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T E N S I O N  

Experimental  data on c reep  in tubular specimens loaded in tension and in compress ion  a re  
cited. It is demonst ra ted  experimental ly that the result ing vector  of the c reep  s t ra in  ra tes  
is orthogonal to the curve  of constant scat ter ing intensity. Approximate analytical formulas  
making it possible to descr ibe  the c reep  p rocess  undergone by mate r ia l s  having different be-  
havior  patterns in tensile and compress ive  loading a re  derived. 

1. Light alloys exhibiting reasonably stable proper t ies  in the sense of instantaneous elastoplastic 
cha rac te r i s t i c s ,  these la t ter  being possibly independent both of the direction of the applied load and of its 
sign, manifest  essent ial  anisotropy in their  c reep  behavior.  The s train rate  at a given specified s t r e s s  
may vary  severa l  t imes in magnesium alloys, t i tanium alloys,  and the like, depending on the direct ion and 
sign of the load. For  example, the instantaneous a - e  d iagram taken under compress ive  loading and tensile 
loading at a t empera tu re  of 200~ in the case  of a l u m i n u m - m a g n e s i u m  alloy, coincides completely both in 
the elastic region and in the plastic region, and the c reep  s train ra tes  ~? differ by more  than three  t imes  at 
the same s t r e s s  levels in compress ive  loading and tensile loading. 

Figure  1 shows the resul ts  of experiments  conducted with coupons cut f rom a cylindrical  blank of 
a l u m i n u m - m a g n e s i u m  alloy at the t empera tu re  200~ Here the s t r e s s  ~ is plotted as absc issa  in kgforc e 
mm 2 units, and the na tura l logar i thms  of the c reep  s t ra in  ra tes  ~? are  plotted in rec iproca l  hour units as 
ordinate.  The numerals  on the curve indicate data taken on coupons cut at a 45 ~ angle to the axis of the cylin-  
drical  stock (curve 1), cut f rom the diametra l  plane of the stock (curve 2), and cut f rom the axial direct ion 
of the stock (curve 3). The hollow dots cor respond  to experimental  data points re ferable  to tensile loading. 
The numeral  4 indicates experimental  data taken in tensile loading of coupons cut f rom the axial direction 
of  the blank. It is c lear  in Fig. 1 that the mater ia l  is anisotropic in its c reep  proper t ies ,  and exhibits dif- 
ferent  degrees  of strength under tensile and compress ive  loading. 

The creep  process  experienced by this mater ia l  at 200~ and at s t r e s s e s  s tar t ing with 8 kg]rmm 2 on 
up takes place pract ical ly  without any hardening, and can be descr ibed for any direction v by a formula of 
the type 

I n I = e-K~+~I i ~ I ( i . i )  

The values of K v and fly can be determined with ease,  f rom the d iagram in Fig. 1, for each of the 
above direct ions under tensile and compress ive  loading 

~1 = t .24,  ~ = 1.0, ~a = ~ = 0 . 7 5 [ m m Z / k g  ] (1.2) 
K 1 =  t6.2,  K s ~ 14.6, K s ~  13.0, Ka ~ 14.t  

Here the numera ls  subscripted to the le t ters  cor respond to the numbers  appearing in Fig. 1. 

The calculated curves  plotted on the basis of Eq. (1.1) with the cha rac te r i s t i c s  (1.2) exhibit a reason-  
able approximation to the experimental  c reep  curves  for all four se r ies  of experiments .  
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With the ob jec t  of ana lyz ing  the behav io r  of th i s  m a t e r i a l  u n d e r  cond i t ions  of a complex  s t r e s s e d  
s ta te ,  an ex tended  s e r i e s  of e x p e r i m e n t s  was u n d e r t a k e n  unde r  the s a m e  t e m p e r a t u r e  cond i t ions ,  u s ing  tu -  
b u l a r  coupons  cut  f r o m  the ax ia l  d i r e c t i o n  on the  o r i g i n a l  e x p e r i m e n t a l  b lank  (effect ive length of t e s t ed  
coupon 80 ram, ou te r  and i n n e r  d i a m e t e r s  r e s p e c t i v e l y  20 m m  and  18 ram), in d i f f e ren t  c o m b i n a t i o n s  of 
ax ia l  t e n s i l e  load ing  and bend ing  m o m e n t  appl ied  to the t e s t  coupon.  In pu re ly  ax ia l  t e n s i l e  loading,  the r e -  
su l t s  for  the t u b u l a r  coupons  were  found to ma tch  the  r e s u l t s  ob ta ined  with s m a l l  c y l i n d r i c a l  coupons  on 
which the  o r i g i n a l  c h a r a c t e r i s t i c s  of the m a t e r i a l  (1.2) we re  d e t e r m i n e d .  

