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ABSTRACT

A theoretical model has been developed using the reaction rate theory of radiation effects to
explain experimental results that showed higher than expected values of irradiation creep at low
temperatures in the Oak Ridge Research Reactor (ORR). The customary assumption that the
poin* defect concentrations are at steady state was not made; rather, the time dependence of the
vacancy and interstitial concentrations and the creep rate were explicitly calculated. For
temperatures below about 100 to 200°C, the time required for the vacancy concentration to reach
steady state exceeds the duration of the experiment. For example, if materials parameters typical
of austenitic stainless steel are used, the calculated vacancy transient dose at 100" C is about 100
dpa. At 550°C this transient is over by 10"8 dpa. During the time that the vacancy population
remains lower than its steady state value, dislocation climb is increased since defects of primarily
one type (interstitials) are being absorbed. Using the time-dependent point defect concentrations,
the dislocation climb velocity has been calculated as a function of time and a climb-enabled glide
creep model has been invoked. The extended transient time for the vacancies leads to high creep
rates at low temperatures. In agreement with the experimental observations, a minimum in the
temperature dependence of creep is predicted at a temperature between 50 and 350*C. The
temperature at which the minimum occurs decreases as the irradiation dose increases. Predicted
values of creep at 8 dpa are in good agreement with the results of the ORR-MFE-6J/7J
experiment.

KEY WORDS: creep, dislocation climb, dislocation glide, fusion, irradiation creep, point defects,
theoretical models, transient effects
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The phenomenon of irradiation creep has been studied extensively for more than thirty years.
Early work in this field was discussed by Gittus in 1975 [1], and several recent reviews provide an
overview of what are believed to be the primary mechanisms responsible for irradiation creep
[2-7]. One of the principal experimental observations regarding irradiation creep in austenitic
stainless steels is that it is relatively insensitive to temperature between about 300 to 600°C [S,9].
Above 600"C, thermal creep increases rapidly and dominates the creep behavior. Irradiation
creep has not been a major concern at temperatures below about 300°C because few reactor
components operating at these temperatures are exposed to a high neutron flax. However, low
temperature irradiation creep was reported as early as 1967 by Hesketh [10] and discussed by
Gilbert in 1971 [11].

Recent interest in lower operating temperatures for near-term fusion reactor components led
to the design of an experiment to investigate irradiation creep at temperatures as low as 60°C
[12]. The experiment also involved the use of neutron spectral tailoring to achieve nearly the
fusion helium to dpa ratio [13]. Pressurized tubes were used to achieve hoop stresses from 50 to
400 MPa. The irradiations were conducted at temperatures of 60, 200, 330, and 400"C. The
capsule containing the lower two temperatures was designated ORR-MFE-6J and reached a
maximum dose of 6.9 dpa. The specimens irradiated at 330 and 400*C reached an estimated
8 dpa in a capsule designated ORR-MFE-7J. Helium generation was in the range of 9 to 12
appm/dpa. Additional experimental details for the ORR-MFE-6J and 7J are given elsewhere
[12,13].

CREEP MEASUREMENTS FROM ORR-MFE-6J AND 7J

Irradiation creep of the pressurized tubes was determined by measuring the average diameter
change in the central region of the tubes. A noncontacting laser micrometer system was
used [12]. Values of the effective uniaxial irradiation creep st.ain measured in a 25% cold-
worked austenitic stainless steel designated PCA are shown for several temperatures as a function
of the effective uniaxial stress in Fig. 1. PCA is the U.S. fusion materials program's Prime
Candidate Alloy. Similar results were obtained for other austenitic alloys irradiated in this
experiment in both the solution-annealed and cold-worked conditions [12]. For pressurized tubes,
the effective uniaxial stress is 0.87 times the hoop stress and the effective uniaxial strain is 1.33
times the diametral strain [14].

The feature of the data shown in Fig. 1 that is of most interest here is that the irradiation
creep measured at 60°C is greater than that observed at the higher temperatures. The measured
creep strains are shown as a function of temperature in Fig. 2 to emphasize this point. The results
of the ORR-MFE-6J/7J indicate that there is a minimum in the creep curve at a temperature of
about 200"C for a total dose of 7 to 8 dpa. Unfortunately, no information can be obtained on
the dose-dependence of creep at these temperatures because the experiment was terminated at
this dose.

