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SUMMARY

Comparisons have been made between microstructures in Type 316 steel
after high strain fatigue or creep at 625°C and which had been subjected
to various pre-test ageing treatments. The microstructures observed in
the specimens generally consisted of a three dimensional dislocation network
together with 'cells' delineated by dislocation sub-boundaries.

In fatigue, under strain control conditions, pre-ageing reduced
the dislocation density and coarsened the cell structure produced during
test. This was related to less solute hardening and strain induced precip-
itation after pre-ageing and was accompanied by a lower rate of cyclic
strain hardening. During fatigue with dwell, the dislocations introduced
led to five times more precipitation than that observed during stress
free ageing solution treated material. The 'cell' structure produced
by fatigue was retained even after solution treatment at 1050°C.

In creep, under constant loads, a coarser and more clearly defined
dislocation sub—grain structure developed and its size was not influenced
by pre-ageing. However, creep testing after various pre-treatments,
including fatigue, demonstrated that the creep resistance was dependent
on a combination of solution strengthening, cell size and dislocation
density. Consequently prior fatigue considerably increased the creep
resistance.

The work has demonstrated the microstructural aspects of creep-
fatigue interaction and that the use of creep data obtained from solution
treated material is likely to lead to errors in creep-fatigue life fraction
summations.
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1. INTRODUCTION

AISI Type 316 stainless steel is widely used throughout the
power generation industry as piping and superheating tubing operating
at temperatures up to 65O°C. Consequently, its creep properties have
been extensively investigated. Use of Type 316 steel for other high
temperature components which may be subjected to thermal transients
followed by periods of steady running conditions requires the assessment
of the interactions between thermal ageing, creep and fatigue.

Type 316 steel is usually put into service in a solution
treated state. Since this produces a supersaturated solid solution,
precipitation of second phase particles will occur during subsequent
exposure to elevated service temperatures. A number of investigations
have shown that the type, amount and distribution of precipitate are
influenced by the mode of stress or strain during exposure.

This document reports a comparison of microstructures
observed in type 316 stainless steel after high strain fatigue or
creep at 625°C and which had been subjected to various pre-test ageing
treatments. The tests included the influence of a fatigue induced
microstructure on creep behaviour and consideration was also given to
the stability of the fatigue induced microstructures. The description
is preceeded by a Brief summary of relevant work already reported in
the literature,

2. PREVIOUS WORK

The characteristics of precipitation in Type 316 stainless
steel are complex and are influenced by such factors as composition,
temperature and thermo-mechanical treatment (Weiss and Stickler, 1972;
Horton, Marshall and Thomas, 1982; Lai, 1982). Although eighteen
different phases have been detected in long-term creep specimens
(Evans, 1980) there are four dominant types and these are carbide (type

and the intermetallic phases, sigma (a), laves (n) and chi (x)•

Solution treated Type 316 steel initially forms type
carbides mainly at grain boundaries. Eventually, when the solid
solution carbon content has decreased, the intermetallic phases begin
to form. At 625°C sigma (a) and laves (n) phases form after
approximately 10,000h, depending on composition (Weiss and Stickler,
1972). The sigma particles form predominantly at grain boundaries,
whilst the laves particles form also in the grains. Lai and Wickens
(1979) showed that the amount of precipitate continued to increase in
Type 316 steel exposed for times up to 10 years at temperatures in the
range 600°C to 675°C.

Creep deformation or prior cold work accelerates the
precipitation and this effectively shifts the time-temperature-
precipitate relationship to shorter times and lower temperatures
(Weiss and Stickler, 1972; Lai and Wickens, 1979; Lai, 1982). This
results from a dislocation aided nucleation and growth process for
both the carbides and the intermetallic phases. High strain fatigue
involves large accumulations of reversed plastic deformation, and,
therefore, a high density of dislocation and precipitate formation
in the grains (Challenger and Moteff, 1973; Cheng, Cheng, Diercks and
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Weeks, 1973$ Rezgui, 1979; Wood, Wynn, Baldwin and O'Riordan, 1980;
Skelton, 1982).

