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The cyclic creep behaviour of Type 316

stainless steel

D.G.MORRIS, D. R. HARRIES
Metallurgy Division, AERE, Harwell, UK

The cyclic creep behaviour of a Type 316 stainless steel at 625° C has been examined as

a function of the maximum applied stress and frequency using trapezoidal loading cycling
between zero and a maximum stress. The so-called “static-to-dynamic creep transition”
observed is interpreted in terms of recoverable anelastic strain behaviour without using an
internal stress argument. Over the range of experimental conditions examined, failure
occurs by static creep modes, namely wedge crack nucleation and growth. The joading
strain increments appear to be damaging to about the same extent as the much slower
strain occurring at constant load, such that it is the overall strain rate that determines the
rate of damage. A cursory examination of square wave load cycling shows that the
behaviour is very similar to that observed during trapezoidal loading and suggests that

the rate of loading and unloading does not play an important part in determining the

creep and rupture behaviour,

1. Introduction

Many studies have been carried out to examine the
influence of cyclic loading (from zero load to a
maximum load) on elevated temperature creep
deformation, and both acceleration and deceler-
ation relative to the static creep rate has been
observed [1]. At low frequencies (less than one
cycle per hour) static creep behaviour is approxi-
mated [1]. However, for frequencies in the
range 0.1 to 10°min™! much lower creep rates
are often observed [2—6] . Such behaviour appears
perfectly general and has been observed in a wide
range of single phase metals and alloys (of fce,
bcecc and cph structures) and precipitation-
hardened alloys including austenitic stainless steels
and nickel based alloys (see for example [4]); the
only instances in which slower creep is not
generally observed has been in tests on very high
purity metals [4]. An acceleration in the creep
rate occurs at higher frequencies when the fatigue
influence becomes dominant [7].

The reduced creep rate produced by the “static-
to-dynamic” transition has been attributed to
precipitation hardening [5], a stress rate yielding
effect [7, 8], and, more recently, to an internal
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stress-produced creep recovery [2—4]. The latter
argument involves the reversed movement of
dislocations during the low load period under
the action of a very high internal stress. It has
been suggested, however, that a similar retrograde
dislocation movement under the action of high
internal stress leads to the weakening of dislocation
barriers such that enhanced creep occurs on
subsequent reloading [9—11] ; this latter argument
has been used to explain the cyclic enhancement
of creep rate sometimes observed at low tempera-
tures for a series of single phase metals and low
alloy steels [11—14}. The operating mechanisms
and the balance between cyclic strengthening and
weakening appear, therefore, to be poorly under-
stood and in need of further examination.

Cyclic creep fracture is a phenomenon that
has received comparatively little study. In some
cases (e.g. [15]) slow frequency load or tempera-
ture cycling produces only slight changes in the
rupture behaviour. Nevertheless, when structural
changes are brought about by thermal ageing
[15, 16] or when relatively large numbers of
cycles are imposed before fracture, very dramatic
changes in creep fracture properties have been
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observed [15—17]. Furthermore, it has been
shown that the cycle details can play an important
part in determining behaviour. For example,
Harrison and Tilly [18] noted that a rectangular
loading cycle hardly affects the rupture properties
of a cast nickel alloy, whilst a triangular loading
cycle leads to a significant increase in the rupture
life. Ellison and Walton [19] reported a reduction
in rupture life on load cycling a low alloy steel and
related this to an enhanced creep crack growth
rate: it was suggested that the enhancement occurs
during reloading to the higher load value such that
the creep behaviour is very dependent on the
frequency and rate of loading.

It follows from the above brief review that a
number of mechanisms may be operative during
cyclic creep, leading to significant beneficial or
detrimental changes in the creep and rupture
properties. The present study was, therefore,
carried out in an attempt to isolate the operative

mechanism(s) in the cyclic creep of a Type 316
austenitic stainless steel at 625° C.

