  is
u sed  to dot e i ’rm t u e  saiu mp ii ri g l i t t e r - i - i i s , comnni an d m t  m m  I s , and  s I g u i  I events . ‘l’he
teletvpe or c o ns o l e  i s  used to i n p u t  p r o g r t i s  t u i d  p m r ; t u i e t er s  to  t h e  cent r a  1 p r ) —
cesso r .  ‘Ik e m a g n e t i c  t ap e  uui i t is and d i s k  p r o v i d e  t ’ast  access mass  s t o rag e  for
p i’m g  r a n  is mild  d~i t a ‘Elie mc i  i’ reg I s t  or i s  used for  add i t  j ul i a 1 cont  me I of t lie t e s t
n.m ~

‘ N i t ies m rid ex t e m a  1 equ i PI~ en t

U. Specimen Configuration and Grip Fixtures

The t h i n — w a  l i e d  b i a x i a l  t u b u l a r  sp e c i m e n  c o u m f i  g l I r a t i o n  sh owu ’m in  F igu re  2 i s
des m gned for  both i n t e rn a l and ext er i i i l  p re s su re  tes t i n g .  The spec i men des i g r i t t e d
as 60 l O b b — 0 2  has ;m s ho r t er  gage l e n g t h  and oi er~u l  1 1 ef lgt  Fm i n  coum ip a r i s en  w i t h  the
bO l O b b — 0  I spec imen . I’Iie s h o r t e r  spec iiu i en i s  used to p reven t  pr c ’uula t U r e  buck i i  rig
( I i  l u r e  be fore  the u m i a t e r i u l  reaches  i t s  y i e l d  s t r e s s  when the  spec iu T icn  is  5111)—
j e c te d  to compress ion in both  a x i a l  mt id  t angen t  i i i  di  r ec t  ions . 

- ‘

, ,  - 
‘: i _  - ~~~~~~~~

S “ “ “  
~

41 t ’y~ 11 
~
‘Ll”~”

”-~~ j -_.

I 
-

~~~

- ‘  - ‘ - m 5’ h R  - -

— \ ~~~~~~~~ —

- I “ 
c - A ’ , :  

‘ i ’  MS$ & w ’ a l - ’ .’ q s ’ ~ I’ ’ ‘15* 4 5 5

— “ ‘ “ ‘  ~~~~~~~~~~ ,, 
~~~ ~.‘ : ~~~:‘:. ~~~~~~~~~~ 

-~~

I ~ --~~, -~- . T ’ ~S~ 
I 

-

±~ : 
_ hIL~~Fig ure 2. Spec~n’ien roo f m qt irat io n t ot  int er nal  an cf t ’xt vr n,iI p ‘su iT I’ tt’Sts .

-~ 

- - __ __I

~~

___ ~~~



h u m  o -~ - - r  m ,  mua m a t  i i i  t i l t  i’ - ‘ i t ii t a o  ~~~~ u n cut i s  I ’ - - , .m s t _ i  ‘ ‘ 1
; l iii - ~~t r e - s  i s  ~u ’-~~- u i - i - , t u isa I t  , - ‘  - c c i t  1 m i u - ~t I~ P . ~~~~~ t r i ck
w h i c h  r u t s  m u  - iii S . ~l i  fc ’ t c ’m e u t i i ’ i i  c i t  , , i l “t ‘ ‘ - i s  , I t  t i l t ’ i l l T i ’ i’ -~~i i ’i  - s t i r

i _ _ i _ i t i

k~’ r u ’ m m - m l e  t . , t m a  I c t  ‘ ‘ ss u~ c t - i t  ‘si  ‘ t u’o u ‘ N u m m c c  - - m  m m :  i m i t  e~ ’ i m . m  I
. m s’-~~’- - i i ’  is  ‘- g , ’ m i i  m u m  I - 1 c l i ’ ’ . , is I t u  1 ’  i - - ‘ r i ’  m , - i t  m m c m  t m , u  I ~ t i’ s ” ~ t i s  m~ s ‘ r u t  ‘~

u~ u t hi a - ; I ~ ’ t s e  ar r a n t ’ - m t  i .  ‘u i : s n  i t t  m g u r ’  1 . i k e  i ’\ t - r m m a l  ‘re~ ir e  as ’- e : : i - l s
s i t  li ii m i t  I a ~~u - — , I - ~~m ’c ’ ’~ sI’  T ‘ : _‘ i l a m  1 m m m  t - m e  ; l u - :  ,‘ ‘  i - c ’ e u -

