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ABSTRACT: To study irradiation creep at 400°C and below, a series of six
austenitic stainless steels and two ferritic alloys was irradiated sequentially in
two research reactors where the neutron spectrum was tailored to produce a
He production rate typical of a fusion device. Irradiation began in the Oak
Ridge Research Reactor; and, after an atomic displacement level of 7.4 dpa,
the specimens were moved to the High Fliux Isotope Reactor for the
remainder of the 19 dpa accumulated. Irradiation temperatures of 60, 200,
330, and 400°C were studied with internally pressurized tubes of type 316
stainless steel, PCA, HT 9, and a series of four laboratory heats of. Fe-
13.5Cr-15Ni, Fe-13.5Cr-35Ni, Fe-13.5Cr-15Ni-0.18Ti, and Fe-16Cr. At
330°C, irradiation creep was shown to be linear in fluence and stress. There
was little or no effect of coid-work on creep under these conditions at all
temperatures investigated. The HT9 demonstrated a large deviation from
linearity at high stress levels, and a minimum in irradiation creep with
increasing stress was observed in the Fe-Cr-Ni ternary alloys.
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INTRODUCTION

In addition to radiation, the first wall and blanket structures of a fusion device will
experience stresses from thermal loading, from swelling, and from primary loads on the
structure itself. Irradiation creep, which requires the simultaneous presence of both
radiation and stress, will cause measurable deformation at temperatures far below those
that would produce significant thermal creep. The effects of irradiation can be both
harmful and beneficial. Relief of swelling stresses and constant thermal stresses are
examples of beneficial effects. Deformation in response to primary loads is a harmful
effect that must be accounted for in the design of any fusion device.

Near-term fusion test devices will operate at lower temperatures than power
production devices. I[rradiation creep, which has historically been investigated at
temperatures above 400°C, is still operative even at cryogenic temperatures [1]. Unlike
thermal creep, it is not only operative, but in some cases larger creep deformations are
produced at lower temperatures. The present study addresses temperatures below 400°C,
applicable to such fusion devices as the ITER, International Thermonuclear Experimental
Reactor.

Irradiation creep was first observed over 40 years ago in uranium {2]. Since that
time the phenomenon has been studied extensively around the world, mostly in
connection with liquid metal breeder reactor programs. Because of the application to
liquid metal cooled reactors, nearly all of the investigations were made at temperatures
above 400°C. Limited research was done at lower temperatures mostly at low fluence
levels. Experiments conducted by Hesketh, in the Herald reactor, demonstrated higher
levels of irradiation creep in Ni and Zircaloy-2 at -195°C than at elevated temperatures
[1]. As part of the present study, higher levels of irradiation creep were observed in the
Oak Ridge Research Reactor (ORR) at 60°C than at either 200, 330, or 400°C. This
result was interpreted in terms of the larger concentration of interstitial point defects that

persist for extended periods at the lower temperatures. These excess interstitials give rise
~ to dislocation climb followed by glide and thus plastic deformation [3],[4]. This
explanation is consistent with the observations of Hesketh.

EXPERIMENTAL METHODS

Stresses as high as 490 MPa, depending upon the alloy, were applied using
internally pressurized tube specimens 4.57 mm in diameter and 25.4 mm long. The tube
wall thickness was 0.25 mm for all specimens except those of HT9 for which it was 0.18
mm. The tubes were profiled with a non-contacting laser micrometer system with a
precision of £250 nm. A series of 500 measurements was taken in a helical pattern along
each tube, but only the central 300 measurements were used in the computations of creep
rates in order to avoid any mechanical restraints that might be imposed by the welded end
caps. However, the complete set of measurements was used as an aid in evaluation of the
tube profile and in determining validity of the measurements. The tubes were measured




prior to pressurization and after pressurization with helium; the degree of elastic
deformation was used to determine leaking tubes. The tubes were again measured with
the same instrument following irradiation. Zero pressure tubes, more correctly called
rings since they were shorter than the pressurized tubes and had no end caps, were
included in the irradiation to permit correction for irradiation-induced swelling. Swelling
corrections were applied to only the 400°C data since only these specimens showed
measurable swelling.