Poin ts  at  which the c r e e p  p r o c e s s e s  take  p lace  at the s a m e  i n t e n s i t y ,  in the s e n s e  of the d i s s i pa t i on  
i n t ens i t y  W = (ri..~?ij, were  found e x p e r i m e n t a l l y  on the s t r e s s  p lane  r T h r e e  e x p e r i m e n t a l  c u r v e s  W = 
cons t  c o r r e s p o n d i n g  to d i f f e r en t  l e v e l s  of i n t e ns i t y  of the p r o c e s s  we re  plot ted.  The  s t r e s s  l e v e l s  r and ~, 
in k g / m m  2 un i t s ,  at  which the  e x p e r i m e n t s  w e r e  conducted ,  the ax ia l  c r e e p  s t r e s s  r a t e s ,  the s h e a r  s t r a i n  

r a t e s  dT/d t  ~ 2~?12 m e a s u r e d  in  the c o u r s e  of the e x p e r i m e n t ,  and the  e x p e r i m e n t a l  va lues  of W = ~r~ll + 
~-27~12, a r e  a l l  t abu l a t ed  (see T a b l e  1). 

F i g u r e  2 shows one of the W = cons t  c u r v e s ,  p lot ted  as a con t inuous  cu rve ,  with c i r c l e s  ind ica t ing  the 
s t r e s s e d  s t a te  at  which the e x p e r i m e n t  was p e r f o r m e d ,  At each of the ind ica ted  poin ts ,  with double  the v a l -  
ue of ~ l  p lot ted  h o r i z o n t a l l y  and the va lue  of 2~7~2 plot ted  v e r t i c a l l y ,  the r e s u l t a n t  v e c t o r  of the  c r e e p  s t r a i n  
r a t e s ,  which f i t s  qu i te  c lo se ly  to the  d i r e c t i o n  of the  n o r m a l  to the W = c ons t  c u r v e ,  was c o n s t r u c t e d .  A 
s i m i l a r  p a t t e r n  is  ob ta ined  in  the c a s e  of the o t he r  two W = cons t  c u r v e s .  We r e a l i z e  f r o m  Fig .  2 that  a 
s u r f a c e  co inc id ing  with the  W = cons t  s u r f a c e ,  to which the r e s u l t a n t  vec to r  of the c r e e p  s t r a i n  r a t e s  is o r -  
thogonal ,  ex i s t s  in the s t r e s s  space ,  desp i te  the c o m p l e x i t i e s  in the behav io r  of the m a t e r i a l  e x p e r i e n c i n g  
c r eep .  

This result stands as an excellent and compelling confirmation of the hypothesis that a potential func- 
tion exists for the rates of creep strains in the case of anisotropic media~ 
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2. i t  would b e  of i n t e r e s t  to p r o v i d e  s o m e  at  l e a s t  a p p r o x i m a t e  a n a l y t i c a l  d e p e n d e n c e s  which would 
be  he lp fu l  in d e s c r i b i n g  the  c r e e p  p r o c e s s  in t he  c a s e  of  m e d i a  exh ib i t i ng  d i f f e r e n t  t e n s i l e  s t r e n g t h  and 
c o m p r e s s i v e  s t r e n g t h .  Whi l e  r e m a i n i n g  wi thin  the  f r a m e w o r k  of  t he  h y p o t h e s i s  s t a t i n g  the  e x i s t e n c e  of a 
p o t e n t i a l  func t ion  of the  c r e e p  s t r a i n  r a t e s ,  we f ind  i t  c l e a r l y  i n su f f i c i e n t  to a s s u m e  tha t  t h i s  po t en t i a l  func-  
t ion  would depend  s o l e l y  on the  q u a d r a t i c  f o r m  of  the  s t r e s s  and a n i s o t r o p y  t e n s o r s ,  and tha t  odd i n v a r i a n t s  
have  to be  i n t r o d u c e d  into c o n s i d e r a t i o n .  

