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Radiation Embrittlement of the Neutron Shield Tank
from the Shippingport Reactor

O. K. Chopra, W. J. Shack, and S. T. Roslnski

Abstract

The irradiation embrittlement of neutron shield tank (NST) material (A212 Grade B

steel) from the Shippingport reactor has been characterized. Irradiation increases the

Charpy transition temperature (CTT) by 23-28°C (41-50°F) and decreases the upper-shelf
energy. The shift in CTT is not as severe as that observed in hlgh-flux isotope reactor
(HFIR) surveillance specimens. However, the actual value of the CTI" is higher than that for
the HFIR data. The increase in yield stress is 51 MPa (7.4 ksi), which is comparable to

HFIR data. The NST material is weaker in the transverse orientation than in the longitudi-
nal orientation. Some effects of position across the thickness of the wall are also observed;

the cTr shift is slightly greater for specimens from the inner region of the wall. Annealing
studies indicate complete recovery from embrittlement after 1 h at 400°C (752°F).

Although the weld metal is significantly tougher than the base metal, the shifts in CTT are
comparable. The shifts in CIT for the Shippingport NST are consistent with the test and

Army reactor data for irradiaUons at <232°C (<450°F) and show very good agreement with
the results for HFIR A212-B steel irradiated in the Oak Ridge Research Reactor (ORR).
The effects of irradiation temperature, fluence rate, and neutron flux spectrum are dis-
cussed. The results indicate that fluence rate has no effect on radiation embrittlement at

rates as low as 2 x 108 n/cm2.s and at the low operating temperatures of the Shippingport
NST, i.e., 55°C (130°F). This suggests that the accelerated embrittlement of HFIR surveil-
lance samples is most likely due to the relatively higher proportion of thermal neutrons in
the HFIR spectrum compared to that for the test reactors.
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Executive Summary

Data on surveillance specimens from the high-flux isotope reactor (HFIR) at Oak Ridge
National Laboratory showed a very high degree of embrittlement when compared with data
obtained on similar materials in test reactors. The difference between the HFIR and test

reactor data has been attributed to a fluence-rate effect, i.e., the degree of embrittlement
per unit of fast fluence increases at low neutron flux, and/or to a softened neutron spec-

trum, i.e., a high thermal-to-fast-neutron-flux ratio may contribute to accelerated embrit-
tlement. Current Nuclear Regulatory Commission guidelines for the assessment of embrit-
tlement of pressure vessel support structures of commercial light-water reactors do not
consider the contributions of fluence rate or spectral effects. HFIR results raise the possi-

bility that the guidelines may not be sufficiently conservative.

To help resolve this issue, a program was initiated to characterize the irradiation em-
brittlement of the neutron shield tank [NST) from the decommissioned Shippingport reac-

tor. The Shippingport NST, which operated at 55°C (130°F), was fabricated from rolled
A212 Grade B steel similar to that used for the HFIR vessel. The inner wall of the NST was

exposed to a total maximum fluence of =6 x 1017 n/cm 2 (E >1 MeV) over a life of 9.25 ef-
fective-full-power years (efpy). This corresponds to a fast flux of =2 x 109 n/cm2.s. The
HFIR surveillance specimens were exposed at a temperature of 50°C (122°F) over a period

of =17 efpy; the flux of fast neutrons was =2 x 108 n/cm2.s.

Eight disc.samples, _155 mm in diameter, of the base metal and three weld samples

were obtained from the inner wall of the NST, along with corresponding samples from the
outer wall. Material characterization was carried out to determine chemical composition,
grain structure, and hardness. Significant variations in hardness were observed across the

thickness of the NST wall; the hardness values of the inner- and outer-7-mm regions of
the plate were _-10% higher than those of the plate center. Irradiation embrittlement was
characteriz'_d by Charpy-impact and tensile tests, as well as by hardness measurements.

Specimens were obtained in longitudinal (LT) and transverse (TL) orientations from three
10-mm-wide regions (inner, center, and outer) :_cross the thickness of the NST wall.
Samples from the outer wall, with about 6 orders of magnitude lower fluence, were used to
determine baseline data for nonirradiated material.

Results indicate that the increase in Charpy transition temperature (CTT) for the

Shippingport NST is not as severe as that observed for HFIR surveillance samples. The ac-
tual value of CTT, however, is higher than that fol HFIR A212-B steel. The shifts in CTI" at
fluence levels between 3 and 6 x I017 n/cm 2 (E >1 MeV) are 23-28°C (41-50°F) for both
LT and TL orientations. The TL orientation is weaker than the LT orientation, i.e., the CTT

is higher and upper-shelf energy is lower. Increases in yield stress and hardness were

51 MPa (7.4 ksi) and 12-18 DPH, respectively. Annealing studies indicate complete recov-
ery from embrittlement after I h at 400°C (752°F). Although the weld metal is significantly
tougher than the ba_ _ metal, the shifts in CTI" are comparable. The mechanical-property
changes for the Shippingport NST agree well with the correlations between increases in

CTI', yield stress, and hardness that have been developed for pressure vessel steels.

Radiation embrittlement of the Shippingport NST A212-B steel is consistent with the
available data for irradiations at <232°C (<450°F) and shows very good agreement with the



data from test and Army reactors. The results indicate that at the low operating tempera-
tures of the Shippingport NST, i.e., 55°C (130°F) fluence rate has no effect on radlation em-
brittlement at rates as low as 2 x 108 n/cm2.s. The accelerated embrittlement of HFIR

surveillance samples is most likely due to the relatively higher proportion of thermal neu-
trons in the HFIR spectrum compared to that for the test reactors.



1 Introduction

Data on sm_zeillance specimens from the high-flux isotope reactor (HFIR) at Oak Ridge
National Laboratory showed a very high degree of radiation-induced embrittlement in A212
Grade B, A350 Grade LF3, and A105 Grade II steels 1.2 relative to that of similar materials

irradiated at low temperatures in test reactors. 3 The difference between the HFIR and test
reactor data has been attributed to a fluence-rate effect, i.e., the degree of embrittlement

per unit of fast fluence increases at low neutron flux, and/or to a softened neutron spec-
trum, i.e., a high thermal-to-fast-neutron-flux ratio may contribute to accelerated embrit-
tlement, l The relative contribution of fluence rate and spectrum could not be discerned
because the effects were concurrent and inseparable. The HFIR surveillance specimens

were exposed over a period of =17 effective-full-power years (efpy) at 50°C (122°F) and a
flux (E >I MeV] of 108-109 n/cm2.s to fluences of 1017-1018 n/cm 2. The fast-neutron flux

for the HFIR surveillance samples was several orders of magnitude lower than that in test

reactors (1013 n/cm2.s). At the surveillance position, thermal neutrons comprise 96% of
the total flux. The possible effects of fluence rate or spectrum were validated by compara-
tive tests on HFIR A212-B steel irradiated in the Oak Ridge Research Reactor (ORR) at a
flux of =1013 n/cm2.s. 1.2 The results indicated that an order of magnitude greater fluence is

needed in the ORR to produce the same shift in Charpy transition temperature (CTT) that
was observed in HFIR A212-B surveillance samples.

Current Nuclear Regulatory Commission (NRC) guidelines for the assessment of em-
brittlement of pressure vessel support structures of commercial LWRs do not consider the
contributions of fluence rate or spectral effects. HFIR surveillance data raise the possibility

that the guidelines may not be sufficiently conservative. 4 To help resolve this issue, a pro-
gram was initiated to characterize the irradiation embrittlement of the neutron shield tank
(NST) from the decommissioned Shippingport reactor. The Shippingport pressure vessel

utilized the NST for its support structure Shippingport was the first large-scale (72 MWe)
nuclear power plant in the United States. Criticality was achieved in December 1957 and

operation continued for a 25-y service life. Two separate pressurized-water reactor cores
and one light-water breeder core were used during the life of the facility.

The NST support for the reactor pressure vessel is a sklrt-mounted, annular, water-
filled tank that consists of two concentric shells extending above and below the reactor

core, Fig. 1. lt is exposed to reactor core beltline neutrons. Water is circulated through the

tank for cooling and shielding. Shippingport NST operated at 55°C (130°F) and was fabri-
cated from rolled A212 Grade B firebox steel similar to that used for the HFIR pressure ves-

sel. The inner wall of the NST was exposed to a total maximum fluc,nce of _-6 x 1017 n/cm 2

(E >1 MeV) over a life of 9.25 efpy. This corresponds to a fast-neutron flux of =2 x 10 9

n/cm2.s. The temperature, fast fluence, and fast flux for the Shippingport NST were com-
parable to those for the HFIR surveillance samples.

2 Material Characterization

The effort to obtain samples from the NST was sponsored Jointly by the NRC and the

U.S. Department of Energy Plant Life Extension Program at Sandia National Laboratories.
Sample removal was scheduled with the ongoing decommissioning operation that began in
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October 1982. The decommissioning plan called for a one-piece lift-out of the reactor

pressure vessel and NST assembly following removal of fuel and core internals, and backfill-

ing with a grouting material to serve as shielding. Cores were cut through the NST outer

wall and grout material to gain access to the NST Inner wall. The coring operation involved

the combined use of a commercially available diamond bit and a hole saw to remove =155-

mm (6 In.) diameter samples from the '.nner and outer walls of the NST. The actual sam-

pling was performed by personnel from Battelle Pacific Northwest Laboratory. A more de-

tailed description of the sampling and of the program plan have been presented earlier. 5,6

Eight samples of the base metal and three weld samples were obtained from the inner rail,

along with corresponding samples from the outer wall. The layouts for the sample locations
from the Inner and outer walls are shown in Fig. 2.

The inner wall Is constructed from four plates, each =25.4 mm (1 in.) thick. The two

lower plates were joined by vertical full-penetration welds located along the azimuthal po-
sitions 0 and 180 ° (north and south reference axes of the NSTI; the two upper plates were

welded along the azimuthal positions of 135 and 315 °. These two assemblies were joint'd

by a mid-height horizontal full-penetration weld. Specimen locations 13, 14, and 15 in

Fig. 2 contain vertical welds; the other locations represent the base metal from the four

plates.