CREEP DUE TO TRANSIENT INTERSTITIAL ABSORPTION

The high values of irradiation creep observed at low temperatures in the ORR-MFE-6J/7J
experiment have been discussed in an earlier publication. A new mechanism was proposed to
account for the results [12]. The mechanism was enhanced dislocation climb due to unbalanced
interstitial absorption. Sino; the interstitial is much more mobile than the vacancy, the interstitial
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concentration reaches its steady stale value more quickly than does the vacancy concentration.
Therefore, during the time required for the vacancy concentration to reach steady state,
dislocations (and other sinks) primarily absorb interstitials. This unbalanced absorption of one
defect type leads to accelerated dislocation climb, which leads to increased glide and ultimately,
higher creep rates.

In order to investigate the potential influence of this transient interstitial absorption, the point
defect transient was separated into four conceptually distinct regions [12]. Approximations were
made to obtain values for the point defect concentrations in each region, and to calculate the
subsequent dislocation climb and glide as a function of the irradiation temperature. Their results
indicated that the point defect transient could give rise to significant creep below about 300°C.
Similar levels of creep were obtained at 100 and 300°C, with a maximum in the creep curve near
200'C.

The model discussed here removes the approximations used in Ref. 12. The rate equations
for the point defect concentrations and the creep rate due to the climb-enabled glide mechanism
were numerically integrated to obtain values for irradiation creep as a function of dose and
temperature. Before turning to the creep model, the behavior of the point defect concentrations
will be briefly reviewed.

Time-dependence of Point Defect Concentrations

The rate equations that describe the interstitial (subscript-i) and vacancy (subscript-v)
concentrations can be written as:

dCt

dt

dcv

where C is the concentration, D is the diffusivity, G is the generation rate. The constant R in
Eqs. (1) and (2) is the recombination coefficient, and the S? are the sink strengths for the various
extended defects (eg. dislocations, grain boundaries, and cavities). The point defect generation
rates in these equations reflect the influence of in-cascade recombination and clustering and
thermal vacancy emission from sinks. More detailed information about the various terms in Eqs.
(1) and (2) is given in Refs. 15 to 17.

The time required for the point defect concentrations to reach steady state is determined by
the displacement rate and the sink structure. The commonly-used steady state approximations to
the point defect concentrations are obtained by setting the time derivatives in Eqs. (1) and (2)
equal to zero and solving these two equations simultaneously. However, this approximation is
invalid if the experiment of interest is short compared to the time (or dose) required to reach



steady state. Three characteristic times can be defined that describe the approach to steady state
[15]. The relative importance of these three times is determined by the major point defect loss
mechanism. In principle, point defect loss can be dominated by either mutual recombination or
absorption at sinks. A mixed or intermediate case between these two extremes is also possible.
All three cases are illustrated in Fig. 3, where the three characteristic times have been converted
to doses by multiplying each time by the displacement rate (Gdpa), i.e., Aj=GdpaTj. The values of
the point defect concentrations shown in Fig. 3 were calculated by integrating Eqs. (1) and (2)
with the material and irradiation parameters listed in Table 1. These values are representative of
-.ustenitic stainless steels. However, the relevant results of these calculations are not sensitive to
rather large changes in these basic parameters.

The first time (dose) to note in Fig. 3 is that required for the defect concentrations to reach a
.iigh enough value for mutual recombination to limit their further increase, TR. If the point
cefects are lost only to recombination, then TR also determines the time to steady state.

_1 (3 )

If there is a significant loss of point defects to sinks (as is usually the case), then the time
required for the vacancies to diffuse to sinks, xv, is the time that defines the approach to steady
state,

- 1 (4)

In this case xR determines the time required to reach a pseudo-steady state as shown in Fig 3.
The time for interstitials to diffuse to sinks, T;, is typically much shorter than tv because of the
higher interstitial diffusivity,

. i v - l (5)

In order to show the behavior at the sink and recombination dominated limits in Fig. 3,
somewhat extreme values of the dislocation sink strength were used, 1016 m'2 for the sink
dominated case denoted by "s" and essentially zero for the recombination dominated case denoted
by "r". A value of 1010 m'2 was used for the intermediate case denoted by "m". In each of the
three cases, the point defect concentrations initially build up linearly. For the recombination
dominated case the point defect concentrations reach steady state at AR. For the sink dominated
case, Aj(s) < AR and the interstitial and vacancy concentrations directly build up to their steady
state values at A;(s) and Av(s), respectively. For the intermediate case, Aj(m) > AR and the point
defect concentrations follow the same behavior as recombination dominant until the interstitials
begin to be lost to sinks at A;. The interstitial concentration decreases and the vacancy
concentration increases until vacancies begin to be lust to sinks and steady state is reached at
Av(m).



