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Recovery of a creep-deformed Type 316

stainless steel

D. G. MORRIS*, D. R. HARRIES

Metallurgy Division, AERE, Harwell, Oxon, UK

The recovery of the dislocation structures produced in a Type 316 steel during creep has
been examined by annealing over a range of temperatures and times, both in the presence
and in the absence of stress. The influence of dislocation recovery on subsequent

reloading behaviour has also been examined.

Initial dislocation recovery occurs rapidly but the rate of recovery subsequently
decreases as precipitate effects become more important. Dislocation recovery in the early,
rapid stage appears to be controlled by vacancy diffusion between the dislocation links.
The application of stress during recovery leads to an enhancement of the recovery rate in
agreement with the network coarsening model whilst the incremental strains observed on
reloading after recovery correlate well with the changes in dislocation structure produced

during the recovery periods.

1. Introduction

The recovery of dislocation structures during elev-
ated temperature annealing has previously been
considered in terms of coarsening of the network
structure as a result of dislocation climb [1-5].
Climb, by jog movement on dislocations, depends
either on the rate of vacancy emission from jogs
or on vacancy diffusion through the lattice [6]
and the recovery rate (dl/df) may be expressed
(see Appendix I for list of symbols) as [6, 7] :

dl  2DbC T ‘
dt = kT 1 @
or
dl 2D.b
il @

dr ~ kTl ()1

Other expressions have been derived to describe
the recovery process, the most notable being those
of Weertman [8] which consider the effects of
dislocation pile-ups on recovery; such mechanisms
are unlikely to be important in the recovery of
creep-produced structures since dislocation pile-
ups are rarely observed after creep [9-11].
Hausselt and Blum [12] considered that recov-
ery during creep may be dynamic in nature; that
is, the recovery process is affected by simultaneous
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dislocation creep processes. Evidence in support of
their suggestion has been obtained from the general
shape of the dislocation recovery plots and, in
particular, the stress and dislocation density
dependencies of recovery.

The influence of intragranular particles on
dislocation recovery has been examined by several
authors [2, 5, 13]; in general, the particles are
considered to impose a friction stress inhibiting
recovery, according to [13].

d?

— = MlI a—Zziy

i 3)

where M is the mobility term from Equations 1 or
2, corresponding to the particular operative
diffusional mechanism; 7Z is the frictional force
on the dislocation links with Z being related to the
reciprocal of the particle spacing. More recently,
Engberg [5] has proposed that each dislocation
link is completely free to recover until it meets a
particle, at which point it becomes completely
immobile. The influence of particles on recovery is
thus expected to be critically dependent on the
relative magnitudes of dislocation link lengths and
interparticle spacings and on the distribution of
dislocation link lengths.
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TABLE I Analysis (wt %) of Type 316 steel

C Si Mn Cr Ni

Mo S P B

0.057 0.70 1.08 16.86

11.32

2.09 0.009 0.028 0.0003

Dislocation recovery in a creep strained material
reduces the flow stress such that yielding occurs
on reloading at a stress lower than the original
flow stress [2, 3]. Similarly, re-imposition of the
original stress leads to a period of rapid strain
before the original, steady strain rate is achieved
[12]. Both the decrease in flow stress [2, 3] and
the transient creep strain [12] correlate well with
the observed decreases in dislocation density.

The present work attempts to elucidate the
mechanism of dislocation recovery in a Type 316
austenitic stainless steel after creep straining and
to examine the role of the intragranular carbides
precipitated during the creep test in the recovery
process. An improvement in the knowledge of
such processes will undoubtedly lead to a better
understanding of the mechanism of creep [14, 15,
16]; furthermore, since dislocation recovery
occurs during stress relaxation [12, 17], it is to be
expected that the extent of stress relaxation is
affected by such recovery. Finally, the dislocation
recovery and associated reloading effects have
been studied so as to relate such reloading effects
to similar loading transients observed during cyclic
creep testing [18].

