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FORBWORD

This report is the seventeenth in a series of Quarterly Technical
Progress Reports on Damage Analysis and Fundamental Studies (DAFS), which
is one element of the Fusion Reactor Materials Program, conducted in support
of the Magnetic Fusion Energy Program of the U. S. Department of Energy

(DOE). The first eight reports in this series were numbered DOE/ET-0065/1
through 8. Other elements of the Materials Program are:

o Alloy Development for Irradiation Performance (ADIP)
" Plasma-Materials Interaction (PMI)

m  Special Purpose Materials (SPM).

The OAFS program element is a national effort composed of contributions
fron a number of National Laboratories and other government laboratories,
universities, and industrial laboratories. 1t was organized by the Materi-
als and Radiation Effects Branch, Office of Fusion Energy, DOE, and a Task
Group on Damage Analysis and Fundamental Studies, which operates under the
auspices of that Branch. The purpose of this series of reports is to pro-
vide a working technical record of that effort for the use of the program
participants, the fusion energy program in general, and the DOE.

This report i s organized along topical lines in parallel to a Program
Plan of the same title so that activities and accomplishments may be
followed readily, relative to that Program Plan. Thus, the work of a given
laboratory may appear throughout the report. The Table of Contents is
annotated for the convenience of the reader.

This report has been compiled and edited under the guidance of the
Chairman of the Task Group on Damage Analysis and Fundamental Studies,
D. G Doran, Hanford Engineering Development Laboratory (HEDL). His
efforts, those of the supporting staff of HEDL, and the many persons who
made technical contributions are gratefully acknowledged. M. M. Cohen,
Materials and Radiation Effects Branch, is the DOE counterpart to the Task
Group Chairman and has responsibility for the DAFS Program within DOE.

D. L. Vieth, Chief
Materials and Radiation Effects Branch
Office of Fusion Energy
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RTNS-1T IRRADIATIONS AND OPERATIONS
C M Logan and . W. Heikkinen (Lawrence Livermore National Laboratory)

1.0 Objective

The objectives of this work are operation of OFE's RTNS-1I (a 14-MeV
neutron source facility), machine development, and support of the experi-
mental program that utilizes this facility. Experimenter services include
dosimetry handling, scheduling, coordination, and reporting. RTNS-IT is
dedicated to materials research for the fusion power program. Its primary
use is to aid in the development of models of high-energy neutron effects.
Such models are needed in interpreting and projecting to the fusion
environment engineering data obtained in other neutron spectra.

20 Summary

During this quarter, a letter of understanding between the US. (DOE) and
Japan {Monbusho) was signed. This implements joint utilization and
support of the RTNS-II facility. Irradiations were done on a total of
fourteen different experiments. Approximately five weeks of unscheduled
outage occurred due to problems with the 50-cm target seal.

3.0 Program

Title: RTNS-II Operations (WZJ-16)
Principal Investigator: C M Logan
Affiliation: Lawrence Livermore National Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

TASK II.A.2,3,4.
TASK II.B.3,4
TASK II.C.1,2,6,11,18.



51

During this quarter,

Irradiations-C.M.

Principal Contact

DW.  Heikkinen and MW.  Guinan (LLNL)

irradiations were done for the following people:

Sample

T lida (Osaka) Fiber Optic Cables, Insulators,
Diffraction Grating, Transistors,
Amorphous Metals

J. Fowler (LANL) Macor, Saphire

H. Vonach (Vienna) Nb

C. Snead (BNL) Superconductor

R Borg (LLNL) Geological Materials

M. Singh (LLNL) Laser Glass

R Van Konynenburg (LLNL) MFTF Magnet Insulaters

R Jalbert Tritium Detector Development

R Hartmann (Northrop) IC Chips

D. Kaletta (Karlsruhe) Nb, V, Ni

H Matsui (Nagoya) TiC, L1’20

B. Schumacher (LLNL) No dosimetry, Thin Proton Recoil
(ounter

D. Heikkinen (LLNL) Nb dosimetry

5.2

Woolhouse (Aracor)

Silicon

RTNS-11 Status-C. M. Logan and D. W. Heikkinen

During the first five weeks of this quarter, the 50-cm target seal con-
tinued to cause problems. These problems were caused by use of a stainless
The stainless steel stator has been replaced by a brass

This appears to

steel stator.
stator similar to the one used with the 23-cm targets.
have solved the problem.

Irradiations have begun for Japanese scientists as part of the joint
A steering committee has been established
In addition, points of

utilization plan for RTNS-II.
to oversee the experimntal program at RTNS-II.



contact have been appointed for both the Japanese and United States sides.

These are shown in Table 1.

TABLE 1
STEERING COMMITTEE AND POINTS OF CONTACT
U.S. Japan
Point of Contact D. Doran K Sumita
HEDL Osaka
Steering Committee R Borchers I. Kawano
LLNL Monbusho
M Cohen K. Kawamura
DOE Tokyo Institute of

Technology
6.0 Future Work

The first meeting of the Steering Committee will be held in Tokyo during
April 1982. Irradiations will be continued or are scheduled for T lida
(Osaka), H. Matsui (Nagoya), M Guinan (LLNL), J. Fowler (LANL),

D Kaletta (Karlsruhe), R Hartmann (Northrop), and C Snead (BNL).