~ ~‘ on m e -  I I d  1’’
lie - : : t  elm- - m l ’ i c r  — s c  on , m m m t : t - p i ’ 5 ’ss m r  - m u - i  ~lc t i m  i l u :  t i  ~— l e t  t ’ i - ~~‘n t  i i  m e d

1— ’ lie i -c - - i ’ ’ ) ’’ m m  m m - s  m t - t  N m - : t : - ~~o t t  ‘ m S ~ mi m i ’  I

i~~ oi l i e r  p r c c . i m m t  i o u  s S l i  n u i’.t  s k m ’ m i t  e-~: a.:  H i l  m r  s~~ec u - : em u ~ u s  b i t t  i t  u
i” seui t m , m i  t o  , u m m m t . m m ii a Ns ’i: ’ t u u - i m -~~~ t u ~ ’ i t h  I T T  t k c  - a m - ’  se ct  i - m u . ‘h i s  c i t  ‘ ‘

I e e e - - p Ii - - he~I ‘s ‘r ’ c  u - -c  m l  m g l r m ’ m u :  a m ’ ~ - d i m ” . t a i m ’ u d e t l  C T  I i , i r  e s r u u t m i iT i T T -  e
i -  ~e- i c~ ‘ :~ m’e , i dt ’d i i i  c i C  N — : - ~

- , c u t  e n d  : , i  V i t t  - I n ’ -  me- \ - ‘ i t  c i  P . 2 . - lime ii of t he
--pc c ’ ’ m  e s : s t - t ’d. lie t a p e r  am t m m  ‘m-’ ’- - I  5 ’u u i - - 01  t h e  s j - e c i - - emu i l  I s i s  m u m  u n i t  i i i
i i  u -  ‘ t ”. t  i t  t i m e  s ’ m ’e i ’ t~t l  m s m  N r e - c ’ t ’c t  t i ’ mc l~ ’ i ~I m mg  r i n e  S c ’  F i g u r e  m~~ . h- I t - -

a r t ’ l i t _ mm t m - c  r t  c5I i h~ - c ’  I h m n ’  u m u d  N i- a I d  0 i I old t ’ r m : e . Mi u c t m g u t  i t  -

t a g  k i l t s  t o  t im-’ l - m ~ f r t ’ u t , t i  t i s  m c i i i  i t  r , m : T m  ‘ a g e ;  - m m  t i m e  s p e - e m m e r m  a re  m o u m i —
t e - r c i t o  , i - - s r o  t i l t  , f :  r c t  . no ‘ t i : d m m -  ‘ It T i c t m t  u ’  - ‘~~I :~~’ ’ ~l t m r u i g h  u m m e s  e lm t d u b  e m m u i i g
of  t~ m e bo l ts ; m n 5 l  st c - : i ~H s  , - r - - m x i m !  1 5 - m g  m c  n i u u T i t , m u ’ t m -~k . l ’ h i m s  s r o c e s l : m’ t ’ m 5 o m ’ ~~s

s c m ’  m~ - l I  ‘is t e s t  r c - - : m l t s  - o i ~ t h a t  5- t h  t x m i I  s t n ’ m i l i  - ‘ag es  rc ’c~-r d  u m e i r l v  i d e m m i  i c i l
s t r a i n s  a l t  m l  t h e  s e e  T ’ T l  m~~~~t ’ ’ m c h c ~ i i i  - u r ~ .

0 1 1 1  ( O s ’’ ( m i  ii 1, ~ m i ii) S i ’ - ’-

- - s _ _ -~

S



5—

P - ‘  u m ‘ t i  ‘ ( 0 5  ‘ (  i t  - ‘ t i “ ( ( ‘ ( ~~~‘ ( I 
~~~~~~ 

a It - s \ i t  ‘ i ~~i i ‘~ ‘,‘t 5 0 ( ’ i ss i ’ t i T t ’ i~

m c

2’— - 
~~~~

. _

I ~m i i~ t~ ~ - ~ 
- m m i ’ s -- i a -  m- - - n  i t , i  i - ’- - -  t O

‘I ‘-
— — ‘.—‘ ‘— — — — —_— ——— — -———- ‘ — —



- - -

— 
, ~‘cia t ’ ’’ t ’T~ ‘— b _ i  I T T  ‘

~ i - n  t n t ;