Thin foil examinations of specimens after creep or fatigue
have often revealed a three dimensional dislocation tangle with a
tendency for the dislocations to form cell walls. This tendency is
greater at higher creep temperatures and lower creep stresses (Barnby,
1966; Hopkin and Taylor, 1967; Challenger and Moteff, 1973; Kastenback,
Silverira and Monteiro, 1976) and the cell structure is more clearly
defined after fatigue (Challenger and Moteff, 1972),

Pre-ageing to form precipitates prior to test can affect
mechanical properties. For example, proof strength is increased whilst
ultimate tensile strength is slightly decreased (Horton and Lai, 1981).
In creep rupture tests, lasting up to one year, creep rates were
increased by pre-ageing at temperatures above the test temperature
but were not significantly changed by pre-ageing at that test temperature
of 625°C (Lai and Horton, 1982). In fatigue, pre-ageing at temperatures
above the test temperature of 625°C produced a reduction in the stress
achieved in the steady cyclic state (Skelton, 1982).

Fatigue cycling prior to creep has been shown to reduce creep
rates (Resgui, Petrequin and Mottot, 1981; Wei and Dyson, 1982) or to
result in a reduction in primary creep (Goodman, 1981), In the long
term, any effect of fatigue-induced microstructure will depend on its
stability. An indication that these microstructures may be very stable
was obtained in a previous investigation (Skelton, 1982) where it was
shown that a specimen cyclically strain hardened and then solution
treated for 1 h at 1050°C retained about 30% of its cyclic hardening.

3. EXPERIMENTAL

A single cast of Type 316 stainless steel was used for creep
or fatigue tests and these were all carried out at 625°C. The cast of
316 steel was the same as that used in earlier, related tests (Skelton,
1979 and 1982; Lai and Horton, 1982), Detailed micro structural
examinations were performed on selected specimens.
Finally, the influence of fatigue on subsequent creep behaviour was
examined and compared with effects of cold work.

3.1 Material

The chemical analysis of the cast of 316 is shown in Table 1
was originally supplied in the form of a 270 mm diameter forged and
solution treated bar. Cold work followed by a solution treatment of
1050°C for 1 h produced equiaxed, recrystallised grains with a mean
grain intercept diameter of 40 to 50 ym. Additional ageing heat
treatments given to some specimen blanks are detailed in later sections
where appropriate.

3.2 Fatigue Testing

Cylindrical fatigue specimens were machined with gauge lengths
of 12.7 mm (0.5 in) and 12.7 mm diameters. They were tested in an Instron
reverse load machine at a temperature of 625°C, under a vacuum of 1.3 mPa
(10""-> torr) . Each specimen was tested for about 700 cycles to generate
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cyclic hardening data. During hardening the plastic strain range (width
of hysteresis loop at zero stress) was kept constant at 0,2% by manual
adjustment. The frequency of cycling (triangular wave shape) was about
30 cycles h""* which corresponded to a total strain rate (vl0~^s*"^. The
increase in load range (if any) with cycles was recorded both on an X-Y
recorder and chart recorder. Some specimens were further tested to
generate 'stabilised* stress - strain data at various plastic strain
ranges from 0.04% to 0,74%\

Details of the specimen test sequences and pre-test heat-
treatments are listed against reference B in Table 2. Also listed is
the final plastic strain range administered in each test. The specimens
referenced by 'A' were tested in a previous investigation (Skelton, 1982)
but were subjected to microstructural examinations here. The gauge
lengths of specimens 32, 33, 34 and 35 were longer than usual (i.e. 25 mm
instead of 12.5 mm) in order to allow creep specimens to be machined
from Nos 32 and 33, and to provide equivalent specimens for examination.

3.3 Creep Testing

Creep tests were performed using solid cylindrical specimens
machined from heat treated blanks. Details of the heat treatments given
to the creep specimens and their dimensions are shown in Table 3.

Constant load creep tests were carried out at 625°C and at an
engineering stress of 140 MPa. Specimen extensions were continuously
recorded using extensometers attached to the specimen shoulders whilst
the test temperature was monitored using two platinum/platinum-rhodium
thermocouples attached to the gauge-length of each specimen.