70 Publications
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ROOM—RETURN NEUTRON FLUX MEASUREMENTS AT RTMS-LI

L. R. Greenwood (Argonne National Laboratory)

1.0 Objective

To characterize the neutron flux and energy spectrum in the RTN3-I11 target

room.

2.0 Summary

Neutron activation measurements have been used to determine the neutron flux
and energy spectrum in the RTNS-II target room both near the target and at
distances of 5, 15, 30, 120, and 380 cm (the backwall). The room-return
neutron Flux and spectrum appears t be constant throughout the room, but
increasing from 1% of the total flux at 18 cm to 3%at 30 cm and 31% at

120 cm.

3.0 Program

Title: Dosimetry and Damage Analysis

Principal Investigator: L. R. Greenwood

Affiliation: Argonne National Laboratory

4.0 Relevant DAFS Program Plan Task/Subtaslcs

Task 11.A.2 High-Energy Neutron Dosimetry

Task 11.A.2.2 Flux-Spectral Definition in RTHS-I1



5.0 Accomplishments and Status

A joint experiment{1,2) was conducted with Rockwell International and

Lawrence Livermore Laboratory (LLL) to characterize the neutron flux and
energy spectrum at the Rotating Target Neutron Source (RTNS-I1). Various
dosimetry samples were irradiated on arcs at distances of 5, 15, 30, 120, and
380 cm from the source, the last position corresponding to the back door of
the target room. At distances of 30 cm or greater the neutron activation data
clearly shows the influence of room-return neutrons. Clint Logan(3) performed
neutronics calculations to estimate this room-return effect. Our measure-

ments, including radiometric measurements at Argonne and LLL, was then used

to adjust the calculated flux-spectra.

The radiometric foil measurements are summarized in Table 1. Only the 0°
values are shown at distances of 30 cm or greater. A large number of measure-
ments were also made at other angles and at closer distances. The presence of
room-return neutrons is easily evident in the activation rates listed in

Table 1. Note that whereas the high threshold (n, 2n) reactions decrease
roughly as the distance squared, the lower threshold (n, p} and (n, a)
reactions show a much smaller decrease while the thermal (2, Y) reactions are

nearly constant.

The data in Table 1 was used with the STAYSL code to adjust the spectrum cal-
culated by Logan. The results are illustrated in Figures | and 2. Figure |

shows the final neutron energy spectrum determined at 120 cm from the target

at 0" to the beam. The spectra at 30 cn and 380 cm are nearly identical
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TABLE 1
ACTIVATION RATES FOR RTNS-II

Values are time-averaged over a 252-hour period.
Distances from the source are at 0° to the beam.

op (x 10712 arom/atom~S)

Reaction 30 cm 120 cm 380 cm
455c(n, v)46sc 59.9 53.8 55.5
59Co(n, v)60co 9.9 81.3 83.1
107Ag(n,y)110mag - 12.0 12.0
197pu(n, v)1984u 385. 276. 270.
4871 (n,p)48sc 25.5 - -
54Fe(n,p)34mn 116. 7.40 1.00
59Co(n,p)39Fe 18.0 1.17 0.129
58Ni(n,p)38co 116. 7.93 1.16
60N(n, p)0co 51.5 3.23 0.320
27A1(n,a)2%Na 41.4 -— —
54Fe(n,a)dlcr 34.8 2.16 0.217
45gc(n,2n)44mgc 48.9 3.01 0.281
39Co(n,2n)78Co 313. 19.2 1.82
58N1i(n,2n)37N1 15.1 0.945 0.087
89Y(n,2n)88y 379. 23.8 2.21
93Nb(n,2n)92mNb 178. 10.7 1.06
107ag(n,2n)1064g — 13.1 1.31
169Tm(n,2n)168Tn 743. 46.3 4.75
197 pu(n,2n)1%044 851. 53.1 5.17
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except for the peak at 14.9 MeV. We thus conclude that the room-return flux
and spectrum is constant and isotropic throughout the target room. The

adjusted spectra agree quite well with the calculations by Logan.

Figure 2 illustrates the flux distribution in the RINS-II target room. The
absolute values are for the small targets. The 14.9-MeV peak (0°) decreases
as the distance squared. All lower energy fluxes appear to be constant. This
can be expressed mathematically as follows:
1

@(Total) = @&, (EE'+ ¢) (L)
where ¢, is the 14.9-MeV source strength, R is the distance in centimeters,
and ¢ is the constant ratio of the room return flux to the source strength.
We find that C = 3.06 x 1073 em™2. The ratio of the room return flux to the

total flux and 14.9 MeV flux is then given by:

¢{Return) R2C
*(Total) — 1 + R2C (2)
$(Return)

_— e R2
6(14.9 Mev) ~ R°C 3

Table 2 lists some values calculated using equations (2) and (3). Obviously,
caution must be used at distances close to the target (< 5 cm) since finite
size effects become important. Also, it should be noted that experimental
assemblies will peturb the flux-spectrum due to scattering and attenuation of
the neutrons. The equations also do not hold exactly for angles other than 0°
to the beam since the source is not quite isotropic. However, the neutron

energy and source strength can easily be adjusted for other angles.(h) At
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back angels (> 90°) effects must also be included for the rotating target

itself.

