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The ar t ic le  d i scusses  severa l  approaches [1-3] to a descript ion of creep under complex 
loading, making it possible to take account of the anisotropic charac te r  of the hardening of 
a mater ia l  with not fully developed creep. An attempt is made to take account of the different 
behavior of a mater ia l  with increas ing and decreas ing  s t r esses .  The resul ts  of predict ions 
made using var ious  theor ies  are  compared with experimental  data f rom investigations of the 
creep of AK4-1 alloy under the combined action of elongation and torsion,  under conditions of 
nonproport ional  stepwise loading. Comparison with experiment shows that, under complex 
loading, a theory  based on the hypothesis of isotropic hardening does not descr ibe  the exper i -  
mental data sat isfactor i ly .  Considerably bet ter  resul ts  are  given by theor ies  which take 
account of the anisotropic cha rac te r  of the hardening of mater ia ls  with not fully established 
creep.  

1. The exper iments  were ca r r i ed  out on tubular samples at a t empera ture  of 175~ and a common 
duration of 100 h. The method used in the tes ts  is descr ibed in [4], which gives the resul ts  of investigation 
of the creep of AK4-1 alloy with a complex loading state, under constant and proport ional ly varying loads. 

The p r o g r a m  of tes ts  shown in Table 1 was ca r r i ed  out under conditions of nonproportional loading. 

In the f i rs t  experiment  the loading was effected in two stages,  with a r is ing intensity of the s t r e sses .  
In the second and third exper iments  the form of the state of s t r e s s  was var ied stepwise, f rom monoaxial 
elongation (torsion) in the f i rs t  stage to pure tors ion (elongation) in the second stage. In the fourth and 
fifth exper iments  the change in the fo rm of the state of s t r e s s  was car r ied  out consecutively in four stages, 
f rom monoaxial elongation (torsion) in the f irst  stage to pure tors ion (elongation) in the fourth stage. In 
the last  four experiments  the intensity of the s t r e s ses  remained constant during all stages of the loading. 
F rom two to four samples  were tested in each experiment.  

In Figs. 1, 2, and 3 the averaged resul ts  of the tes ts  are i l lustrated by the lines with small c i rc les ,  in 
the fo rm of creep curves.  The numbers  in the upper r ight-hand corner  denote the number of the exper i -  
ments; 2/ is the shear  deformation of the creep;  e is the axial deformation of the creep. 

It was shown in [4] that, under constant and proport ional ly  varying loads, relat ionships based on the 
hypothesis of isotropic hardening are  valid: 

p" = a/=pi,l~rlv*j (1.1) 

pi' pi = -~ k ~  '~ (1.2) 
t 

P(  = (2/3P'~jP'~)'% Pi = f p(dt ,  ai = (a/2a*~a~j)'/" 
0 

Here p~.'  are  the components of the t ensor  of the deformation ra tes  of the creep;  Crk_.* are  the com-  KJ 
portents of the deviator of the s t r e s s  tensor ;  Pi' is the intensity of the deformation ra tes  of ~he creep; Pi 
is a pa r ame te r  of the hardening; ~i  is the intensity of the s t r e s ses ;  ~, n, k are constants of the creep,  
for which the following values were obtained in [4]: 
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TABLE 1 

Number of 
experiment" 

Number of 
sample 

9, 10 
22, 25, 29, 43 
24, 30, 31, 42 
19, 32, 33, 41 
t6, 36, 5i, 53 

i9, 32, 33, 4i 
t6, 36, 5i, 53 

0 '~ I Oi 

first stage 

t 15 
t8 'g  o.4 

t0.4 t8 

third stage 

16 7.94 l i5 
7.i8 18 

I,  I o i  �9 
5O 
5O 
5O 
25 
25 

25 

second stage 

.67 ~5 
18 i8 

~5 
t8 

fourth stage 

t 

50 
50 
50 
25 
25 

25 
25 
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0.5 "~'~--~ 

t, h 
2g r 6O YO log 

Fig. 1 

= i . 5 ,  n :  7.5 
k : 8.375 .i0 -~0 (mm2n/kg n .  h) 

A check  of  Eqs .  (1.1) and (1.2) under  nonpropor t iona l  loading 
showed cons ide rab le  devia t ions  of the ca lcu la ted  va lues  of  the c o m p o -  
nents  of  the de fo rma t ions  f r o m  the expe r imen t a l  data  (Figs.  1 and 2). 
[In Figs .  1, 2, 3, the sol id  l ines,  b, a re  plots  of ca lcu la ted  c u r v e s  ob-  
ta ined  by in tegra t ion  of  r e l a t ionsh ips  (1.1) and (1.2).] 

