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An inves t iga t ion  of compression and buckl ing of rods at  constant 

tempera tures  and under mono ton i ca l l y  increas ing  a x i a l  loads was de -  

scribed in [1]. This a r t i c l e  describes the cont inuat ion  of work con-  

cerned wi th  another  set of  ex t r eme  condit ions,  i . e . ,  a constant  load 
and t empera tu re  mono ton ica l ly  increas ing at a ce r ta in  g iven  rate.  

Exper imenta l  results are reported and cer ta in  possible ways of de -  

scribing them by m a t h e m a t i c a l  expressions are discussed. 

w Using a method described in  [1], we carr ied out a series of 

compressive creep tests on m a t e r i a l  D16T under mono ton ica l ly  i n -  

creasing loads at  constant  t empera tures  ranging from 250 to 400* C 

( inclusive)  at  25 ~ C intervals .  For each  test  t empera tu re  the re la t ion  
be tween stress and totaI  strain at  a g iven  loading rate  was plot ted.  

By assuming that  to ta l  strain s is a sum of instantaneous e l a s t i c -  

p las t ic  strain s and creep s t r a in  p, 

- -  a + p ,  ( 1 . 1 )  

and by taking into account  the fact  that  at T >- 275 ~ C creep of the 

m a t e r i a l  in  quest ion takes  p lace  without  s t ra in-hardening,  we es t imated  
the last  t e rm in (1.1) from 

d p  = K e  'q~ d r .  (1.2) 

For creep under  loads monoton ica l ly  increas ing at a constant load 

o = c t .  (1.3) 

After substi tut ing into (1.2) and in tegra t ing  for such starting con-  

ditions, we obtain 

p = k (e ~ z -  t ) /  ~c.  (1.4) 

Usually e ~'a >~t  ; i f  this is t aken  into account  and i f  test  results 

for each  t empera tu re  are p lo t ted  in  log p- and o" coordinates,  i t  is 

possible to de te rmine  K and ~. 

In Fig. 1 results of tests at 325 ~ C are p lo t ted  in this way; curves 
1, 2, and 3 r e l a t e  to data ob ta ined  at  loading rates c I = 0.18, c 2 = 

= 0.01, and c 3 kg f /mmS/sec .  

Exper imenta l  points l i e  on l ines  which are a lmos t  straight,  though 

there  is a t endency  for their  slope (and, consequently,  the  magni tude  

of t~) to increase  [1]. Reducing loading rate  leads to a ce r ta in  increase  

in  B. The la t te r  ef fect  is ev iden t ly  associa ted wi th  ag ing  phenomena 
in a l loy  D16T: the slower the loading rate,  i : e . ,  the longer the  t i m e  

during which the a l loy  is held at a g iven  tempera ture ,  the more sub- 

s tant ia l  is  the reduct ion  in  the  a l loy  strength [2]. As a result ,  one can  
t a lk  only about ce r t a in  ave rage  values  K and t3 for a g iven  t empera tu re  
and stress in terval .  Similar  graphs were obta ined for other tes t  t e m p e r a -  

tures. 
Values  K and g de te rmined  by the above described method mono-  

ton ica l ly  inc rease  with r is ing tempera ture ;  their  n u m e r i c a l  values  can 
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be sat isfactor i ly  approximated  with the aid of the Lagrange in te rpo la -  
t ion po lynomia l .  

Confining ourselves to th i rd-power  polynomials ,  we obtain for K 

K --- (3.488 d0-ST '~ - -  25.524 "i0 4I'~ + 
( 1 . 5 )  

+ 02.005 .t0-"-T - -  50A01) .10 s s e c - i .  

Ana log ica l ly  for B 

:=- 0.5066 .i0 GT:~ - -  4.i994 .t0-4T ~ q- 
(1.6) 

+ t2.0910.10-~T - -  i i .2983 [mmZ/kG], 

where T appears in ~ 

Thus, (1.12), in  the en t i re  tempera ture  in te rva l  250-400 ~ C, 
becomes  

d p  : K ( T )  oxp I 3 ( T ) ~ ] d t .  (1.7) 

Figure 2 shows graphs o-E plot ted for rods tested in  compression 
at  a) 278, b) 328, c) 400 ~ C; numbers 1, 2, 3, and 4 ascribed to 
expe r imen ta l  points ind ica te ,  respect ive ly ,  results obta ined at  loading 

rates of c a =4 .8 ,  c z =0 .18 ,  r =0 .01 ,  e 4 =0 .0045  k G / m m  2see.  