\ i  I I ’ u , x t . m  I sp e c  u t i u s  l i i  ‘ i ~- 1  - c t  - i  is i t  I ‘ 5 S ~~- m I ’ I — l~~~ , u ” ‘ ‘
~~ ~

-
~~

- ‘‘
- — t .m u n p 1 5 :5 —’ ‘ - .1— i t i  !m e a \ m m  I ~~~‘: i n  t a t  m , ,  I - - : ‘ - n u ~ — ‘ m t i m  I t  - l u - i -  i s . I Ne ,i: —

m u g  , i r t . t t - ‘ i ’ r t ’ ’ i r t i l i i i 5 ’~ ’ r i . i n n c t ’ - ‘ u  2 t l ie T i l f l u m t  ,~~ ‘ i n -  n ’ ’ m i s t  u - tu  t i t ’IT T o t  I mc
p _ l i t  m _ 1 ,  m t  i s i I i t ~~- t \ t ~ l ’ t i t u c  c ‘ 1 . i - i’ s ‘ ‘ - a r t  ‘ ‘ ‘ ‘a N d  t i  ii -~~~e . t i i~ i t  1 —

c s  m i l c I  1 l a n - m p t t u s :  I b r e ’ s m m r m  ~n 12 t o  L~ P I . ‘ 1  h i t ’1 u _ s i t 5 ’ m~ ‘ m m r -  ~t :

I . 
~

h 
~~~~~ t ’ S I i s  t~ i t  i m i t :  0 1 i ’’s . I  1 ’ 1 c — ma ’  ‘hi _ I t O ’ ’ ’ ’ O  .i ~m I t ’ i i  T i ’ — t 1 ce -  u~ - m a  - ‘ i i

i s  c m - - i d  t o  p r ’ t  t a t  t u e  - t  i - m i T  ‘ 1 : 5 - - ’ m r e - n c i i i  m s _ _ s - i - - u s  0 , t  m i l d  h t m l  I : n i — :  , I , i ’ -- , i s m - i t s

u led  - i  -~ c 51 : t r i ’ !~~n ’ :,t : i l l 5  s m ’ s -c ‘ e l m s  5 , i m m  I t  I 5 ’ , u~ n , I  i n  ‘ h o me - 5h~ ’ m s m m t ’ e - u t  l a s t  m ’ :c-

t u ’ m m l~i m l l ~ - t  t a  \ o . P~~I ’  ~~~, i _ l t d— , .  .u t d

1 me a’ s : 11111 1 m m : :  o I t h u  — - — i - s • I - a r ’ 5 t - — ~‘ ‘‘ es ’ ‘ 
I - s t  t 5 ’ ‘~ t r .~ t n t  ~: . i  ~:~~~

‘ ‘ i~

i ui ’’ 1*5 ’ T i  l o c i t  t I  .i t t IS ’ C i n n  I c r  - ‘‘ t lj t ’ - I ‘ i ‘- in  t m e - m m  m n .  I I i c e d  n i ’ ~
’

, ‘ i c l m  c i t  t i  r ~i l o t m : t ‘ nc  e r  i u n m m  c r e n a  c 5 i t ’ t N c t u i _ i 1 m m  ‘~~~‘ cc m c n m . I i , ci C V  • s ~n u c  ~
‘ t a’

i Ii c ’ n m ’ tm ~u m  t p t’ - ’ c i a  t~ ji ’”- . I - i l ’  e51 t~ m ~ I j s  . u n . m  - m a p ”, r c a  c -  a s i - I ’S t’ s ’t~~si  N , ’n5 ’, ’ t -

u’~a m —  —‘ t ’ .m i n n  i t  e i _ i . I m . ,~ s i t ’S i d~~i I m a t  t so  - _  ‘ — ~‘ t~ 
‘ ‘  t ~

- . ‘ ‘  m - ’s c t  t ~ 
- - I n . m  t n t  f . i es

im’ ~- s a l t ’ ts , ’ u m t  0 n t - m — u m m  t i  s t  m m  m m i  f i t ’ i t  a t , m  - i l , m r  c c .  i ’  ~~~ ~~~ t~t~~: m
n’ ’ : ’ ’ ’  ~~I u r n  m i m i c i i  I t s ’- ‘1’ ‘c fu s ~~~ is t~ u m e - s o t  . t  ~ . m i i i  s g i m-’ s l o c i t ‘a a m a -

‘ m l  m m - .  ,m . t i t  t i e - - n  t i c k  c i t  a~- r .

. m ’s i T t  1 5 T i  t a  ‘ 1 T i  ‘ e -  e ms

‘~ t n : e  t N i ne I I u n I T -
~ I ma t i m  I l l  i’ i tim iii ’ .1 al 1 T I t O t t  - ‘ i I I t’ r - ’ - t ~ I I I  ~‘ ‘- ‘ ‘ e - ,  t e

— t ’ ri ,~h t l .I~ ’ . m m ~ i 5  ,t ’~ n m ’ n : - - - i — - , hm ~ i c  u . u  I , i . u m s i  t a n t - g ’ ~~ t i i i  s ’ 
~~~~~~~~~~~~~~ s I ~~~~ I~~~~t s 5 5- , m~ t .

