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In this ar t ic le  the author descr ibes  the resu l t s  of an experimental  investigation of the t ransient  creep 
of a titanium alloy VT-6 (with reduced aluminum and vanadium contents) at 400~ the creep tes ts  were c a r -  
r ied out on sheet specimens both in the as-suppl ied condition and work-hardened to var ious  degrees  by 
s h o r t - t e r m  plastic deformation in tension. 

It was established that previous sho r t - t e rm plastic deformation of 0o5-1.6% has no effect on the creep 
relaxation phenomena taking place in this alloy in the entire range of s t r e ss  studied; in other words, r e l a -  
t ively light plastic deformation increases  the proportionali ty limit cr. and conditional yield point or0. 2 of the 
alloy in question without affecting its conditional creep strength. On the other hand, heavy sho r t - t e rm  
plastic deformation (more than 2%) weakens the alloy and reduces  its res i s tance  to creep. 

Comparison of the resul ts  of a study of the influence of s h o r t - t e r m  plastic deformation on the r e s i s -  
tance of mater ia l s  to creep and relaxation descr ibed in [1-5] with the resu l t s  of this investigation led to the 
conclusion that in the case of certain meta ls  (e.g., grade M-1 copper) a s h o r t - t e r m  s t ra in-hardening t r ea t -  
ment has a substantial effect on their  creep but only at re la t ively high s t r e s s  levels; in other cases  (e~ in 
the case of titanium alloys) the creep proper t ies  are pract ical ly  unaffected by previous sho r t - t e rm  plastic 
deformation.  However, even if the creep strength is affected by such a sho r t - t e rm  t rea tment  [4], the resul t -  
ing increase  in strength differs f rom that produced by previous creep.  These facts support the view that the  
mechanisms  of sho r t - t e rm deformation and deformation in creep are  different. 

N O T A T I O N  

-stress, k g / m m  2 
(y+ - - s t ress  reached during shor t - t ime  

plastic deformation 
e ~  s t ra in  during shor t - t ime  

plastic deformation, % 
e+ - p l a s t i c  s t ra in  due to deformation, % 
~ i - s t r e s s e s  at which creep tests  a re  

ca r r i ed  out (i = 1, 2, 3, 4) 
- c r e e p  strain, % 

~0-ini t ia l  relaxation s t r ess  

AND D I M E N S I O N S  

t - t i m e ,  hr 
l ~ - s p e c i m e n  gauge length, mm 
d - s p e c i m e n  diameter ,  mm 
~ . - p r o p o r t i o n a l i t y  limit 
~** -U.T.S~ 
~0.2-conditional yield point 
6 - r e l a t i v e  residual  elongation in 

tension, % 
- r e d u c t i o n  in a rea  in tensile tests,  % 

T - t e m p e r a t u r e ,  ~ C 

1. Experimental  Procedure .  The creep tests  in uniaxial tension were ca r r i ed  out on an IP-2  machine 
equipped with a redesigned tensomet r ic  device [6]. The s t ress  relaxation tes ts  were ca r r i ed  out on the same 
machine with the aid of an at tachment descr ibed in [7]. Cylindrical specimens with a gauge portion 100 mm 
long and 5 mm diameter  were used. 

The s h o r t - t e r m  s t ra in-hardening t rea tment  was applied by stepwise loading of the specimens to a p r e -  
determined level of the real  s t r e ss  (taking into account the reduction in specimen c r o s s - s e c t i o n  a rea  due to 
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Fig.  1~ T e n s i l e  s t r e s s - s t r a i n  d i a g r a m s  based  on data  ob ta ined  
dur ing  s h o r t - t e r m  s t r a i n - h a r d e n i n g  t r e a t m e n t  app l ied  to a l loy  

VT-6  s p e c i m e n s  be fo re  c r e e p  t e s t s  at  400~ P o i n t s  on each  d i a -  

g r a m  ind ica t e  s t r e s s  l e v e l s  at  which  c r e e p  t e s t s  w e r e  s u b s e q u e n t -  
ly c a r r i e d  out on the c o r r e s p o n d i n g  s p e c i m e n s .  N u m b e r s  a s -  
c r i b e d  to t h e s e  po in ts  denote  h e r e  and h e n c e f o r t h  the  s p e c i m e n  

n u m b e r s .  