4. RESULTS

The fatigue and creep data are first presented to show the
influence of pre-ageing on the behaviours. Next, the effect of pre-
fatigue on creep is compared with the effect of pre->cold work,
Microstructures of the test specimens are then compared in an attempt
to relate them to the mechanical behaviours.

4.1 Cyclic Stress-Strain Properties

4,1.1 Saturation data

Figure 1 shows the results of cyclic stress-strain data at
saturation (i.e. when hardening is complete) at plastic strain ranges
up to 0,8%. The results show that a pre-age of 4000h at 700°C reduced
the saturation stress range compared with solution treated material.

Heat treating for 6000h at 625°C produced a stress range
intermediate between the solution treated and 700°C aged material
(specimen No. 41 in Fig. 1). In contrast to this, a solution treated
specimen taken to peak hardening at 0.2% plastic strain range was not
softened by a stress^-free age of 6000h at 625°C (specimen No. 36).
A further 268 cycles at 0,2% plastic strain continued at the same stress
range and showed no further hardening. Furthermore, subsequent cycling
at various plastic strains produced saturation cyclic stress-strain
data close to that of solution treated material, (Compare specimens 36
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and 11 in Fig, 1), As in all tests, 30 to 40 cycles were allowed at
each strain level before passing on to the next. The order in which
the strain ranges were chosen did not significantly affect the stress
range associated with each strain range.

4.1.2 Cyclic hardening behaviour

Cyclic strain hardening data for a number of the fatigue
specimens cycled at a constant strain range of 0.2% are shown in Fig. 2.
(Note that the curves in Fig. 2 begin after the first cycle.) The curves
for solution treated material are shown as continuous lines whilst
those for pre-aged material are shown by dashed lines.

The specimens pre-aged either for ̂ 4000h at 700°C (Nos, 15
and 40) or for 6000h at 625°C (No. 41) tended to be stronger than the
solution treated specimens (Nos. 34, 36 and 42) after the first cycle,
but did not harden as quickly and so were weaker by the time saturation
had been approached after about 300 cycles.

Included in Fig. 2 are the initial results on specimen No. 36
showing that 6000h exposure at 625°C had no effect on the previously-
attained peak stress level,

4.2 Creep Properties

The results of the creep tests listed in Table 3 are shown in
Fig. 3 plotted as specimen strain against time. Each test has proceeded
to rupture except where indicated by an arrow near the end of the curve.

4.2.1 Behaviour after stress-free heat-treatment or cold work

Ageing for 6000h at 625°C (B.9.4) caused no significant change
in the minimum creep rate when compared with that of the specimen tested
after the solution treatment only (B.5.2). However, ageing for 57O0h
at 750°C (B.7.9) resulted in a higher creep rate and greater ductility.

A degree of cold work of only 5% tensile extension prior to
creep testing considerably retarded the creep rate (B.6.3). This specimen
eventually ruptured after 16234h with an elongation of 23%, significantly
lower than that of the solution treated specimen.

4.2.2 Behaviour after fatigue cycling

Fatiguing for 705 cycles at 0.2% plastic strain and at 625°C
(No. 32) also considerably retarded the subsequent creep rate. The
creep curve of the pre-fatigued specimen was close to that of the pre-cold
worked specimen.

Solution treating after fatigue cycling (No. 33) only partially
restored the creep rate towards that of the solution treated specimen.

4.3 Metallographic Examination

Specimens were examined using a combination of optical
microscopy, transmission electron microscopy and x-ray diffraction
analyses of extracted precipitate (Lai and Galbraith, 1980).
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4.3.1 Changes during cyclic hardening

The tests carried out to produce the cyclic strain hardening
data in Fig. 2 were completed in about 24 h. Optical examination of the
initially solution treated specimens (Nos. 34, 36 to 42) after test
revaaled no change in the appearance of the microstructure except possibly
that the grain and twin boundaries were more clearly delineated after
etching.

Thin foil electron microscopy, on the other hand, showed a
marked difference. The relatively dislocation-free grains of the solution
treated material (plate l(a)) had become filled with a high density,
three-dimensional dislocation tangle. This was uniformly distributed
in some grain areas (e.g. Plate l(b)), whilst in other areas it was more
clearly arranged in dislocation cells with relatively clear areas
delineated by high density dislocation tangles (Plate l(c)). The cell
diameter was about 0.5 to 1.0 um. Fine precipitates (probably
were visible on grain and twin boundaries, Plate l(d).