~ i i  ‘i — i t o  t a I e • ‘c ~‘n ’ t i I I ~‘d , i  t I t t  1 c i c ~~l t  m ’.t 1 c ’s . I P u ‘ ‘ 5 ’’ , ’~~ ’ m~,ut i s ’~~ i s~~~i~ ~~~~~~ t • T ’  i t ’S
01 t s ’~~

’ i ’
~~~~~~ s ’ P I t  ‘ t  i t ’ , t m 5 1  C t ’ T ’ , n ’  1 t m o o r ’  i _ c

_ S mt:sc t ’ t c - n u t  t ’ r u  1 1  a c m e - i ’  - I m at s  1 r~ ’ i T i ~

e r r -  i , m t ~~- t u u ’ 5 ’ m : m  t i m e  ~ t s u  .s - ,s S T u ’ ‘ O i t c ,  t I t  t N ~ s t  u ls  c e - o h  t s ’ - t  s e - -  c~i t - m ’  I

o at  . m I out  i t ’ t ’ s ’ t ’ s ’ r t  m 5 ’ m m m I b i d  n ’ m t  I t  i s a  - ci t dm - \ I dc ’ ~t c e - u t - - b  u n n  t e m  t c O t  m \ ~ ‘ ‘- t  i _ _ u n m

t , i t  e t n t  1 ~— - ‘ I ’ et I I t t ~ i ,m x i  ,i ot t m u m - c - t m  I m e -  I ~ t iam t i n  me -  C ~s~’c t 15’ , u t it ’’ ,. n i s

t o m  - ; l , u t  i _ - n m  m m t N t ’ i t t _ s t  t 5  I n ’ n u i , t a u t i~~~, t N t  r t m m ~ — ‘ t ~ t :tc  , t \ m _ 1  a m i d  t u n t g , i n n t m _ i l
m e s se s  i -  t ‘ t ’ n i ’ t , i ’, T t  t I t r ~- - i - :  . s ”~~t , m t c - t  . \ c  1t ’ s r1l ’c~i ii i t i c  s c ’~ t a n  on ‘‘ m t

a t - i t  t s ’tt ,imm ~I i
’

s t t t  m o  1 ac s ’5 5 ’ ’ n _ ’ ’  t i c ’ c m  e a t  I — ’ t i e - n  15 ’ , i , i ce l m ’ n d  s t r u u n t  g I f t ’ ’ i s s ~~t ’ _~
- n t ~: m m  u I ccl I” hc ‘ : 1 ’ s’ ce -n d u I O i l  ‘ u - ’ a n m u  t - ~; n c ~ r e n  o r~’ , m l  m s ’ a l, i  “ i ’ I~ t O e - i  . 5 ’

a’ 51s ’’ n I  Ti _ t n s t  i ’t 1 m m  i’ I m e 5 o a t  in ’ i 
~
‘
~

i 1 , 1 ~ t c u ’ . 1 t i5 SlO t 11,110 — ‘ I n i t  mu i s  ~ 5 ’ t ~~~ ‘ ‘, -

I m c i i  i t ~sl , t t t ’  ~O s ’ , t h i s ’ l i t - i~_ ’ h t i i S ’ ‘
~~ a i ’ - s , o ‘ I t S : ; t  ‘ c c , O  015! t I n  ‘~h ’ i . ’ u :~ s a t

. 1 1  1 ~