2. Experimental procedure
The analysis of the medium carbon Type 316
austenitic steel used in the present investigation is

{
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Dislocation Density [ x10'* m2)

Figure 1 The variation of disloc-
ation density with recovery time
and temperature, Specimens initially

given in Table I. Round cross-section creep speci-
mens were machined from hot-rolied bars of the
steel, solution treated in argon at 1050° Cfor0.75h
and finally quenched into water to produce a
mean grain size of 50 x 107¢ m.

The creep tests were carried out in air at
constant load, mainly at 625°C but with some
testing at 700 and 550° C, using Dennison lever
machines; the tests were terminated in the steady
state creep stage by lowering the creep furnace and
rapidly cooling the specimens under load in a
stream of cold air. The creep deformations at the
relevant stresses and temperatures have been

detailed previously [9, 19]. The recovery anneals

were usually conducted in air on sections of the
gauge lengths of the creep strained specimens.
However, some recovery anneals were performed
under stress in the creep machines and the speci-
men finally rapidly cooled as above. The effects of
dislocation recovery on the reloading behaviour
were examined in sifu by ageing specimens
without stress in the creep furnaces prior to
reloading. Each specimen was retested several
times in this way; the loading strain was measured
and the creep rate allowed to achieve a steady
value on each occasion.

Thin foils were prepared from the gauge lengths
of the creep strained and creep strained and
recovered specimens and examined by transmission

~ . o 0 i 1 1 _ 1 L L
creep-strained at 625°C and 200 Omf/ o T 16 0 1000
MPa to the secondary creep stage. Density Recovery Time (h)
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Figure 2 Electron micrographs illustrating (a) dislocation
and precipitate structures after creep testing at 625°C
and 200 MPa; (b) ageing at 625° C for 0.1 h, (c) for 1h,
and (d) for 100 h; and (e) ageing at 750° C for 10 h.

electron microscopy wusing a Siemens 102
microscope oeprated at 100kV. The foils were
tilted to various orientations and the projected
widths of suitable boundaries close to the region
of interest measured to determine the foil thick-
ness. All the dislocations in a given area were
imaged, using several g-vectors and the dislocation
density, pg, determined [20] after tracing all the
dislocations on transparent paper, thus:

_ 2Nq
= s “)
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At least five areas were examined and more than
500 dislocation intersections considered for each
specimen and condition; the errors in dislocation
density were estimated from the spread in batches
of data to be 10 to 15%. The carbide particle
density and size were also measured for each speci-
men [9]. The distribution of dislocation link
lengths was ascertained in representative specimens
using techniques described previously [4, 9, 21,
221.

3. Results

Fig. 1 shows the influence of recovery anneals of
between 0.1 and 1000 hours duration at 625, 700
and 750° C on the dislocation densities of speci-
mens tested at 625°C and an initial stress of
200MPa to the steady state creep stage; typical
error bars are illustrated for two of the data points
only. The dislocation densities decrease signifi-
cantly during the first ten hours or so of annealing
but thereafter tend to remain sensibly constant;
the magnitudes of -the reductions in dislocation
density increase with increasing temperature.

Typical electron micrographs of the dislocation
and precipitate structures in the creep strained and
strained and recovered specimens are shown in Fig,
2. The dislocation and intragranular carbide den-
sities are presented as a function of recovery time
at 625° C and initial creep stress and test tempera-
ture in Fig. 3 and Table II. The carbide densities
are only marginally affected by the recovery treat-
ments applied. However, the dislocation and
carbide densities increase with increasing creep
stress (and possibly decreasing temperature) for
the specimens initially creep tested isothermally at
625°C and 700° C. In the case of the specimen
tested initially at 625°C, 200MPa and then at
550°C, 350MPa for 10h, the carbide density
remains at the value determined by the creep test
at 625° C, 200 MPa; furthermore, the initially high
dislocation density in this specimen decreases rap-
idly with increasing recovery time up to 100 hours
at 625° C to a value commensurate with the carbide
density. The inhibition of dislocation recovery by
a high density of intragranular particles is also
evident when comparing the data for the specimen
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_____ A 700°C  110MPa
a@\\ - + 625:C  200MPa
N O  625°C  250MPa
~. e 625°C  200MPa
AN and 550°C.360MPa for 10h
N
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o
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B
5
(=]
el
k=1
3
B hm—— +
a \
\\++ +
—_——
2p~——— + +
- \\A_
= 1 . . e .
Figure 3 The variation of disloc-
ation density with recovery time at
625°C for various initial creep
o 1 1 L L L . .
0 o1 10 100 1000 testing conditions.
Recovery Time (h) at 625 C