The outer wall was constructed from two plates Joined by vertical welds af_ azimuthal

positions 0 and 180 °. A weld sample was obtained from the outer wall at Location 1. All

other samples from the outer wall represent base metal from the two plates. No radiation



Table 1. Typical Composition (wt.%) of plate and
weld metal from the Shippingport NST

Element Plate Weld

C 0.23 0.065
Mn 0.76 0.93
p 0.02 -

S 0.03 -

S i 0.27 0.73 a
Cu 0.05 0.06 b

Ni 0.04 0.02
Cr 0.04 0.03

O 0.01 -

N 0.004 -
T i <0.005 0.025

V <0,005 0.019

Zr <0.005 <0.005

Mo, Ca, AI <0.01 <0.01
Se. Sn. B <0.01 <0.01

a 0.86 for inner-wall weld from Location 14.
b 0.07 for outer-wall weld and 0.04 for inner-wall weld from

Location 15.

effect is expected at the extremely low levels of fluence for the outer wall; therefore, the
outer-wall samples were used to determine baseline data for nonirradiated samples.
Samples from the lower portion of the NST outer wall, which had even lower fluence levels,
i.e., Locations L1-L4, were also procured to establish baseline material properties.

Metallurgical characterization and chemical analyses of samples taken from each of the

plates strongly suggest that both the inner and outer walls of the NST were fabricated from
a single heat. Typical elemental composition of the plate and weld metal is given in Table 1.
Metallographic examination of the NST material indicates that the rolling direction is

aligned with the circumferential direction of the shield tank.

Micrographs of the grain structure of the Shippingport NST along the rolling and
transverse sections are shown in Fig. 3. The surfaces shown in the micrographs are desig-

nated by the direction normal to the surface. The transverse section shows some elongated
grains, and all the inclusions in the rolling direction are elongated. The inclusions in the

rolling section are globular or fiat. Average through-wall grain size was =12 _m, with no
measurable change observed across the thickness of the wall.

Significant variations in hardness across the thickness of the NST wall were found at
most locations. In general, the center of the plate is softer than the near-surface regions.
A typical through-wall hardness profile (Rockwell B, RB) for the outer wall is shown in

Fig. 4. (The depth is measured from the inner surface of the plate, i.e., the surface toward
the reactor core.) Hardness ranges from RB 73 to 83, and hardness values of the inner-

and outer-7-mm regions of the wall are 5-10% higher than those in the center of the wall.

Although irradiation increases the hardness of the material, the V-shaped profile is main-
tained at most locations of the inner wall. The hardness profiles for Locatiovs 3 and 9 of

the NST inner wall are shown in Fig. 5. However, at a few locations of the tnner and outer
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Figure 3. Micrographs of the Shippingport NST material along (a) transverse and (b) rolling
sections
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walls there was little or no vdriation in hardness across the wall thickness; an example is

shown irl Fig. 6 for inner-wall Location 8.

3 Irradiation Embrittlement

Irradiation embrittlement was characterized by Charpy-impact and tensile tests; the

results have been presented earlier. 7 Specimens were obtained in the longitudinal (LT) and

transverse (TL) orientations* from three 10-mm-wide regions (inner, center, and outer)

across the thickness of the NST wall. To avoid confusion with regions, the NST inner and

outer walls will be referred to as irradiated and shielded walls, respectively. The locations

of Charpy-impact specimens from the inner- and outer-10--mm regions of the irradiated

and shielded walls are shown in Figs. 4-6. Average hardness of the samples from the

,j

The first letter designates the direction normal to the plane of the crack, the second letter represents the
direction of crack propagation. L = longitudinal or rolling direction and T = transverse direction.
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Figure 5. Hardness profiles for Locations 3 and 9 of the Shippingport NST inner wall
Regions A-B and C-D show the locations for Charpy-impact specimens.
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inner- and outer-10--mm regions is approximately the same for all locations, whereas that

of the center-10--mm region may be 5--10% lower for some locations. Layouts for the base--
metal and weld-metal specimens from the irradiated and shielded walls are shown in Fig. 7.

Total fluence is a function of sample location (Fig. 2); axial variation of fluence peaked
at an elevation of 211.07 m (692.5 ft), and azimuthal variation of fluence peaked at t1-,e 20

and 200 ° positions. The estimated fluence* at the inner _urface of the NST irradiated wag
was =6 x 1017 n/cm 2 (E >1 MeV) for Locations 3 and 9, ---4x 1017 n/cm 2 for Locations 2 and
8, =3 x 1017 n/cm 2 for Locations 14 and 15, and ---2x 1017 n/cre 2 for Location 13. The data

for activation measurements + indicate that the fluence decreases by a factor of 2-3 across
the thickness of the NST irradiated wall. The fluences for the specimens from the outer-

10--mm region were estimated to be a factor of =1.5 lower than those for specimens from
the inner-10-mm region. Material from the outer wall. which was protected by =0.9 m
(3 ft) of wa-:r and hence had a fluence that was 6 orders of magnitude lower than ,_.hat of
the irradiated wall, was used to obtain baseline data for nonirradiated material.

s

JameJ, L., Bettis Atomic Power Laboratory, private communication (April 1989).

+ Greenwood, L.. Argonne National Laboratory. unpublished work (1989).
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Figure 7. Cutting diagram for base-metal and weld-metal specimens from
irradiated and shielded walls of the Shippingport NST

Charpy-impact tests were conducted on standard Charpy V-notch specimens ma-
chined according to ASTM Specification E 23. A Dynatup Model 8000A drop-weight im-
pact machine with an inst:-.,mented tup and data readout system was used for the tests.
Tensile tests were performed on dog-bone specimens with a cross section of 4 x 5 mm
(0.16 x 0.20 in.) and a gauge length of 20 mm (0.79 in.). The tests were conducted at an
initial strain rate of 4 x 10 -4 s-t.

3.1 Base Metal

3.1.1 Charpy-Impact Energy

Results from Charpy-impact tests on LT and TL specimens from different regions and
locations of the irradiated and shielded walls of the NST are given in Tables 2-4; best-fit

Charpy transition curves are shown in Figs. 8-11. The Charpy data were fitted with a hy-
perbolic tangent function of the form

Cv = Ko + B{1 + tanh [(T - C)/D]}, (1)

where Ko is the lower-shelf energy. T is the test temperature, B is half the distance be-
tween upper- and lower-shelf energy, C is the mid-shelf cir in °C, and D is the half-width

of the transition region. The values of the constants Ko, B, C, and D in Eq. 1, as well as the
upper-shelf energy (USE) and the CTT at the 20.4-J (15 ft-lb) and 41-J (30 ft.lb) levels for
the various samples are given in Table 5.

The results for the shielded wall (Figs. 8 and 9) show no effect of sample location;
there is little or no variation in the transition curves with vertical or azimuthal position.
However, the TL orientation is weaker than the LT orientation. The cTr and USE, respec-

tively, are 16°C (61°F) and 102 J/cm 2 (=60 ft-lb) for LT specimens and 20°C (68°F) and



Table 2. Charpy-impact data for the irradiated inner wall of the ShiI_pingport NST

Specimen Fluence b Orien- Test Te,np. Impact Energy Load (]cN]

ID Location Re_io_l a {n/cre 2) tation (°C) (°F) (J/cre 2) (ft,lb) Yield Maximum

I03R-O5 3 I 6xlO 17 LT I0 50 8.4 5.0 8.788 8.788
I03R-O 1 3 I LT 25 77 10.9 6.4 9.872 9.872
I03R-03 3 I LT 5._. 131 45.5 26.8 12.313 14.198
I03R-O7 3 I LT 70 158 68.8 40.6 12.303 13.934
I03R-08 3 O LT 0 32 3.7 2.2 I0,194 I0.194
I03R-O2 3 O LT 25 77 14.5 8.6 12.411 12.411
I03R-06 3 O LT 40 104 25.2 15.5 12.254 12.254
I03R-04 3 O LT 55 131 61.0 36.0 11.356 13.866

I03T-03 3 I TL 120 248 51.3 30.3 I0._ 28 11,327
I03T-02 3 O TL 25 77 I0.0 5.9 10.389 10.389
I03T-04 3 O TL 70 158 40,6 24.0 11.6i0 12.303

I09R-05 9 I 6x i017 LT I0 50 7.1 4.2 8,983 8.983
109R-O I 9 I LT 25 77 8. I 4.8 11.844 I 1.844
I09R-03 9 I LT 55 131 39.0 23.0 12.401 13.866
I09R-O7 9 I LT 70 158 51.7 30.5 12.518 13.856
I09R-08 9 O LT 0 32 3. i 1.8 7.392 7.392
I09R-02 9 O LT 25 77 I 1.3 6,7 I 1.044 I 1.044
I09R-06 9 O LT 40 104 31.3 18.5 12.391 12.391
I09R-04 9 O LT 55 131 48.5 28.6 12.254 14.256

I09T-03 9 I TL 40 104 19. i 11.3 I0.194 I0.194
109T-01 9 I TL 55 131 28.0 16.5 12.782 13.123
I09T-02 9 O TL 2.5 77 9.6 5.7 11.786 I 1.786
I09T-04 9 O TL 90 194 53.0 31.3 11.424 12.411

I02R-O5 2 I 4x1017 LT I0 50 9.9 5.8 9.120 9.120
I02R-O I 2 I LT 25 77 13.5 8.0 10.331 10.331
I02R-03 2 I LT 55 131 52.8 31.2 11,688 13.260
I02R-07 2 I LT 70 158 67.7 39.9 I 1.678 13.612
I02R-O8 2 O LT 0 32 22.7 13.4 I 1.854 I 1.854
I02R-02 2 O LT 25 77 i 1.6 6.8 12.616 12.616
I02R-06 2 O LT 40 104 28.5 16.8 10.975 I0.975
I02R-04 2 O LT 55 131 68.6 40.5 I I. 190 13.670
102T-O I 2 I TL 55 131 40.9 24.1 11.639 12.186
I02T-03 2 I TL 120 248 53.3 31.4 9.989 11.317
I02T-02 2 O TL 25 77 12.4 7.3 12.821 12.821
I02T-04 2 O TL 70 158 49.4 29.1 10.966 12.059