‘ ‘t ’ t ’-’- , i t n m e  i s  , or  Its ’ c i  — c is m i n u  I me i _ m t  ‘‘ ~‘ T , i\  m e - i  s t ~~cs s  I ~ I n t ’ m-~~ t i _ i l

t ’ t ’ ‘‘ ~
- - - \ ~e- t s  s~ m ’e , m I i t I t , m n n ’ m  e, i i m .i I t o ai m n I  • t t ie . 1 \ i i i  1 ~~~ m n n  - _ I a’

I T 0 1 ‘ i  m m ’ -  ~ t e m ’ . m i t t i  t i~ ’ c s ’” n ’i 0 t’ 1’ ‘r e - ’ r i ’  - ~ eim is t m c - C s  ~:‘n ’ t n t 5  I u i t  u I o n i i t t  t e n - - I -

m c :  — ,s c l i’ ”  r o  c m l  I t t - u  n m 5  T ’ i ’ , i ~~C 5 ’r d ’ ~ r e u s c  t N o m n t t  t ’ t ’ i l . l  1 I o n ’ e x t  c n ’ n n .  1 ~- . ‘ m _ ~ - s a t s ’ ‘0

t a t  1 ~‘ s T t ’  t - i l  ‘~1 I’ s ’ s  r _ m t i i ’ I s I 1 1 I’~’ t _ t u n i t _ m i l i s t . i T t ’ i t t  e - t  t 1. m n d , m 5 t 5 ni  N ’-- I ‘ it ’

I t t s ’ T T  I i I s T’ . i l i t  is I 1 1 l ’ s ’ t he c o m m  t m e - i  ~~m m i ’  n e t  c~ 1 liii I I t t ~ ax u _ u I i ’ . t ~t m ’ , l i ’t ~ ‘I

t t s ’ , ‘ ‘~‘ t t  s -r  ‘i — c t i n ’ . I N ’ . ‘r e- 5 s , l t u ’e ;‘~‘e-~ t t i e s  t u ~ s t  n - S - m’ .i 1 o is m n m  1
, ‘t ,t ~~~ i 1’I~ d t i  t i e ,

i l l .  2 \ T - \  - ‘1 ’ ’\I, ’m~ ’l S

h u t  x i  _ t I i t ’’- 1 d , it  t 1 ’T ~ s s i ’ T t I  i’d i i ’ mc ’ , i i t ’ l i t nt ’ t s ’ n ’ — ~‘t s’ t t e c ’ I u s  t ’ - - t i ’.’ —

‘1 i ’ m  i t m  . t u : ’ s  e~ t o  m I l a t  r , t t t ’ st  m - .i m i t  ‘ -, u m - 51 n n u - n g  n ’~- i i ts m ‘i  l i i~i s ~~~ I I  m m 5  f _ t m  t t u m ’ ~
m i ’ - . ses  t i m  I Ni ’ l i s ~~~’ s I t  n’n t ’t t ’ t c ’i t , t  I . t l’s ’’’ ‘t’ ts ’ i’ . l i t  5 i i t i i t 0 t’~ t~~~~5 ( t  1 0 , 1  i t

, ‘t t l m~ ,i s u . i I , i u m , I  i m n m - ’ t ’ m m t  u I  - 1  1— s’’~ - • t -  - i t t _ i  ‘ No ~~~5 ’ - - ‘ n n , i : T i c  - - I  n e - u p s  ~m n  ~
- 

~ 
t it5j I’ ’

- 
— 