The alloys investigated consisted of two fusion candidate austenitic stainless
steels: AISI type 316 stainless steel melted in Japan (J316) in both annealed and 20%
cold-worked conditions [5], and two heats of the Fusion Program primary candidate
alloy, PCA, one a U.S. heat [6], designated USPCA in the 25% cold-worked state and the

Table 1 Chemical Composition of Alloys (wt.%)

Fe-13.5Cr- Fe-13.5Cr- Fe-13.5Cr-

Eiement USPCA JPCA J316 15Ni 35Ni 15Ni-0.18Ti HT9 Fe-16Cr

B 0.00003 0.003

C 0.05 0.06 0.06
Co 0.003 0.002 <0.1

Cr 14.0 142 16.8 13.0 13.5 13.8 12.0 16.5
Cu 0.002 0.002 0.001

Fe bal bal bal
Mn 18 1.8 1.8 , 0.61
Mo 2.3 2.3 2.5 0.99

Ni 16.3 156 135 13.6 30.5 14.5 0.93

P 0.01 0.027 0.028 <0.05

Si 0.44 0.50 0.61 0.13 <0.05 0.18 0.16 <0.05
Ti 0.24 024 005

\ 0.40

W 0.80

other a Japanese heat, designated JPCA, in the solution annealed condition {7]. Three
austenitic Fe-Ni-Cr laboratory melted alloys were used to compare the rates of irradiation
creep with the rates of swelling: Fe-13.5Cr-15Ni, Fe-13.5Cr-35Ni, and Fe-13.5Cr-15Ni-
0.18Ti (previously reported as 0.25 Ti), all in the solution annealed condition [8]. The
alloys Sandvik HT9 and a laboratory heat of the pure binary Fe-16Cr represented the
ferritic/martensitic group of alloys. The chemical compositions of all the alloys appear in
Table 1. The USPCA and the HT9 specimens were prepared from seamless drawn
tubing, and the specimens of the other alloys were machined from rod. End caps were
electron-beam-welded into place, one cap with a hole to allow pressurization. The tubes
were internally stressed by pressure charging with helium and sealed using laser welding




in a pressure chamber with sapphire windows. Maximum stresses were selected to be
typically about two-thirds of the yield stress with the highest being 490 MPa. High
stresses were selected in order to insure measurable deformations even at the risk of tube
rupture.

Irradiation was begun in the ORR with the specimens at four temperatures. Those
at 60°C were in contact with reactor coolant water. Those at 200°C were in helium, and
those at 330 and 400°C were in a NaK environment. Temperature control in the ORR
was achieved by surrounding the specimen chambers by an annulus filled with a mixture
of helium and neon or helium and argon. By adjusting the gas composition, thermal
conductivity could be adjusted to achieve the desired temperature as determined by 17
thermocouples located in the capsules. Dosimetry indicated that 6.9 dpa had been
achieved in the 60 and 200°C specimens and 7.4 dpa in the 330 and 400°C specimens.
The irradiation parameters are summarized in Table 2. The diameters of the pressurized
tubes were then measured and results reported [3],[4]. The specimens were then re-
encapsulated and irradiated in the High Flux Isotope Reactor (HFIR).

In the HFIR, specimens were irradiated as closely as possible to the temperature
of irradiation in the ORR. The 60°C specimens were again irradiated in contact with
reactor coolant water, and the others were irradiated in a helium environment.

The HFIR is a mixed spectrum research reactor using 93% enriched uranium
oxide fuel and moderated with ordinary water. It has a central flux trap for high flux
irradiations and isotope production. The core is surrounded by a beryllium reflector. The
present irradiation was conducted in the inner portion of the reflector in a position known
as the RB* position. The capsule was surrounded by a 4.2 mm hafnium shield in order to
reduce the thermal neutron flux in order to achieve the desired helium to dpa ratio. The
total flux level in this shielded position was measured to be 8.7 x 10'® n/m?-s, with
thermal flux 1.05 x 10'® n/m?-s, and fast flux 4.3 10'® n/m?*-s (E>0.1 MeV). Since the

60°C specimens were in direct contact with reactor coolant, their temperature was
assured without recourse to thermocouples. Temperatures for the elevated
temperature capsules were controlled using gas mixtures similar to those used in the
ORR. The average reading of a series of 21 thermocouples was used to control
temperature. The design temperatures were held to within £25°C throughout the
capsules during the duration of the irradiation. Dosimetry indicated that an additional
11.6 dpa was achieved in the 60 and 330°C specimens, and reactor power measurements
were used to calculate an additional displacement level of 9.9 dpa in the 200 and 400°C
capsules. The total displacement levels achieved from both irradiations were 18.5 dpa for
the 60°C specimens, 16.8 dpa for the 200°C specimens, 19.0 dpa for the 330°C
specimens, and 17.3 dpa for the 400°C specimens as shown in Table 2. For simplicity,
the final displacement levels were rounded to 19 dpa in this paper. Helium levels are also
presented in Table 2; they were obtained from inert gas fusion mass analysis {9]. The
helium/dpa levels are also presented in Table 2. These values were determined for type
316 stainless steel, assuming 13% nickel. The values are higher for PCA, as can be
determined by multiplying by the ratio of nickel concentrations in the two alloys.