I08R-O5 8 I 4x 1017 LT I0 50 9.5 5.6 13.387 13.387
108R-O 1 8 I LT 25 77 10.3 6. I 9.647 9.647
I08R-03 8 I LT 55 131 43.5 25.7 12,381 14.188
I08R-07 8 I LT 70 158 79.7 47.0 11.747 13.729
I08R-08 8 O LT 0 32 3. I 1.8 8.935 8.935
I08R-02 8 O LT 25 77 12.8 7.6 12.811 12.811
I08R-06 8 O LT 40 104 26.8 15.8 12.391 12.391
I08R-O4 8 O LT 55 131 53.5 31.6 11.962 13.993
I08T-03 8 I TL 40 104 24.8 14.6 12.635 13.026
108T-O I 8 I TL 55 131 40,7 24.0 11.913 12.635
I08T-02 8 O TL 25 77 12.3 7.3 13.221 13.221
I08T-04 8 O TL 90 194 49.7 29.3 10.995 I 1.874

114T-01C 14 C 3x1017 TL 0 32 5.5 3.2 8.524 8.524
I 14T-02C 14 C TL 25 77 12.8 7.6 9.374 9.374
114T-03C 14 C TL 55 131 36.8 21.7 11.502 11.502
I 14T-04C 14 C TL 90 194 55.8 32.9 10.253 11.288
114T-02 14 O TL 90 194 54.8 32.3 10.643 I 1.835

II5T-01C 15 C 3x1017 TL I0 50 8.4 5.0 8.476 8.476
I 15T-02C 15 C TL 40 104 27.0 15.9 I 1.512 11.512
I 15T-03C 15 C TL 70 158 40.2 23.7 10.721 10.917
I 15T-04C 15 C TL 120 248 46.2 27.3 9.511 10.321
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Table 2. (Contd.)

Specimen Fluence b Orien- Test Temp. Impact Ener_, Load (kN0

ID Location Re_ion a (n/cre 2} tation (°C) (°F) (J/cre 2} [ft.lb) Yield Maximum
II5T-01 15 I 3x1017 TL 40 104 21.1 12.5 12.665 12.665

I 13T-02 13 O 2xlO 17 TL 25 77 I0. I 6.0 9.325 9.325

a I, O, and C represent the inner-, outer-, and center-10--mm regions, respectively, across the wall. thickness.
b Represent the values at the inner surface of the wall. Fluence for the outer-region samples is estimated to be a

factor of 1.5 lower than that for inner-region samples.

Table 3, Charpy-impact data for the shielded outer wall of the Shippingport NST

Specimen Orien- Test Temp. Impact Energy Load (kN)

ID Location Region a ration (°C) (°F) (J/cm 2} (ft.lb) Yield Maximum

O02R-05 2 I LT 10 50 18.7 11.0 10.448 10.448
O02R-01 2 I LT 25 77 29.4 17.3 I 1.971 12.704
O02R-03 2 I LT 55 131 114.3 67.4 10.692 14.530
O02R-07 2 I LT 70 158 95.5 56.3 10.917 13.651
O02R-08 2 O LT 0 32 11.9 7.0 I 1.239 11.239
O02R-02 2 O LT 25 77 48.0 28.3 11.522 13.934
O02R-06 2 O LT 40 104 71.2 42.0 10.497 13.358
O02R-04 2 O LT 55 131 92.0 54.3 10.692 13.973

O02T-03 2 I TL 0 32 1 I. I 6.5 10.878 10.878
O02T-01 2 I TL 55 131 57.0 33.6 11.083 12.939
0023"-02 2 O TL 25 77 31.2 18.4 12.040 12.870
O02T-04 2 O TL 90 194 69.8 41.2 I0.145 12.284

O03R-05 3 I LT 10 50 17.0 I0.0 10.497 10.497
O03R-01 3 I LT 25 77 35. I 20.7 I I ._07 12.186
O03R-03 3 I LT 55 131 94.8 55.9 10.155 13.592
O03R-07 3 I LT 70 158 102.4 60.4 10.780 14.022
O03R-08 3 O LT 0 32 I0.7 6.3 I 0.526 I0.526
O03R-02 3 O LT 25 77 48.0 28.3 10.975 13.600
O03R-06 3 O LT 40 104 6 I. I 36. I I 1.405 14.032
O03R-04 3 O LT 55 131 98.3 58.0 10.214 13.680
O03T-03 3 I TL I0 50 18.0 10.6 12.713 12.713
O03T-01 3 I TI, 55 131 53.6 31.6 11.376 13.241
O03T-02 3 O TL 25 77 31.3 18.5 12.088 12.694
O03T-04 3 O TL 70 158 68.9 40.7 I0.497 12.518
0033"-06 3 O TL 120 248 68.0 40. I 9.276 11.522

O06R-05 6 I LT I0 50 14.2 8.4 10.887 10.887
CX36R-01 6 I LT 25 77 24.0 14.2 I 1.522 11.522
O06R-03 6 I LT 55 131 89. I 52.6 10.594 14.051
O06R-07 6 i LT 70 158 89.5 52.8 10.887 13.914
O06R-08 6 O LT 0 32 13.2 7.8 9.1 I0 9.110
O06R-02 6 O LT 25 77 42.5 25. I I 1.395 13.465
O06R-06 6 O LT 40 104 50.4 29.7 I 1.581 13.163
O06R-04 6 O LT 55 131 93.3 55. I 10.477 13.846

0063"-03 6 I TL 40 104 42.4 25.0 I 1.405 12.528
O06T-01 6 I TL 55 131 56.7 33.5 11.268 12.831
O06T-05 6 I TL 90 194 69.8 41.2 9.862 12.206
O061"-04 6 O TL 0 32 13.4 7.9 13.075 13.075
O061"-02 6 O TL 25 77 24.7 14.6 12.860 12.860

O09R-05 9 I LT 10 50 26.2 15.5 12.479 12.479
O09R-01 9 I LT 25 77 43.2 25.5 I I. 190 I 1.971
O09R-03 9 I LT 55 131 85.7 50.6 10.614 12.381
OO9R-07 9 I LT 70 158 88.0 51.9 I0.272 12.635
OO9R-08 9 O LT 0 32 16.5 9.7 12.987 12.987
O09R-02 9 O LT 25 77 46.4 27.4 I 1.278 I 1.883
OO9R-06 9 O LT 40 I04 67.5 39.8 11.171 12.215
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Table 3. (Contd.).

specimen Orien- Test Temp. Impact Energie . Load (kN)

ID Location Region a tation (°C) (°F) (J/cm 2] (ft.lb) Yield Maximum
O09R-04 9 O LT 55 131 87.7 51.7 10.057 12.430

O0gF-03 9 I TL I0 50 30.0 17.7 12.098 12.098
O09T-O I 9 I TL 55 131 52.5 31.0 10.565 1 1.454
O09T-02 9 O TL 25 77 36.5 21.5 12.342 12.342
OOgT-04 9 O TL 70 158 58.2 34.3 9.804 1 I. 180
O09T-06 9 O TL 120 248 56.9 33.6 8.505 10.555

O 12R-O5 12 I LT 10 50 19.0 I 1.2 12.616 12.616
O12R-O3 12 I LT 55 131 84.0 49.6 10.292 12.782
O12R-07 12 I LT 70 158 91.3 53.9 10.468 12.967
O12R-08 12 O LT 0 32 15.8 9.3 10.184 10.184
O12R-O2 12 O LT 25 77 49.4 29.1 11.083 11.796
O 12R-06 12 O LT 40 104 66.3 39. I 11.288 12.625
O 12R-O4 12 O LT 55 131 96.5 56.9 9.843 13.114

O 12T-03 !2 I TL 40 104 39.5 Z3.3 11.444 12.206
O 12T-01 12 I TL 55 131 57.9 34.2 10.341 11.581
O 12T-05 12 I TL 90 194 62.4 36.8 9.462 11.366
O 12T-04 12 O TL 0 32 8.9 5.3 10.262 10.262
O12T-02 12 O TL 25 77 21.7 12.8 12.137 12.137

OI4R-01C 14 C LT 0 32 19.9 11.7 12.001 12.001
O14R-05C 14 C LT 25 77 58.7 34.6 10.663 12.586
O14R-02C 14 C LT 40 104 84.6 49.9 I0.175 12.704
O14R-06C 14 C LT 55 131 100.3 59.2 9.667 12.420
O 14R-O4C 14 C LT 70 158 114.3 67.4 9.403 12.616
O 14R-03C 14 C LT 90 194 103. I 60.8 8.495 11.464
O 14R-O I 14 I LT 40 104 58.4 34.5 I 1.288 13.514
O14R-O2 14 O LT 90 194 102.5 60.5 9.999 12.831

OI4T-01C 14 C TL I0 50 35.8 21.1 12.157 12.157
O14T-O3C 14 C TL 40 104 64.0 37.8 9.950 12.069
O 14T-04C 14 C TL 55 131 68.5 40.4 9.520 12.079
O 14T-02C 14 C TL 90 194 73.3 43.3 8.895 I 1.532

OI5R-OIC 15 C LT I0 50 19.3 11.4 12.372 12.372
O 15R-02C 15 C LT 25 77 51.8 30.6 11.337 14,422
O15R-05C 15 C LT 40 104 77.4 45.7 10.887 13.914
O15R-03C 15 C I T 55 131 79.8 47. I 10.555 13.729
O15R-06C 15 C LT 80 176 105.4 62.2 10.048 13.573
O 15R-O4C 15 C LT 120 248 95. I 56. I 8.866 12.362
O15R-O1 15 I LT -20 -4 6.4 3.8 10.879 10.879

O 15T-04C 15 C TL 0 32 29.4 17.3 12.440 14.129
O 15T-01C 15 C TL 25 77 42.3 25.0 11.688 13.885
O 15T-02C 15 C TL 25 77 46.3 27.3 I 1.405 14.285
O 15T-03C 15 C TL 70 158 76.6 45.2 9.823 13.387

a I, O, and C represent the inner-, outer-, and center-10-mm regions, respectively, across the w'all
thickness.

67 J/cm 2 (-_40 ft.lb) for TL specimens. The differences in impact strength for the two ori-

entations are attributed primarily to differences in the distribution of inclusions along the

crack plane. The plane of the crack for the TL orientation, i.e., the transverse section

shown in Fig. 3, contains elongated inclusions.