We now i n t r o d u c e  the  s i m p l e s t  a s s u m p t i o n  in th i s  con tex t :  we a s s u m e  tha t  the  c r e e p  p r o c e s s  depends  
on the  s ign  of  the  f i r s t  i n v a r i a n t  of t he  s t r e s s  t e n s o r  11 = crii, i . e . ,  t ha t  the  e n t i r e  s t r e s s  s p a c e  i s  b r o k e n  up 
by the  ffii = 0 p l ane  into two s u b s p a c e s  in each  of  which we u s e  the  i n t r o d u c t i o n  of the  po t en t i a l  func t ion  d e -  
penden t  s o l e l y  on the  q u a d r a t i c  i n v a r i a n t s  with t h e i r  c h a r a c t e r i s t i c s  in an  a t t e m p t  to d e s c r i b e  the  c r e e p  
p r o c e s s .  Or ,  u s ing  g e o m e t r i c  p a r l a n c e ,  we s u p p o s e  tha t  the  f a m i l y  of  p o t e n t i a l  s u r f a c e s  ~ = c o n s t  in the  
s p a c e  of  the  p r i n c i p a l  s t r e s s e s  c o n s t i t u t e s  two f a m i l i e s  of  c o a x i a l  c y l i n d e r s  (in t he  g e n e r a l  c a s e  of a n i s o -  
t r o p i c  m e d i a :  not  c i r c u l a r  c y l i n d e r s  n e c e s s a r i l y )  with a x e s  i n c l i n e d  a t  the  s a m e  a n g l e s  to the  c o o r d i n a t e  
a x e s .  Both of t h e s e  f a m i l i e s  a r e  a d j o i n e d  in the  v i c i n i t y  of  the  d e v i a t o r  p l a n e  p a s s i n g  th rough  the  o r i g i n  of  
c o o r d i n a t e s .  T h e  v e c t o r s  of the  c r e e p  s t r a i n  r a t e s  a r e  o r t hogona l  to  t h o s e  s u r f a c e s .  

In the  c a s e  of  the  s t r e s s e d  s t a t e  c o n s t i t u t i n g  a c o m b i n a t i o n  of t e n s i o n  and t o r s i o n  I~ _~ 0, so  tha t  the  
c h a r a c t e r i s t i c s  of  the  m a t e r i a l  c o r r e s p o n d i n g  to c o m p r e s s i o n  do not  show up in the  p o t e n t i a l  funct ion .  In 
o r d e r  to d e t e r m i n e  the  q u a d r a t i c  f o r m  in the  p o t e n t i a l  func t ion  with a t t en t ion  g iven  to the  a x i a l  s y m m e t r y  
of the  m a t e r i a l ,  i t  i s  s u f f i c i e n t  to have  the  f i r s t  t h r e e  p a i r s  of c h a r a c t e r i s t i c s .  Making u s e  of  the  cond i t i on  
tha t  the  top  t h r e e  c u r v e s  c o r r e s p o n d i n g  to the  t e n s i l e  l oad ing  da t a  in F i g .  1 i n t e r s e c t  a t  the  poin t  ~0 = 6.5 
k g / m m  2, and r e p e a t i n g  a r g u m e n t s  s i m i l a r  to t h o s e  put  f o r w a r d  in [1],  we c o n s t r u c t  o u r  po t en t i a l  func t ion  

in the  f o r m  

~l.~j = 0r r = M ( S / T f  h exp ~-- [D -~ ~0 (2T/S) ~h] ~ T%.} 

r = A l l  ((Y22 - -  0"33) 2 -[- A22 (0"33 - -  0"11) 2 "~ A23 (0"11 - -  (~22) 2 (2.1) 

~-  2A12(~122 "~ 2A23o~32 -t- 2A31qal  2 

w h e r e  M is  a c o n s t a n t  hav ing  the  d i m e n s i o n a l i t y  of  a r e c i p r o c a l  hour .  