The influence of the final strain range on dislocation distribution
was investigated by examining specimen No. 42 which had been subjected to
hardening at 0.2% strain range, followed by periods of reduced strain
range to finish at 0.04% (Table 2). The specimen again contained areas
with a continuous dislocation tangle and other areas with a dislocation
cell structure, Plate l(e) & (f). The dislocation distribution and
cell size were not visibly different from those in specimen 34 which
had been tested at 0.2% strain range only. Thus, lowering the strain
range has not; significantly changed the dislocation cell size.

Specimen No. 41, which had been pre-aged for 5736h at 625°C,
also contained regiors of continuous dislocation tangles and regions of
dislocation cells (Plate 2(a)). However, there were two significant
differences between this specimen and the previous ones described:
(i) the precipitate particles (^23^6^ * n t^ie 8 r ai n s anc^ a t cell boundaries
of specimen 41 were relatively large. These had clearly been introduced
by the pre^ageing; (it) the dislocation density in specimen 41 was
lower and the cell size was greater (about 1 to 2 um in diameter) than
those in the previous specimens. There was some indication that the cell
walls linked the precipitate particles, Plate 2(b).

4.3.2 Microstructural stability

Plate 2 also shows thin foil micrographs of specimen No. 36,
which had been cyclic hardened, then stress-free aged for 5736h at 625°C
and, on re-test, showed no softening or further hardening. Two sizes
of precipitate particles were present in the matrix, and their density
varied considerably from area to area. Energy dispersive X-ray
microanalysis on thin foils showed that the smaller particles, Plate 2(c),
were rich in chromium (probably M£3Cg), whilst the larger particles
were rich in molybdenum (probably laves phase). The amount of precipitate
was much 'greater than that observed in specimen 34, and clearly most of
it had formed during the stress-free ageing subsequent to cyclic hardening.

The stress free ageing of 5736h at 625 C after cycling appears
to have reduced the dislocation density compared with that produced in
the initially solution treated material (compare Plate 2 with Plate 1).
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A large proportion of the dislocations in specimen 36, aged after
cycling, were associated with precipitate particles (Plate 2). In areas
of lower particle density a dislocation cell structure had formed
(Plate 2(e)), and the cell size was not significantly different to that
produced by straight cycling, Plate 1.

Plate 3(a) shows a thin foil micrograph of specimen 35 which
had been 'solution' treated 1 h at 1050°C after receiving the same cyclic
hardening as specimen 34 (Plate 1). The 'solution' treatment had not
caused recrystallisation and the original cell structure had apparently
been retained. There had been a significant reduction in dislocation
density and the cell boundaries were more sharply defined and often
consisted of regular arrays of dislocations. However, the cell size
was not obviously different to those in specimens 34, 36 or 42. No
precipitate particles were detected,

4.3.3 Fatigue with dwell

Specimen No. 11, Table 2, had been cyclically strained with a
5 h tensile dv.Tell period added to each cycle. Consequently the test time
had been considerably extended to 3,6OOh at 625°C.

Optical microscopy revealed that this specimen contained a high
density of precipitate particles throughout the matrix, Plate 4(a).
This was quite different to the structure of a specimen stress-free aged
at 625°C for a similar period, Plate 4(b). In the latter, carbides had
formed predominantly at grain boundaries.

Thin foil electron microscopy, Plate 3(b), revealed a fine
distribution of M^oCc carbides together with a coarse distribution of
larger inter-metallic particles. The latter were composed of laves
and a small amount of sigma phases. The finer carbide particles tended
to form on dislocation cell walls.

The pre-age treatment of 4000h at 700°C given to specimen No. 13
formed larger particles in the grains and at the grain boundaries.
Plate 4(c) & (d) shows the appearance of this microstructure in the gauge
length (c) and in the grips (d) of the specimen after test. The fatigue
with dwell in the gauge length has not produced any significant difference
in the optical appearance of the microstructure.