However, values of He/dpa for all of the austenitic alloys are within the range expected
for a fusion reactor with a lithium blanket.

Table 2 Irradiation Parameters

ORR HFIR Total Combined
Temperature | dpa { He' | He/dpa' dpa | He' | He/dpa' dpa He' | He/dpa'
°0
60 6.9 75 11 11.6 110 9.5 18.5 190 10
200 6.9 75 11 9.9* 90* 9.1* 16.8* 170* 10*
330 7.4 100 14 11.6 120 10 19.0 225 12
400 7.4 100 14 9.9* 100* 10* 17.3* 200* 12*

* Calculated from reactor power and previous dosemetry
T For type 316 stainiess steel

For the 60° tubes, the move from the ORR to the HFIR complicated the
analysis of their creep responses. The higher pressure of the HFIR coolant water on
these tubes reduced the stresses in the walls of the tubes. The external pressure on the
60° tubes was 210 kPa gage in the ORR but 2.57 MPa gage in the HFIR. Because the -
pressurized tubes were designed for irradiation in the ORR, the stresses in the tubes
were considerably lower when the tubes were transferred to the HFIR. The laboratory
heats of the pure austenitic and the Fe-16Cr alloys were affected most, since these
alloys were weak and had to be stressed to low levels originaily. In this case a few
tubes were actually in compression in the HFIR. However at 60°C, about 20% of the
tubes failed. probably during the ORR irradiation or by corrosion in the interim
between irradiations while they were stored in a radiation hot cell. Because of these
difficulties with the 60°C specimens, their higher dpa results are not reported.

RESULTS AND DISCUSSION

Specimen Profiles

A representative set of tube profiles is shown in Fig. 1. The specimens were all
fabricated from the same length of PCA tubing and pressurized to attain the mid-wall
hoop stresses given in the figure. The sinusoidal patterns arise from two sources. The
first source of the oscillations is that the tubes are not round to within the precision of
the measurement. The second source arises from the inability to align the tubes with




the axis of rotation on each
end. Since the tubes are
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the 172 MPa specimens in
Fig. 1. Dust particles on the
specimen are shown by the
isolated high narrow peaks
seen in the 346 MPa curve.
This particular curve yields a
good measurement since only the center three fifths of the curve is used. Notice that
increasing levels of applied stress cause clear and progressive separation of the
diameter (strain) profiles and that the amplitude of the oscillations is small compared
to the plastic deformation of the tubes. Despite the differences in oscillations in the

two 172 MPa curves, they almost superimpose, indicating a high level of
reproducibility.
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Figure 1 Laser Profilometer traces from four
representative tubes of USPCA.

Temperature Dependence

In the previously reported work on the 60°C specimens irradiated in the ORR,
large rates of irradiation creep were observed [3]. Since irradiation creep arrises from
the behavior of point defects produced during irradiation, the low temperature
irradiation creep can be understood by examination of the equations for point defect
concentrations. Solving the point defect rate equations, (1) and (2), without the
assumption of steady state, predicts the accelerated low temperature irradiation creep.
The phenomenon arises because a transient period (which could be longer than the
total period of irradiation) occurs, during which the interstitial concentration is
elevated but where vacancies are not sufficiently mobile, due to the low temperature,
to cancel the effects of the interstials on dislocation climb.




dc
—*=G,-RCC,-KC, M

dc,
—*=G-RC,C K, @)

C, ;= vacancy, interstitial concentration
G, ; = vacancy, interstitial generation rate
R = point defect recombination coefficient

K,; =rate constants for loss of vacancies and interstitials to sinks.
’ 10 1 T l

In addition to the high level of
irradiation creep at 60°C, the rate
equations predict a low rate of creep
in the region of 200°C for austenitic
stainless steels as shown in Fig. 2
[10]. The data points shown on the
curves are from the ORR portion of
the present experiment. The
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stainless steel, is attributed to the specimens for the 7-8 dpa irradiation.

increase in vacancy diffusion with
increasing temperature which causes
enhanced recombination of vacancies and interstitials at dislocations and shortens the
transient period of increased interstitial concentration. As temperature increases still
further above 200°C, increased diffusivities cause the irradiation creep rate to
increase as the steady state processes of climb by the Stress Induced Preferred
Absorption (SIPA) and Preferred Absorption Glide (PAG) control behavior.




