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Abstract

In-reactor creep of helium-pressurized 20% cold worked Type 316
stainless steel tubes was investigated for temperatures in the range of
375 to 575°C. The creep strain was found to be in excess of the thermal
creep of unirradiated specimens and the strain rate increased both with
temperature and neutron fluence. These results are not clearly predicted by
contemporary theories of creep during neutron irradiation.
INTRODUCTION

Early indications of temperature dependence for irradiation creep were

reported by Hesketh” in which the creep rate of Ni was found to double by

decreasing the irradiation temperature from 43 to -195°C. Subsequent compari-

(21

sons of results on austenitic stainless steels'” * showed irradiation creep
to be rather insensitive to temperature in the range of 100 to 400°C.

The present experiment was performed in the range of 375 to 575°C to
determine if irradiation creep in stainless steels persists to temperatures
as high as 600°C where thermal creep becomes important, and then to determine
if the temperature insensitivity measured below 400°C also applies to
temperatures as high as 600°C.

EXPERIMENTAL DETAILS

This experiment consisted of 1 inch long segments of pressurized

20% CW Type 316 tubing. Forty-three 20% cold worked specimens have been

measured after irradiation to peak fluences of 0.4, 1.6 and 3.0 x 1022n/cm2

(E > 0.1 MeV). Specimens are now being irradiated to peak fluence levels of



6.0 and 10.0 x 1022n/cm2 (E > 0.1 MeV). Hoop stresses range from 0 to
60.000 psi with irradiation temperatures in the range of 375 to 575°C.

The hoop stress was computed by the thin wall formula for the
tangential stress at the midwall and is 7.167 times the pressure differential
across the tube wall. The hoop strain was taken as the ratio of the change
in outside diameter to the initial outside diameter times 1.15
RESULTS

The first step in the data analysis involved constructing isochronal
strain-stress curves for each temperature and each fluence set. These curves
appeared linear in hoop stress and showed negative strain intercepts at zero
stress. A least squares analysis of the data points yielded a positive
slope de”*/da”)g and an intercept b which was negative. Since the corres-
ponding ba for axial strain was found to be independent of stress, it was assumed
that the diametral b is also independent of stress. Consequently, the strain
values at all stresses were increased by the absolute value of b so that the
creep data would show zero strain at zero stress. Datum points for 500°C
after this adjustment are shown in Figure 1. The specific values of de”/da”)g
and b for each data set are given in Table |I.

The least square values of de”/de”*g < were then plotted versus 4> as
shown in Figure 2. At temperatures below 518°C the datum points are linear
with fluence. A least squares analysis of the datum points yielded values
for the transient and steady state irradiation creep coefficients A* and

for the following equation:

eh= \/h+ Bheh, t )

Values for these coefficients are given in Table Il in terms of atomic

displacements according to the Doran damage function, fast fluence, and Ec()t.



For temperatures of 377, 452, and 500°Cythe values of appear to scatter
closely around zero, while the value of is 86 + 2.0 x 10"9 psi-1 dpa-1.
For temperatures above 500°C, the data show systematic deviations from
Equation 1. The creep rate increases with fluence so that the linear
analysis results in a negative value of and an average value of BA.
Since there is no swelling as confirmed by immersion density measurements,
the deviation cannot be attributed to swelling enhanced creep.

The increase in creep rate with neutron fluence can be described with a
hyperbolic tangent function by the curves drawn in Figure 2. The equation

is given below.

- R| [P-(R-|/15) Tanh 10 P/~] x 108 (2)
n
en = midwall hoop strain =1.15 AD/DO
= midwall hoop strain, psi = 7.167 P
Rj = 2.3 + (16.9 x 106) EXP(-24,000/RT)
P = neutron fluence, 1022n/cm2 (E > 0.1 MeV)
T = temperature, °K

Thermal control creep tests were conducted on the same material which
was used for the in-reactor experiment. The thermal creep strains were
subtracted from the in-reactor and plotted in Figure 3. The resulting
strain obtained at the different temperatures appears to form a narrow band
up to 1 x 1022n/cm2. A hyperbolic tangent function is plotted in Figure 3
which describes the difference between the total in-reactor strain and the

thermal creep strain measured in control experiments. This equation is:



e—: = {2.3P + A [P-1.7 Tanh P/1.7]} x 10"8 3)
e
A = 25,000 EXP (-13,000/RT)
The other terms retain the previously assigned definitions.
DISCUSSION

The results of this in-reactor creep experiment have shown that irra-
diation creep persists to temperatures approaching 600°C at a rate which
increases with neutron fluence. These results are in good agreement with
results obtained at a fluence of 6.5 x 1022n/cm2 (E > 0.1 MeV) in an instru-
mented test conducted at 1000°F. The temperature dependence of the irradiation
creep at 2, 8 and 15 DPA is shown in Figure 4. This figure implies through
extrapolation above 575°C that irradiation creep could be important to
temperatures as high as 650°C before thermal creep dominates.

It is anticipated that the departure from linear fluence behavior is a
consequence of irradiation-induced microstructural changes in dislocation
density and configuration. At the higher irradiation temperatures in this
experiment, the Frank loops readily unfault and become mobile dislocations.
The cold worked microstructure also slowly recovers during irradiation at
these higher temperatures and the rearrangement of the dislocations results
in accelerated creep. It is also possible that irradiation enhanced recovery
at the higher irradiation temperatures could cause the thermal creep rate to

increase with time.
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TABLE 11
CREEP COEFFICIENTS Ah AND Bh FOR XI57 20% COLD WORKED 316 SS PRESSURIZED TUBES

Irradiation

Temperature, qh’ i q hy i 15-30 psi"1 em?-n”" 10-30 (psi Mev n/'cmzﬁ("I
°C 10" psi" 10 psi" dpa" (E > 0.1 MeV) (E > 10~10 MeV)
3.2 6.6 3.1 4.4
- 4.0 10.7 51 6.7
6.9 8.5 4.0 5.0
1.6 12.0 5.8 7.3
-24.5 15 7.2 9.1

-29.6 19.8 9.4 11.0



Figure 1.
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Figure 2.

X157 IN-REACTOR CREEP
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Figure 3.
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Figure 4.

TEMPERATURE DEPENDENCE OF IN-REACTOR AND
THERMAL CREEP FOR 20% CW 316 SS
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