The temperature dependence of the time, TV required for the vacancy concentration to reach
steady state is shown in Fig. 4 using microstructural and material parameters from Table 1. This
time is about 1 hour at 250"C and increases rapidly at lower temperatures. At 100'C, the time is
about 6 years. This indicates that the steady state point defect concentrations would never be
reached during low-temperature irradiation experiments. Even for somewhat higher
temperatures, the effect of multiple reactor start-up and shutdown cycles could prevent steady
state from being achieved.

Influence of Point Defect Transient on Dislocation Motion

During the extended point defect transient, dislocations will absorb an excess of interstitials
leading to enhanced climb in one direction. The dislocation climb velocity can be calculated as:

d_ 1 2rc |y<*n ,-, 7drj ( r rd,-\ (6)

where bd is Lie Burgers vector, Z;d ana Zj are the dislocation capture efficiencies and Cv
d is the

vacancy concentration in equilibrium with the dislocation [17]. The constants ro and rc in Eq. (6)
are the inner and outer cutoff radii used in calculating the dislocation sink strength [16,17].

The point defect concentrations and the dislocation climb velocity at 100 and 500"C are
shown as a function of dose in Fig. 5a and 5b. Over this temperature range, the duration of the
point defect transient varies by almost nine orders of magnitude. The influence of the duration of
the point defect transient can be clearly seen in Fig. 5b. At very low doses, the climb velocity is
higher at 500°C than at 100'C due to the higher defect mobility. However, as the point defect
concentrations approach steady state at 500°C near 10"7 dpa, the climb velocity at 100'C exceeds
that at 500*C. It remains greater from about 2xlO"7 dpa to 5 dpa. The climb velocity in Fig. 5b
was calculated using the parameters listed in Table 1. These point defect capture efficiencies
neglect any effects of stress-induced preferential interstitial absorption. These effects will be
discussed below.

Predicted Irradiation Creep

The irradiation creep mechanism that has been chosen to investigate the influence of this
accelerated dislocation climb is that of climb-enabled dislocation glide. This mechanism has been
described by Mansur [18], and leads to the following equation for the creep rate:

where o is the applied stress, E is Young's modulus and pd is the dislocation density. If the effect
of preferential interstitial absorption [19-21] is included in the dislocation climb velocity, Mansur
has shown that the creep rate due to climb-enabled glide is comparable to that calculated for the
conventional stress-induced preferential absorption (SIPA) mechanism for stresses near 100 MPa
[18]. These creep rates are generally smaller than those due to the transient interstitial absorption



mechanism which is the subject of the present paper. In order to obtain the results that are
discussed below, the point defect capture efficiencies of Wolfcr and Ashkin [20] were adopted.
The dislocation densities discussed in Ref. 12 were used to permit the direct comparison of the
earlier, simplified calculations with the present work.

The predicted values of irradiation creep at 50, 100. 300, and 500°C are shown as a function
of dose in Fig. 6. The general behavior can be most clearly seen in the curve for 300"C. Tn this
case, the point defect transient leads to a high creep rate up to about 10~* dpa. The creep rate
then drops to near zero as the point defects approach their steady state values. At about 10'2

dpa, the creep rate begins to increase due to the steady state climb-glide mechanism driven by
SIP A. The behavior is similar at the other temperatures, but only part of the behavior can be
observed in the dose increment included in Fig. 6. At 500°C, the steady state creep rate is
somewhat higher, but the transient is very short and contributes little to the accumulated creep.
At 50 and 100'C, the transient dominates the creep behavior. In Fig. 6, the transient has just
ended at near 100 dpa for 100'C irradiation, while the transient extends beyond 1000 dpa at
50'C.

