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OBJECTIVE

The objective of this effort is to provide insight into the factors that

control the creep response of structural steels during neutron irradiation.
SUMMARY

A titanium-modified austenitic type stainless steel was tested at three coid
work levels to determine its creep and creep rupture properties under both
thermal aging and neutron irradiation conditions. Both the thermal and
irradiation creep behavior exhibit a complex non-monotonic relationship with
cold work level that reflects the competition between a number of stress-
sensitive and temperature-dependent microstructural processes. Increasing the
degree of cold work to 30% from the conventional 20% level was detrimental to
its performance, especially for applications above 550°C. The 20% cold work
level is preferable to the 10% level, in terms of both iﬁ-réactor creep

rupture response and initial strength.
PROGRESS AND STATUS

Introduction

The development of austenitic steels for fusion or breeder reactor service
requires choosing not only the optimum composition but also the optimum

processing history. Stainless steels are usually specified to be in the cold
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worked condition, both to provide sufficient strength and to resist void
swelling. Cold working to progressively higher levels is known to lead to a
continuous but diminishing reduction in swe]ling.(l) Since the irradiation
creep rate is known to be proportional to the concurrent swelling rate,(z) it
appears reasonable to assume that the creep rate should also be reduced at
higher cold work levels. In fact, however, other factors come into play when
irradiation and stress act on the steel simultaneously at elevated
temperatures. Thus, the creep rate and creep rupture life may not be
monotonic functions of the cold work level. The objective of this study is to
provide some insight into the relationship between cold work and creep for the
titanium-modified austenitic alloys employed in the U.S. fusion and breeder

reactor materials programs.

gExperimental Procedure

The interplay between the various factors that influence the response of the
cold worked alloy was investigated in a series of thermal and irradiation
experiments involving either creep or creep rupture behavior. Thin walled
gas-pressurized tubes 2.24 cm long with outer and inner diameters of 4.57 and
4.17 mm, respectively, were used. The tubes were constructed from a titanium-
modified steel (D9 production heat 83508) and prepared in each of the 10%, 20%
and 30% cold work levels. Larger tubes with outer and inner diameters of 5.84

and 5.08 mm and 2.82 cm long were also prepared at the 20% cold work level.

Two types of thermal control tests were performed. In the first type of test,
end caps of 316 stainless steel were gas-tungsten-arc welded to one end of

each tube and a gas inlet tube was welded to the other end. This



”configuration was used to conduct stress rupture tests at constant pressure in
static argon gas at temperatures ranging from 538 to 760°C and hoop stresses
ranging from 20 to 400 MPa. Failure of these constant pressure tests was
detected by a sudden rise of retort pressure. Strains were measured only

after specimen failure.

In the second type of thermal control test, both ends of the tubes were fitted
with D9 end caps by electron beam welding and the tube was then pressurized
with helium gas, after which the inlet hole in the top end cap was sealed with
a laser beam. These tubes were heated at temperatures ranging from 550 to
750°C for times as long as 8,000 hours. The tubes were removed periodically
and their diameters measured using a non-contacting laser system.(3) This
type of test approximates a constant stress in the tube wall. As the tube
expands in diameter, the effect of wall thinning on increasing the hoop stress
balances out the decrease due to the drop in gas pressure. This is in
contrast to the situation in the constant pressure tubes used in the stress
rupture experiments, where the stress level in the tube wall rises slightly as

the tube expands.

In-reactor tests using the sealed pressurized tube specimens were also
conducted at temperatures between 400 and 667°C. Some of the tubes irradiated
at temperatures of 575°C and above contained a unique isotopic mixture of
krypton and xenon tag gases added to the helium fill gas. These tag gas
mixtures were included only in tubes at the 10% and 20% cold work levels. At
the 20% level only the larger tube size contained the tag gas, even though

both size tubes were irradiated in the experiment.



After sealing the tubes, the preirradiation diameter were measured at room
temperature and the specimens were loaded into the Materials Open Test
Assembly (MOTA), which was then placed into the Fast Flux Test Facility
(FFTF). The specimens were actively maintained within 25°C of their target

temperature during irradiation.

When a gas tagged tube failed during a reactor cycle, the event was detected
by spectrographic analysis of reactor cover gas samples and the failure time

4) A1l tubes were removed from MOTA at the end of each

was recorded.(
irradiation sequence and their diameters were measured regardless of whether
they had failed or not. Tubes that had not failed were returned for the next

irradiation sequence.

As will be discussed in the next section, the 30% cold worked tubes in the
first several irradiation sequences were found to exhibit much larger strains
at the higher irradiation temperatures, and also to develop larger levels of
instability in thermal aging studies. In addition, an expanded emphasis on
ferritic steels required a reduction in MOTA volume reserved for austenitic
alloys. A decision was, therefore, made to remove the 30% cold worked tubes
from MOTA at the end of the second irradiation cycle. The 10% and 20% cold
worked tubes were returned for a third cycle and reached a peak neutron

fluence of 1.7 x 10%2 n/cm? (E > 0.1 MeV).