2. Experimental details

The details of the material and specimen geometry
have been described in a previous report [20]. The
cyclic creep tests were carried out at 625°C on
a SOKN capacity servotest hydraulic machine
with the specimen enclosed in a muffle furnace,
using heated testing arms to achieve a temperature
stability and spatial variation of less than 0.5° C.
Extension measurements were made using a pair
of Linear Variable Differential Transducers
attached to the ends of the specimen gauge length
by means of stainless steel rods. Comparative
creep and rupture testing has been carried out
previously using the same batch of Type 316 steel
and the results detailed [21, 22]. Load cycling was
carried out by applying trapezoidal load cycles
with the load cycled from zero to L., . For each
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schematically.
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cycle the load and unload times (A¢) were equal
and a wide range of Ar values was examined. The
load cycle is illustrated schematically in Fig. 1,
together with an illustration of a typical material
response. The time taken to load (and unload) was
10 sec, independent of the testing frequency. The
cyclic creep tests were carried out using load-hold
times ranging from Ssec to 1 week and stresses
from 290 to 200 MPa, producing rupture lives in
the range 10 to 1000hours. In addition, several
tests were carried out using square wave load
cycling (analogous to trapezoidal cycling with
loading and unloading times of 1073 sec). The
ranges of applied stresses and frequencies were
similar to those in the trapezoidal load cycling
tests.

The influence of cyclic loading on the extent
of anelastic strain was examined in specimens
crept at constant load to the mid-secondary creep
stage; several measurements of the recoverable
anelastic strain were made on each specimen by
re-imposing several load cycles on specimens crept
under a static load for several hours. In addition,
after cycling for a given period, the load was
held constant and the transition to static creep
observed.

Optical metallographic examinations, using
standard sectioning and preparation procedures,
were made on the gauge lengths of fractured
specimens to determine the extent of the internal
creep damage. The details of the dislocation
microstructure corresponding to the various

cyclic creep tests were examined by transmission
electron microscopy, again using conventional
specimen thinning procedures.

3. Results

3.1. Typical cyclic creep behaviour

The typical creep strain—time plot (Fig. 1.) showed
an instantaneous elastic strain increment, Aey,-
produced a loading, equivalent to that on un-
loading, and a plastic strain increment, Aey.
During the maximum load period the initially high
creep rate decreased progressively to a relatively
constant value at longer times. Creep rates
described later in this paper usually refer to the
total unrecoverable strain per cycle (A€iotar)
divided by the maximum load time (Af), or, if
specifically referred to, the total creep strain per
cycle with the plastic loading effects removed
(ie. Aegora — Aey) divided by the maximum
load time. Some anelastic strain, Ae,,, was
recovered during the unload period.

All the parameters associated with the creep
cycling were strongly dependent on the maximum
load or stress and the testing frequency. Fig. 2
shows the accummulation of creep strain with
total time at maximum load; the tests were
carried out at different frequencies at a constant
maximum load, corresponding to an initial stress
of 250 MPa, the number of cycles to failure being
given by t¢/At (listed in Table I). For very slow
cycling (Ar=6h, 1h, 6min), large loading
increments, Aep, were observed leading to a

TABLE 1 Creep and rupture data obtained from static and cyclic creep testing at 625° C. Both creep rates and rupture

lives relate to time at maximum load during cycling.