The results also indicate some effect of position through the thickness of the wall; im-

pact energies for specimens from the inner and outer regions of the wall are comparable,

whereas those for the center specimens are slightly higher. The CTF and USE for the cen-

ter specimens are, respectively, 9°C (48°F) and 103 J/cm 2 (=61 ft.lb) for the LT orientation
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Table 4. Charpy-impact data for Location L4 of the shielded

outer wall of the Shippingport NST

Specimen Orien- Test Temp. Impact Energy

ID Location Re_ion a tation (°C) (°F) (J/cre2) (lt.lh)
L41 - I L4 I LT -40 -40 6.8 4.0
L40--6 L4 O LT -40 -40 2.5 1.5
L41 -7 L4 I LT 0 32 5.9 3.5
L40--2 L4 O LT 0 32 5. I 3.0
L41 -2 L4 I LT 15 -9 22.0 13.0
L40--3 L4 O LT 15 -9 20.3 12.0
L41 -3 L4 I LT 25 77 60.2 35.5
L40-I L4 O LT 25 77 55. I 32.5
L40-8 L4 O LT 25 77 30.5 18.0
L41 -9 L4 I LT 55 131 88. I 52.0
L40-4 L4 O LT 55 131 86.4 51.0
L41 -5 L4 I LT 70 158 105. I 62.0

a I and O represent the inner- and outer-10-mm regions, respectively, across
the wall thickness.

Table 5. Values of constants in Eq, i, CTT, and USE for A212 Grade B material from

shielded and irradiated walls of the Shippingport NST

Constants CTl'a

Sample Sample Orient- Ko B C D 20.4-J 4 l--J USE

Location Re_ion ation (J/cre21 IJ/cm2} (°C) (°C) (C [°F]) (°C [°V]) (J/cm 2 [ft.lb],
Shielded Outer Wall

Ali Inner & LT 8.6 46.7 33.5 23.2 16 (61) 31 (88) 102 (60)
Outer

14,15 Center LT 6.7 48.2 26.0 23.3 9 (48) 24 (75) 103 (61)
Ali Inner & TL 8.0 29.3 33.5 30.3 20 (68) 49 (120) 67 (40)

Outer

14,15 Center TL 8.0 b 33.5 18.4 30.3 b 2 (36) 27 (81) 74 (44)

Irradiated Inner Wall

2,8,3,9 Inner LT 8.3 33.6 53.3 17.2 44 (I I I) 58 (136) 76 (45)

2,8,3,9 Outer LT 8.2 34.3 47. I 16. I 39 (102) 51 (124) 77 (45)

2,8,3,9,14,15 All c TL 4.1 24.1 46.1 25.5 43 (109) - 52 (31)

a Charpy transition temperature at the 20.3-J (I 5 ft.lb) and 4 l-J (30 ft.lb) levels.
b Values of Ko and D are assumed to be the same as those for inner/outer region.
c Inner- and outer-region specimens from Locations 2, 8.3. and 9 and center region specimens from

Locations 14 and 15.

and 2°C (36°F) and 74 J/cm 2 (=44 ft.lb) for the TL orientation. These variations are consis-

tent with the throughwall variations in hardness. The hardness of the center region is in

the range of RB 73--75 (132-142 DPH); for the ,nner or outer regions it is 78-84 (144--162
DPH).

Charpy-impact data for material from Location L4 of the shielded wall, shown in

Fig. 10, are in good agreement with the data from other locations of the wall. The results

indicate that the Charpy transition curves for the shielded wall of the NST represent base-

line data for nonlrradiated material. As discussed in Section 2, the hardness of the center

of the wall varies significantly at different axial a;_d azimuthal locations. The data for the

center specimens may not be representative of all locations. Therefore, results from only

the inner and outer regions of the wall are used to characterize irradiation embrittlement.
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Figure 8. Best-fit Charpy transition curves for (ct)LT and (79)TL specimens from the inner-
and outer-1 O-mm regions of the shielded wall of the Shippingport NSF
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Figure 9. Best-fit Charpy transition curves for (a) LT and (b) TL specimens from the center-
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The transition curves for the LT and TL specimens from Locations 3, 9, 2, and 8 of the

irradiated wall of the NST are shown in Fig. 11. The irradiated specimens show a higher
cTr and lower USE relative to those from the essentially nonirradiated shielded wall. The
effect of minor differences in total fluence between Locations 2 and 8 (=4 x 1017 n/cre 2 flu-
ence) and Locations 3 and 9 (=6 x 1017 n/cre 2 fluence) are minimal and cannot be estab-

lished from the data; Location 9 appears to have a slightly higher CTT than the other loca-
tions. Some effects of position through the thickness of the wall are observed for LT

specimens, whose shift in CTT is greater for specimens from inner-region than for outer-
region specimens. The values of CTT are 39°C (102°F) for the outer region and 44°C
(I 11°F) for the inner region, a shift of =23 and 28°C (=41 and 50°F) for the outer and inner
regions, respectively. The USE cannot be directly established from the data in Figs. 11a

and 11b. However, the specimens tested at 55°C (131°F) show 100% shear fracture; thus,
the impact energy of these specimens, i.e., an average of =77 J/cm 2 (45 ft-lb), is represen-
tative of USE.

The shift in CTI" of the irradiated-wall TL specimens (Fig. l lc) is also 23°C (41°F),
similar to that for the LT specimens. However, the USE is lower, i.e., 52 J/cm 2 (31 ft.lb).
The effect of position through the thickness of the wall is minimal for the these specimens.

The impact energies for the center specimens are comparable to those for specimens from
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Table 6. Tensile test results for irr_diated and shielded walls of the Shippingport NST

. En_Ineerlng True

Test 0.2% Yield Ultimate Fracture Elong- Red. in

Specimen Temp. Stress Stress Stress atlon Area

Number Location Re_ion a Fluence b (°C) (MPa) (MPa) (MPa) (%) _%)
Irradiated Inner Wall

13RI 3 I 6xlO 17 25 368.0 572.1 777.3 28.2 43.9
13RC 3 C 25 323.0 502.6 686.8 31.3 47.6
13RO 3 O 25 3540 556.6 760.5 28.7 43.5

12RI 2 I 4xlO 17 25 325.2 538.3 779.5 29.4 46.4
12RC 2 C 25 319.7 540.4 '733.7 29.2 42.9
12RO 2 O 25 368.0 548.8 730.5 27.8 41.4

19RI 9 I 6xlO 17 55 333.6 520.1 665.7 27.2 39.9
19RC 9 C 55 305.2 479.2 666.9 28.3 45.7
19RO 9 O 55 - 524.5 706.0 27.2 41.9

I8RI 8 I 4xlO 17 55 304.4 521.0 716.5 28,8 45.6
18RC 8 C 55 310.4 515.0 732.6 29.0 45.3
18RO 8 O 55 322. I 520.6 725.9 30.4 44.0

Shielded Outer Wall
O3RI 3 I - 25 282.9 536.5 740.8 3,9.2 43.6
O3RC 3 C 25 277.6 493.9 627.8 32.4 41.8
O3RO 3 O 25 324.6 540.4 709.2 29.4 43.3

O6RI 6 I - 25 294.0 528. I 691.6 31. I 40.4
O6RC 6 C 25 270.0 532.0 709.7 30.6 40.6

6 O 25 30_ .3 527.2 728.3 30.3 43.4

O 12RI 12 ! - 25 329.6 530.5 768. I 27.5 45.6
OI2RC 12 C 25 256.2 491.5 715.0 33.5 48.1
O12RO 12 O 25 293.6 511.0 735.4 29.4 46.8

O2RI 2 I - 55 280.2 519.5 711.2 30.3 44.7
O2RC 2 C 55 264.7 483.9 608.0 32.2 44.9
O2RO 2 O 55 286.2 520.7 701.4 :19.8 42.4

O9RI 9 I - 55 248.2 489.9 669.5 31.3 46.2
O9RC 9 C 55 227.8 452.4 640.5 33.5 47.3
O9RO 9 O 55 279.6 492.9 727.9 30.6 47.6

a I. O, and C represent _he inner-, outer-, and center-5-mm regions, respecUvely, across the wall
thickness.

b Represent the values at the inner surface of the wall. Fluence for the outer-reglon samples is estimated
to be a factor of 1.5 lower than that for inner-reglon samples.

the inner and outer region. Center specimens were obtained from locations 14 and 15,

where the variation in through-wall hardness was minimal

3.1.2 Tensile Properties

Tensile tests were conducted at room temperature and at 55°C (131°F) on LT spcci-

mens from several locations of the irradiated and shielded walls of the NST and from three

regions across the thickness of the wall. The results of these tests, given in Table 6, indi-

cate little or no variation with vertical and azimuthal position. The tensile strengths of the

irradiated wall are higher than those for the shielded wall. The tensile properties also re-

flect the effect of variations in hardness observed across the thickness of the wall, i.e., the

yield and ultimate stresses for specimens fror,-, the center of the wall are always lower than
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those for specimens from inner or outer regions. However, the increases in yield and ulti-

mate stress due to irradiation is independent of position through the thickness. The in-

creases in yield and ultimate stress are, respec ively, =51 and 20 MPa (=7.4 and 2.9 ksi) at

room temperature, and =38 and 18 MPa (=5.5 and 2.6 ksi) at 55°C.

The tensile properties of the NST material were also estimated from the Charpy-im-

pact data. The yield stress is estimated from the exp'ression

Oy = APyB/Wb 2, (2 )

taken from Ref. 8, where Py is the yield load obtained from the load-time traces of the in-
strumented Charpy tests, W is thc specimen width, B is the specimen thickness, b is the

uncracked ligament, and A is a constant obtained by comparing the tensile and Charpy data

for LT specimens tested at room temperature and at 55°C. The best-fit value of A was 1.73.

Yield stresses estimated from Charpy-impact tests and those obtained from tensile tests for

material from the irradiated and shielded walls are shown in Fig. 12. The results show the

expected decrease in yield stress with an increase in test temperature. Irradiation in-

creases the yield stress at all test temperatures.