F ig .  2. C r e e p  c u r v e s  of a l loy  V T - 6  s p e c i m e n s  not s u b j e c t e d  to 

p r e v i o u s  s t r a i n - h a r d e n i n g  t r e a t m e n t .  T e s t  t e m p e r a t u r e  T = 400 ~ 

0-i -< 0-* = 23~ k g / m m 2 ;  fo r  s p e c i m e n  No. 12 0-1 = 20.20,~ = 23.4, 
o- 3 = 26.2, and 0-4 = 29.3 k g / m m .  A r r o w s  on c r e e p  c u r v e s  in th is  
and o the r  f i g u r e s  ind ica te  changes  in the app l i ed  load ( a r r o w s  
point ing downward  ind ica t e  an i n c r e a s e  and t h o s e  point ing upward  
a r e d u c t i o n  in load).  

de fo rma t ion )  on the  c r e e p  t e s t i ng  m a c h i n e  I P - 2  at 400~ i m m e d i a t e l y  be fo re  the c o m m e n c e m e n t  of  a c r e e p  
t e s t ;  the  me thod  used  was  p r e v i o u s l y  d e s c r i b e d  in [4]. Da ta  ob ta ined  dur ing  the loading  and unloading s t a g e s  

of th i s  s h o r t - t e r m  t r e a t m e n t  w e r e  used  to p lo t  a g r aph  showing the dependence  of s t r a i n  ~0 on r e a l  s t r e s s  0-. 

The  t e m p e r a t u r e  g r a d i e n t  o v e r  the  s p e c i m e n  length did not  e x c e e d  ~- 1.0 ~ and the t e m p e r a t u r e  was 

m a i n t a i n e d  cons tan t  du r ing  t e s t s  a c c u r a t e  to -~2~ 

T e n s i l e  p r o p e r t i e s  ( a v e r a g e  r e s u l t s  of  n t e s t s ,  w h e r e  n = 3 and 5) d e t e r m i n e d  fo r  the  t i t a n i u m  a l loy  

s tud ied  by s h o r t - t e r m  t e n s i l e  t e s t s  a r e  g iven  below (d = 5 ram,  l 0 = 25 mm) :  

T a** ~o.e 5 
20 75.0 66.3 t6.4 27.2 (n----5) 

400 44.5 33.0 i6.4 56.4 (n-~3) 

2. Experimental Results and Discussion. Stress-strain diagrams obtained during the short-term 
strain-hardening treatment (Fig. i) and data collected when specimens were unloaded after creep tests were 
used to calculate the elasticity modulus E = 0.936 �9 104 kg/mm 2 (an average of 32 determinations) and the 
proportionality limit 0-, = 23.5 kg/mm 2 at 400~ 
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Fig .  3, Creep  c u r v e s  of w o r k - h a r d e n e d  s p e c i m e n s  at ffi = if+ and 
T = 400~ 

Fig.  4. R e s u l t s  of c r eep  t e s t s  a t  400~ p lo t ted  in l o g a r i t h m i c  c o -  
o rd ina t e s .  
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Fig.  5. Creep  c u r v e s  of s p e c i m e n s  t e s t ed  at s t e p - l i k e  v a r y i n g  
s t r e s s e s .  Left  sca le :  s p e c i m e n  No. 11) ~l  = 26.35, ~2 = 27.70; 
s p e c i m e n  No. 9) ~+ = 39.95; ~1 = 31.52; ~2 = 34.67. Right  sca le :  
s p e c i m e n  No. 18) cr 1 = if+ = 28.3; cr 2 = 23.66; s p e c i m e n  No. 15) ~l = 
~+ = 29.3; ~2 = 29.22 a t  t = 20 hr  a f t e r  s h o r t - t e r m  de f o r ma t i on  
~+ = 6.2% at  if+ = 41.7 k g / m m  2. 

Fig, 60 Creep c u r v e s  of s p e c i m e n s  w o r k - h a r d e n e d  at ~+ = 37 
k g / m m  2, T = 400~ 

Two s e r i e s  of c r eep  t e s t s  we re  c a r r i e d  out. The a i m  of the f i r s t  s e r i e s  of t e s t s  was  to s tudy the 
effect  of w o r k - h a r d e n i n g  on s u b s e q u e n t  c r e e p ;  the r e l a t i o n s  e s t a b l i s h e d  as  a r e s u l t  of t hese  t e s t s  w e r e  
v e r i f i e d  by the second  s e r i e s  of t e s t s  which inc luded s t r e s s  r e l a x a t i o n  t e s t s  and c r e e p  t e s t s  with s t e p - b y -  
s tep v a r i a t i o n  in s t r e s s .  

The  f i r s t  s e r i e s  of t e s t s  inc luded  c r ee p  t e s t s  at  ~i - or, = 23.5 k g / m m  2 on s p e c i m e n s  that  had not 
been  w o r k - h a r d e n e d  (Table  1, Fig.  2) and s e v e r a l  t e s t s  on w o r k - h a r d e n e d  s p e c i m e n s  (Tab le  2, Figo 3). 
E x p e r i m e n t a l  r e s u l t s  a r e  r e p r o d u c e d  in the f igu res  as  so l id  c u r v e s .  

