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Abstract

The irradiation creep data from four completed tests have been analysed to show that the steady state irradiation

creep rate exhibits a moderate and complex temperature dependence. The irradiation creep tests were performed in the

Experimental Breeder Reactor Number II (EBR-II) using beams and pressurized tubes, and in the Oak Ridge Reactor

(ORR) and the High Flux Isotope Reactor (HFIR) using pressurized tubes. The data cover the temperature range from

200°C to 585°C, and show that from 200°C to 330°C, the steady state rate increases moderately with increasing

temperature. At about 330°C, the steady state rate peaks and rapidly decreases with increasing temperature from 330°C

to 370°C. From 370°C to 585°C the steady state rate moderately increases with increasing temperature. Ó 1999

Elsevier Science B.V. All rights reserved.

1. Introduction

Irradiation creep has been studied extensively to

provide data that can be used for component analysis. In

the fast breeder program, irradiation creep has been

investigated to characterize irradiation creep behavior

and determine its interaction with swelling. This infor-

mation is also useful for light water reactors where

swelling is signi®cantly reduced in comparison to fast

breeders. In the case of Pressurized Water Reactors, the

service behavior of ba�e-former bolts and split pins in

the reactor internals is dependent upon irradiation

creep. Hence, the behavior of irradiation creep at rela-

tively low dose levels needs to be characterized.

The irradiation creep strain of 20% cold worked

(CW) 316 stainless steel (SS) [1] may be represented by

an equation with three terms:

e � A1r�1ÿ exp�ÿA2f �� � A3rf

� A4X
2r ln�cosh�f =X�=A5�; �1�

where e is the irradiation creep strain, r is the stress, f is

the displacement dose and A1, A2, A3, A4, A5 and X are

material coe�cients. The ®rst term is the initial transient

component. The second term is the steady state rate

component. The material coe�cient A2 provides a

smooth transition between the transient and the steady

state components. The third term is the tertiary com-

ponent. The tertiary component has also been referred

to as swelling enhanced irradiation creep and has been

expressed in the form DDV/Vo, where D is a material

coe�cient and DV/Vo is the swelling [2,3]. In this form,

Eq. (1) becomes

e � A1r�1ÿ exp�ÿA2f �� � A3rf � A5r�DV =Vo�: �2�
Most emphasis has been placed on the swelling de-

pendent component [4]. This study will re-evaluate the

steady state rate term. Previous evaluations [1,3,5] have

concluded that the steady state rate component is tem-

perature independent. However, a detailed analysis of

irradiation creep data over the temperature range of
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200±585°C shows that the steady state component ex-

hibits a complex temperature dependence. The purpose

of this paper is to document this behavior. First, the

selected irradiation creep tests will be analyzed and then

the resulting temperature dependence of the steady state

creep rate component will be presented.

2. Analysis of irradiation creep tests

The data from four completed irradiation creep tests

will be analyzed to develop the temperature dependence

of the steady state irradiation creep rate component. The

tests covered a very wide temperature range. The tests

include, pressurized tubes in Experimental Breeder Re-

actor Number II (EBR-II), beams in bending in EBR-II,

pressurized tubes in Oak Ridge Reactor (ORR) and

pressurized tubes in ORR/High Flux Isotope Reactor

(HFIR).

A pressurized tube biaxial tension test [1,6] was per-

formed in EBR-II. The test samples were short tubes

fabricated with 20% CW 316 SS. The irradiation creep

diametral strains were measured after ®xed irradiation

intervals. Fig. 1 presents a typical example of the data.

The results show excellent self-consistency of the indi-

vidual samples. The samples were tested in the temper-

ature range of 377±585°C. Test data on di�erent samples

irradiated for di�erent time periods provided irradiation

creep data with increasing dose. The hoop strain versus

hoop stress data were reported with neutron ¯uence

units [1]. The displacement dose was calculated based on

the sample axial locations at each measurement position

and the neutron ¯ux shape. The neutron ¯ux values were

calculated with the two-dimensional solver routines in

the transport code DANTSYS. These evaluations used

the ENDF/B-V cross sections and the sample radial±

axial position geometry. The cross sections were col-

lapsed to a 28 energy group structure using weighting

¯uxes appropriate for speci®c regions in the EBR-II core

(the fuel, re¯ector and blanket regions). The 28 group

damage cross sections were collapsed from ENDF/B-VI

using the cross section processing code NJOY. The

calculated displacement per atom values were deter-

mined by multiplying the neutron ¯uence by the ENDF/

B-VI damage cross sections.