TABLE II Intragranular carbide and dislocation densities after recovery for 100 hours at 625° C for a range of initial

creep structures

Creep stress Creep Intrangranular Dislocation density
(initial) temperature carbide density after recovery
(MPa) cO (X 10" m™?) (X 10" m~?)

119 700 8 1.5

200 625 12 2.2

250 625 50 7

(200 MPa and 625° C followed by 12 2.2

360MPa and 550° C for 10h)
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creep strained at 625° C, 200 MPa and the sample
tested at 625° C, 200 MPa and 550°, 360 MPa. The
temperature dependence of the recovery in the
latter, high dislocation density—low carbide den-
sity material is illustrated in Fig, 4; there is a rapid
reduction in dislocation density during the initial
stages of annealing but the rate of recovery

Dislocation Density { x10™ m?}

1

o]y — L |
0

01 1
Recovery Time {h)

Figure 4 The time and temperature dependencies of the
recovey of dislocation density in specimens creep-strained
initially at 625° C, 200 MPza and then at 550° C, 360 MPa
for 10 hours.

Mean Carbide Spacing { x107%m)

Figure 5 The variation of mean
intragranular carbide spacing with
the mean dislocation link length

i

decreases at the longer times when low dislocation
densities have been achieved.

The effects of the intragranular particles on the
saturation dislocation density observed after
recovery were examined by loading a series of
specimens at 625° C to increasing strains and then
ageing for 300h at the same temperature. The
results are given in Table III and the mean intra-
granular carbide spacing, A., is plotted against the
mean dislocation link length, 7, in Fig. 5. The two
parameters are linearly related, thus:

A

Ae
7

3 &)
thereby providing additional evidence for stabiliz-
ation of the dislocation density by the intergranular
carbide precipitates.

The dislocation link lengths produced during
creep follow a Gaussian type distribution with the
median and maximum dislocation link lengths
corresponding to about A./3 and A, respectively
[9]; this is confirmed by the results of the present
work shown in Fig. 6. The distribution of link
lengths changes during recovery as the fraction of
very short link lengths decreases and the fraction

after recovery.

. L
20 30
Mean Dislocation Link Length (x 1078 m)

40 50

TABLE III Intragranular carbide density and spacing and dislocation density and mean link length after straining and

ageing for 300 hours at 625° C

Strain Carbide density Mean carbide Dislocation density Mean dislocation link
(%) X 10" m™?) spacing (X 107% m) (m~?) length (X 1078 m)

0 0.05 125 5x 10 45

4 1 46 §x 10" 14.1

6 2 36.8 10 10

9 8 23.2 1.5x 10" 8.2

i2 10 21.5 2.5 x 10" 6.3
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Figure 6 Dislocation link length
distributions observed after creep
. straining and after partial recovery.
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of large links increases; the mean dislocation link
length increases slowly as the dislocation density
decreases.

Particle coarsening occurs throughout the
recovery anneals but the rate of coarsening at the
recovery temperatures investigated is slow. It is
not possible to examine the coarsening process in
detail from the data obtained and high recovery
temperatures were not used because the increased
carbon solubility leads to carbide dissolution.
Nevertheless, despite the inaccuracies in the
present data, it appears that the coarsening can be
described (see Fig. 7) thus [23, 24]:

,_ 5 _ 8DBy

rt "‘ro 9kT Qt (6)

The activation energy determined for the process,
~260kJmol ™!, should correspond to the sum of
the activation energies for diffusion and for

40F

{Particle  Radius 1} { x 10%m3)

Figure 7 Particle coarsening during 0

e

solution [23, 24]. The activation energy for self-
diffusion is approximately 280kJmol [25] and
that for a solution of My3C4 may be estimated as
50 to 100kJmol [26]. The sum of the values is
much larger than the experimentally determined
value, suggesting that pipe diffusion (for which the
activation energy is approximately 0.6 that for
self-diffusion [27]) plays an important part in the
coarsening. However, uncertainties in the experi-
merital determinatons and the value of the activ-
ation energy of solution do not warrant any
further analysis of the coarsening mechanisms
here.