~~~~~~~~
‘
~~~~~~_ T .

’
. -__ T



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

hc ’ fo r e  d j s c m i — s  i t i ; ~ t ’x ~’ c r m n t I t -u1 1 ii in - m l  t is ‘i del  i r i  i t  t oti of y i e l d  l u t i s t  bt ’ n n i m c ic .
I Nt det  m u m  t t o n  u - -e d no r m ’ i s  h m : - c t l  out t h e  s t i i m i ’ e root o t  t N t ’ secouid i n s  , m r i m lmt f
t i l t ’ st  m e s s  dcv i i t c s r  i l  ~~L mmt t i - I  m 5 m u j i s l  t h e  s c !U l m t ’ t: m o o t  of t h e  5 t ’ c t T i c i  i I i V i r j a u i t
of the -i t i ’ t i l u l  c i t ’S i , i t c - r  ‘ I - , w h e r e  i i i  t h i s  s t u m d v ,

~~~~ 
[H

~~~
- ’i~~ 

+ i ‘ l ’~~~R 1 + L 1) -O \
) J

2
1 

-‘ 
= 

~~ [ (~~ A F 
+ 

~ + (m
~i( 

5~ ,\ )
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t h e  a x u m m i and t a n g e n t i a l  s t r a i n s  ‘ \ h i n d  
~~

- tire m i i c c m s t i r s . ~i s t r a i l m  1: , i p t ’ s m m l u e s
on t h e  out  s i de  sum ’f c tc c  of t iuc  t u l m u  l i l t ’  sla c i n i t m m  . The l’~I t h e - I  st  r ;: t U  C R t t r o u g h  t h e
1*1 1 ii of t h e  t ie - i ’t ’  i n n  c m  I cu l  c i t e d  us mtmg ci l i i  t I C i  t \  cm pm i t i ouis di mm in g - l a s t  i e I oatl I ng
h ind t he  h m t - c s U u l u p t i o n  of m n c - m : t m t p m ’ e i s s i b l e  f low f u r  t h e  p i e - s t  i c  t j o i n m l l o u i e u t s  of s t r a i n
a f t e r  ‘‘ v i e  Id .’’

The s t re s s e s  a re  c a l c u l a t e d  f r o n t  t h e  ttxmci l 101111 and t h e  p r e s s u r e . In  tIm e
tam S e  01’ ci tubula r spec i inen  s u b j e c t e d  to a x i a l  load and j u t  e r nc m i i-u’es~~m re , t he
h m x i ui l stress ,

~ 
i s

= 
li -~~~-r  )

ss’her e F is the  ax j c m l load i _ m u d m e- , r~ a r e  t h t ~ ‘at  em ’ and i u t te r  ri _ m d i i  and m - e-~~m~~i’ i
h i n d  t h e  t a n g e n t ia l  s t re ss  - ‘l’ i s

P . m- , 2 / ~
- 2

i I I i-i
- i i  + — ~~--I m’ ‘ -u ’ , ’ \ I- ’

0 1

where  P i s  the  i n t e r n a l  p r e s s u r e ,

In  the case of a spe c i mien siu l’ i I  ect ed to a \ ~ tt I local and e x t e r n a l  Pr~’~~~ u~’~’ , the
ver t  i e c t  1 component  of ’ the  hn _- dr cu  mu l i e  p m ’ e s s m u r e  ut c t lug i ’in t h e  s u r f a c e  d l ’ the  t i l l  et
m it  bo th  ends must  be taken j i l t 0 cons i det’ ; m t ion  when t h e  a x l t i i s t re s s  is ccl lcu I;it e~i

I’ (i’ ‘ — i
I o is o

ii = ~, S + -
~-\ ~(r - -r , ) (r -i’ , - )

0 1 0 1

where r5 = s h o u l d e r  r a d i u s  of the  spec imimen 1I~i gttt’e 2~ , I I t d  P 0 = e\ t  i ’ m u t ~i l  Pm’ t’Ss ti l ’ t’,
For spec imen  used in t h i s  s tudy r5 = 0. ~~ -I i u t e l i .
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The t angen t  i i _ mi  is t re ’- is

C T 
= 

r~~~ r i 2 (
~ 

+ 
r
2)

Once the d e v i a t o r i c  s t r e s s - s t r a i n  curves are oh t a i u i e d , y i e l d i n g  is  de f i n ed as the
in te rcep t of a line drawn para1 le l to the initial linear portion of the c u n v e  at
O.2°~ strain offset.

As it was discussed in the last section , all tests presented Iters’ arL - per-
formed under propor tional load conditions . In these tests , one s t r ;m in  r a te  1*35
con trolled to be constant whil e th e second servo was used to mai n t ;min a constant
stress ratio. Selection as to which direction would be main tained at cons tan t
s t ra in  rate was u s u a l l y  de termined by the dou ninating stress . It will be shown
below that tests performed under these contro l conditions also have a constant

-
‘ effective (or deviatoric) strain rate. The effec tive strain rate is defined as

1 1i~P • p \ 2 j . p  .p \2 j.p .p\21
12

c ff  = 

~~ L~ m~ 
CT )  + — C T) + 

Y’R 
— CA/ i

where the superscript P denotes p l a s t i c  st r a i n , and the do t indicates rat~’ of
change.

We f u r the r  assume the P rand t l -Reuss  f low ru le

or 
~~~~~~~ 

~~~~~T/ST dC~~/SR

rJSA 
= CT/ST 

=

where S’ s are dev ia tor ic  stress components , and g iven as follows :

SA = °A - 1/3 IO A+O T+O R ) = 1/3

ST = Ci 
- 1/3 

~
°A~
°T~
°R~ 

= 1/3 (_ O
A +20 T)

SR = — 1/3

w i t h  
~ R =

The flow rule then becomes
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