The tensile data for the Shippingport NST show very good agreement with the corre-

lations between the increases in cTr and yield stress that have been developed for pressure

vessel steel. 9.1o The CTT shift {in °C) and increase in yield stress Acy (in MPa) is expressed
as

Ac-Tr - CACy, {3)

where C is =0.5°C/MPa for plate material, and 0.65°C/MPa for welds. The shift in the c-Tr

of both LT and TL specimens is 23°C (28°C for LT specimens from inner regions), and the

increase in yield stress is 51 MPa.

Temperature (°F) Temperature (°F)

.50 0 50 100 150 200 250 300 .50 0 50 100 150 200 250 300

._. 4oo I .... t .... I .... I .... I .... t .... I .... I .-.. 4oo .... I .... ! .... t .... t .... t .... I .... t
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Figure 12. Yield stress estimated from Charpy-impact tests and measured from tensile tests

for (a) irradiated and (b) shielded walls of the Shippingport NST

16



3.1.3 Recovery Annealing

Annealing studies were conducted to examine the recovery behavior of the embrittled
material. Samples from Locations 3, 9, and 8 of the irradiated wall and locations 3 and 6 of

the shielded wall were annealed up to 154 h at 400°C (752°F) and recovery behavior was

characterized by hardness measurements. As mentioned in Section 2, hardness changes

across the thickness of the NST wall. Consequently, hardness measurements were made on

surfaces that were normal to the hardness profile, i.e., sections marked A, B, C, and D in

Figs. 4--6. Hardness values are approximately the same along these sections, although they

may vary significantly among the sections. The recovery behavior was established by hard-

ness measurements on the same specimen before and after annealing for various t,tmes.

The results are given in Table 7.

The results indicate that hardness of the irradiated inner wall decreases whereas that

of the shielded outer wall increases after annealing. The changes in hardness occur within

1 h at 400°C and there is little or no change in hardness after annealing for longer times.

The results for the shielded outer wall, shown in Fig. 13, indicate that the increase in

hardness is observed along sections B, C, and D, whereas, section A shows little or no

change in hardness The average increase in hardness for Locations 3 and 6 along sections
B, C, and D is RB 1.4 (DPH 4.4). lt can be argued that the observed hardness profiles (Figs.

4-6) are a result of residual stresses, i.e., tensile stresses in the center and compressive
stresses near the surface of the wall. Studies on the effect of residual stresses on hardness

indicate that hardness measurements change when a uniaxial stress is applied perpendicu-

lar to the load of the hardness tester; hardness decreases linearly with applied tensile

stress, whereas compressive stress causes little or no change in hardness. II. 12 However,

annealing studies were conducted on 10-mm-wide samples from the inner and outer re-

gions of the wall. Therefore, sections A, B, C, and D should have compressive stresses and
little or no effect on hardness measurements. Furthermore, hardness values for all speci-

mens prior to annealing are in very good agreement with the results in Figs. 4--6. The ob-

served hardness profiles are likely caused by metallurgical factors. The increase in hard-

ness after annealing may be attributed to thermal aging.

The changes in hardness of material from the irradiated inner wall, shown in Fig. 14,
reflect the differences in fluence and flux levels of the different locations, i.e., the decrease

for Locations 3 and 9 (=6 x 1017 n/cre 2 fluence) is greater than for Location 8 (---4 x I017

i0- • e6 •G) ._4._ ___L _ _ .A
C • i3."o • _y ur u
L.

¢_ Change in hardness of the shielded:=
_= wall after annealing at 400°C
¢ -5 NST Shielded Wall
t_ Annealed at 400°C
r- Location

OpenSymbolsSeclK>nsB,C,& D o 30 ,, 6
ClosedSymbols,SectionA

-10 .... iJ ........ I " ' ' ' ' .... li , , l
1 10 100

Time (h)

17



Table 7. Hardness values (Rockwell 13)a of the Shippingport NST

material from irradiated and shielded walls after

annealing at 400°C

Annealing Time .lh)

Location Section b 0 I 4 10 24 26.5 90 154
Shielded Outer Wall

3 A 82.5 82.8 82.4 81.7 82.2
B 76.8 78.4 79.2 78.6 78.7
C 75.8 78.0 78.7 78. I 78. I
D 83.6 85.0 84.0 83.7 83.2
A 82.6 82.3 84.3 82.9
B 76.6 78.3 77.6 79.0
C 76.3 77.5 78.0 79.2
D 82.0 83.6 83.3 84.2

6 A 83.6 83.9 84.2 83.6 83.6
B 77.9 79.8 79.9 79.7 80.1
C 79.4 80.5 79.9 79.5 79.8
D 81.2 82.8 82.0 82.3 81.8
A 84.9 83.5 83.7 84.6
B 77.7 80.0 80. I 80.3
C 78.5 79.9 80.0 80.7
D 81.2 83.9 82.6 83.3

Irradiated Inner Wall

3 A 87.5 83.2 83.5 83.6 82.8
B 80.7 77. i 76.8 77.5 76.8
C 81.7 77.8 78.0 76.9 77.2
D 84.9 83.2 82.8 82.6 82.6
A 87.3 83.8 84. I 84.6
B 80.9 77.2 77.1 77.8
C 80.4 75.2 75.5 76. I
D 86.8 85.2 85. I 85.6

9 A 86.8 82.5 82.6 83.3 82.6
B 82.3 78.4 78. I 78.2 78.2
C 81.6 76.2 76.8 77. I 75.9
D 84.5 82.6 82.0 79.6 80.9
A 87.9 82.6 83.8 83.4
B 82. I 77.7 77.9 78.6
C 81.9 76.3 76.4 77.6
D 84.2 81. I 81.6 82.2

8 A 84.8 81.8 81.4 81.6 81.3
B 84.6 8 '_ 2 82.4 80.4 81.5
C 86.0 83.0 82.8 83. I 83. I
D 83.3 81.5 80.8 81.1 80.4
A 86.6 84.3 82.7 83.3
B 81.7 78.5 78.3 78.4
C 83.2 79. I 79.5 80.7
D 83.4 81.3 81.6 81.4

a Values represent the average of at least five measurements.
b Represents the surfaces marked in Figs. 4-6 where measurements were made.

n/cm 2 fluence). Also, the decrease in hardness along Sections A, B, and C is greater than

that along Section D. As mentioned earlier, total fluence decreases by a factor of 2-3 across
the thickness of the irradiated inner wall. The decrease in hardness for Locations 3, 9, and

8 is respectively, RB 4.1, 4.6, and 3.1 (DPH 12.4, 14.0, and 9.2) along Sections A, B, and C,

and Rf3 2.1, 2.8, and 2.3 (DPH 6.4, 8.4, and 7.0) along Section D. Control samples from the
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shielded outer wall show an increase in hardness after annealing. Consequently, actual val-

ues of irradiation hardening for Locations 3, 9, and 8 may be higher by RB 1.4 (DPH 4.4)
than the change in hardness shown in Fig. 14.

Correlations between increases in hardness and yield stress from radiation hardening

of pressure vessel steels indicate that the increase in yield stress (in MPa) is 3.5 times the
increase in hardness (in DPH). 9,zo Based on tensile and Charpy-impact data, the increase

in hardness for the Shippingport NST should be =15 DPH. The measured values for
Locations 3, 9, and 8 are in fair agreement with the estimation.

Charpy-impact data for TL specimens from the irradiated and shielded walls of the
NST, annealed for 2 h at __°_"-_,_, _, are given in Table 8; Charpy transition curves are shown In
Fig. 15..The results indicate complete recovery from radiation-induced embrittlement, I.e.,

I NST Irradiated WallNST Irraoiated Wall Location !rr Annealed at 400°C --o--- 3 rr Annealed at 4OO°C
"" - Sec_onsA,B,&C _ 9 "" SectionD

.... o .... 8O- _ 0
G) Q)
=-- r- o .... ....o

z I-. ....... _ := "
C IF ...... C

"; -5 - Location
o_ o_ --ew 3c¢0 ¢= -.----e.--- 9
I" _" --o--8(.3 (.3

-10 ,' "', ........ ,' ........ : .... 10 .... ,' ........ I = ....... I ' • '
1 10 100 1 10 100

Time (h) Time (h)
la) lbl

Figure 14. Change in hardness measured on (c_ Sections A, B, and C and (b) Section D of the
irradiated wall after annealing at 400°C
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TL Orientation - "- TL Orientation "

l oo - 60 = """ --- > _oo -so =_.,
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sh,,_ wa, o - 40 _ _ Sh*,_d w=a o 40
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"_= actor 20 _ - 20

a. _- Service _" _" :__.__._.....i_._ o o _ "" _",_ _ ...- O Anr,ealed2hal400oC 10 = nealed2hal400°C 10 S
0 --,-,-,-_-I', ........ I .... 0 o , i ? _ I .... I i i , , _ .... 0I 1 I 11

-50 0 50 1O0 150 -50 0 50 1 O0 50

Temperature(°C) Temperature(°C)
{a) (b)

Figure 15. Charpy transit.ion curves for annealed TL specimens from (cd the irradiated and
(b) the shielded wall of the Shippingport NST
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Table 8. Charpy-impact data for rnaterial from the irradiated and shielded walls

of the Shippingport NST after annealing at 400_C

Specimen Oriel- Test Temp. Impact Energy Load (kN)

ID Location Re_ion a ration (°C) (°F) (J/cm 2) (lt.lh) Yield Maximum
Irradiated Inner Wall

103T-05A 3 I TL 25 77 27.7 16.3 12.206 12.206
103T-06A 3 O TL 0 32 13.0 7.7 I 1.083 11.083

109T-05A 9 I TL 55 131 50.9 29.5 11.278 12.167
109T-06A 9 O TL 40 104 49.7 29.3 11.063 11.864

102T-05A 2 I TL 70 158 56.3 33.2 I0.155 11.229
102T-06A 2 O TL I0 50 18.0 10.6 10.194 I0.194

108T-05A 8 I TL 25 77 24.0 14.2 12.538 12.538
108T-06A 8 O TL 40 104 44.7 26.4 11.219 12.245

114T-01A 14 I TL 120 248 66.2 39.1 9.354 11.766

I 15T-02A 15 O TL 90 194 63.0 37.2 I0.116 11.805
Shielded Outer Wall

O02T-07A 2 I TL 25 77 28.5 16.8 12.401 12.401
O02T-05A 2 I TL 55 131 55.8 33.0 10.956 12.459
O02T-08A 2 O TL 0 32 15.7 9.3 11.014 11.014
O02T-06A 2 O TL 90 194 72.1 42.5 10.448 12.596

O03T-05A 3 I TL I0 50 16.0 9.4 10.800 10.800
O03T-07A 3 I TL 40 104 48.5 28.6 11.171 12.44
o03q'-08A 3 O TL 120 248 76.6 45.2 9.647 12.381

O06T-07A 6 I TL 25 77 19.3 I 1.4 11.473 11.473
O06T-06A 6 O TL -20 -4 5. I 3.0 9.667 9.667
O06T-08A 6 O TL 55 131 58.7 34.6 11.024 12.684

O 12T-07A 12 I TL 40 104 51.6 30.4 10.546 11.678
O12T-08A 12 O TL 70 158 61.5 36.3 9.852 11.483

a I and O represent the inner- and outer-i 0-mm regions, respectively, across the wall thickness.

the transition curve of the annealed specimens from the irradiated wall is identical to that

of the shielded wall. Annealing has little or no effect on the transition curve of the shielded
wall. These results confirm that the data for material from the shielded _uter wall repre-

sents baseline data for nonirradiated material.

