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Anelast ic i ty  and creep transients in an 
austenitic steel 

D. G. MORRIS*  
Metallurgy Division, AERE, Harwell, Didcot, Oxon, UK 

The extent of the anelastic strain imposed during the creep of a Type 316 stainless steel 
has been examined in detail and related to the structure of the dislocations within the 
material. The stress dependence of the anelastic strain recovery has been used to show 
that the intergranular carbide particles present gave rise to a small frictional stress. The 
accummulation of creep strain on reloading has been examined and shown to take place 
only after the anelastic strain has been re-imposed. 

1. Introduction 
Anelasticity during creep has been investigated 
fairly extensively and the principal mechanism of 
anelastic strain has been related to dislocation 
bowing under the influence of the effective stress 
operating on the dislocation links [1 -4 ] .  Since 
the anelastic strain is dependent on the effective 
stress, the applied stress dependence of the an- 
elastic strain is a useful technique for the deter- 
mination of the internal stress [5, 6] ; this is par- 
ticularly relevant in view of the recent criticisms 
[5, 7] of the more commonly used techniques for 
internal stress measurement [8 -10] .  

An examination of anelasticity in a precipitation 
hardened Nimonic alloy [6] has demonstrated the 
existence of an internal stress which has to be 
exceeded to produce dislocation movement; 
furthermore, the creep rate observed depends on 
the effective stress which is less than the applied 
stress. However, a recent study of the creep in 
Type 316 stainless steel at 625 ~ C [11] has shown 
that the creep rate is related principally to the 
distribution of dislocation link lengths, with little 
evidence of any internal stress effect. 

The present paper describes a more detailed 
investigation of anelastic strain recovery on un- 
loading Type 316 steel than was carried out pre- 
viously [11 ] and also examines the creep transient 
on reloading. The analysis of such transients is of 
importance in interpreting cyclic creep behaviour 
which will be the subject of a later report. 
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2. Experimental 
The composition of the Type 316 steel and the 
design and preparation of specimens have been 
detailed previously [12]. The specimens, with a 
12mm gauge length, were tested under constant 
stresses of 200 and 235MPa at 625~ in the 
1050~ solution treated state using a 50kN 
capacity servotest servo-hydraulic machine. The 
primary and secondary stages of creep only were 
examined, and specimens were not taken to rupture. 
The load was controlled to within -+0.,02kN, 
equivalent to -+ 1 MPa on the specimen, and a 
strain resolution of 0.1/2m (less 10 -5 strain) was 
possible. Constant stress creep testing was carried 
out after ramping the load to its maximum value 
over a 10 second period and then holding the 
load steady, making frequent slight reductions in 
the load level to maintain constant stress on the 
creeping specimens. Anelastic recovery was exam- 
ined at various times during the primary and 
secondary stages of creep by instantaneously re- 
ducing the load to zero. Unload periods up to 
100sec were normally used, with occasional 
longer periods up to 2000sec. Between unload 
periods the load was always imposed for times in 
excess of 30min. In addition, the stress depen- 
dence of the anelasticity was determined by 
examining the effect of a range of stress incre- 
ments. In all cases the stress was reduced from the 
creep stress (200 or 235 MPa) to a lower value. 

Transmission electron microscopy was carried 
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Figure 1 Time dependency of anelastic strain recovery on 
unloading from 235 MPa. 

out on specimens taken to various stages through- 
out the creep life and precipitate and dislocation 
structures determined using the standard tech- 
niques described previously [11]. 

3. Experimental results 
The typical time dependence of  the anelastic re- 
covered strain observed on completely unloading 
from 235 MPa is shown in Fig. 1; similar results 
were obtained on creeping at 200MPa. The an- 
elastic strain, Ca, could be described by: 

ea = A log (B + t) (1) 

for unload times up to lO00sec, where t is the 
duration of  the unload period (sec) and B is a 
constant independent of  the stage during the creep 
tests of  the order o f  100sec. Saturation of  the an- 
elastic strain recovery occurred after about 1000 

sec, with only a very slight increase in the anelastic 
strain recovery after this time. 