Testing mode Applied Creep rate Rupture life Ductility Cycles to
stress (sec™') (time onload) (%) failure
(MPa) (h)
Static 290 3x10"¢ 17 55 1
250 6.5%x10°7 70 60 1
230 2.5x10°7 150 60 1
200 7X10°8 750 70 1
Cyclic with
hold period
30 sec 290 2.5X10°¢ 3x10-7 24 65 2900
6h 250 10X 1077 8 x 1077 65 80 i1
1h 250 12X 1077 7%x10°7 47 70 47
6 min 250 12x 1077 1.5x 1077 55 70 550
30 sec 250 2.6 X10°7 3X 1078 150 70 18 000
S sec 250 2% 1077 very small 200 70 144 000
6 min 230 2.6%X10°7 4 x10°8 200 65 2000
30 sec 230 6X10°8 6X%X10°° 700 70 84 000
168h 200 6.5x 1078 6XxX10°¢8 830 70 5
24h 200 6.5x 1078 6x1078 850 70 35
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Figure 2 Static and cyclic creep at an initial stress of 250 MPa at 625° C. The cyclic creep tests were carried out using
a trapezoidal cycle with a constant time loading/unloading of 10 sec. The duration of the hold periods, Az, are indicated.
The cyclic creep data has been plotted as a function of time at maximum load. Load cycles have been indicated
schematically for two of the tests.
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Figure 3 Loading increments during cyclic creep at an initial stress of 250 MPa at 625° C.
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rapid accummulation of strain and shorter rupture
lives. However, with faster cycling (At = 30sec,
5sec) the loading increments became very small
and the rate of strain accummulation decreased
as the so-called static-to-dynamic transition
occurred. Long rupture times resulted.

3.2. Loading increments

The magnitudes of the plastic loading increments,
Aep;, were dependent not only on the maximum
stress and cyclic frequency but also on the stage
of the creep test at which the load cycling was
carried out; this is illustrated in Fig. 3 for
specimens cycled to rupture at differing fre-
quencies. In general, the loading increments
decreased during primary creep, achieved
minimum values during secondary creep, and
increased prior to failure. The rate of hardening
was considerably greater and the minimum value
of the plastic increment was much smaller, for
the fast than for the slow cycling; this is evident
from a comparison of the results of the tests with
At = 30sec and 6 h.

Despite this indication of material hardening
induced by cycling, there was no evidence of any
associated structural changes. For example, one
specimen was cycled with # = 6 min to achieve the
minimum plastic loading increment and the

loading increments were subsequently measured
after unloading for times ranging from 20sec to
1h. The loading increments were similar to the
minimum values shown in Fig. 3 for the same
unload time; this indicates that the plastic loading
increments were dependent only on the duration
of the unload period and that the cyclic loading,
per se, had no effect on dislocation microstructure.

This conclusion was supported by transmission
electron microscope observations showing no
significant changes in the dislocation microstructure
as a result of cycling. The only noticeable change
was an apparent slight decrease in the dislocation
density as a result of unloading for several hours
(e.g. a dislocation density of 3 x 10 m™2 reducing
to 2.5x 10™m™2 after 10h unload time at
625° C). Reloading after the unload period led
to an increase in the dislocation density to the
original value so that there was no cycle dependent
change.

3.3. Creep rates and rupture behaviour

A significant proportion of the total creep de-
formation in a cycle occurred on loading, as is
evident from the results in Table I, where the
creep rates, both including and excluding the
plastic loading increments (that is Ae;qpa/At and
(Aeyorar — Aep)/t), are recorded. Fig. 4 illustrates
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Figure 4 Creep rates as a function of cyclic frequency (duration of hold periods, At). Tests conducted at an initial stress
of 250MPa at 625° C. The creep rate ratio, écelésc has been plotted, where éo¢ is the cyclic creep rate at a given
frequency and ég, the static creep rate for the same applied stress and temperature.
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Figure 5 Creep 1ates and rupture lives (time on-load to failure) as a function of applied stress for static and cyclic creep.

+ 10 min
e 5 min
A 1 min
o 20sec
v 6 sec

+

Anelastic recovered strain (x1074}
[
.
b
[ ]
3
e

0.5 . . .
A
L
o A A el A
A o
\4 0O o O o O o
v o v
v
0 1 | 1 |
0 5 10 15 20

No. of cycles imposed

Figure 6 The amount of recovered anelastic strain observed during load-off periods on commencing load cycling. The
initial state corresponds to that of a specimen crept under a static load at an inititial stress of 250 MPa to the steady
state stage.