Hardness measurements were performed on cross sections of the tubing in the
as-received state and also on thermally aged specimens (650, 704, 760°C) for

tiines as long as 3,000 hours.



Results: Stress Rupture

Figure l1a summarizes the overall behavior of the étress rupture data for 10%
and 20% cold worked tubes, both of which were 4.57 mm in outer diameter. The
actual data are plotted in Figures 1b and 1c as a function of the Larson
Miller Parameter (LMP) to facilitate comparisons between the thermal and the
in-reactor rupture data, which were derived in slightly different but

overlapping temperature ranges.

The LMP is determined here as T[13.5 + 1og(tr)], where T i§ the temperature in
Kelvin and t,. is the time to rupture in hours. Note that the 10% cold worked
condition exhibits slightly better thermal stress rupture behavior than the
20% cold work condition. The difference in the slope of the lines describing
the 10 and 20% conditions suggests that the latter recovers more quickly than
the former, a conclusion that is consistent with the results of earlier

studies on AISI 304 and 316 stainless stee].(s)

Also shown in Figures 1b and 1c are comparisons between the thermal control
and in-reactor data.(ﬁ) The in-reactor stress rupture lifetimes are
significantly shorter than the corresponding thermal control data for rupture
times greater than ~2,000 hours, although as reported ear]ier,(3) the rupture
times are comparable below ~2,000 hours. For irradiation temperatures greater
than 605°C, the limited in-reactor data suggest that the 20% cold worked
condition exhibits slightly better stress rupture behavior than the 10%

condition,

Results: Creep Rupture
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The tharmal creep studies shown in Figures 2 and 3 indicate that increasing :
the cold work level at 550°C causes thermal creep to decrease at a]\ stress:
levels investigated. The same behavior is observed at low stress levéis at
605°C, but the role of cold work reverses between 109 and 152 MPa at 605°C,

and higher levels of creep occur with increasing cold work. At temperatures

above 605°C increasing levels of cold work always increased thermal creep.

The in-reactor experiments were conducted not only at temperatures comparable
to those of the thermal studies but also at lower temperatures, where thermal
creep is negligible but irradiation creep and swelling are'important. As
shown in Figure 4, the effect of cold work level on the total strain at 400°C
is second order in importance compared to the influence of stress level.

There is, however, a reversal in the influence of cold work level on the total
strain between 60 and 100 MPa. This reversal is also evident in the stress-
normalized creep curves that are shown in Figures 5a-5c. Figure 5d
demonstrates that cold work at 400°C is also expressed in its influence on the
upper and lower boundaries of the normalized creep curves, ffrst expanding the
range of normalized creep strain with stress level at the 20% cold work level,
and then raising both the upper and lower Timits of the response at the 30%
level. The non-monotonic variability in the normalized strains at a given
cold work level for such relatively low irradiation temperatures reprssents
primarily the influence of stress in accelerating the development of void

swelling.
Diametral strains are shown in Figures 6-8 for irradiation temperatures above'

400°C. The rate of irradiation-induced diametral straining generally

increases with cold work level at 495, 550 and 600°C, although reversals in
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behavior are often observed in both swelling and creep at relatively low
stress levels, The impact of 30% cold work in significantly accelerating the
creep rate becomes particularly obvious at 600°C. A similar reversal and
acceleration were observed at 605°C in the thermal creep experiment

(Figure 2). At 667°C, however, such reversals in behavior were not observed,
and increasing cold work levels always accelerated creep, as shown in Figure
9. Figures 10-13 show the influence of cold work level on the normalized
creep strains for irradiation temperatures above 400°C. Note that the impact
of cold work differences becomes more pronounced with increased irradiation
temperatur2. In particular, the tendency toward separation of the response
band of different cold work levels increases with irradiation temperature, as

demonstrated most strongly in Figure 13.

Results: Hardness Measurements

As shown in Figure 14, 30% cold work always leads to an eventual decline in
hardness during aging relative to the hardness of the 10 and 20% cold work
levels. The abruptness of this decline increases with increasing aging
temperature. A similar but less pronounced trend is observed when comparing
the 20% and 10% cold work levels. The drop in hardness is a direct measure of
the degree of recovery experienced by the steel. A similar result has
recently been published by Venkadesan and coworkers on an Indian version of
this same steel.(7) Using smaller increments in cold work level than were

employed in this study, they concluded that while the initial strength of the

steel increased with cold work, levels greater than 17.5% led to a decline of °

the steel's properties during high temperature exposure. A similar conclusion

was reached by Paxton for AISI 316 stainless steel.(s)
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Discussion

The progressive influence of increasing cold work Tevel on energy stored in a
deformed material can be measured in terms of non-uniform lattice strain, as
shown by Challenger and Lauritzen when they investigated the influence of cold

work level on irradiation-induced swe]ling.(g)

The lattice strain increases
strongly from 0% to 20% cold work, as shown in Figure 15, but increases oni,
an additional ~25% in the 20% to 30% cold work range, and very little more
thereafter. With éging, the non-uniform lattice strain decreases somewhat;
the largest and strongest changes occur at higher cold work levels, as

demonstrated in Figure 15.