The dependence of the anelastic strain re- 
covery on the creep time is shown in Fig. 2. There 
was an initial rapid increase in the anelastic strain 
during the primary stage of  creep, similar to that 
noted by Evans and Harrison [6],  and a subse- 
quent decrease to a minimum after about 100h 
of  creep followed by a gradual increase at longer 
times. The ratio of  anelastic strain after 1000sec 
unload time to elastic strain (noted during the 
instantaneous load removal) achieved a value of  
0.13 after 25h  of  creep and decreased to 0.09 
after 100 h. The value of  0.13 is close to that pre- 
dicted by Hesketh [13] for situations where 
particles have little effect on restricting dislocation 
movement. 

The stress dependency of  the anelastic recovered 
strain was examined after about 100h of creep 
and the results are shown in Fig. 3. Whilst the 
slope of the stress increment-anelastic strain 
relationship decreased with increasing unload time, 
the data extrapolate to give an intercept of  25 + 
5 MPa such that the anelastic strain recovery was 
proportional to (Ao -- 25 MPa). 

Equation 1 may thus be re-expressed as: 

e a = C ( A o  - -  25) log (B + t) (2) 

where the stress increment, Ao, is expressed in 
MPa, B is a constant independent of  stress and 
stage during creep, and C is a constant dependent 
only on the temperature and the creep structure. 

Dislocations and carbide densities at various 
stages throughout creep at a constant applied 
stress of  235 MPa are plotted in Fig. 4. There was 

Figure 2 Anelastic recovered 
strain (after 300 sec load-off) and 
creep strain as a function of time 
for creep at 235 MPa and 625 ~ C. 
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Figure 3 Stress dependence of anelastic strain observed 
after 100, 300, and 1000 sec unload time. Crept to 100h 
at 625 ~ C. 

no evidence of intragranular carbide precipitation 
in the as-loaded state, but precipitation occurred 
during the creep test and the intragranular carbide 
density was a maximum after about 75 h on test; 
subsequently particle coarsening appeared to lead 
to a decrease in the intragranular precipitate 
density. The dislocation density appeared to in- 
crease from the as-loaded value to a maximum 

within 25 h. The fraction of mobile dislocations, 
calculated from an analysis of the dislocation link 
length distributions, as described in a previous 
paper [11] decreased rapidly from an as-loaded 
value of 0.44 to 0.2 after 25 h and remained con- 
stant at longer times. Similar increases in the total 
dislocation density and decreases in the mobile 

o 

Figure 4 Dislocation and intragranular car- 
bide density during creep at 235 MPa and 
625 ~ C. 

fraction during primary creep have previously been 
noted in an austenitic steel by Oden et  al. [14]. 

The transient creep behaviour observed on 
reloading after unloading for 1000 sec is shown in 
Fig. 5, the strain and time origins being defined 
as the moment at which the applied stress reached 
235 MPa. The rate of anelastic strain accumulation 
on loading was examined as described below: 
specimens were first allowed to recover all the 
anelastic strain by holding unloaded for 1000 to 
2000sec; the load was imposed for a short time 
(10 to 1000sec), subsequently removed, and the 
total anelastic strain recovered over a further 
1000sec period. In this way it was shown that 
the rate of anelastic strain accumulation on loading 
was the same as the rate of anelastic strain re- 
covery on unloading. Consequently, virtually all 
the strain observed in Fig. 5 during the first 1000 
sec was recoverable anelastic strain, and there was 
very little unrecoverable creep deformation 
(shown dotted in Fig. 5) until almost all the an- 
elastic strain had been imposed. 