3.2 Weld Metal

Weld samples were obtained from Location I on the shielded wall and three positions

on the irradiated wall (Locations 14 and 15 with =3 x 1017 n/cm 2 fluence and Location 13

with =2 x 1017 n/cre 2 fluence). All of the welds were transverse to the plate rolling direc-

tion. Charpy-impact test specimens were machined perpendicular to the weld from the

inner and outer regions of the wall. The elemental compositions of weld metals from dif-

ferent locations are given in Table 1; only minor variations in silicon and copper content

were observed. Charpy data for the shielded- and irradiated-wal _.welds are given in Tables

9 and 10, respectively.

Annealing studies were also conducted on weld metal specimens to obtain baseline data

and help characterize the irradiation embrittlement of the welds. Charpy data for annealed

weld metal specimens from Location 1 of the shielded wall and Ix>cations 14 and 15 of the

irradiated wall afe also given in Tables 9 and 10. The results indicate that the Charpy tran-

sition curves fo: the annealed specimens do not always represent the baseline impact prop-
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Table 9. Charpy impact data for the shielded outer-waU weld of the Shippingport

NST

Specimen Orien- Test Temp. Impact Energy Load (kN)

II_ Location Re,lion a ration (°C} (°F) (J/cm 2) (lt.lh) Yield Maximum
Reactor Service

O01R-O3W I I LT 0 32 55.6 32.8 12.333 13.163
O01R- I IW 1 I LT 20 68 95.8 56.5 12.821 15.028
O01R-0SW I I LT 40 104 157.8 93.1 13.319 16.092
O01R-O7W 1 I LT 70 158 172.1 101.5 13.465 16.482
O01R-09W I I LT 120 248 165.8 97.8 12.879 15.379
O01R-12W 1 O LT -40 -40 29.2 17.2 15.526 16.082
O0 IR-O2W 1 O LT 10 50 81.5 48.1 13.797 16.209
OOIR-O4W I O LT 25 77 123.8 73.0 13.621 16.456
O(I IR-O6W 1 O LT 55 131 194.4 114.7 13.309 17.02
O0 IR-OSW I O LT 90 194 190.4 112.3 12.557 16.121

Annealed
O0 IR- 13WA I I LT -20 -4 45.9 27. I 14.53 16.775
O01R-15WA I I LT I0 50 104.6 61.7 13.944 17.264
O01R-17WA I I LT 40 104 151.8 89.6 13.465 16.492
O01 R- 14WA 1 O LT 0 32 I S0.2 88.6 14.051 17.547
O0 IR-16WA I O LT 25 77 255.0 150.5 12.518 17.791
O01R-18WA I O LT 55 131 254.2 150.0 13.182 17.312

a I and O represent the inner- and outer-10-mm regions, respectively, across the wall. thickness.

Table I0. Charpy impact data for the irradiated inner-wall weld of the Shippingport NST

Specimen Location Region a Fluence b Orien- Test Temp. Impact Energy Load (kN]

ID (n/cre 2] tation (°C] (°F] (J/cre 2} (ft-lb) Yield Maximum

113R-O7W 13 I 2xi017 LT -20 -4 19.8 I 1.7 16.502 16.502
II3R-OIW 13 I LT I0 50 51.6 30.4 15.844 18.669
113R-O3W 13 I LT 40 104 134.7 79.5 15.311 18.084
113R-O5W 13 I LT 70 !58 178.3 I05.'_ 14.451 17.312
I 13R-OSW 13 O LT I0 50 136.5 80.5 15.428 18.572
I 13R-O2W 13 O LT 25 77 122.7 72.4 15.018 18.396
I 13R-O4W 13 O LT 55 131 174.6 I03.0 14.647 17.928

_" I 13R-O6W 13 O LT 90 194 188.4 I 11.2 13.68 17.107

I14R-O7W 14 I 3xlO 17 LT -40 -40 14.1 8.3 17:81 17.81
I14R-O1W 14 I LT 0 32 38.0 22.4 16.6 18.035
I14R-O9W 14 I LT 25 77 92.6 54.6 16.629 19.666
I14R-O5W 14 I LT 40 104 66.2 39.1 15.652 17.81
I14R-I 1W 14 I LT 55 i31 132.8 78.4 16.014 18.914
I14R-13W 14 I LT 70 158 140.3 82.8 15.233 18.2i l
I 14R-O3W 14 I LT 90 194 153.5 90.6 14.432 16.58
114R-OSW 14 O LT -10 14 63.3 37.4 15.662 18.543
I14R-10W 14 O LT 10 50 90.6 53.5 15.818 10.021
114R_ 14 O LT 20 68 95.4 56.3 15.71 1 17.859
!!4R-O2W 14 O LT 40 104 185.9 100.7 14.783 17.762
I14R-12W 14 O LT 40 104 150.8 89.0 15.428 16.601
114R-O4W 14 O LT 70 158 176.3 104.0 13.817 17.352

I i 5R-O7W 15 I 3x1017 LT - I0 14 33.9 20.0 !6.287 17.625
II5R-OIW 15 I LT 25 77 77.2 45.6 14.92 18.201
I 15R-O3W 15 I LT 55 131 171.3 I01. I 13.993 17.791
I 15R-O5W 15 I LT 120 248 189.8 112.0 13.27 16.18
115R-O8W 15 O LT -30 -22 16.2 9.6 16.883 16.883
115R-O2W 15 O LT I0 50 139.7 82.4 15.389 18.23
I 15R-O6W 15 O LT 90 194 199.7 117.8 13.582 16.668
115R-O4W 15 O LT 120 248 215.0 126.9 12.655' 15.58_
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Table 10. (Contd.)

Specimen Location Region a Fluence b Orien- Test Temp. Impact Energy Load (kN]
ID (n/cm 2) tation {°C) (°F) (J/cre 2) (ft.lb) Yield Maximum

Annealed
I__4R-15WA 14 I 3xi017 LT 0 32 69.6 41.1 16.15 19.256
114R- 17WA 14 I LT 25 77 130.7 77. I 14.696 18.406
114R- 19WA 14 I LT 70 158 177.4 104.7 13.436 17.303
114R- 14WA 14 O LT -40 -40 51.5 30.4 15.106 19.09
114R- 16WA 14 O LT I0 50 176.4 104. I 14.451 18.728
114R- 18WA 14 O LT 40 104 188.3 I I I. I 13.895 18.23
114R-2OWA 14 O LT 90 194 196.7 116. 1 12.733 17.478

115R-OgWA 15 I 3x1017 LT -20 -4 136.8 80.7 14.93 18.855
II5R-11WA 15 I LT 5 59 156.1 92.1 13.69 18.025
115R- 13WA 15 I LT 55 131 180.9 106.7 13.455 17.605
II5R- 10WA 15 O LT -I0 14 123.7 73.0 15.34 19.021
115R- 12WA 15 O LT 20 68 163.2 96.3 14.764 18.543
I15R- 14WA 15 O LT 120 248 195.8 I 15.5 13.036 16.824

a I and O represent the inner- and outer-10-mm regions, respectively, across the wall. thickness.
b Represent the values at the inner surface of the wall. Fluence for the outer-region samples is estimated to be a

factor of l 5 lower than that for inner-region samples.

Temperature (°F)
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erties of nonirradiated weld metal. For example, annealing has little or no effect on weld

specimens from the inner region of the shielded-wall weld, whereas the impact energy of

weld specimens from the o,_ter region '_ncreased significantly after annealing (Fig. 16). The

increase in impact energy .s most likely due to microstructural changes. The annealing
data, therefore, cannot be used to characterize irradiation embrittlement of the weld

s,Jecimens.