4.3.4 Microstructures after creep

Thin foil electron microscopy was carried out on several of the
creep specimens shown in Fig. 3 in order to see whether the different creep
behaviours could be related to different dislocation densities or
particle distributions. Specimens examined were B.5.2 (initially
solution treated), B.9.4 which had been pre-aged at 625°C and B.7.9,
which had been pre-aged at 75O°C and which crept at a significantly
higher rate, Fig. 3-

Each of these specimens contained a dislocation cell structure
in which there were cell walls plus dislocation tangles within some of
the cells, Plate 3(c~f). The cell size varied within each specimen but
was not obviously different between the specimens. Compared with the
fatigued specimens, the dislocation density was lower and the cells were
more clearly defined and larger 0v3 um).
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Plates 3(c) and (d) show areas of the initially solution treated
specimen (B.5.2) with cell walls and intercellular dislocation tangles
present after test. Precipitate particles (carbides and possibly laves
phase) had formed, during test, at the cell walls and within the cells.

The specimen pre-aged for 6000h at 625°C (B.9.4) exhibited
a similar dislocation cell structure but with larger, more widely spaced
precipitate particles, Plate 3(e). The particles were most probably
carbides formed during the pre-age treatment. Because of this coarser
particle distribution, large areas of matrix and cell walls appeared to
be free from precipitates.

In the specimen pre-aged at 75O°C (B.7.9) the precipitate
distribution was even coarser. Consequently the dislocation cell structure
appeared to be more clearly defined and relatively free from particles,
Plate 3(f).

4.3.5 X-ray diffraction

The amount of precipitation occurring in the solution treated
material subjected to continuous cycling, Fig. 2, was too small for
detection using the chemical extraction technique. However, the pre-aged
specimens and those fatigued with dwell contained sufficient precipitate
for the extraction and X-ray diffraction techniques. For these specimens
the amounts of extracted precipitate, together with the phases identified,
are shown in Table 4.

The weight of precipitate extracted from the creep-fatigued
specimen 316/11 was five times that from an unstressed specimen aged for
about the same time at the same temperature. The creep-fatigue had
also induced the precipitation of intermetallic phases in addition to
the carbide. This was mainly laves phase. The amount of sigma phase
qualitatively indicated by the X-ray diffraction was very small.

Ageing a pre-coId-worked specimen (13% tensile deformation)
produced 1.5 wt% precipitation in ^3500h at 625°C. This was still only
half the amount of precipitate formed in the creep-fatigue specimen.

Ageing for 4000h at 700°C, followed by fatigue with dwell for
3600h at 625°C, produced 3.6 wt% precipitate (specimen No. 13). A
major part of this would have formed during the pre-age treatment.
For example, two specimens stress-free aged at 750°C for 2860h and 57OOh
contained 3.0 and 5.5 wt% precipitate respectively. If these values are
used together with other kinetic data (Lai and Mesket, 1978; Lai and
Horton, 1982), 2.6 wt% precipitate can be calculated for the 4000h at
700°C pre-age treatment.

5. DISCUSSION

It has been shown that pre-ageing can change the fatigue and
creep behaviours of type 316 stainless steel. Observations of micro-
structures developed during deformation showed some differences, and
some similarities between specimens that have exhibited different
mechanical behaviours. The relationship between the microstructures
and the mechanisms likely to account for the mechanical properties are
discussed in the following paragraphs.
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5.1 Cyclic Hardening

The rate of cyclic strain hardening and the saturation stress
achieved during continuous cycling, Figs. 1 and 2, were higher in the
solution treated material than in the pre-aged material. This can be
related to the higher dislocation density and tangling observed in the
solution treated specimens, Plates 1 and 2. The higher solid solution
content of the matrix in the solution treated specimens would reduce
the mobility and recovery of dislocations during the cyclic straining
either by direct solid solution effects or by the precipitation of fine
carbide particles on dislocations. With reduced dislocation mobility
a larger number of dislocations will be required to achieve a given
strain range.