Austenitic Stainless Steels

Results for type 316 stainless steel are shown in Fig. 3, where effective
uniaxial strain is plotted as a function of effective uniaxial mid-wall stress [11]. Each
point on the curve represents one tube specimen, and the 7 dpa results are shown for
comparison with the recent 19 dpa results. The creep coefficients are also shown in
Table 3 where the lower creep rates at 200°C are most evident at 19 dpa. The
deformations at 7 dpa were too small to provide accurate irradiation creep rates. The
similarity between solution annealed and cold-worked alloys is also evident at all

20 20 20
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Figure 3 Irradiation creep strain in type 316 stainless steel in terms of effective uniaxial
stress and strain for 7 and 19 dpa.

Table 3 Irradiation Creep Coefficients (% MPa dpa' x 10)

0-7 dpa 0-19 dpa

60°C ] 200°C | 330°C ] 400°C 200°C 330°C 400°C
USPCA 25% CW 92-14} 93 | 23zx1 18 J063+£.03127+.08} 15¢.1
JPCA SA 5.1 19 |16+7] 35 ]090+£03 27 4.1
J316 20% CW 2.2 11 13+ .1 13 ]1070+.09] 21t .4 11+ .2
J316 SA 22 1.1 14+7 | 14 J075+£3 ] 1.7¢£.2 3.2
Fe-13.5E-15Ni 273 08+2
Fe-13.5E-35Ni 24+ 2 341 4
Fe-13.5Cr-15Ni-.18Ti 162.03 | 556
HT-9 0.38 0.38 0.61 038+.1 1043+08}1.1x.2/11
Fe-16Cr 1.7 0.82 1.6 0.50 05+ .2 15+.7 §

three temperatures. The drop in deformation as stress increases at 400°C is clearly
the result of at least one leaking or failed tube. The linearity in stress and fluence is
evident at all temperatures.




The standard errors are given in Table 3; however, these reflect only the
statistics of the curve fitting routine. It is not uncommon to observe a factor of two
variation in irradiation creep rates between two reactors. Temperature variation
between specimens irradiated in the same capsule can also account for large variations
in irradiation creep rates since temperature determines gas pressure and thus stress.
Nonetheless, the standard errors in the table indicate cases where there were few data
points and large scatter.

A similar set of curves is shown in Fig. 4 for PCA. As with type 316 stainless
steel, there is a low rate of irradiation creep at 200°C. There were more specimens
and thus more stress levels for this alloy in the cold-worked state than any of the other
alloys. The additional specimens provide clear evidence for the linearity in stress and
fluence, over the range of parameters investigated. The absence of an effect of cold-
work level is also evident, although it could not be demonstrated at 400°C because of
leakage or failure of annealed tubes.

As will be seen later in equation (3), the expression for irradiation creep by the
SIPA mechanism, there is a linear dependence of creep rate on dislocation density.

2.0 20 20
PCA PCA Q PCA

2 200°C e °
=151 15} 330°C 1.5} 400°C
'g O ZX.CW. 19 dpa ) 0 25% CW, 19 dpa
@ 10 1.0 |- o 25% CW 7 doa 1.0} ® 25% CW, 7 dpa
4 O 25% CW, 19 dpa = SA.7dpa
£ 0 SA, 19 dpa
£ 05| M-vidii 05 05|
s

0.0 _ﬁs | | 0.0 ! 0.0 /1/'/1‘ I

0 100 200 300 400 500 ¢ 100 200 300 400 S00 0 100 200 300 400 500
Effective Stress, MPa Effective Stress, MPa Effective Stress, MPa

Figure 4 Irradiation creep strain in PCA in terms of effective uniaxial stress and strain for
7 and 19 dpa.

This would at first lead one to expect an effect of cold-work level on irradiation creep
rate. However, in the sink-dominated regime, the inverse dependence of the
interstitial concentration on dislocation density cancels the direct dependence of the
creep rate and results in irradiation creep that is independent of the dislocation density
[12],{13].