Theore t i ca l  curves obta ined from (1.7) and (1.1) are shown as 

dashed lines. S imi lar  results were obta ined for other test  temperatures .  
It can  be stated in conclusion that  creep at constant tempera tures  is 

sa t is factor i ly  described by (1.7) in the ent i re  t empera ture  in te rva l  

studied. 

Val id i ty  of ( 1 J )  with functions K = K(T) and ~ = B(T) of type (1.8) 
and (1.6), respec t ive ly ,  was ver i f ied  on expe r imen ta l  data in creep 

of the same m a t e r i a l  at  constant loads and tempera tures  monoton ica l ly  

increas ing at  a constant  ra te .  

The test p ieces  were prepared from al loy D16T rods in the form of 

cyl inders  70 mm long wi th  the gauge portion 40 i 0.1 mm long and 

7.8 :~ 0.01 m m  diameter .  To ensure more uniform heat ing  under non-  
s t eady-s ta te  condit ions,  tube specimens ( internal  d i amete r  = 4 • 0.01 

mm)  were used. At slow heat ing  rates both tube and solid specimens  
of equal  cross sect ion were used; the  test  results were iden t i ca l .  

The specimens  were hea ted  at l i nea r ly  increas ing rates with the 

aid of an "EKVT" type se l f - recording  instrument  with a t empera ture  

control l ing  device .  The spec imen  tempera ture  was control led by 

closing and opening contacts  in  the furnace heater  c i rcui t .  The master  

switch is connected  by a cab le  to the drum of the self-recorder  tape  

winder and moves at  a constant  speed in the d i rec t ion  of increas ing 
t empera tu re  scale.  The other contac t  in  the form of f iat  spring is 

a t tached  to the ca r r i age  of the self-recorder  stylus which records the 
spec imen  tempera ture .  When in  the working posit ion,  the stylus 

ca r r i age  with its contact  a lways leads the master  switch. The la t ter ,  

moving  at  a constant speed, catches up with the  car r iage  and closes 

the heater  c i rcui t ;  as a result ,  the  furnanee tempera tures  rises and 
the car r iage ,  fol lowing the spec imen temperature ,  moves ahead of the 
master  switch thereby opening the heater  c i rcui t .  
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When the t empera tu re  drops, the car r iage  stops and starts moving  
in  the opposite direct ion;  the  mas ter  switch catches  up aga in  wi th  

the ca r r i age  and the process is repeated .  As a result ,  the  spec imen  

t empera tu re  osc i l l a tes  about the preset  values  within :LS ~ C with corre-  

sponds to • of the med ian  tempera ture .  The readings of three 

c h r o m e l - c o p e l  thermoeouples  ( con tac t -we lded  to the spec imen)  were 

recorded by an "EKVT" type compensa t ing  self-recorder .  

Tests were carr ied out at  th ree  hea t ing  rates: 0 = 1.66 ~ C/see ;  

0 z = 0.62 ~ C/see .  The ax i a l  s train of each spec imen  was recorded 

during the tests. 

A series of exper iments  was carr ied out to de te rmine  t he rma l  strains 

at  different  hea t ing  rates.  It was establ ished that  hea t ing  rate  (in the 

range  studied) has no effect  on the magn i tude  of t he rma l  strains. At 

hea t ing  rates  faster than 0~ = 1.66 ~ C / s e e  strains were smal ler  than those  

measured  at  the corresponding t empera tu re  and slower hea t ing  rates. 
This e f fec t  is ev iden t ly  a t t r ibu tab le  to nonuniform hea t ing  at  fast 

hea t ing  rates.  

As pointed out above,  a l loy  D16T age-hardens  at  e l eva ted  t e m -  

peratures.  All  exper iments  at  constant  tempera tures ,  from the results 

of which (1.5) and (1.6) were de te rmined ,  were carr ied out in the 

fol lowing way: hea t ing  to a g iven  test t empera tu re ,  holding the  spec i -  

m e n  at the t empera tu re  for 20 rain,  and p rogrammed  loading.  To 

obta in  comparab le  results and to m a k e  i t  possible to us (1.5) and (1.6), 
exper iments  at increas ing  tempera tures  were carr ied  out in the fo l low-  

ing way: hea t ing  to 800 ~ C, holding at  the t empera tu re  for 80 rain,  

cool ing to room tempera ture ,  apply ing  a constant load, and switching 

on the p rogrammed  heat ing .  Tests at above c i ted  hea t ing  rates were 
carr ied  out at  two constant  loads: o• = 8.1 and o 2 = 10 k G / m m  z. 