Since the results presented above show little
influence of the intra-granular particles on
recovery when the dislocation density is very high,
the effects of stress applied during the recovery
anneal was studied on specimens initially creep
strained at 625° C, 200 MPa to the secondary creep
stage and then at 550° C, 360 MPa for 10h. The

750°C

700°C /

625°C

Tecovery.
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| Stress Applied During Recovery

360 MPa

Figure 8 The influence of stress on
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conditions at 625° C.

recovery characteristics at 625°C for various
applied stresses are shown in Fig. 8. The rate of
dislocation recovery is accelerated by the applied
stress and the dislocation density saturates at
progressively higher values with increasing stress.
A ‘stress of 360 MPa produces, as expected, no
change in the dislocation density.

The effect of dislocation recovery in the
absence of stress on the subsequent loading strains
is illustrated in Fig. 9 for specimens initially creep
strained at 625°C, 200 and 250 MPa. The redu-
ctions in dislocation density during recovery, as
deduced, for example, from Fig. 1, are also
included in Fig. 9. The changes in dislocation
density (Ap) and loading strain (AZX), obtained
using the same reloading and initial creep stresses,

Recovery Time (h)

are linearly related as follows:

Ap = 3—5x 10AT (7

expressing Ap as linesm ™2 and AY as true strain.

4. Discussion
The rate of dislocation recovery according to the
jog climb mechanisms (Equations 1 and 2) may
be expressed, using [ = p~ Y2  as:

1 1

——— = Kt

Pt Po ®)

The present recovery data (Figs. 1, 3 and 4) show
that this expression does not describe recovery for
any of the conditions examined and that the initial
rapid recovery rates are always followed by very
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much slower recovery rates which are associated
with precipitation effects.

The recovery data may be analysed using
Equation 3, derived by Lagneborg [13] to account
for the friction stress imposed on dislocation
links, with Z=oy/aub [13], 6, may be ex-
pressed [28] as oy = 2ub cos (¢/2)/\., where ¢
is a very large (~150°) for the M,;Cs particles
produced in the Type 316 steel [29]. Equation 3
may now be written as:

-1272
1—2% = —Mr [l P }
p* dr AN
where A = 1/[2 cos (¢/2)] =~ 4.

Fig. 10 shows a plot of (1/p*)(dp/d#) against
[1— (0 Y?[AN)]? for several values of A. A
straight line passing through the origin is expected
if the Lagneborg model of recovery inhibition
applies; it is obvious from Fig. 10 that the recovery
data cannot be described in terms of this model
and hence it is concluded that particles do not
inhibit recovery by exerting a general friction
stress on the dislocations. As described by Engberg
[5], it appears that the particles are more likely to
inhibit significantly the climb recovery of disloc-
ation links only when the particles intersect the
links. Thus, short dislocation links are capable of
climbing quickly, leading to an initially high
recovery rate, whilst longer dislocations are almost
completely immobile. This interpretation is
consistent with the observed rapid disappearance
of the short dislocation link lengths during
recovery anneals (Fig. 6) and also with the elec-
tron metallographic evidence (Fig. 2). There are
many short links unpinned by particles in the

©)

“as-creep strained” specimen whilst an increasing
proportion of the dislocation links lie on particles
after long recovery times. At the prolofiged
recovery times the rate of dislocation recovery is
determined by the rate of precipitate coarsening
[30], the rate of recovery by dislocation unpin-
ning from the particles being very low.