The irradiation creep coe�cients were evaluated for

each dose level using the hoop strain versus hoop stress

data. A typical example is shown in Fig. 1. The irradi-

ation creep coe�cients were calculated by regression ®ts

to the linear region of the hoop strain versus hoop stress

at ®xed dose levels. The hoop strain and stress units were

converted to equivalent strain and stress using the re-

ported conversion methods [7]. The EBR-II pressurized

tube data and analysis was performed carefully to ex-

clude the e�ects of swelling. In addition to the diameter

measurements, length change and selected immersion

density measurements were performed. These measure-

ments were used to exclude the data sets that had

swelling. In the absence of swelling, the resulting irra-

diation creep coe�cients (i.e., in units of %/MPa-dpa)

Fig. 1. Hoop strain versus hoop stress data for the EBR-II pressurized tube test at 377°C and 13 dpa.
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should be approximately constant in the steady state

rate region. Fig. 2 presents the data at a test temperature

of 475°C. The irradiation creep coe�cients are approx-

imately constant over the dose range of 1.5±19.0 dpa as

indicated by the solid line in Fig. 2. The irradiation

creep coe�cients at dose values greater than 19 dpa

exhibit higher values due to tertiary or swelling en-

hanced creep as indicated by the dashed line in Fig. 2.

The irradiation creep coe�cients which exhibited ap-

proximately constant values at low dose levels were av-

eraged as indicated in Fig. 2. This procedure was

performed at each test temperature.

An irradiation creep in bending test [4,8±10] was

performed in the EBR-II reactor. The beam samples

were fabricated using 20% CW 316 SS. The beam sam-

ples included both 4-point uniform width and tapered

width cantilever beams. The width of the cantilever

beams were uniformly tapered such that a uniform

bending stress resulted over the entire beam length. The

data consist of repetitive strain measurements [4,8±10]

made on the same samples with increasing dose. The

displacement dose was calculated based on the beam

axial locations at each measurement position and the

neutron ¯ux shape. The beam positions were determined

from subassembly radiographs. The irradiation dose for

each beam sample was calculated by the same procedure

described above for the EBR-II pressurized tubes.

The beams were loaded with stresses over the range

of 156±240 MPa for the cantilever and 80±327 MPa for

the uniform beams, respectively. Since irradiation creep

is linear with stress [1], the data were analysed as strain

normalized stress versus dose. Figs. 3 and 4 present

typical examples of the cantilever and 4-point beam

data, respectively. The samples exhibit all three irradi-

ation creep components (i.e., the initial transient, the

steady state rate and the high dose tertiary component).

The transient A1 coe�cient and the steady state rate

coe�cient A3 were determined by regression ®ts to the

data of the strain normalized stress versus dose in

the linear region as illustrated in Figs. 3 and 4 for all of

the beam samples. There were a total of 22 4-point and

42 cantilever beam samples. The beam bending creep

coe�cients used in this study were evaluated as carefully

as possible to exclude the e�ects of swelling. According

to Refs. [4,11], the creep behavior of the samples are

linear up to about a ¯uence of 6 ´ 1022 n/cm2 (E > 0.1

MeV). At ¯uences >6 ´ 1022 n/cm2, the creep rate in-

creases due to microstructural changes. These changes

include swelling. A comparison of the maximum irra-

diation dose and irradiation temperatures of the beams

evaluated in this study was made with the EBR-II

pressurized tubes (for which immersion density data are

available at relatively low doses). Further, the dose levels

of the beam sample data set used in this study was sig-

ni®cantly less than the dose level of the beam samples

examined for swelling. Two uniform beams were de-

structively evaluated for swelling. The amount of

swelling was small (<0.4%). The maximum dose values

Fig. 2. Steady state creep rates from the EBR-II pressurized tube test at 475°C.
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of the data set used for the analysis presented by this

study were signi®cantly less than the dose values of the

samples used for the swelling measurements.

Figs. 5 and 6 present the results for the transient A1

and steady state rate A3 coe�cients, respectively. The

cantilever beams with applied stresses below 156 MPa

Fig. 3. Irradiation creep strain normalized stress versus dose data and the steady state rate regression ®t for cantilever beam C12 in the

EBR-II bending test.