A slight complication to this situation was the tendency for
the pre-aged material to be stronger at the end of the first cycle,
Fig. 2. This can be explained by the presence of the precipitate particles,
produced by pre-ageing. These would have provided a significant array
of obstacles at the lowest dislocation densities and promoted a high
rate of dislocation generation during the first strain cycle. Subsequently,
the mobility of the dislocations in the matrix would dominate the
dislocation build-up.

This suggestion is supported by some tensile tests carried out
previously on the same cast of type 316 steel (Horton and Lai, 1981).
The tests, performed at 54O°C, showed that the initial rate of work
hardening in material pre-aged for 57O0h at 75O°C was greater than that
in solution treated material. Although the yield stresses were similar,
the 0.2% proof strength of the pre-aged material was higher. However,
the subsequent strain hardening rate of the pre-aged material decreased
more rapidly and eventually its strength became lower than that of the
solution treated material.

-4 -1
The mean strain rate during cycling, ̂ 10 s , was four to

five orders of magnitude faster than the creep rates observed, Fig. 3.
Consequently, the stress level achieved during cycling is likely to be
related to a dislocation flow stress criterion.

The mean dislocation line length between junctions in the three
dimensional networks was of the order of 0.2 ym. The shear stress (a)
for bowing a dislocation away from two primary points separated by a
distance I is given approximately by the equation:

T = yb/£ ... (i)

where y is the elastic shear modulus and b is the Burgers vector of the
dislocation. Using values for u = 5.8 x 10^ MPa and b = 3 x 10"^ ym,
the observed maximum normal stress observed in fatigue, ̂ 200 N/mm , half
the range in Fig. 1, yields a value of about 0.3 ym for Ä, in keeping
with the observed network.

The dislocation cell walls would also have provided some barrier
to dislocation movement. For example the specimen containing a well
defined cell structure, but low intercellular dislocation density
retained about 30% of the cyclic hardening. The cell diameter is likely
to have influenced the cyclic hardening through a Hall-Petch type
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relationship:

aa —j- ... (ii)
D2

After saturation cyclic hardening the cell diameter did not
'change on subsequent stress reductions. Thus the cell diameter was
related to the peak maximum cyclic shear stress. Values achieved for
the latter were ^95 MPa for solution treated material and ^83 MPa for
pre-aged material / _ o m < v \ . Expression (ii) predicts a cell

( max

diameter ratio of about 1.3. This is clearly within the range of the
observation, Section 4.3.1.

To summarise, the stress developed during cyclic hardening
was probably flow stress controlled given by an expression of the form:

Aub , B / • • • \
x = - £ ~ + — r ... ( i n )

* D 2

where A and B are constants and —~— : — j - = 2 : 1
* D 2

5.2 Stability of the Fatigue Microstructure

As discussed in the previous paragraph, the dislocation cell
structure will survive a solution treatment of 1 h at 1050°C. Clearly
there was insufficient strain energy introduced by the fatigue at 625°C
to cause recrystallisation at 1050 C. However, the surviving cell
structure retained only about 30% of the cyclic hardening introduced by
the fatigue.

A specimen taken to saturation hardening (No. 36), showed no
recovery of its cyclic hardening after a subsequent stress free age of
6000h at 625°C. Once the dislocation cell structure and dislocation
tangles had developed in fatigue, stress free ageing at the test temperature
caused further precipitation of small carbide particles on the dislocations,
Plate 3, thus 'freezing in' the cyclic hardening.

5.3 Creep Behaviour

The introduction of the high dislocation density and dislocation
cells by fatigue at 625°C, Plate 1, reduced the subsequent creep rate at
625°C to about 10% of that of the solution treated material: compare
specimens 32 and B.5.2 in Fig. 3. This reduction was equivalent to that
produced by 5% cold work, specimen B.6.3.

The well defined dislocation cell structure remaining after
re-solution treating a fatigued specimen, Plate 3(a), also reduced the
creep rate (specimen 33 in Fig. 3) compared with the virgin solution
treated material; but by a smaller amount, i.e. to about 40% of the
creep rate.