Results of tests at  O = 0.52 ~ C / see  and o = 8.1 k g f / m m  2 are r e -  

produced in  Fig. 8. Curve 1 represents the d iagram of e l a s t i c  strains 

a 1 = o/E(T) which increase  due to the fact  that  the  e l a s t i c i t y  modulus 

decreases wi th  tempera ture .  Curve 2 represents the d i ag ram of t he rma l  

strains e 2 = c~T. Curve 3 represents the va r i a t ion  in  the  sum e I + a2. 

Exper imenta l  points which represent the sum of thermal ,  e las t i c  
and creep strains are  shown as b lack  dots. As was to be expected ,  up 

to tempera tures  of about 200 ~ C the expe r imen t a l  points co inc ide  wi th  

curve 3; this ind ica tes  the absence of creep strains. At higher t e m p e r a -  
tures the e x p e r i m e n t a l  points  dev ia t e  from curve 8 by the  magni tude  

of the to ta l  creep strain. The dashed l ine  (curve 4) represents c a l c u -  
la ted  creep strains p ob ta ined  from (1.7) for the  e x p e r i m e n t a l  con-  

di t ions used; ca lcu la t ions  were carr ied  out with the aid of the Simpson 
formula.  It wi l l  be seen tha t  the theo re t i ca l  curve passes through the 
zone of expe r imen t a l  points.  

For comparison,  several  tests were carr ied out wi th  and without 
p r e l imina ry  hea t ing  of the specimens  to, and holding them for 80 
rains at,  a00 ~ c .  The expe r imen t a l  points for specimens  tested wi th-  

out p re l imina ry  hea t ing  were above the  c a l c u l a t e d  values,  wh i l e those  
recorded for previously hea ted  specimens were below. This fact,  i n -  

d i ca t ing  a marked  i rd luenee  of aging phenomena associated with the 
t i m e  during which specimens dwel l  at  e l eva t ed  temperatures ,  makes  

quan t i t a t i ve  analys is  of creep at  va r i ab le  tempera tures  rather  diff icul t ,  
s ince i t  introduces an add i t iona l  source of error which is bound to be 

re f lec ted  in  increased scat ter ing of expe r imen t a l  points. Bearing this in  
mind,  i t  may  be concluded tha t  (1.7) makes  i t  possible to descr ibe 
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creep at  va r i ab le  tempera tures  and may  be used in  theo re t i ca l  c a l c u l a -  

tions. 
w Buckling tests were carr ied out on cy l ind r i ca l  specimens  i20  

mm long and 7 m m  diameter .  Before test ing the specimens  werehea ted  

to S00 ~ C and held at the t empera tu re  for 20 rain. After cool ing to 

room tempera tu re  the specimens  were checked  for g e o m e t r i c a l  i m p e r -  

fections. The condi t ions of hinged support and the method of measur -  

ing ref lec t ions  and c r i t i c a l  t i m e  were described in  [1]; the hea t ing  
program was described above. 

A la rge  number of exper iments  at a hea t ing  rate  of 0.82 ~ C / s e e  

and stresses o 2 = 10 k g f / m m  z and o 1 = 8.1 k g f / m m  2 were carr ied out. 

Figure 4 shows the results of seven exper iments  at o I = 8.1 k g f / m m  2 in 

the form of curves represent ing def lec t ion  dependence  on tempera ture  

a t  a g iven  hea t ing  rate;  s imi lar  curves were obta ined at  o 2 = k g f / m m  2. 

Exper imenta l  results were compared  with ca l cu l a t ed  data obtained 
from the same cr i te r ia  used to e s t ima te  the c r i t i c a l  stress and t i m e  for 

t h in -wa l l ed  tubes in creep that  were ana lyzed  in  i l l  for the case of 

constant  t empera tu re  and increas ing loads. 