Fig. 4. Irradiation creep strain normalized stress versus dose data and the steady state rate regression ®t for 4-point beam U1 in the

EBR-II bending test.
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were neglected because very small irradiation creep

strains were measured. The A1 coe�cient exhibits con-

siderable scatter and is temperature independent over

the range of 379±465°C. The steady state rate A3 coef-

®cient is temperature dependent. The value of A3 de-

creases with decreasing temperature. The relatively

moderate temperature dependence and beam sample-to-

sample data scatter explain why the temperature de-

pendence of the steady state rate was not previously

observed. The steady state rate increase is only a factor

Fig. 6. Steady state rate component A3 coe�cients for the cantilever and 4-point beams in the EBR-II bending test.

Fig. 5. Transient component A1 coe�cients for the cantilever and 4-point beams in the EBR-II bending test.
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of 1.5 from 379°C to 465°C. The line presented in Fig. 6

is a least square regression ®t to the steady state rate

data.

Two sets of pressurized tube tests [11,12] were per-

formed in the ORR reactor. One set of 20% CW 316 SS

samples were fabricated with heat number 15893. The

samples were irradiated to 12 dpa over the temperature

range of 330±600°C. Figs. 7 and 8 present the hoop

strain and hoop stress data at 330°C and 400°C con-

verted to equivalent strain versus equivalent stress. The

higher temperature data at 500°C and 600°C were

omitted because a careful reanalysis shows that it is in-

consistent with the 330°C and 400°C data. All of the

ORR data are presented in Figs. 7±10 as equivalent

strain versus equivalent stress. Figs. 7 and 8 show that

there is excellent sample-to-sample self consistency, and

that the data extrapolate to small positive strain values

(i.e., the y-intercept) at 0 stress. This extrapolation is

considered to be representative of the stress free swell-

ing. On the other hand, the data at 500°C and 600°C

exhibit relatively large sample-to-sample scatter and an

unreasonable y-intercept value in the case of the 500°C

data. Fig. 9 shows that the 500°C data exhibit relatively

large sample-to-sample scatter in comparison with the

330°C and 400°C data. Further, the y-intercept value is

equal to ÿ0.26%, which is inconsistent with the behavior

exhibited by the 330°C, 400°C and 600°C data. In the

case of the 600°C data (see Fig. 10), 5 data points are

grouped at low stress and exhibit relatively large sample-

to-sample scatter in comparison with the 330°C and

400°C data. Further, there is only one higher stress data

point, so an accurate creep coe�cient cannot be deter-

mined using this data set. Note that the y-intercept is

apparently a small negative value between 0 and ÿ0.1%.

The irradiation creep coe�cients for the data in

Figs. 7 and 8 were determined by regression ®ts to the

linear region of the data. Since data at di�erent dose

levels are not available, the data in Figs. 7 and 8 were

assumed to be in the steady state rate irradiation creep

region. This is a reasonable assumption because the

samples were irradiated to 12 dpa, which is considerably

less than the dose levels required to initiate tertiary ir-

radiation creep as illustrated by the EBR-II pressurized

tube and beam tests (see Figs. 2±4).

A second set of pressurized tube samples [12] was

fabricated with 20% CW 316 SS using a Japanese ma-

terial heat. The samples were irradiated in ORR and

then transferred to HFIR for continued testing. The

samples were measured at 7 and 19 dpa. The steady state

rate irradiation creep coe�cients were determined by the

method used for the ®rst set of ORR pressurized tubes

described above. Table 1 presents the results of a re-

evaluation of the data used to formulate Table 3 in Ref.

[11]. Note that the CW materials listed in Table 1 exhibit

an increase in irradiation creep rate at 330°C relative to

the results at 200°C and 400°C. The 25% CW USPCA

results are listed as well as the 20% CW 316 SS results

because the USPCA alloy is very similar in chemical

composition to 316 SS. In addition, the thermo-me-

chanical treatment of both materials was similar. In the

Fig. 7. Equivalent strain versus equivalent stress for the ORR Heat 15893 pressurized tubes at 330°C.
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case of 20% CW 316 SS data at 7 dpa, the 330°C data

show a small increase in the irradiation creep coe�cient

relative to the data at 200°C and 400°C. The USPCA

suggest that this may be due to sample-to-sample data

scatter. Con®rmatory data for 20% CW 316 SS are re-

quired at 7 dpa.

Fig. 9. Equivalent strain versus equivalent stress for the ORR Heat 15893 pressurized tubes at 500°C.