A dislocation cell structure had formed during creep in the
initially undeformed specimens and the cell size, although larger than
that in the pre-fatigued specimens, was not significantly influenced by
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pre-ageing. Pre-ageing at 625°C (specimen 9.4) did not significantly
change the creep rate although the tertiary creep and ruptuie were
retarded, Fig. 3. The 'overaged' specimen B.7.9 (5700 h at 750°C)
exhibited a significantly increased creep rate even though it had
developed a dislocation cell structure similar to the other specimens
undeformed prior to test. This greater creep rate can be attributed to a
reduction in the solid solution strengthening of molybdenum as a result
of the precipitation of laves phase during the pre-test ageing treatment
(Lai and Horton, 1982).

To summarise, the creep tests shown in Fig. 3 demonstrate how
the creep strength of type 316 stainless steel is influenced additively
by:

(i) Solid solution strengthening due to Molybdenum.

(ii) A pre-formed dislocation cell structure with a diameter less
than that naturally forming during creep.

(iii) Dislocation tangles introduced by 'cold work' or pre-fatigue at
625°C.

A consequence of this is that prior fatigue can have a strong
influence on the creep rate and thus the use of creep rate data obtained
from solution treated material is likely to lead to errors in creep-
fatigue life summations.

6. CONCLUSIONS

1. In fatigue, under strain control conditions, pre-ageing reduced
the dislocation density and coarsened the dislocation 'cell' structure
produced during test. This resulted from less solute hardening and
strain induced precipitation after pre-ageing and was accompanied by a
lower rate of cyclic strain hardening.

2. During fatigue with dwell, the dislocations introduced led to
five times more precipitate than that normally obtained during stress-
free ageing of solution treated material. The dislocation 'cell'
structure produced by fatigue was retained even after solution treating
at 1050°C.

3. In creep, under constant loads, a coarser and more clearly
defined dislocation sub-grain structure developed and its size was not
influenced by pre-ageing. However, creep testing after various pre-
treatmeuts, including fatigue, demonstrated that the creep resistance was
dependent on a combination of solution strengthening, 'cell' size and
dislocation density. Consequently prior fatigue considerably increased
and creep resistance.

4. The work has demonstrated the microstructural aspects of creep
- fatigue interaction and that the use of creep data obtained from
solution treated material is likely to lead to errors in creep-fatigue
life fraction summations.
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Table 1; Chemical Composition of the Cast of Type 316 Steel (wt%)

c
0.07

Mo
2.29

Si
0.43

S
0.005

Mn
1.34

P
0.015

Ni
12.7

B
0.0024

Cr
16.7

N
0.0360

Number

B.7.9

B.5.2

B.9.4

B.6.3

32

33

Table 3: Details of the Creep Specimens

(All specimens were initially solution
treated for 1 h at 1050°C; only additional
treatments are listed)

Pre-age

57OOh at 750 C

Dimensions

3.8 mm diam., 30 mm length

3.8 nm diam., 30 mm length

3.8 mm diam., 30 mm length

3.7 mm diam., 32 mm length

3.8 mm diam., 25 mm length

... Fatigue (see Table 1) ... 3.8 mm diam., 25.mm length

... 6000h at 625 C

... 1050°C + 5% C.W.

... Fatigue (see Table 1) ..,
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TABLE 2i Details of fatigue Tests at 625 C

Specimen SPECIMEN HISTORY
No. (All Specimens Started in the Solution Treated State)

40 Repeat of 316/15 for hardening stage only. 330 cycles.

cp(X)

at end
of Test

36 As for 316/32, 700 cycles, then age for 5736 h at 625 C. 0.04
Retest at 0.27. for 268 cycles to check hardening be-
haviour, then cyclic stress-strain for further 570 cycles.
Table

41 Pre-age 5736 h at 625 C. Fatigue harden at 0.2% constant Ü.OM;
strain, 323 cycles, Fig. Then cyclic stress-strain data for
further 532 cycles, Fig.

42 Repeat of 316/32, gradually reducing ep . 404 cycles at 0.04
0.2%, 407 at 0.15%, 37 at 0.075% finally 43 at 0.04%.
(End stress range " 316 MPa).

A Skelton, 1982; B Present Work

Ref.

4

11

13

15

32

33

34

35

Original 250 mm diam. bar. Continuous cycling crack growth
test for 1265 h at ep levels of 0.5,0.2,0.1,0.05%.
34, 675 cycles .