2. To d e s c r i b e  c r e e p  under  the condi t ions  of a complex  state of  
s t r e s s ,  a r t i c l e  [1] pos tu l a t e s  the ex is tence  of a potent ia l  funct ion of the 
de fo rma t ion  r a t e s  of  the c r eep ,  into which a mixed invar iant  of  the 
componen t s  of the s t r e s s  and de fo rma t ion  t e n s o r s  is in t roduced  as  the 
p a r a m e t e r  of  the hardening  q. 

In a c c o r d a n c e  with the f o r m  of  dependence  (1.2), the potent ia l  function is c o n s t r u c t e d  in the f o r m  

Cp = ko (S'/'q-X) ~ S ("+1)'/2 
(2.1) 

S : 30~p~i, ff~i = G~j - -  1/aSkj Oil 

H e r e  6kj is a K r o n e c k e r  symbol ;  q = ~k" Pk" fo r  va lues  of  ~kj Pk" -> O, and q =0 fo r  negat ive  va lues  J J ] 
of ak jPk j ;  k 0 is a constant ,  which is e x p r e s s e d  in t e r m s  of the c o r r e s p o n d i n g  cons tan t s  f r o m  (1.2). 

In the case  of  a monoaxia l  s tate  of s t r e s s ,  the e x p r e s s i o n  fo r  the de fo rma t ion  r a t e s  of the c r e e p  Pkj '=  
a @ / ~ k j  is t r a n s f o r m e d  to  the equat ion  p,pC~ = k a n  whe re  a is the n o r m a l  s t r e s s .  

To ca lcula te  the componen t s  of the d e f o r m a t i o n s  of  the c r e e p  with the combined  ac t ion of e longat ion 
and to r s ion ,  the fol lowing dependences  have been obtained:  

e~ = era-1 + Ae~ (2.2) 
Ym = ?m-1 -~- A'~m 

~-~-~_~ ~ "c,nT,~_lJ htm (2.3) 

k(~m"{-3"C~)(n+a-1) l~[  ] 
= ~ ~'%~-I + ~,~7~-i Atm (2.4) 

whe re  T is the tangent ia l  s t r e s s .  

With a change in the s t r e s s - d e f o r m a t i o n  s ta te ,  when the value  of  q b e c o m e s  negat ive  o r  equal  to ze ro ,  
f r o m  (2.3) and (2.4) we obtain 

as~/hTm = - -  8,n-I/-- T~-I 

Under  these  c i r c u m s t a n c e s ,  the c r e e p  p r o c e s s  will  p r o c e e d  in a d i r ec t ion  opposed  to the d i r e c t i o n  
of  the o r ig ina l ly  a c c um ul a t e d  de fo rma t ion  be fore  the r e v e r s i o n  of  the l a t t e r  to ze ro .  
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The resul ts  of calculations using dependences (2.2)-(2.4) are  
shown in Figs. 1, 2, and 3 by the d o t - d a s h  lines. It can be seen f rom 
the curves  that, in the second and third experiments ,  in which q = ~ + 
T 7 with a t ransi t ion to the second stage becomes  equal to zero,  the 
calculated values of the deformations of the creep at the moment of 
change of the load instantaneously rever t  to zero  and do not c o r r e -  
spond to the experimental  data. In the fourth and fifth experiments ,  
with a stepwise change in the states of s t r e s s  and q > 0, the values 
of the deformations calculated using (2.2)-(2.4) cor respond cons ider -  
ably bet ter  to the experimental  data than values of the deformations 
calculated using (1.1) and (1o2). However, Eqs. (2.2)-(2.4) do not r e -  
flect sufficiently well the experimental ly  observed intensification of 
the creep p rocess  with a change in the load. 

Fig. 4 
3. In [2, 3] a theory  is proposed in which the anisotropic cha r ac -  

t e r  of the hardening of a mater ia l  in the f i rs t  stage of creep is taken 
into considerat ion by the introduction of an additional s t ress ,  p ~ It is postulated that the following re la -  
t ionships are valid: 

1) the deviator of the s t r e s se s  ~kj* is equal to the sum of the deviators  of the active C0kj* and 
additional s t r e s se s  Pkj * " 

~j* = ~%~* + p~j* (3.1) 

2) the components of the deviators of the increment in the additional stress and the deformation of 
the creep are proportional; here, the coefficient of proportionality depends on the temperature, the intensity 
of the stresses, ~i, and the intensity of the active stresses, wi: 

dp~j* : 2/3 A (~i, ~ T) dp~ (3.2) 

3) the relat ionships for  the components of the deformation ra tes  of the creep have the form 

P'~ = 3/20 (<~i, T) ~.j / 0~i (~i = (3/2 ~ j ~ j  )'!~ (3.3) 

Here w i is the intensity of the active s t r e s se s ;  Q(wi, T) is a function of the intensity of the active 
s t r e s se s  and the tempera ture .  