One would expect that the release of stored energy would be facilitated by the
application of stress and that some temperature-dependent threshold stress
would exist above which an accelerated release of stored energy would occur.
This would be manifested as reversals in creep behavior with increasing stress
level and was indeed observed in the high temperature irradiation and thermal
creep studies presented in this paper. Similar observations in various steels
have been made by other researchers, but the optimum cold work level dc, ds
on both the composition and irradiation environmunt.(s'lo'll) In AISI 304,
for example, the optimum cold work level was found to be only 10%.(10) This
lightly alloyed steel is relatively weak compared to AISI 316 and other conmon
stainless steels and does not offer as much resistance to recovery processes.
The rcversals with stress and the associated optimum cold work levels of othos:
modified 316 steels have been found to vary with service temperature,(ll) a

finding consistent with the conclusions of this study.



The observed reversals during irradiation arise not only from thermally
assisted processes, but also from other competing mechanisms. The release pf
stored energy and its associated effect on recovery provides the opportunity 
for some phases, particularly intermetallics, to form on moving grain
fronts.(12'13) These phases often involve dimensional changes ihat contribute

to the apparent creep strains. (14)

It is known, however, that these phases
are not only stress-sensitive in their rate of formation(ls'le) but also
subject to changes in composition arising from radiation-induced

segregation.(l7)

Another mechanism probably contributing to reversals in creep response arises
from the conflicting roles of cold work in delaying void formation in stresss

free materials(g'letlg)

and the role of stress in promoting recovery of
heavily cold worked material, a development which should promote void
swelling. The onset of swelling is also known to be accelerated by stress
even in the absence of cold work.(zo'zz) Additional complications involve
the relationship between swelling and irradiation creep. Irradiation creep is
also known to be proportional to the rate of swelling. Thus stress-enhanced

(23-25) Even before the onset of

swelling leads to an acceleration of creep.
void swelling, the short-term transient regime of creep is known to be
dependent on the stress state and initial cold work level.(ZG) In the
absence of recovery, the transient ceases when the dislocation density has

relaxed to its equilibrium level.

Conclusions



Based on the complexity of the competition between the various stress-
sensitive and temperature-dependent processes discussed in the preceding
section, it is not surprising that both thermal and irradiation creep exhibit
non-monotonic behavior with respect to stress, temperature and cold work
level.. It is safe to state based on these studies, however, that increasing
the cold work level of titanium-modified 316 from the conventional 20% level
to 30% would be detrimental to its performance, especially at irradiation
temperatures above 550°C. The driving force for the degradation of
performance at the higher cold work level arises from the large level of non-
uniform lattice strain induced during cold working and its release at high

temperatures and stress levels.

The higher strength of 20% cold worked steel compared to that at 10% is not
significantly offset by the differences in creep response. If it can be
assumed that the response of this steel is typical of the alloy class, the 20%
cold work level appears to be the optimum choice for the titanium-modified
austenitic stainless steels employed in the U.S. fusion and breeder reactor

materials programs.
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Figure Captions

1. Comparison of the thermal and in-reactor stress rupture behavior of 10%
and 20% cold worked D9.

2. Thermal creep observed at 550 and 605°C for various cold work levels.

3. Thermal creep observed at 670 and 760°C for various cold work levels,

4., Deformation induced by irradiation creep and sweliing at 400°C for three
cold work levels. Open and closed data points are identical and are
used only to differentiate closely spaced data.

5. Normalized creep strains for pressurized tubes irradiated at 400°C.
This treatment assumes that swelling is not affected by stress.

6. Diametral strains observed in tubes irradiated at 495°C.
7 Diametral strains observed in tubes irradiated at 550°C.
8.  Diametral strains observed in tubes irradiated at 600°C.
9. Diametral strains observed in tubes irradiated at 667°C.
10. Normalized creep strains for pressurized tubes irradiated at 495°C.
11. Normalized creep strains for pressurized tubes irradiated at 550°C.

12. Normalized creep strains for pressurized tubes irradiated at 600°C.



13.
14,

15.

Normalized creep strains for pressurized tubes irradiated at 667°C.

?ard?ess following thermal aging as a function of initial cold work
evel.

Root mean strain as a function of cold work level and thermal aging for
AISI 316, aigTeasured by Challenger and Lauritzen using x-ray line
broadening.
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