The data and observations on the early stages of
recovery have been used to analyse essentially free
dislocation recovery behaviour in the instances
where particle [5] or solute [4, 31] inhibition of
dislocation recovery 1is observed after long
recovery times. The data for the specimens initally
creep-strained at 625° C and then at 550° C can be
used for such an analysis in the present work.
Equation 8 may be differentiated as:

do _

= —Kp?
dr P

(10)
The values of K obtained from an analysis of
the recovery data in Fig. 4 are shown for several
dislocation densities in Fig. 11; these data yield a
mean activation energy of 260 + 40kJmol~!. This
value is close to the activation energy for bulk
diffusion [25] suggesting that the jogs on the
climbing dislocations are fully saturated with
vacancies [6]; consequently, Equation 2 is
expected to describe the coarsening process. With
1=p""% Equations 1 and 2 can be written as:

1dp_ 4D 1
p? dt kT (1)
where £ is ¢ (Equation 1) or 1/[ln (//b)]
(Equation 2) and the right hand side of Equation
11 may be equated with K in Equation 10.

Tx E

+
3x1076
T a0
E X ¢-
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-Fe A=1 A=3 A=S
10761
Figure 10 A plot of (1/p*)(dp/dr)
+ against [1— (p~ V2 [An)]? for speci-
mens creep strained initially at
T A | . ! | . 625°C, 200MPa and subsequently
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010 m?) Figure 11 The activation energies

i for dislocation recovery determined
|

X 6 from the rate of recovery [(1/p?)

+ : 2‘5 (dp/d)] at given values of disloc-
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O 35
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From the values of K given in Fig. 11, F is
estimated to be 0.5, independent of temperature.
If the jogs on dislocations are fully saturated with
the vacancies, then £ (=1/[In(/b)])==20.2, in
reasonable agreement with the experimentally
deduced value.

The recovery rate is proportional to the square
of the dislocation density according to the
network coarsening model (Equation 10). The
observation that the recovery rate is not depen-
dent on the square of the dislocation density was
used by Hausselt and Blum [12] as evidence for
dynamic recovery with dislocation glide also
playing a part in the recovery process. The disloc-
ation density dependencies of the recovery rate at
625° C are shown in Fig. 12 for specimens creep
tested at 625 and 625 to 550° C; these data indicate

that the recovery rates are dependent on the dislo-
cation densities to the power 28 and 7 respectively.
Since these situations correspond to severely
inhibited and slightly inhibited recovery respect-
ively, it is evident that the precipitated particles
are responsible, at least in the present work, for
the deviations in behaviour from simple theory.
The increasing influence of a given density of
particles in inhibiting dislocation motion as the
dislocation density decreases has been demonstrated
in Fig. 3. |

Blum [32, 33, 12] has shown that the creep
rate (£) may be predicted from the dislocation
recovery rate g, thus:

. b -
2= plp (12)
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Figure 12 The dislocation recovery
rate at 625°C as a funttion of
dislocation density for specimens
initially creep strained at 625°C,
200 MPa with and without sub-
sequent straining at 550°C,
360 MPa~! for 10 h.
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Using a value of the dislocation recovery rate for
the “as-creep strained” specimen derived from Fig.
12 and taking L=~=T=p Y2 a creep rate of
1 x 1077 sec™! is calculated; this compares with
an experimentally determined value of 6 x 1078
sec™! [9]. This small discrepancy is undoubtedly
due to the use of an incorrect value of L, since the
mean dislocation slip distance is probably less than
mean spacing of dislocations. The stress depen-
dence of the creep rate may be predicted from
Equation 12 with, again, L=I=p 2 and
o= ubp*'/?. The stress dependencies of L and §
are —1 and 14 respectively for specimens creep
tested at 625°C, 200 MPa; this indicates a stress
dependence of the creep rate of 13 compared with
an experimentally determined vatue of 12 [9].
The present data therefore provide further support
for the conclusion that the stress dependence of
the creep rate in precipitation hardened materials
is determined by the effect of the precipitate
particles on the dislocation recovery rate [9].