The following express ion was adopted in [3] for the function A((ri, Wi, T): 
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0 (r / ~ ..< a) 
A (~i, r T) = Al(T)A2(.oi/zi) (a< (0~/~< l) (3.4) 

A1 (T) (~  / ~i > l) 

The function Q(wi, T) is sufficiently well  approx imated  by the fo rmula  

Q ( ~ ,  T) = C (r)  r ~ (3.5) 

In Eqs.  (3.4) and (3.5), a ,  r ,  C(T), AI(T) a re  constants  of the creep.  

Af te r  an ana lys i s  of c reep  cu rves  for  AK4-1 alloy [4] at a t e m p e r a t u r e  of 175~ the following values  
were  obtained for  the constants:  a = 0.175, r =2.6, C(T) =2 .42 .10  -~ (mm2r/ (kg  r .  h), AI(T) =4.52.104 
(kg/mm2). 

I)ependenee (3.4) is sho~m in Fig. 4 (solid line). 

With applicat ion to the exper imen t  made, the components  of the deformat ions  of the c reep  were  ca l -  
culated using the equations 

em ----- 8m-1 -}- ASm, ~m : ~m-1 -~- A~ (3.6) 

as,~ = C (T) {|~,~ --  p(~)_~] ~ ~- 3 l~,~ --  p~)i]~} (~-1)/2 [ ~  --  ~~ at,~ (3.7) 

AT~ = 3C (T) ( [~  --p(~)_~]2 _~ 3 [%~ -- ,~-l~n(~) 1~( "-1)1~. [ ~ -  ~-1~~ 1 At~ (3.8) 

p(~) = A ((5i, (Ol, T) he~ J-L" ~m-l'D(6) p~) = 1/aA (zl, 0)i, T) AT,~ + ~ (3.9) 

where  p(a) and p(~) a r e  the normal  tangent ia l  additional s t r e s s e s .  

The r e su l t s  of a calculat ion using re la t ionships  (3.6)-(3.9) a re  shown by the dashed l ines on the 
curves  of Figs.  1, 2, and 3. As can be seen f r o m  the curves ,  in all  the exper iments ,  with r i s ing  s t r e s s e s  
the ag reemen t  between the calcula ted and expe r imen ta l  data may  be r ega rded  as sa t i s fac tory .  With fal l ing 
s t r e s s e s ,  there  is a cons iderable  lowering of the calcula ted va lues  of the deformat ions  with r e spec t  to the 
exper imenta l .  

Be t t e r  ag reemen t  between the exper imenta l  and calcula ted data can be achieved if, for  the case  of 
failing s t r e s s e s ,  into re la t ionships  (3.9), in place of the function A(~ i ,  wi, T), we introduce the new func-  
t ion B ( q i ,  wl, T)." 

B(c~,o)~,T) - - -  t BI(T)B~(~ (0..<~)~/~i~< l) 
( B1 (7) (~0~ / ~ > l) (3.10) 

Fo r  AK4-1 al loy at a t empera t t l r e  of 175~ the function B((ri,  w, T) is shown by the dashed line on 
Fig. 4. With w i /~ i  -> i , B  =10 �9 104 (kg/mm2).  Calculation of the deformat ions  of the c reep  with a change 
in the s t r e s s e s  f r o m  s m a l l e r  to l a r g e r  is done using Eqs.  (3.6)-(3.9). In the case  of a change in the 
s t r e s s e s  f r o m  l a r g e r  to s m a l l e r ,  (3.9) is rep laced  by the re la t ionships  

p~) = B (~, r T) As,. --~ ~,n-l'n(~) p~) = 1/3B (~{, r T) AT.~ + P~)-I (3.11) 

The r e su l t s  of the calculat ion a r e  r e p r e s e n t e d  in Figs.  2 and 3 by the solid l ines a. 

The author  thanks L. M. Kurshin for  his in te res t  in the work  and for  his aid. 
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