A set of three laboratory heats of austenitic alloys was selected for comparison
of irradiation creep in cases of different swelling. The pure ternary alloy Fe-13.5Cr-




15N1 was selected because of its

rather high swelling rate and Fe- > gw dpa Fe-1 gésocor(-:wNi
13.5Cr-35Ni was selected because of 0.0 #E4dm 1 ' I
its low swelling rate as determined 0.5 — e Fo13.5Cr-35Ni
by Bates and Johnston [14]. The R ﬁm dpa | . %0°C
alloy considered high swelling was 'g g:g
also made swelling resistant by the & Fe-13.5Cr-15Ni-.18Ti
addition of 0.18% titanium [8]. 2 sl Boe

The curves for the 200°C S
case are shown in Fig. 5. For this 5 1o
figure, the scale has been changed to 0.5 ¢
show detailed behavior since the B '7.4',,,,,
slopes of the curves are significantly 0.0 , ! ! f
lower than those at hi gher 0 mgffecfgg St?gs?s, M?ao 500
temperatures, as predicted from the
theory and as observed in the other Figure 5 Irradiation creep strain for three
austenitic stainless steels. The laboratory heats of stainless steels at
expected linear relationships with displacement levels of 7.4 and 19 dpa at 330°C.
stress and fluence are valid, and at The scales were chosen for comparison with
this temperature, the issue of other austenitic alloys.

swelling does not enter, so these
results will not be discussed in detail.

Curves for irradiation creep in these alloys at 330°C appear in Fig. 6. The
axes of the graphs have been kept the same as for the earlier figures in order to
preserve the scale for comparison of one alloy with another. In the case of Fe-13.5Cr-
15Ni, the data are too scattered at 19 dpa to extract any meaningful information. The
curves for the Fe-13.5Cr-35Ni alloy are well behaved even though only low stresses
were investigated because of the low strength of the alloy. In the case of the titanium
doped alloy, the previously observed linear relationships are easily observed. The
creep rate is significantly higher for this alloy than for the pure ternaries as seen in
Table 3. The reason for the higher irradiation creep rate in this alloy remains under
investigation. However, it is consistent with the behavior of the alloy PCA which is
also a titanium-doped alloy. It is possible to speculate about a mechanism involving
titanium-rich precipitates in both cases. The TiO phase, which is less dense than the
alloy matrix, has been observed to be the dominant precipitate in the Fe-13.5Cr-15Ni-
0.18Ti alloy [8]. Accommodation of the volume expansion associated with the
formation of TiO causes preferential absorption of vacancies, just as suggested in the
case of PCA, with TiC [15]. It is suggested that the resulting defect imbalance toward
a higher interstitial flux to dislocations could lead to a slightly higher rate of
irradiation creep.




The most interesting results

0.5
appear in Fig. 7 where the 400°C Fe-;%%r%SNi
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At 19 dpa all three of the alloys 0.0 jff 7.4dpa . . ‘
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of the released gas was measured
and the pressures and thus stress
levels were confirmed. Since the
trends are well within the capability
of the measurement instruments, it is
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Figure 6 Irradiation creep strain for three
laboratory-melted austenitic alloys at
displacement levels of 7.4 and 19 dpa at 200°C.
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Figure 7 Irradiation creep strain for three laboratory heats of stainless steels at
displacement levels of 7.4 and 19 dpa and a temperature of 400°C.

apparent that the phenomenon is real. The most likely mechanism involves
precipitation rather than irradiation creep. Densification has been observed during
irradiation, mostly in cold-worked alloys; however, densification aided by increasing
tensile stress is nonphysical. In the analysis of the pressurized tubes, it is assumed
that the tubes are thin-walled. In the case of a thick wall, the stress at the inner
surface in the radial direction is compressive and equal to the pressure of the internal
gas. For areal wall, rather than an infinitely thin wall, there remains a radial
compressive stress. Perhaps the nucleation of a rod-like (since there is a compressive




stress in only one direction) precipitate is aided by this stress. However, the
hydrostatic stress remains tensile, further complicating this explanation. The presence
of thermal gradients through the wall of the tube during irradiation also introduces
compressive stresses. These stresses also might nucleate precipitates. Electron
microscopy must be performed in order to establish the presence and morphology of a
precipitate of lower density than the matrix in the stress regime of the minimum creep
rate. At higher internal pressures, the normal tensile hoop stress in the wall prevails
and irradiation creep can dominate. The suggested mechanisms are purely
speculation; clearly further research must be done to elucidate the mechanism of this
phenomenon.