990



the effect of testing frequency on these two
measures of creep rate. The creep rates have been
related to the static creep rate at the same stress,
as was done by Koteragawa and Shimohata [2],
and both increases and decreases in creep rates
are evident. The increased creep rates for the
slow cycling relative to static creep testing were
due entirely to the loading strain, while for the
fast cycling the creep rates were very low as both
plastic loading increments and subsequent creep
rates became very small.

Creep rates and rupture lives for those specimens
taken to failure are plotted in Fig. 5 and listed in
Table 1 for each of the applied loads and cycle
frequencies examined. Both measures of cyclic
creep rates have been indicated in Fig. 5 with the
pairs of creep rate data linked; continuous lines
have been drawn through the static creep data
and dashed lines through the cyclic creep data
for At=30sec. The changes in rupture life
(maximum load time to failure) correlate with
the changes in the creep rate (including plastic
loading increments) for each load and frequency;
that is, decreases in creep rate led to increases
in rupture life and vice versa. The effect of cyclic
loading on rupture strain was not dramatic for the
range of cyclic tests examined, see Table 1. There
appeared to be a slight increase in ductility during

trapezoidal cycling but this change was small and
comparable to the scatter in the ductility data.

3.4. Anelastic strain during cyclic creep

The influence of cyclic loading on the anelastic
strain recovery during the unload period is shown
in Fig. 6. The magnitude of the recoverable
anelastic strain depended not only on the period
but also on the number of load cycles after the
initial static creep period. Thus, the anelastic strain
recovery during any load-off period decreased
from the initial value, corresponding to recovery
of the static creep dislocation structure, and
reached an equilibrium value within about five
cycles. The smaller anelastic recovery observed
during shorter load-off periods is consistent with
the previously examined time dependency of
anelastic strain recovery [21], which indicated
that approximately 1000sec were required to
recover all the anelastic strain. For very slow
cycling, the extent of the recovered anelastic strain
was approximately constant and equal to the total
recovered anelastic strain in a static creep test.

3.5. Re-imposition of static load after
cyclic loading

On reloading after a load-off period there were

immediate elastic and plastic loading strains, as
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Figure 7 Creep behaviour on imposing a static load after cyclically loading at the indicated frequency. Load

corresponds to an initial stress of 250 MPa.
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Figure 8 Creep behaviour on imposing a static load after cyclically loading for a number of cycles at the same frequency
(At = 1 min). Load corresponds to an initial stress of 250 MPa.

described in Sections 3.1 and 3.2. There followed
a period of decreasing creep rate (illustrated
schematically in Fig. 1), and, during cyclic creep
testing in the static-to-dynamic creep regime,
load removal occurred before the end of this
decreasing creep rate period. Imposing a static
load after a period of cyclic loading allowed an
examination of this transient state and showed
that after 5 to 10min the creep rate increased to
the static creep vatue (see Fig. 7). The results in
Fig. 7 also demonstrate that the magnitude of the
initial “primary” creep strain and the time before
the steady state creep rate was reached both
increased with decreasing frequency of prior
cycling. Fig. 8 shows the results of a series of
tests on statically crept specimens and the effect
of imposing a small number of cycles, and finally
re-imposing a static load. Both the magnitude
of the “primary” creep strain and the time before
steady state creep was reached increased with
number of cycles, but after approximately
10 cycles there was no further increase.

3.6. Microstructural observations

The results of the microstructural observations of
internal creep damage are listed in Table II. There
were significant changes in damage on cycle
loading at™ fast frequency, notably a generally
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decreased crack density, with the largest cracks
being much shorter and having smaller aspect
ratios (length/height). This trend to fewer cracks,
with shorter maximum lengths, continued as
the frequency of cycling increased.

3.7. Square wave cycling
A series of tests carried out using a square wave
load cycle indicated that the general behaviour,

TABLE II Microstructural damage parameters after
statically and cyclically creep testing to failure. Grain
size 50 X 107¢ m.