4. Discussion 
4.1. Creep time dependence of anelasticity 
The extent of anelastic strain that may be imposed 
during creep depends on several factors: (i) the 
total dislocation density and the fraction of 
mobile dislocations are both important since only 
the immobile dislocations can be considered to 
bow about the link ends; (ii)for a given dislocation 
density, the extent of bowing is a very sensitive 
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Figure 5 Strain observecl on reloading 
after holding specimen unloading for 
1000sec, and observed strain with 
anelastic strain subtracted. 

function of the free link length; extensive precipi- 
tation, leading to a reduction in the free link 
length, is thus very important; (iii) changes in the 
effective stress on the dislocation links lead to 
changes in the extent of anelastic strain and there- 
fore, internal or friction stresses affect the an- 
elastic strain. These effects may be illustrated by 
modifying Equation 2 as: 

ea = DPiL2(Ao -- o0) log (B + t) (3) 

showing the dependency of the anelastic strain on 
the immobile dislocation density, Pl, the dis- 
location link length, L, and the effective stress 
change, e0 is the internal stress and D a constant 
only on geometrical and elastic terms. 

The initial increase in anelasticity observed 
during primary creep (Fig. 2) is caused by the de- 
crease in the fraction of mobile dislocations; Pm/P, 
and the increase in the total dislocation density, p. 
The influence of precipitation on dislocation link 
length and effective stress change can be noted 
after 30h creep straining and leads to the mini- 
mum in anelastic strain at about 100h creep. At 
this stage the stress dependency of anelasticity 
indicates that a small friction stress is operating 
(~25MPa). The change in effective stress, how- 
ever, (235 to ~210MPa) is relatively small and it 
is likely that the decrease in dislocation link length 
by precipitation is responsible for the large de- 
crease in anelastic strain observed. Creep for times 
in excess of 100h leads to a reduction in intra- 
granular particle density so that the influence of 
the particles on anelasticity diminishes. 

4.2. The  internal stress 
The present, detailed studies of anelastic behaviour 
have shown that there is a small frictional stress 
affecting the dislocation links and creep behaviour. 
The influences of internal stress and distribution 
of dislocation link lengths in the analysis of creep 
rates have been considered in detail elsewhere 
[11 ] and the relative importance of the two factors 
discussed. 

The particle-produced frictional stress calculated 
using the Orowan expression (O~max = 2#b/X, 
where at m a x  is the stress required to bow around 
hard, uncutable particles, tt is the shear modulus, b 
the Burgers vector, and 3, the particle spacing) is 
approximately 150 to 200MPa under the con- 
ditions relevant to the present tests. However, for 
softer particles, the friction stress is reduced to 
o~ = ~ max cos q5/2, where q~ is the angle between 
the dislocation segments as the dislocation breaks 
through the particle [15]. It was difficult in the 
present study to measure ~b because dislocation 
links often joined at, or close to, particles. How- 
ever, there was no evidence to suggest that the 
intragranular carbide particles present in the steel 
were "hard", requiring extensive dislocation 
bending around the particles (low q~) before move- 
ment through or around the particles occurred. It 
does not seem unreasonable to propose that dis- 
location cutting through the carbide particles 
occurred relatively easily, corresponding to only 
slight dislocation bending, high breaking angles 
(e.g. qS~ 150 ~ and consequently much reduced 
friction stresses. 
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4.3. Load ing  t r ans i en t s  
Studies of  dislocation recovery (to be reported) 
have shown that annealing the creep structure 
without load for about 1000 sec at 625 ~ C leads to 
dislocation link straightening (anelastic recovery) 
with little other changes in dislocation structure. 