The  e l a s t i c  s t r a i n s  and s h o r t - t e r m  p l a s t i c  s t r a i n s  (p roduced  when the load appl ied  to s p e c i m e n  No. 12 
was i n c r e a s e d  to ~4 = 23.3 k g / m m  2, e+ = 0.013%) were  taken  into account  in p lo t t ing  the c r e e p  c u r v e s .  

If c r eep  t e s t  r e s u l t s  a r e  p lo t ted  in l o g a r i t h m i c  coo rd ina t e s  (log t, log e) ,  it  is found that  t r a n s i e n t  
c r e e p  at  cons t an t  loads  can  be s a t i s f a c t o r i l y  r e p r e s e n t e d  by a se t  of p a r a l l e l  s t r a igh t  l i nes  (Figo 4). The 
s lope of these  l i nes  is  m = 0~ If  the l o g a r i t h m  of c r e e p  s t r a i n  r e c o r d e d  one hour  a f t e r  the s t a r t  of a 
t e s t  is  denoted  by z, then the e x p e r i m e n t a l  data p r e s e n t e d  in (z, ~) c o o r d i n a t e s  a r e  in good a g r e e m e n t  with 
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Fig. 7, Stress re laxat ion curves:  
a) in the  a s - r e c e i v e d  condi t ion ;  b) 
a f t e r  w o r k - h a r d e n i n g .  

the  l i n e a r  d i s t r i b u t i o n  law.  Al l  t h i s  po in t s  to the  p o s s i b i l i t y o f a p p r o x -  
i rnat ing the  r e l a t i o n s h i p  s t u d i e d  by the  equa t ion  of s t a t e  of t h e t h e o r y  
of s t r a i n  h a r d e n i n g  in the  f o r m  

�9 ( i - - m \  

H e r e  K, A,  and ~ a r e  c o n s t a n t  in t he  e n t i r e  r a n g e  of s t r e s s  
a p p l i e d  in the  t e s t s :  

a = 1, K = 0.t79.i0 -1~ A = 5.36 [kg/mm 2 (2) 

T h e  t h e o r e t i c a l  c r e e p  c u r v e s  in F i g s .  2 and 3 a r e  shown by 
d a s h e d  l i n e s .  

C r e e p  t e s t  r e s u l t s  showed  tha t  the  c r e e p  b e h a v i o r  of a l l o y  VT-6  
at  400~ i s  p r a c t i c a l l y  una f fec ted  by p r e v i o u s  s h o r t - t e r m  p l a s t i c  d e -  
f o r m a t i o n  at  t h i s  t e m p e r a t u r e ,  whi l e  s t e p - b y - s t e p  c r e e p ,  i . e . ,  c r e e p  
t ak ing  p l a c e  a f t e r  s t r a i n i n g  the  a l l o y  in c r e e p  at  a d i f f e r e n t  s t r e s s ,  is  
in good  a g r e e m e n t  with the  t h e o r y  of  s t r a i n - h a r d e n i n g  (Fig .  2). 

T h i s  s u p p o r t s  the  v i ew tha t  s h o r t - t e r m  d e f o r m a t i o n  and d e -  
f o r m a t i o n  in c r e e p  have  d i f f e r e n t  m e c h a n i s m s  and d i f f e r e n t  e f f ec t s  
on subsequen t  c r e e p  [1-4] .  

To f ind  w h e t h e r  the  s t r e n g t h e n i n g  e f fec t  of  p r e v i o u s  c r e e p  i s  
d e s t r o y e d  by  s h o r t - t e r m  p l a s t i c  d e f o r m a t i o n  a p p l i e d  at  a c e r t a i n  
i n s t an t  du r ing  a c r e e p  t e s t ,  we  c a r r i e d  out the  fo l lowing e x p e r i m e n t .  
S p e c i m e n  No. 14 a f t e r  97 h r  in c r e e p  at  ~ = 29.3 k g / m m  2 was  p l a s -  
t i c a l l y  s t r a i n e d  by s h o r t - t e r m  s t e p - l i k e  load ing  to ~+ = 36.7 k g / m m  2 
(which  p r o d u c e d  a r e s i d u a l  p l a s t i c  s t r a i n  e+ = 0.446%) and then  un-  
l o a d e d  to ~ = 29,3 and t e s t e d  in c r e e p  fo r  add i t i ona l  150 h r .  Da ta  in 