Testingmode Applied Crack Maximum Crack
stress density crack length  aspect
(MPa) (mm™%) (X10°°m) ratio
Static 230 80 150 1.0
250 80 150 1.2
290 50 150 1.5
Trapezoidal
wave; hold
period
6 min 230 70 80 1.0
30 sec 230 70 60 0.8
6h 250 80 150 1.0
1h 250 65 130 1.0
6 min 250 50 60 0.8
30 sec 250 50 50 0.8
S sec 250 50 60 0.8
30 sec 290 50 70 1.5




and the influences of stress and frequency, were
very similar to those observed with a trapezoidal
load cycle. Thus, for example, square wave cycling
at low frequency led to large plastic loading
increments and reduced rupture lives, while faster
cycling led to reduced creep rates and longer
rupture lives. Rupture ductility was approximately
the same as for static creep, whilst for fast cycling
there was a reduction in the intergranular crack
density and a decrease in crack size. Thus, the
square wave cycling results and behaviour were
not significantly different from the trapezoidal
cycling data.

4. Discussion

4.1. Cyclic hardening

Despite the apparent strengthening caused by the
cyclic loading suggested in Fig. 3, the observations
that the plastic loading increments were dependent
only on the unload time prior to reloading, and

not on the preceding cyclic history, indicates that

no cyclinginduced change of structure occurred.
The only change observed in thin foils taken from
partially crept specimens was an apparent slight
decrease in dislocation density during long
unloaded periods (~ 10h) which was followed by
an increase to the original value on reloading.
These changes were small, and possibly within the

300[‘

N
o
o

100

links Top [MPa)

(=]

Stress operating
on the dislocation

creep

I

Unrecoverable
strain [x 107¢)

scatter in the dislocation density data. It follows,
that no variation in structure leading to cyclic
hardening or softening may be invoked to interpret
the experimental results.

4.2, Anelasticity and dynamic creep

The observation that less anelastic strain recovery
occurred in a cyclically creeping specimen than in
a statically creeping specimen (Fig. 6) indicates
that dislocations within the fast cycled specimens
did not take up fully-bowed morphologies. On
reloading, the first time-dependent strain was
anelastic since unrecoverable creep strain by
dislocation link activation cannot accumulate until
the dislocation links are almost fully bowed. The
partially-bowed nature of dislocation links during
cyclic testing may be used to explain the transient
loading effects shown in Fig. 7. Since additional
recovery of anelastic strain occurred during long
unload periods (as in a low frequency test), this
resulted in more anelastic strain being re-imposed
on loading, and longer times were therefore
required for this to occur and unrecoverable creep
straining to begin.

According to the present argument, the static-
to-dynamic transition may be explained by the
very small amount of unrecoverable creep that
may occur during the time taken in bowing the
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Figure 9 The variation of the operating stress, ogp, and the unrecoverable creep strain on reloading after a long period

of unloading.
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Figure 10 Comparison of experimental and predicted creep rates during a loading transient.

dislocation links to the fully-bowed state. Thus,
the operating stress on the dislocation links,
defined as o0,, =ub/R, where u is the shear
modulus, b the Burgers vector, and R radius of
curvature of the dislocation links, depends on the
amount of anelastic strain that has been imposed.
The operating stress at any time may be deduced
from

Oop (t)/oapp = a(t)/amax (1)

where a(¢f) and ap,, are the anelastic strain at
time ¢ and the maximum that may be imposed at
the applied stress, Ogpp. Fig. 9 shows the accumu-
lation of unrecoverable creep strain after an
unload time of 12 min (that is, the data of Fig. 7
for At = 12min with the anelastic strain removed)
and, also, the increase in the operating stress as the
anelastic strain is imposed. Using these operating
stress data, together with suitable experimental
creep rate—applied stress data (Fig. 8 in [21]),
the creep rate at any instant may be calculated and
used to predict the total unrecoverable creep strain
occurring during a load period of any duration.