Charpy transition curves of the weld metal specimens, with and without annealing for

2 h at 400°C, are shown in Figs. 16 and 17. The best-fit curves to Eq. 1 are also shown in

the figures; values of the constants in Eq. 1, as well as USE and C-WTat the 20.4-d (15 ft.lb)
and 41-d (30 ft.lb) level, are given in Table 11. The impact strength of the shielded-wall
weld, shown in Fig. 16, is significantly higher than that of the base metal. The 41-d (30
ft.lb) CTT and USE of the weld are 7°C (28°F) and 184 J/cm 2 (109 ft.lb), respectively.
Position through the thickness of the weld, i.e.. inner and outer regions, has no effect on
the transition curve.
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1i
Table 1 I. Values of constants in Eq. 1. CTT, and USE for weld metal from the shielded

and irradiated walls of the Shippingport NST

Constants

Sample Sample Orient- Ko B C D 4 l-J CTT USE

Location Re_ion ation j/cre 2 J/cre 2 °C °C °C (°F) J/cm 2 Ift.lb),
Shielded Outer Wall

I Inner & Outer LT 20.0 81.8 16.0 31. I -7 (19) 184 (109j
Irradiated Inner Wall

14 Inner LT 15.0 71.7 34.2 37.0 14 (57) 158 (93)
14 Outer LT 15.0 a 89.7 15.4 37.1 -I I (12) 194 (I 14)
13, 15 Inner LT 24.4 82.3 32. I 23.8 13 (55) 189 (I 12}
13. 15 Outer LT 15.0 b 91. I 4.4 37. I -22 (-8) 197 (I 16)

Annealed Irradiated Inner Wall

14 Outer b LT 20.0 82.2 -23.8 28.0 -45 (-49) 184 {109)
13 Inner & Outer LT 20.0 82.2 -23.8 28.0 -45 (-49) 184 (109)

a Value of Ko is assumed to be the same as that for location 14 inner region.
b Results for location 14 inner region agree well with those for the shielded outer wall.
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Figure 1 7. Charpy transition curves for weld metal specimens from (oJ and (b)inner region and

(c)and (d) outer region of the irradiated wall of the Shippingport NST
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Specimens from the irradiated-wall weld show a strong effect of location across the
thickness of the wall. The transition curves for the inner region of the irradiated-wall

welds are shown in Figs. 17a and 17b. The 41-J (30 ft.lb) CTT is 14°C (57°F) for the weld
at Location 14 and 13°C (55°F) for welds at Locations 13 and !5, i.e., a shift of 21 and 20°C

(38 and 36°F), respectively, relative to the data for the shie'_ded-wall weld. Weld speci-

mens from the outer regions of the irradiated wall show no embrittlement relative to the
shielded-wall weld. The Charpy transition curve of the outer-region specimens from
Location 14 is comparable (Figs. 17c) and that for specimens from Locations 13 and 15 is

slightly higher than that of the shielded-wall weld (Figs. 17d). Charpy data for annealed
weld metal specimens from the irradiated wall seem to represent recovery from irradiation
embrittlement as well as the effect of thermal aging caused by microstructural instabilities.
The results for annealed specimens from the inner region of Location 14 alone indicate re-
covery from irradiation embrittlement, i.e., the impact energies compare well with those
for the shielded-wall weld. Specimens from inner and outer regions of Location 15 and the

outer region of Location 14 show a large increase in impact energy after annealing.

4 Discussion

4.1 HFIR Surveillance Data

The Charpy-impact data for the Shippingport NST indicate that the shill in CTT is not
as severe as would be expected on the basis of the changes seen in HFIR surveillance sam-
ples. A summary of Charpy-impact and tensile data for HFIR surveillance samples, for

samples irradiated in the ORR, and for the Shippingport NST are given in Table 12. In
Fig. 18, Charpy transition curves for LT specimens from the shielded and irradiated walls of
the Shippingport NST are compared with results for nonirradiated and irradiated HFIR
surveillance samples of A212-B steel. The results for the nonirradiated materials, Fig. 18a,

indicate that the impact strength of the HFIR material is significantly higher than that for
the Shippingport NST; the 20.4--J (15 ft.lb) _ for the HFIR material is 35°C (63°F) lower
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l_igure 18. Comparison of Charpy transition curves for (a) nonirradiated and (b) irradioted
HFIR surveillance samples and material from the Shippingport NST
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Table 12. Summary of Charpy-impact and tensile results for HFIR surveillance tests, for

samples irradiated in the ORR, and for the Shippingport NST

Flux Fluence 4 l-J 20.4-,.I 20.4-J Yield

Material (E > I Mev} (E > I Mev) dpa 4 l-J C'I'F ACTT CTT ACTT Stress AYield

n/cm2.s n/cm 2 °C (°F) °C (°F) °C (°F) °C (°F] MPa MPa
HFIR Surveillance

AI05-11
(HB I. HB4) - - - --62 (--80) .....

4.66x108 3.44x 1016 5.12x 10 -5 -52 (-62) I0(18) ....
4.89 x 108 9.90 x 1016 1.48 x 10 -4 -46 (-50) 17 (30) ....
4.89 x 108 2.31 x 1017 3.44 x 10-4 -29 (-20) 33 (60) ....
7.27x 108 4.01 x 1017 5.97x 10-4 -27 [-17) 35(63) ....
3.35 x 108 1.85 x 1017 2.70 x 10-4 -29 (-20) 33 (60) ......

A350-LF3
(HB2) .... 79 (- I I 0) .....

l.llx 109 8.20x 1016 1.16x 10 --4 --64 (-84) 14(26) ....
I.Iix109 2.26x 1017 3.21x 10 --4 -50 (-58) 29 (52) ....
l.llxl09 5.26xi017 7.47xi0-4 -23(-10) 56(100) ....
l.llx 109 6.14x 1017 8.73x 10-4 -13(8) 66(I18) ....

A350-LF3
(HB3) - - - -62 {-80) .....

1.29 x 109 _.55 x 1016 1.36 x 10 --4 -43 (-46) 19 (34) ....
1.40 x 109 2.84. x 1017 4.09 x 10-4 -29 (-20) 33 (60) ....
1.03x 109 4.88 x 1017 7.01 x 10 --4 -8 (17) 54 (97) ....
1.29xi09 7.12x 1017 1.02x 10"3 2135) 64(115) ....

A212-B
(HFIR Shell) - - - I(34) - -21 (-5) - 335 -

4.00 x 107 1.89 x I016 - 6 (42) 4 (8) -8 (17] 12 (22) 329 -
2.43 x 108 I. 15 x !017 1.73 x 10 -4 22 (72) 21 (38) 8 (46) 28 (51) 390 55
2.43 x 108 1.34 x 1017 2.02 x 10-4 39 (102) 38 (68) 20 (68) 40 (73) 389 54

ORR Irradiations
A212-B
(HFIR Shell) 9.59 x 1012 2.43 x I018 3.39 x 10 --3 - - - 56 431 96
A212-B
(EGCR Shell) 1.05 x 1013 1.54 x 1017 2.14 x 10-4 - - - I0 340 5

2.00 x 1012 9.80 x 1018 2.40 x 10 -2 - - - 103 524 177

Shippingport NST
A2,12-B - - - 31 (88) - 16 [6 I) - 294 -

8.90x 108 2.67x 1017 7.10x 10 -4 51 (124) 20(36) 39(102) 23(41) 345 a 51
1.33 x 109 4.00 x 1017 1.07 x 10 -3 51 (124) 20 (36) 39 (102) 23 (41) 345 a 51
1.33x 109 4.00 x 1017 1.07 x 10 .3 58 (136) 27 (48) 44 (I I I) 28 (50) 345 a 51
2.00x 109 6.¢.X_x 1017 1.60 x 10 -3 58 (136) 27 (48) 44 (I II) 28 (50) 345 a 51

a Average value at all fluence levels.

and the USE is ---60 J/cm 2 (35 ft.lb) higher than that for the Shippingport NST, After irra-

diation the shift in CTT is 40°C (73°F) for the HFIR material (=1.3 x 1017 n/cm 2 fluence)

and 28°C (50°F) for the NST material (_-6 x 1017 n/cm2). Although the increase in CTI" is

smaller, the actual CTT of the Shippingport NST is significantly higher than that of the

HFIR A212-B steel. At the service temperature of 55°C (131°F), the impact energy of the

irradiated inner wall of the NST is very low, =40 J/cm 2 (=24 ft.lb). Similar differences are

also observed for the Charpy data on TL specimens.

The HFIR A212-B steel is not only tougher than the Shippingport NST steel, it is also

stronger, i.e., its tensile strength and hardness are higher than that of the NST material.

The yield stress and hardness for nonirradiated materials are, respectively, 335 MPa

(--49 ksi) and 172 DPH for the HFIR l and 294 MPa (43 ksi) and 156 DPH for the
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Table 13. Chemical compositions (wt.%) of ferritic steels

from the HFIR surveillance program

Element A212-B A I0 5-I I A350-LF3 A350-LF3
Shell HB I, HB4 HB2 HB3

C 0.26 0.24 0.18 O.17
Mn 0.85 I. 12 0.55 0.50
P 0.006 0.003 0.010 0.007
S 0.040 0.020 0.020 0.010
Si 0.29 0.21 0.29 0.27
¢3a 0.15 0.03 0. I1 O. I0
Ni 2.20 a 0.14 3.30 3.20
Cr 0.075 0.042 0.090 0.080
O 0.0024 0.0033 0.0027 0.0026
N 0.0060 0.0063 0.0090 0.0083
Ti 0.010 <0.001 <0.001 <O.001
V 0.0005 0.0005 0.0010 <0.001
Zr <0.001 <0.001 <0.001 <0.001
Mo 0.02 0.07 0.03 0.03
A l 0.07 0.06 0.08 0.08
Sn 0.02 <0.005 0.02 0.02
B <0.005 <0.005 <0.005 <0.005

a Believed to be high; another analysis showed 0.09

Shippingport NST. The chemical compositions of the ferritic steels from HFIR surveillance

program are given in Table 13. Except for the difference in copper content, elemental

compositions of the A212-B steels from the HFIR pressure vessel and from the

Shippingport NST are comparable. The differences in the transition curves of the nonir-

radiated A2 12-B steels are most likely due to microstructural factors, e.g., amount and dis-
tribution of inclusions.

The shifts in CTT of the material from the Shippingport NST, HFIR surveillance sam-

ples, and HFIR A212-B steel irradiated in the ORR are plotted as a function of neutron ex-

posure in Fig. 19. The results for the Shippingport NST material are consistent with those

from ORR-irradiated steel. The HFIR surveillance data follow a different trend; for a given

fluence, the shifts in CTT are greater than those for the Shippingport NST material or the

ORR-irradiated samples. The shifts in 41--J (30--ft.lb) CTT of A212-B steel from the HFIR

surveillance program are not significantly different from those for Al05-11 or A350--LF3
steels.

4.2 Low-Temperature Irradiation

Irradiation temperature is an important factor in radiation damage, particularly in the

temperature range of operation of power reactors. At temperatures >232°C (>450°F), pro-

gressively lower embrittlement is observed with increasing temperature. 13-15 However,

relatively little or no temperature effect is observed at irradiation temperatures <232°C

(<450°F). In Fig. 20, the results for the Shippingport NST and for samples irradiated in the

ORR are compared with data from test reactors 3,14-2o and from Army reactors surveillance

program 21,22 The shifts in _ for the NST A2 12-B and HFIR A2 12-B irradiated in the

ORR are consistent with these results and represent the tail of the trend band that de-

scribes the increase in CTT of various steels irradiated at <232°C. An upper bound curve

for low-temperature irradiation is expressed as
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AC'I"T = 15 + 150f (0"42 + 0.22logf), (4)

and the lower bound curve as

z_CTI" = -50 + 150f (0'42 + 0.221ogf), (5)

where the CIT shift is in °C and fluence f is in 1019 n/cm 2.