F ig .  3 show tha t  in t h i s  c a s e  the  s h o r t - t e r m  p l a s t i c  d e f o r m a t i o n  h a d  l i t t l e  e f fec t  on the  r a t e  of subsequen t  
c r e e p .  On the o t h e r  hand,  when s p e c i m e n  No. 15 was  s u b j e c t e d  to s h o r t - t e r m  p l a s t i c  d e f o r m a t i o n  of  6.2% 
(~+ = 41.7) a f t e r  20 h r  c r e e p  at  cr l = 29.3 k g / m m  2, i t s  s u b s e q u e n t  c r e e p  r a t e  a t  ff = 29.22 k g / m m  2 was  s u b -  
s t a n t i a l l y  h i g h e r  than  tha t  b e f o r e  the  s h o r t - t e r m  p l a s t i c  d e f o r m a t i o n  (F ig .  5). Ev iden t ly ,  the  d e g r e e  of 
s h o r t - t i m e  p l a s t i c  d e f o r m a t i o n  w a s  in th i s  c a s e  s u f f i c i e n t l y  high to p r o d u c e  a s u b s t a n t i a l  r e d u c t i o n  in the  
a l l o y  s t r e n g t h  ( in t h i s  c a s e  ~+ w a s  c l o s e  to ~** a t  400~ 

To v e r i f y  the  c o n c l u s i o n s  r e a c h e d  and the  v a l i d i t y  of the  a p p r o x i m a t i n g  e x p r e s s i o n s  used ,  we c a r r i e d  
out  a s e c o n d  s e r i e s  of c r e e p  t e s t s  on s p e c i m e n s  w o r k - h a r d e n e d  at e+ -~ 37 kg /mm2;  the  t e s t s  w e r e  c a r r i e d  
out  a t  a c o n s t a n t  s t r e s s ,  a t  a s t r e s s  which  was  i n c r e a s e d  once ( T a b l e  3, F ig .  6), and  at  a c y c l i c a l l y  v a r y i n g  
s t r e s s  ( F i g .  5). In  the  c a s e  of  s p e c i m e n  No. 11 the s t r e s s  a f t e r  100 h r  c r e e p  at  r i = 26.35 kg m m  2 was  i n -  
c r e a s e d  t h r i c e  a t  5 0 - h r  i n t e r v a l s  to 27.70 kg /mm2;  s p e c i m e n  No. 18 was  t e s t e d  in c r e e p  at  fit = 29.3 k g / m m  2 
f o r  the  f i r s t  20 h r  a f t e r  which  the  s t r e s s  w a s  p e r i o d i c a l l y  v a r i e d  (at  5 - h r  i n t e r v a l s )  f r o m  23.66 to 29.3 
kg/mm 

In add i t i on  to c r e e p  t e s t s  we c a r r i e d  out  four  s t r e s s  r e l a x a t i o n  t e s t s :  two s p e c i m e n s  w e r e  t e s t e d  in 
t he  a s - r e c e i v e d  cond i t i on  at  i n i t i a l  s t r e s s e s  of 20.9 and 14.15 k g / m m  2 (F ig .  7a, s p e c i m e n s  No. 15' and 16'); 
the  o t h e r  two s p e c i m e n s  w e r e  t e s t e d  a t  an  i n i t i a l  s t r e s s  of 27.9 k g / m m  2, one a f t e r  p r e v i o u s  s h o r t - t i m e  t e n -  
s i l e  p l a s t i c  d e f o r m a t i o n  at  39.25 k g / m r n  2 p r o d u c i n g  e+ = 0~ (F ig .  7b, s p e c i m e n  No. 17) and the  o t h e r  
a f t e r  a s i m i l a r  t r e a t m e n t  a t  ~+ = 27.9 k g / m m  2 ( F i g ,  7b, s p e c i m e n  No. 14')o 

T h e o r e t i c a l  c u r v e s  in F i g s ,  5, 6, and  7 w e r e  p lo t t e d  wi th  the  a i d  of the  equa t ion  of s t a t e  (1) and c o n -  
s t a n t s  (2) o b t a i n e d  f r o m  the  r e s u l t s  of  c r e e p  t e s t s  on s p e c i m e n s  in the  a s - r e c e i v e d  cond i t ion .  The  good 
a g r e e m e n t  be tween  t h e o r e t i c a l  and e x p e r i m e n t a l  c u r v e s  ( for  the s e c o n d  s e r i e s  of t e s t s )  p r o v e s  tha t  s h o r t -  
t e r m  p l a s t i c  d e f o r m a t i o n  of about  1.0% has  no e f fec t  on the c r e e p  of  the  t i t a n i u m  a l l o y  s t u d i e d  at  s t r e s s e s  
of  up to ~+.  I t  shou ld  be  b o r n e  in m i n d  tha t  each  e x p e r i m e n t a l  c u r v e  was  p lo t t e d  f r o m  the  r e s u l t s  of  t e s t s  
on one s p e c i m e n ;  a s  i s  known, c r e e p  and s t r e s s  r e l a x a t i o n  t e s t s  c a r r i e d  out  on twin s p e c i m e n s  unde r  i d e n -  
t i c a l  c o n d i t i o n s  can  p r o d u c e  w i d e l y  s c a t t e r e d  r e s u l t s .  
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