The application of stress during climb leads to a
greater energy reduction as dislocation link
straightening and network coarsening occurs.
Nordstrom and Barrett [3] calculated that the
recovery rate is increased by a factor of two by the
application of the creep stress during the recovery.
The present results (Fig. -8), whilst insufficiently
accurate to merit detailed analysis, support this
conclusion. The increased saturation level of
dislocation density as the stress increases is a
reflection of -the extent of creep, and network
refining, that occurs when significant stresses are
imposed.
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The loading strains produced on applying a
stress of 250 MPa after recovery unstressed (Fig. 9)
are consistent with the strains observed previously
during cyclic creep testing [18]} and confirm that
no cyclic-produced change in structure occurs in
such tests. The incremental strains and dislocation
density changes during recovery are linearly
related, a feature that may be analysed as follows.
The stress—strain curve for stainless steels may be
approximated by:

o = o, +JZL?

(13)

where ¢ is the stress corresponding to a plastic
strain ¥,. The work hardening component of
stress, JZ*, may be related to the dislocation
density as ubp'’?. In the context of the incremen-
tal dislocation recovery and strain effects, these
terms can be equated as:

ub(Ap)m — J(AE)II’Z

A
Ap =|—] AZ

The proportional factor in Equation 15 was
evaluated from the results of tensile tests carried
out at an initial strain rate of 5% min ! at 625° Cas
4 x 10", a factor of 10 smaller than the experi-
mentally deduced value of 3 to 5 x 10" (Equation
8). The discrepancy in strain increments produced
by given dislocation density increments probably
arises from the different distribution of link lengths
associated with the deformed and the recovered
states (Fig. 6). Thus, conventional tensile straining

(14

giving

(15)



involves increasing the density of dislocation links
of all lengths, whilst the smaller strain increments
observed on reloading after recovery result primar-
ily from increases in the density of very short
dislocation links.

5. Conclusions

(1) The rate of recovery of dislocation density
during the annealing of creep strained Type 316
stainless steel is initially rapid but subsequently
decreases as a saturation dislocation density is
approached.

(2) The level of the saturation dislocation
density is related to the intragranular precipitate
density produced during the prior creep straining
by o™ V2 =T=27,/3.

(3) The influence of particles in inhibiting
recovery is not associated with a general friction
stress as suggested by Lagneborg: the data are
more consistent with Engberg’s proposal that the
dislocation links can move if no precipitates inter-
sect the links but are completely immobilized
when intersected by particles.

(4) Analysis of the early stages of recovery,
when the precipitate inhibiting effect is small,
suggests that dislccation recovery occurs by
dislocation climb, the rate controlling process
being vacancy diffusion between the dislocation
links.

(5) Application of stress during recovery leads
to an enhancement of the recovery rate in
accordance with the Friedel model of network
growth.

(6) The incremental strains produced on
reloading after recovery can be correlated with the
reductions in dislocation density induced during
the recovery period.

Appendix 1

List of symbols and appropriate values
dislocation link length

self diffusion coefficient

Burgers vector (2.5 x 107! m)
equilibrium jog concentration
dislocation link tension

Boltzman’s constant (1.38 x 107 J atom ™
K™

absolute temperature

recovery time

mobility term

frictional term associated with particles

I B ol R

NE~N

Pd

=

?’NIOJ"U

O WY

Ap

AZ

eTINTMEmAE SERQIDPO

'cM k4[<Q

dislocation density determined from
micrographs

number of dislocation intersections on test
line

length of test line

foil thickness

mean dislocation link length

mean intragranular particle (carbide)
spacing

mean intragranular particle radius at time
t=0

mean intragranular particle radius at time ¢
solute diffusion coefficient

solubility of M,3Cg in austenite
particle—matrix interface energy

atomic volume (10”% m?)

change in dislocation density during
recovery period

incremental strain associated with reloading
after recovery period

constant

dislocation density

dislocation density at time z = 0
dislocation density at time ¢

friction stress associated with particles
constant (==1)

shear modulus

angle between dislocation segments as
dislocation breaks through a particle

1 cos (¢/2)

constant

creep rate

Taylor factor

mean slip distance of dislocations

rate of dislocation recovery

stress

yield stress

strength coefficient

plastic strain
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