Once steady state creep has been established, the expected temperature dependence of creep
is observed. The predicted creep is only weakly dependent on temperature until a temperature is
reached where thermal creep processes begin to be significant. Prior to this time, the
temperature dependence is more complex. This temperature dependence is shown in Fig. 7 at
four doses for an applied stress of 100 MPa. At the lowest temperatures, irradiation creep due to
the point defect transient always dominates the behavior for the doses shown in Fig. 7. At the
high temperatures, the accumulated creep is due to the transient at low doses but due to steady
state creep at the higher doses. At low doses, prior to the accumulation of significant steady state
creep, greater creep is predicted at the low temperatures. However, the higher steady state creep
rates predicted above 300"C lead to comparable values of irradiation creep at these temperatures
for doses greater than about 10 dpa. Since the. creep rate is higher at steady state than it is
during the transient, the total creep increases faster at the higher temperatures. This behavior
leads to a minimum in the creep curve near 200°C at intermediate doses. The minimum moves
to lower temperatures as the dose increases because the temperature range of significant steady
state creep extends to lower temperatures at higher doses. This result highlights a major
difference between the present work and that reported in Ref. 12. In that work, essentially the
same creep model was used as presented here. However, the use of piece-wise approximations
for the actual time-dependent values of the point defect concentrations and summation rather
than numerical integration, led to a maximum in the creep curve at 200'C.

The creep measured in 25% cold-worked PCA after irradiation to 8 dpa in the
ORR-MFE-6J/7J experiment at an effective stress of 90 MPa is also shown in Fig. 7. The values
of irradiation creep predicted by the model described here compare very favorably with these
measurements. In particular, good agreement is shown between the measured and predicted
creep at 60"C where steady state creep models fail to predict significant creep. A comparison of
the predicted values in Fig. 7 and the data in Fig. 2 also shows good qualitative agreement.

The predictions of models such as that used here are known to be sensitive to the
microstructural and material parameters that are used. However, all parameters used here are
within the range of those thought to be appropriate for austenitic stainless steels. In addition, the
predictions of the model have been examined to determine their sensitivity to reasonable
parameter variations. Two examples of this parametric analysis are shown in Fig. 8 where the
solid curves in Figs. 8a and 8b are the predictions with the base parameter set discussed above.



The influence of the assumed dislocation capture efficiencies for point defects is shown in Fig. Sa.
If preferential absorption is neglected, and the capture efficiencies listed in Table 1 are used, the
broken curve is obtained. Much less creep is predicted at intermediate temperatures due to the
absence of SIPA. However, the point defect transient-induced creep persists at low temperatures
and thermal creep contributes above about 500'C. The influence of the vacancy migration
energy is shown in Fig. 8b. Here again, the basic behavior is not altered in a significant way.
Both the minimum in the creep curve and the temperature at which thermal creep begins to
occur are decreased as a result of higher vacancy mobility.

SUMMARY AND DISCUSSION

At low temperatures, the time required for the point defect concentrations to reach steady
state can exceed 1000 dpa. The influence of this lengthy transient on irradiation creep has been
examined using a climb-enabled glide creep model. The transient has been shown to "lead to
enhanced creep at temperatures below about 250'C. A comparison between the model's
predictions and irradiation creep data in the range of 60 to 400'C from the ORR-MFE-6J/7J
experiment shows good agreement and supports the conclusion that the point defect transient is
responsible for the low-temperature creep observed in this experiment.

This mechanism of irradiation creep is similar to that discussed by MacEwen and Fidleris [22].
They were concerned about creep in Zircaloy reactor components due to the point defect
transients induced by the multiple start-up and shutdown cycles experienced by commercial
reactors. Although the point defect transient is relatively short at the temperatures used in their
experiments (300-335"C), they were able to show a correlation between the creep rate and the
point defect transient. Simonen and Hendrick [23] explored a related effect when they
investigated the influence of pulsed irradiation on irradiation creep. They found that the creep
rate in nickel at 200"C under pulsed irradiation was about three times that under steady
irradiation and attributed the increase to uncompensated interstitial absorption during the pulse
on-time and uncompensated vacancy absorption during the pulse off-time [23].

Any microstructural evolution that is determined by the net flux of point defects (interstitials
minus vacancies) should be similarly enhanced at low temperatures. Thus, the implications of this
work extend to other radiation-induced property changes as well. For example, although it was
not investigated here, the high interstitial supersaturation that is obtained during the
transient should lead to enhanced formation of interstitial clusters. Since these clusters are nuclei
for interstitial loops, the point defect transient could cause unexpected hardening at these
irradiation conditions. Similarly, the rapid recovery of the dislocation network and the high
interstitial loop densities that are sometimes observed at low temperatures and doses could be
explained by this effect.