It is likely, therefore, that the very low creep 
rate observed initially on reloading (Fig. 5) is not  
caused by dislocation structure changes but is due 
to the unbent nature of  the dislocation links. In 
terms of the theory of  creep dislocation link 
breakage, it is apparent that the dislocation links 
cannot move until a high stress has been imposed 
on the link ends by extensive bowing; high stress 
is imposed on the dislocation nodes by bowing of  
the associated dislocation links and should not be 
considered to apply when the dislocation links are 
straight. Accordingly, the stress imposed on the 
link ends may be described by lab/R, where R is 
the radius of curvature of  the associated dislocation 
segments, la the shear modulus and b the Burgers 
vector. The creep rate may be determined using 
this model by (i) relating the amount of  anelastic 
strain (ea) to the extent of  bowing as ea/e a m a x  = 

Rmax/R, where the subscript max refers to the 
maximum achievable for a given applied stress and 
creep structure; (ii) deducing the stress applied to 
the link ends, lab/R; and (iii) calculating the rate of  
link activation under the operating stress and con- 
sequently determining the creep rate using the 
details of  the dislocation link length distribution 

(as in [11]). It should be noted that this analysis 
ignores the small frictional stress term, which 
being relatively small will have a significant effect 
only at very low applied stresses. 

The predicted and observed transient rates are 
compared in Table I and Fig. 6, and, bearing in 
mind the errors in the determination of  the creep 
rate immediately on reloading, the agreement is 
reasonably good. 

5.  C o n c l u s i o n s  
(1) The extent of  re coverable anelastic strain during 
creep of  a Type 316 steel at, 6 2 5 ~  depeadsor t  
the density of mobile and immobile dislocations, 
the effective stress, and the free dislocation link 
length. During primary creep, there is an increase 
in the anelastic strain due to an increase in the 
immobile dislocation density. Extensive carbide 
precipitation decreases the anelastic strain during 
secondary creep, principally by reducing the free 
dislocation link length since the effective stress is 
only slightly modified. 

(2) Measurements of  the stress dependency of 
the anelastic strain show that a small frictional 
stress (~  25 MPa) operates during secondary creep. 
It is argued that this small frictional stress plays a 
relatively insignificant part in controlling the creep 
rate, the dislocation link length distribution being 
the primary factor involved. 

(3) The creep rate is initially very low on re- 
loading after recovering all the anelastic strain and 

TABLE I Comparison of experimental creep rates during loading transient with values predicted assuming the stress 
operating on the dislocation link junctions to be related to the extent of anelastic link bowing 

Time Anelastic Forward Unrecoverable Experimental Operative Creep ratio Predicted creep 
(sec) strain transient creep strain creep rate stress ~/~23s rate 

(x 10 -4) strain (x 10 -4) (X 10 -8 sec -1) (l~b/R) (e23s = 1) (X 10 -s sec -1 ) 
(X 10 -4 ) (MPa) 

10 0.25 0.27 0.02 NS* 40 NS NS 
30 0.43 0.4 --0.03 NS 65 NS NS 

100 0.6 0.62 0.02 NS 91 NS NS 
200 0.75 0.75 0 NS 114 NS NS 
300 0.85 0.87 0.02 NS 129 NS NS 
400 1.0 0.98 --0.02 0.01-0.1 152 0.0005 0.006 
500 1.05 1.07 0.02 0.2 159 0.002 0.03 
600 1.1 1.12 0.02 0.6 167 0.007 0.09 
750 1.25 1.3 0.05 2.0 190 0.04 0.5 

1000 1.5 1.65 0.15 5.0 227 0.5 6.5 
1500 1.55 2.2 0.65 13 235 1 13 
2000 1.55 2.85 1.3 13 235 1 13 
2500 1.55 3.45 1.90 13 235 1 13 

*NS = negligibly small. 
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Figure 6 Creep strain and 
creep rates during the 
loading transient. Obtained 
on reloading to 235MPa 
after holding the specimela 
unloaded for 1000 sec. 

remains so unti l  the anelastic strain has been re- 

imposed.  This behaviour  is in te rpre ted  on the basis 

that  dislocat ion links are capable of  breaking only 

after they  have b e c o m e  fully bowed .  
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