According to [8] i t  is assumed that  a straight  rod wi l l  start buckl ing  

after an in f in i t e ly  smal l  l a t e r a l  disturbance if  the fol lowing condi t ion 

is sat isf ied:  

-- ~ E ~  / k ~- ; (2.1) 

here  X is f l ex ib i l i t y  and E r is the tangent  modulus of "isochronous" 

curve o - e  in which t i m e  is the series pa ramete r .  In the case under 

considerat ion the role  of the series pa ramete r  is p layed  by the t e m -  
pera ture  reached at  a ce r ta in  constant  hea t ing  rate. It i.s easy. to show 

that  this  essent ia l ly  co inc ides  with the method of "isochronous" curves. 
Thus, le t  us consider the o - e  p lane.  Let a spec imen  loaded to a 

ce r ta in  stress o I at room tempera tu re  be hea ted  at a constant  ra te .  The 

rise in  t empera tu re  is accompan ied  by an increase  in strain consist ing 

of three components :  a) e las t i c  strain increas ing with t empera tu re  due 

to a reduct ion in  the e l a s t i c i ty  modulus; b) creep strain; c) the rmal  

strain. By having ca i cu l a t ed  the la t te r  (which is s t ress- independent) ,  

one can measure  the  magn i tude  of the r ema in ing  two components  a t  

any g iven  stress l eve l  and plot  a graph. Having done tills for a l l  the 

stress leve ls  and jo in ing  points re la t ing  to the same tempera tures ,  we 

obtain a series of " i so tempera ture"  curves o - e  reproduced in  Fig, 5. 

Since the hea t ing  rate at a l l  the stress l eve l s  was the same:  d T / d t  = 

= 0 and T n = 0in; " i so tempera ture"  curves co inc ide  (accurate  to a 

ce r ta in  factor)  with "isochronous" curves. 
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Thus, the formulation of the stability problem (buckling resistance) 
considered in [3] can be applied without any substantial changes. By 
substituting in 

t t E , =  d e / d o  

the value s from (1.1), taking into account (1.7), and bearing in 
mind that stresses are in the elastic range, we obtain 

t 

t t ~ t" ~- , , r ,~;  (T)~dt  (2.2) 

where E(T) is the temperature-dependent modulus of elasticity. From 
(2.2) and (2.1) we obtain an equation from which we find the time and, 
consequently, the temperature at which a rod becomes unstable, 

f 
-..2 ] 

- -  ' , ~-,.., ( 2 . 3 )  ),,'-'~ --.r, ('r) - i K (T) ~3 (5") exp ,~ ,.1 ) ~j 4t. 
o 

For o = 8.1 kG/mm 2 and 0 = 0.52 ~ C/see we determined (by integra- 
tion) the temperature of the loss of stability, T = 297 ~ C. This tem- 
perature is indicated in Fig. 4 by vertical line S. 

If the lateral disturbance is applied for a very short period of time 
so that the outer "fibers" of the material are slightly unloaded when 
the specimen is deflected, the tangent modulus E~- in (2.1) is replaced 
by the effective modulus E*. Carrying out the calculations by the 
simplified method and replacing the actual specimen cross section by 
the ideal H-beam cross section in the estimation of the effective 
modulus for the core in a rod specimen which is here in the form 

E* == 2E (T) E . /  (E (T) + E=), (2.4) 

we obtain (after substituting in (2.1) and carrying out simple transfor- 
mations) an equation 

t 

= :y-~ K(7')~(T)cx,~ [.3 (T).~j dt  (2.5) ,'?-: /~ ( T )  -i- ~ ~ , , 
o 

from which the temperature corresponding to the moment of the loss 
of stability can be calculated. Numerical calculations for the same 
conditions give T 2 = 303 ~ C which is indicated in Fig. 4 by line F. 

If we apply a criterion based on the fact that the total strain at 
which a rod buckles in creep should be the same as that at which 

buckling takes place in the absence of creep [4], we obtain an equa- 
tion 

~. = e + p  = ~ " / ~ .  (2.6) 

The temperature strains, since they are independent of the force 
factors, are not taken into account. Having substituted the expression 
for the strains into (2.6), we derive the equation 

t 

~'-' ~ o (2.7/ 

0 

from which the temperature corresponding to the moment of the loss of 
stability can be determined. Numerical calculation using (2.7) gives 
(for the same conditions) T a = a l a  ~ c indicated in Fig. 4 by vertical 
line G. 

It may be concluded on the basis of obtained results that all above 
described methods, though producing overestimated values, give a 
fairly true picture of the loss in stability of rods in creep at constant 
loads and monotonically increasing temperatures. The most accurate 
is the tangent-modulus method, 
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