Taken together with the earlier work discussed above [12,22,23], these results indicate the
need for a careful determination of the expected behavior of irradiated materials at low
temperatures. The steady state rate equations can not be used to model such behavior. Rather,
more detailed models should be developed that explicitly follow the time dependence of the point
defects, point defect clusters, and the other extended defects present in the microstructure.
Fortunately, recent advances in computing hardware will permit such calculations to be done at
relatively low cost.
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Table 1. Typical Material Parameters

Interstitial migration energy (eV) 0.15

Vacancy migration energy (eV) 1.4

Vacancy formation energy (eV) 1.6

Recombination radius (nm) 0.25

Surface free energy (J/m2) 1.50

Interstitial-dislocation capture efficiency, without 1.25
preferential absorption

with preferential absorption see [20]

Vacancy-dislocation capture efficiency,

without preferenatial absorption 1.00

with preferential absorption see [20]

Displacement rate (dpa/s) l.OxlO"6
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Figure Captions

Figure 1. Stress dependence of irradiation creep measured in 25% cold-worked PCA
after irradiation to 6.9 (60 and 100'C) and S.O (330 and 400'C) dpa in
the ORR-MFE-6J/7J experiment.

Figure 2. Temperature dependence of irradiation creep at 87 and 193 MPa measured
in 25% cold-worked PCA after irradiation to 6.9 (60 and 200°C) and S.O
(330 and 400°C) dpa in the ORR-MFE-6J/7J experiment.

Figure 3. Dose dependence of the interstitial and vacancy concentrations for
recombination-dominanted defect absorption (r-Low Sink Strength), sink-
dominated defect absorption (s-High Sink Strength), and an intermediate
case (m-Mixed). See text for sink strength values.

Figure 4. Temperature dependence of the the time required for the vacancy
concentration to reach steady state (Eq. 5) for parameters typical of
austenitic stainless steel.

Figure 5. Dose dependence of the point defect concentrations (a) and the dislocation
climb velocity (b) at 100 and 500"C.

Figure 6. Predicted values of irradiation creep due to the climb-assisted dislocation
glide mechanism. Results are shown as a function of dose with an applied
stress of 100 MPa for irradiation temperatures of 50, 100, 300, and 500°C.

Figure 7. Temperature dependence of the predicted values of irradiation creep due to
the climb-assisted dislocation glide mechanism. Results are shown for four
doses with an applied stress of 100 MPa and compared with measurements of
25% cold-worked PCA irradiated in the ORR-MFE-6J/7J experiment.

Figure 3. Dependence of the predicted irradiation creep at 8 dpa on model parameters.
The solid lines in (a) and (b) indicate the behavior with base parameter set
discussed in the text. The broken line in (a) shows the predicted behavior
if stress-induced preferential interstitial absorption is not included in the model and the
effect of varying the vacancy migration energy is shown in (b).
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intermediate case (m-Mixed). See text for sink strength values.
(Stoller, Grossbeck and Mansur)
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Figure 4. Temperature dependence of the the time required for the vacancy
concentration to reach steady state (Eq. 5) for parameters typical
of austemtic stainless steel.

(Stoller, Grossbeck and Mansur)
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Figure 5. Dose dependence of the point defect concentrations (a) and the dislocation
climb velocity (b) at 100 and 500 C.

(Stoller, Grossbeck and Mansur)



PREDICTED CREEP STRAIN (%)

on t o -»• eno o o oo o o ^
t o o Cj

COO

o
3D

3
o

Figure 6. Predicted values of irradiation creep due to the climb-assisted dislocation
glide mechanism. Results are shown as a function of dose with an applied
stress of 100 MPa for irradiation temperatures of 50, 100, 300, and S00 C.

(Stoller, Grossbeck and Mansur)
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Figure 7. Temperature dependence of the predicted values of irradiation creep due to
the climb-assisted dislocation glide mechanism. Results are shown for four
doses with an applied stress of 100 MPa and compared with measurements of
25% cold-worked PCA irradiated in the 0RR-MFE-6J/7J experiment.

(Stoller, Grossbeck and Mansur)
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