Swedish data 23 on the effect of irradiation temperature on embrittlement of ferritic

steels (including A212-B steel) indicate that embrittlement is relatively insensitive to tem-

perature between 110 and 232°C (230 and 450°F) and decreases at lower and higher tem-

peratures. The data from irradiation of various steels and welds 3.21 at <93°C (<200°F) fall
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between the center and lower-bound curve of the <232°C trend band, Fig. 21. Swedish

data from irradiations ., 110-230°C follow the upper bound of the trend band.

Embrittlement of ferritic steels at <93°C appear to be better represented by the average

trend for low temperature irradiations. A power-law best fit of the data for various steels

irradiated at <232°C yields

ACTT = 120f o.5o, {6}

where the CTI" shift is in °C and fluence f is in 1019 n/cm 2.

The data in Fig. 20 indicate that variations in chemical composition of steel, e.g., Cu or
Ni contents, have little or no effect on irradiation embrittlement at temperatures <232°C.

For example, the increases in CT]" for ASTM reference A212-B and A302-B steels irradi-

ated at <149°C are comparable, Fig. 20. Compositional effects are observed for these steels

when they are irradiated in the same facilities at higher temperatures. 2o In Fig. 22, the
shifts in CT]" for the ASTM reference materials irradiated at 277-310°C (530--590°F) are

compared with the <232°C trend band. The results for A302-B steel from the Yankee-

Rowe surveillance program are also included in the Fig. 22. 20 For a given fluence level, the

increase in CTI" for A212-B steel (with 0.26 wt.% Cu and 0.28 wt.% Ni) is greater than that

for A302-B steel (with 0.20 wt.% Cu and 0.18 wt.% Ni).

Surveillance data for Army reactors indicate no significant difference in embrittlement
between A212-B and A350 steels. 16.21,22 The results for A350 steels in Army reactors,

shown in Fig. 23, are within the trend band for irradiations at <232°C, although they are

close to the upper-bound curve. HFIR surveillance data for A350-LF3 and A105--II steels

do not follow the trend for A350 Army reactor steels; they show greater embrittlement

than the <232°C trend band. These results indicate that the greater embrittlement of HFIR

surveillance samples relative to the Shippingport NST is primarily due to factors other than

material and compositional differences.
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To account for differences in the spectra of the various irradiation facilities, the in-
crease in CTT for HFIR surveillance steels, ORR-irradiated samples, and the Shippingport

NST, as well as test reactor data* at <93°C, are plotted in Fig. 24 as a function of displace-

ment per atom (dpa) for E >0.1 MeV rather than fluence. The difference still exists be-
tween HFIR surveillance data and results from ORR irradiation, the Shippingport NST, or
test reactors.

* From Ref. 4 ,where the test reactor trend curve was obtained assuming that the calculated spectrum for ORR was

appropriate for test reactor data.
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4.3 Effect of Fluence Rate

Radiation embrittlement depends on the fraction of point defects that avoid recombi-
nation and survive to form clusters, rather than on point-defect production, which is con-

ventionally represented by fast neutron fluence or by dpa. Radiation effects under different
irradiation conditions will correlate with fast fluence or dpa if the relative fraction of point
defects that avoid recombination remains the same for different irradiation conditions.

However, the overall rate of radiation hardening and embrittlement will be accelerated by
any mechanism that decreases the rate of polnt-defect recombination relative to their pro-
duction rate. Two such mechanism, based on bulk recombination or rate effect and on in-

cascade recombination or spectral effects, have been considered to explain the greater em-
brittlement of HFIR surveillance samples. 24 Lower displacement rates decrease the frac-

tion of bulk recombination, thereby a larger fraction of point defects survive for formation of
clusters. The rate effect may contribute to accelerated embrittlement of HFIR samples be-

cause the fluence rate is nearly 5 orders of magnitude lower for HFIR than for the test reac-
tors. The spectral effect considers that, for irradiations producing small cascades, e.g., re-
coils from thermal neutron capture, a smaller fraction of point defects recombine in the
cascade and the available number of defects per displacement is larger than for irradiations

that produce large cascades. Thus, the contribution to radiation embrittlement from ther-

mal neutrons is larger per dpa than that from fast neutrons.

The greater embrittlement of HFIR surveillance samples relative to that of specimens
irradiated in the ORR and test reactors has been evaluated on the basis of a fluence-rate

effect. 4 The rate effect was established from specimens irradiated at a fluence rate of
<1 x 10 ]0 n/cm2.s; recent data indicate that at =93°C (=200°F) there is essentially no rate

effect in the fast flux range of I x 10]°-3 x 1013 n/cm2.s. 2F At temperatures <93°C (200°F),
vacancies are relatively immobile, which reduces the importance of rate effect. 24 HFIR
surveillance data for the A350--LF3 and A212-B steels, corresponding to flux values of 2.4 x

108 and 1.2 x I09 n/cm2.s, respectively, were used to obtain plots of dpa vs. dpa rate for
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specific CTT shifts in Fig. 25. The irradiation conditions (i.e., dpa vs. dpa/s) for the
Shippingport NST steel are also shown in Fig. 25. The fluence rate for the Shippingport
NST is comparable to the rates for HFIR A350-LF3 or Al05-11 steels, i.e., ---1x 109 n/cm2.s.

If fluence rate has a large effect on the CTT shifts, the values for the Shippingport NST
should be close to those for A350-LF3 and AI05--II steels. The predicted increase in CTr

of 45-60°C (81-108°F) from Fig. 25 for the Shippingport NST, is higher by a factor of =2
than the measured shifts in CIT, The predicted CTT shifts for Al05-11 steel also show
poor agreement with the experimental data (Table 12). The results indicate that fluence
rate has no effect on the shift in CTT at values as low as 2 x 109 n/cm2.s. The greater em-

brittlement of HFIR surveillance samples is most likely due to spectral effects.

4.4 Spectral Effects

The HFIR spectrum is highly thermalized, with thermal neutrons accounting for 96%
of the total flux in the surveillance position. In the Shippingport and most test reactors of
interest, the thermal neutron flux is a much smaller fraction of the total flux. Thermal neu-

trons cannot cause damage by elastic scattering since the minimum neutron energy re-
quired to displace an atom is above 0.5 keV. Damage associated with thermal neutrons is

caused by recoil events resulting from neutron capture, i.e., from the (n, 7) reaction and for
some cases the (n, (_) reaction. As was discussed in Section 4.3, radiation effects depend
on the fraction of point defects that survive rather than on the production of defects. Slow

neutrons in an energy range <0. I MeV increase the available point defects per unit dis-
placement, resulting in enhanced cluster formation and embrittlement. Contributions of

slow neutrons are not accounted for in conventional methods for assessing damage in terms
of fast-neutron fluence (E >1 MeV) or dpa (E >0.1 MeV).

Alternative damage models have been used to determine the fraction of stable point

defects produced by a given irradiation. Calculations based on damage efficiency, i.e., the

probability of forming a stable defect, were recently completed to explain the discrepancy
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between the shifts in C'VI" of HFIR surveillance and ORR-irradiated samples, and the

Shippingport NST.* The models proposed by Doran 26 and Wiedersich 27 were used for

damage efficiency. The procedure for calculating dpa was modified to include damage effi-
ciency, and the relative changes in damage rate, rather than absolute damage rates, were
determined for the neutron flux spectra for Shippingport, HFIR, and ORR.

The results indicate that the contributions from thermal neutrons for HFIR, ORR, and

Shippingport samples are, respectively, 29, 2.5, and 0.4% of the total damage. Relative
changes in damage rate from the Wiedersich model appear to be of the right order to ex-
plain the observed differences in embrittlement between samples from these three facili-
ties. The ratio of modified damage rates is 3.3-5.7 for HFIR/Shipplngport, 4.4 for

HFIR/ORR, and 0.8-1.3 for ORR/Shippingport. The relative changes from the Doran
model, e.g., 1.2-1.6, are not sufficient to explain the discrepancies.

A similar approach has also been used to show that spectral effects may dominate the
accelerated embrittlement of HFIR surveillance samples. 24 The shifts in C'I_I"for IIFIR
surveillance and ORR-irradiated samples fall along a single curve when plotted as a function
of thermal neutron fluence (E <0.4 eV). Similar correspondence is observed for the in-
creases in tensile stress for HFIR surveillance and out-of--core ORR-irradiated samples 2
plotted as a function of thermal neutron fluence.

Other analytical models of freely migrating interstitials and vacancies also show the
importance of spectral effects and are consistent with the differences in property data from
different facilities. 28 The best correlation of the data from HFIR sur,,eillance and irradia-

tions in the ORR, Omega West reactor, and the Rotating Target Neutron Source is obtained

when increases in yield stress are compared on the basis of freely migrating interstitial
defects, which are believed to better represent the defects participating in radiation
hardening.

These results indicate that in neutron environments with high thermal-to-fast ratio

and low temperatures, current measures of radiation damage, such as fast fluence and dpa,
are inadequate. Alternative measures of damage assessment must be considered for cases of
a softened neutron spectrum such as HFIR.

5 Conclusions

Characterization of material from the Shippingport NST indicates that the embrittle-
ment of this A212 Grade B steel in a low-temperature, low-flux environment is consistent

with the trend band for irradiations at <232°C (<450°F) and shows good agreement with
data from test and Army reactors. The shifts in _ are between 23 and 28°C (41 and

50°F). The NST weld metal is significantly tougher than the plate material; shift in CTT is
=20°C (36°F). These shifts are significantly lower than those expected on the basis of re-
sults obtained from the HFIR surveillance samples. The results indicate that fluence rate

does not affect radiation embrittlement at rates as low as 2 x 108 n/cm2.s and the low oper-
ating temperatures of the Shippingport NST, i.e., 55°C (130°F). The accelerated embrit-

J

Greenwood, L., "Damage Calculations for Shippingport, HFIR, and ORR," memo to W. J. Shack, October 1989.
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tlement of HFIR surveillance samples are most Itkely due to the contribution of thermal
neutrons.
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