Fig. 10 shows a comparison of the experimental
creep rate ratio (that is the creep strain imposed
during a transient of given duration divided by
the strain that would accumulate in the same time
period during static creep) with values predicted
using the approach described. Reasonably good
agreement between experiment and theory is
demonstrated, indicating the validity of the
analytical approach.

Finally, a comparison of static and cyclic creep
rates may be made by relating the amount of
strain in a given time, Af, as a result of creep at
the steady state creep rate, €, to the creep strain
imposed during a loading transient of duration
At (using Fig. 9). Table III compares the predicted
and experimental (Fig. 6) creep rate ratios
(dynamic/static creep rates), where good agreement
is again evident.

4.3. Damage formation and rupture
behaviour

Damage accumulation during the entire lives of

specimens is important since the rate of such ac-

TABLE III Comparison of static and dynamic creep rates at 250 MPa.

Loaded Strain produced in Af Strain produced in Af Creep rate Experimental
period at static creep rate through loading transient AegfAeg creep rate
At Aeg(= ég X AL) Aeg ratio
6h 1.4 x10"? 1.38 x 1072 0.99 1
ih 2.3x10°3 1.89 0.8 1
6 min 2.3X1074 5%107° 0.22 0.24
30sec 20x10°* ~107¢ ~0.05 0.04
5 sec 3.2x10°¢ - ~3x107® ~0.01 ~0.01
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Figure 11 Minimum creep rate (¢) multiplied by the rupture time (1) as a function of rupture time for static and cyclic

creep testing.

cumulation determines the crack density and
morphology (maximum size, etc.) and it is the
material’s response to such defects that leads to
final failure. The final failure itself is affected by
the deformation rate since for faster strains rates
there will be less time for stress relaxation and
hence smaller defects will be capable of causing
failure (see [22] for a discussion of creep failure
criteria at similar stresses and temperature).

A comparison of failure under the two testing
modes may be made using the €#; —#; plot of
Fig. 11, together with the ductility and micro-
structural data. The éf;—; data are very similar
for trapezoidal loading (including increments in
the creep rate) and for static creep, suggesting that
the overall creep during cycling plays much the
same role as continuous creep in a static test. It
follows that the incremental loading strain is
about as damaging as the much slower strain
occurring throughout the maximum load periods
in the cyclic and during static creep tests. The
slightly increased ductility and reduced crack
density observed for higher frequency cycling
suggest that the incremental loading strain is
actually slightly less damaging than the slower
creep strain. The reduced maximum crack length

under such conditions is a result of the reduced
crack density, since it appears that crack growth
occurs by the linkage of randomly nucleated
cracks in this material [22]. Consequently
somewhat larger ductilities and higher stresses are
imposed during rapid cycling before failure
occurs,

b. Conclusions

(1) The strain imposed during cyclic creep testing
occurs in the form of very rapid strain increments
produced on loading and much slower creep
strain during the maximum load periods.

(2) The incremental strain depends only on
dislocation recovery during the unload period
with no evidence of a cyclically produced
structural change. Unrecoverable creep strain can
occur only when dislocations have become almost
fully bowed as the anelastic strain is imposed.
The static-to-dynamic transition accordingly
occurs when cycling at high frequencies such
that significant anelastic strain is never imposed
during the maximum load part of the cycle.

(3) Failure over the range of cyclic loading
conditions examined here occurs by static creep
rupture mechanisms, namely the nucleation and
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growth of wedge cracks leading to final rapid
failure when sufficiently long cracks have formed.

(4) All the strain imposed during cyclic creep
(both the rapid loading strain and the much slower
creep strain) leads to intergranular crack damage.
The rapid incremental strain appears to be slightly
less damaging than the slow creep strain such that
higher ductilities are achieved in high frequency
cyclic tests where most of the strain is imposed
as rapid incremental strain.
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