In  the  con tex t  of  a d e s c r i p t i o n  of c r e e p  p r o c e s s e s  o c c u r r i n g  u n d e r  c o m b i n e d  t e n s i l e  and t o r s i o n a l  
load ,  t he  q u a d r a t i c  f o r m  T,  with due a t t en t ion  g iven  to the  f ac t  t ha t  A12 = A13, and  with the  t a n g e n t i a l  s t r e s s  

T i n t r o d u c e d  into c o n s i d e r a t i o n ,  a c q u i r e s  the  f o r m  

T = (A22 -]- Aa3) a 2 -~ 2A12 ~2 ( 2 . 2 )  

the  c o e f f i c i e n t s  of which  a r e  found in t e r m s  of the  q u a n t i t i e s  (1.2) [1]  

A2 * _~ A3 a = ~32, 2A12 = (2~1)2 _ ~,e, D = K~ - -  ~ a o  -~ 1/2  In 2 ( 2 . 3 )  

w h e r e  Kv, fly i s  any of  the  f i r s t  t h r e e  p a i r s  (1.2). Subs t i t u t ion  of  the  v a l u e s  (1.2) into Eqs .  (2.3) y i e l d s  

A~2 ~- A3a = 0.56, 2A12 = 5.2, D = 8.45 (2.4) 

T h e  c o m p o n e n t s  of the  c r e e p  s t r a i n  r a t e s  f r o m  Eqs .  (2.1), with Eqs .  (2.2) and (2.4) t aken  into c o g n i -  

z ance ,  wi l l  be  e x p r e s s e d  a s  

Tlu = C (2B 1 -~ 0.56B2) a, 2Th2 = C (6B 1 -~ 5.2B,) ~ (2.5) 

H e r e  we have  

C = exp {(0.56a 2 -~- 5.2x2) % -- 8.45--6.5 (0.56a 2 -~- 5.2x2) '/$ (a 2 + 3~2) -lh} 

B• = [ (20  ̀2 + 6T 2) (0.56a 2 ~- 5.2"~2l/~)] -'/~ -]- ~2  6.5 (2a 2 ~- 61:2) -1  

B~ = [(2(J 2 -t- 6"~2) '/~ -- 1/-2 6.51 (0.56o 2 z_ 5.2,~2)-'/~ _ (2o2 ,~- 6T2)'), (0.56~2 + 5.2-~2)-*h 

The  v a l u e s  of the  r a t e s  of a x i a l  c r e e p  s t r a i n s  "011 'k and s h e a r  c r e e p  s t r a i n s  27712" c o m p u t e d  on the  

b a s i s  of Eqs .  (2.5) a r e  t a b u l a t e d  a b o v e  (Tab le  1). 

T h e  d i s s i p a t i o n  i n t e n s i t y  W = (~11 + ~2~iz i s  o b t a i n e d  d i r e c t l y  f r o m  Eqs .  (2.1) 

W : M (S) 1/2 exp{ --[D -~ 0.0 (2T / S) %] + T '/2} (2.6) 
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The shape of the curve W* = const,  which passes  through the point a = 8 k g / m m  2, T = 0, and is calcu-  
lated on the basis  of Eq. (2.6) with the cha rac te r i s t i c s  (2.4), is shown by the dashed curve  in Fig. 2. In 
most  of the experimental ly investigated region of s t r e s s e s ,  the predicted curve coincides with the experi-  
mental curve.  Direct  calculations show that the �9 = const  curves  (2.1) and W* = const  curves  (2.6) passing 
through any one point on the or, T plane lie quite c lose to each other;  the grea tes t  difference in s t r e s s  lev- 
vel between them is of the o rde r  of 3%, while there  is vir tual ly no difference in the direct ions  of the nor-  
reals to those curves .  

Comparison of the tabular  predicted ra tes  and experimental ly measured  ra tes  of c reep  s t ra ins  and 
position of the predicted W* = const  curves  and the curves  plotted experimental ly in Fig. 2 allows us to in- 
fer  that the dependence (2.1) provides  a completely sa t i s fac tory  descr ipt ion of the c reep  p rocess  experi- 
enced by the mater ia l ,  even though the mate r ia l  exhibits different p roper t i es  under tensile load and under 
compress ive  load. An exception is the region direct ly  adjacent to a s t r e s sed  state  of the pure shear  type 
when I 1 = 0. The resul t  argues  in favor of the hypothesis proposed at the outset as to the possibil i ty of a 
separa te  and independent descr ipt ion of c reep  p rocesses  in the case  of positive and negative values of the 
f i rs t  invariant  of the s t r e ss  tensor .  The grea tes t  e r r o r  in the dependence should be anticipated in the neigh- 
borhood of the zero value of 11. 
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