Ferritic Steels

3.0 3.0

Ferritic Alloys Ferritic Alloys 390 Feerritic Alloys
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B 20 20| 20l
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Figure 8 Irradiation creep strain as a function of stress for Sandvik HT9 and a pure
binary Fe-16Cr alloy.
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Figure 9 Irradiation creep rate as a function of
stress for the alloy V-4Cr-4Ti obtained from a
thin-walled tube in torsion irradiated in the BR-
10 Reactor. (Reference [20])




apparent as shown in Table 3. It is also consistent with the results of previous
investigators [16],[17],[18],[19]. The linear dependence on stress and fluence is
difficult to discern at 200°C but is evident at 330°C. At 400°C there is what appears
to be anomalous behavior at the highest stress level. Very abrupt non-linear
dependence with stress is observed. The stress levels investigated in this experiment
are higher than previously explored so that the results cannot be compared with the
results of other investigators. It is not, however, the first time that such an abrupt
increase in creep deformation has been observed in a bec metal. Figure 9 shows
irradiation creep rate as a function of stress for a vanadium alloy, V-4Cr-4Ti, as
determined by helical springs [20]. In this case there are many more data so that a
clear bi-linear curve is evident.

A quadratic dependence of irradiation creep deformation with stress is
predicted from the Preferred Absorption Glide (PAG) mechanism of irradiation creep
[13]. Inthe case of the SIPA mechanism., the stress enters once in the interaction of
the dislocation with an external stress; in the case of the PAG mechanism, the stress
enters as in the SIPA mechanism and again in the glide of dislocations under the

influence of the external stress. These parametric dependencies are shown in the
following equations:

Eony :%QD,.C,%LAZ;’ 3)

. 4 Q i) O.24.d
€., . =——(RL):DC(=)*Az; 4)
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where :

€gipacag = creep strain rate for the SIPA and PAG mechanisms,
respectively

= atomic volume

= Burgers vector

dislocation line length

interstitial diffusivity

interstitial concentration

applied stress

= elastic modulus

dislocation bias for interstitials

>ma OO o O
[
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The quadratic dependence only becomes apparent at high stress levels and could
explain the break away from linear dependence on stress that is observed. Thus, what
appears to be bilinear curves in Figures 8 and 9 may actually be linear curves from
SIPA creep on which parabolic curves from PAG creep are superimposed. The
parabolic curve would dominate only at high stresses. The non-linear creep was not
observed at the two lower temperatures, however. This might be expected since, at
400°C, the defect clusters of the lower temperature irradiation microstructure are

replaced by glissile dislocations so that the effect of glide following climb becomes
more dominant.

Summary

This experiment has demonstrated some previously unobserved phenomena
associated with irradiation creep. Perhaps the most significant is the non-linear
dependence of irradiation creep on stress at high stress levels in ferritic steels. This
class of alloys was previously thought to be low in swelling and low in irradiation
creep. No evidence suggests anything different with respect to swelling, but the data
from the present study show that at 400°C HT9 has a higher rate of irradiation creep
at stresses above 250 MPa than do the austenitic stainless steels. Although the data
generated in this study are very limited, they are consistent with the observation of
Troyanov et al. in another bce metal, V-4Cr-4Ti [20]. Perhaps the enhancement of
irradiation creep at high stresses is a general characteristic of bcc metals. This effect
must be further investigated before ferritic steels can be used in a fusion reactor.

The minimum in irradiation creep deformation experienced in the laboratory
heats of ternary alloys is a very interesting phenomenon. The stresses at which the
minimum occurs are very low so that even though the effect may well be real, it is
probably not significant in the application of this class of alloys to fusion reactors. It
remains to explore this effect using electron microscopy to identify any precipitates
that might be present in order to understand the effect.

The reduced level of irradiation creep at 200°C observed at the lower fluence
level was confirmed at 19 dpa. Although the 60°C tubes did not yield data at 19 dpa
that could be interpreted, the high creep rates observed at 7 dpa have not been
contradicted. Further analysis of the 60°C tubes will be conducted to explore
relationships at 19 dpa with the previous data at 7 dpa; however, too few tubes may
remain pressurized to yield meaningful results. The behavior observed at 330 and
400°C in the austenitic stainless steels is consistent with previous results, and the
presence of the fusion reactor level of helium makes this set of data the most relevant
to the design of fusion devices available at the present time. Further research will
focus on the low temperature regime to confirm the existence of high rates of
irradiation creep in other alloys and at higher fluence levels.
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