Fig. 8. Equivalent strain versus equivalent stress for the ORR Heat 15893 pressurized tubes at 400°C.
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3. Results and discussion

Fig. 11 presents the results of the steady state irra-

diation creep rate versus temperature. The data associ-

ated with each test is identi®ed in the legend. The

regression ®t to the beams shown in Fig. 6 is presented

in Fig. 11 and identi®ed as the EBR-II beam test re-

gression ®t. The average steady state irradiation creep

coe�cients of the EBR-II pressurized tube test are

identi®ed as the EBR-II pressurized tubes. The irradia-

tion creep coe�cients determined at 12 dpa using the

ORR biaxial stress test data are identi®ed as ORR Heat

15893. The irradiation creep coe�cients determined at

19 dpa using the Japanese 316 heat are identi®ed as

ORR Lot J316. The data in Fig. 11 cover an extensive

temperature range from 200°C to 585°C. The ORR

creep tests cover the range from 200°C to 400°C. As the

temperature increases from 200°C to 370°C, the steady

state rate moderately increases, peaks at about 330°C

and then decreases at a rapid rate from 330°C to 370°C.

Note that the irradiation creep coe�cient results for the

25% CW USPCA alloy [12], which is similar in chemical

composition to 316 SS, exhibit the same behavior in the

temperature interval between 200°C and 400°C as il-

lustrated in Fig. 11. The four data sets overlap in the

temperature interval between 377°C and 400°C, and the

steady state rates are in good agreement. The EBR-II

pressurized tubes and EBR-II beams cover the range

from 377°C to 585°C and exhibit a moderate increase in

steady state creep rate with increasing temperature.

The comparison between EBR-II and ORR irradia-

tion creep data may be made directly. Ref. [11] reported

that higher irradiation creep occurs in ORR (a thermal

neutron spectrum reactor) relative to FFTF (a fast

neutron spectrum reactor). This apparent behavior was

attributed to the higher amount of helium generated in

the thermal neutron reactor. A re-examination of this

analysis indicates that irradiation creep is similar in

Fig. 10. Equivalent strain versus equivalent stress for the ORR Heat 15893 pressurized tubes at 600°C.

Table 1

Re-evaluated irradiation creep coe�cients for 20% CW 316 SS and 25% CW USPCA alloys reported by Grossbeck and Horak [11]

Material Dose (dpa) Irradiation creep coe�cient (10ÿ6/Mpa-dpa) at temperatures:

60°C 200°C 330°C 400°C

20% CW 316 SS 7 2.2 1.1 1.5 1.4

19 ÿ 0.70 2.2 1.1

25% CW USPCA 7 9.2±14 0.93 2.3 1.8

19 ÿ 0.63 2.7 1.5
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thermal and fast neutron spectra. The comparison of the

ORR and FFTF data can only be performed by using a

dose extrapolation. Figs. 3±5 presented by Grossbeck

and Horak [11] show that the ORR and FFTF data do

not overlap in dose. The FFTF data must be extrapo-

lated to lower dose values in order to be compared with

Fig. 12. Hoop strain versus hoop stress of pressurized tubes irradiated in ORR and EBR-II in the temperature range from 377°C to

410°C at 12 dpa.

Fig. 11. Temperature dependence of the steady state irradiation creep rate.
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the ORR data. However, if the EBR-II data are used for

the comparison with the ORR data rather than the

FFTF data, no extrapolation in dose is required.

Figs. 12 and 13 present the ORR and EBR-II data.

Fig. 12 shows at 12 dpa that the irradiation creep strain

in ORR is slightly higher than in EBR-II. On the other

hand, Fig. 13 shows at 7 dpa that the ORR samples

exhibit slightly less irradiation creep strain than the

EBR-II samples. Hence, when the thermal spectra

(ORR) and the fast spectra (EBR-II) samples are com-

pared over the same dose interval (and at the same ir-

radiation temperature) no signi®cant di�erence in

irradiation creep strain is apparent. The slight shift of

the ORR data from slightly less to slightly higher irra-

diation creep relative to the EBR-II data at 7 and 12 dpa

may be due to helium generation as a function of in-

creasing dose. Alternatively, this slight shift could be

simply due to sample-to-sample scatter. These results

show that helium does not have a large e�ect on irra-

diation creep at relatively low dose levels. Hence, the

EBR-II and ORR data may be directly compared as

presented in Fig. 11.

4. Conclusions

A detailed analysis of irradiation creep test data show

that the steady state irradiation creep rate exhibits a

moderate and complex temperature dependence in the

temperature range from 200°C to 585°C. From 200°C to

330°C, the steady state rate increases moderately with

increasing temperature. At 330°C the steady state rate

peaks, and rapidly decreases from 330°C to 370°C.

From 377°C to 585°C, the steady state rate moderately

increases with increasing temperature.
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