Crack growth with J h tension dwell, Ep levels similar to
above. 3,600 h t e s t , 4760 cycles.

Pre-aged 4000 h at 700°C. Crack growth test as above for
3,600 h and 5843 cycles.

Pre-aged 4000 h at 700°C. Cyclic hardening at e p - 0.2%
(208 cycles) then stress-strain data at higher l eve l s ,
see Figs. | * a.

Fatigue hardened at constant p l a s t i c s tra in Ep •= 0.2%
705 cyc le s , ^24 h t e s t . Machined into creep specimen.

As above, but for 710 cyc les . Resolution treat at
1050°C for 1 h before machining into creep specimen.

As for 316/32 But for 713 c y c l e s . For T.E.M. examination
only.

As for 316/33. For T.E.M. examination only.

0.05

0.05

O.OS

0.5

0 .2

0 .2

0 .2

0 .2

A

A

A

A

B

B

B

B
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TABLE 4- Weight Percentages of Extracted Precipitate and
Precipitate Type as Indicated by X-Ray Diffraction

Specimen

4

11

Stress
free

Stress
free

Stress
free

13

Stress
free

Stress
free

Condition

Continuously cycled
1265h @ 6256C

Fatigued with dwell
3600h @625°C

Aged ~3000h @ 625°C

Aged ~6000h @ 625°C

13% cold work +
~3500h @ 625°C

Weight

1.5

3.1

0.6

1.1

1.5

Aged 4000h @ 700 C + 3.6
Fatigued ~3600h @ 625°C

Precipitate Types

M23C6' p°ssibly
Laves.

M23C6' L a v e s'
snail amount of Sigma

M23C6

M23C6

,Laves,
amount of sigma

, Laves,
amount of sigma

Aged 2860h @ 750°C 3.0 M^C,,Laves, Chi

Aged 5700h @ 750°C 5.5 M.C,,Laves,Chi
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AS FOR 11 THEN AGED 6000h @ 625°C
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'0.0002 0.0005 0.001
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FIG. > STRESS-STRAIN DATA AT SATURATION FOR 316 STEEL



5OO

4OO

w
Ü

to
OB 3OO

2OO-

ST - PEAK HARDENED - AGED 625 C, 6000h

SYMBOLS AS FOR FIG.1
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FIG.2 DEVELOPMENT OF PEAK STRESS FOR VARIOUS
AGEING TREATMENTS. STRAIN RANGE = 0.002.
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FIG.3 CREEP BEHAVIOURS AT 625 C AND 140 MPa
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PLATE 1. (a) Solution treated material.. ,x9K

(b),(c)&(d) Spec. 34..Fatigued at E =0.2%...x9K,x9K&xl8K
(e)&(£) Spec. 42...Fatigued at E ->ö.04%...x9K

P
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PLATE 2. (a),(b) Spec. 41...Aged 5736h @ 625 C & Fatigued
(a)..x9K, (b)..x30K

(c)to(d) Spec. 36...Cyclically hardened, stress-free aged
for 5736h @ 625°C & Fatigued
(c),(d),&(e)..x9K, (f)..xl8K
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PLATE 3. (a) Spec. 35...Cyclically hardened + lh @ 105O°C..xl5K
(b) Spec. 11...Fatigued with dwell for 3600h @ 625°C..xl8K

(c) to (d) Uicrostructures after creep Q 625°C & lAOUPa:-
(c)S(d) Spec. B.5.2..Initially solution treated..xl5K & x27K
(e) Spec. B.9.4..Pre-aged 6000h @ 625°C..xl4K
(f) Spec. B.7.9..Pre-aged 57OOh @ 750°C..xl5

432



Cal

SRHB

PLATE 4. (a) Spec. 11...Fatigued with dwell for 3600h @ 625°C
(b) Stress free aged spec...,3000h 0 625°C
(c) Spec. 13...Pre-aged 4000h 0 700°C plus fatigued with

dwell for 3600h @ 625°C
(d) Spec. 13...The grip region, ie. pre-aged 4000h 0 700°C

plus 3600h 0 625°C without strain

(All optical micrographs. ..xlK)
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