Table 2

ROOMHRETURN  NEUTRON FLUX AT RTNS-II

R, an Return/Total Return/14.9 MV
5 7.7 x 1074 7.7 x 1074
10 3.1 x 1073 3.1 x 10™3

15 6.8 x 1073 6.9 x 10-3

30 0.027 0.028

60 0.099 0.110

120 0.31 0.44

200 0.55 1.22

380 (wall) 0.82 4.42

The room-return fluxes (Table 2) and energy spectrum (Figure 1) are especially
interesting since they are quite similar to the first wall of a fusion reactor.
The total steady state flux at 100 ¢cm is about 108 n/cm?-s producing a fluence
of 1013 n/em? in about 24 hours. With larger targets and extended schedules
at RTNS-II it may be possible to achieve a fluence of 1014 pn/em2 per week at
100 an from the source where the return flux is about one-fourth of the total.
This fluence is comparable to that proposed for some experiments at near-tern
fusion reactors (TFTR and JET). By placing moderators near the source or
experiment, the return neutron flux could easily be increased and tailored for

fusion materials studies.
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7.0 Future Work

Work is continuing to calculate neutron energy spectra at RTNS-II and to
determine the best values for measured activation cross sections. A similar

joint experiment with RIES and LLL is now being planned for the larger targets

now being used at RTNS-ITI.

8.0 Publications

1. L. R. Greenwood, Neutron Flux and Spectral Measurements to Characterize
Irradiation Facilities for Fusion Materials Studies, Proceedings of the
Fourth ASTMHBLRATOM Symposium on Reactor Dosimetry, March 22-26, 19382,

National Bureau of Standards, Gaithersburg, MD.
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RTNS-11 FLUENCE MAPPING AND HELIUM GENERATION CROSS SECTIONS
0. W. Kneff, B. M. Oliver, M. M. Nakata, and H. Farrar IV (Rockwell Interna-
tional, Energy Systems Group)

1.0 Objective

The objectives of this work are to measure helium generation rates of mate-
rials for Magnetic Fusion Reactor applications in the -14.8-MeV T(d,n) neutron
environment, to characterize the T{d,n} neutron field of the Rotating Target
Neutron Source-11 (RTNS-II), and to develop helium accumulation neutron
dosimeters for this test environment.

2.0 Summary

Neutron fluence contours have been calculated for the high-flux region of the
RTNS-II sample irradiation volume, and the cross section of elemental lead has
been determined for 14.8-MeV neutrons.

3.0 Program

Title: Helium Generation in Fusion Reactor Materials
Principal Investigators: D. W. Kneff and H. Farrar IV
Affiliation: Rockwell International, Energy Systems Group

4.0 Relevant OAFS Program Plan Task/Subtask

Subtask 11.A.2.2 Flux-Spectral Definition in RTNS-II
Subtask I1.A.4.2 T(d,n) Helium Gas Production Data
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5.0 Accomplishments and Status

5.1 RTNS-I1 Neutron Fluence Map

Neutron fluence contours have been calculated for the high-flux sample irra-
diation region of the RTNS-1I neutron field. They were obtained from the
fluence map generated as part of a joint Rockwell International-Argonne
National Laboratory {ANL)-Lawrence Livermore National Laboratory (LLNL)
RTNS-TI source characterization experiment. The experimental irradiation
geometry was described in detail in a previous report,"™ ) and the fluence
mapping results (not previously reported) have been used in the determination
of the helium generation cross sections for several pure elements and sepa-

(2)

rated isotopes incorporated in the irradiation. The fluence map and the

generated contours are presented below.

The fluence map was derived from the radiometric and helium accumulation
dosimetry materials irradiated in a miniature (20-mm-diameter by 8-mm-
thick) capsule, mounted 0.76 mm from the front face of the rotating target
assembly. (1)
segmented after the irradiation and analyzed, respectively, for activity

The activation foils and pure element wire dosimeters were

levels (at ANL and LLNL) and generated helium. The fluence mapping was
performed by first constructing an average map from the radiometric dosimetry

data, assuming a circular deuteron beam shape. The magnitude of a slight
capsule offset from the deuteron beam axis was first determined using a series

of least-squares fits across the segmented foil data. This offset (1.1 mm)
was then incorporated in a multiple regression analysis to evaluate the
constants in an empirical model of the fluence profile.

This empirical model was then compared with the helium concentration gradients
measured in the more finely segmented pure element dosimetry wires. In
previous RTNS-1 characterization experiments, the helium data revealed signif-

(3,4)

icant asymmetries in the neutron fluence profiles. In the present case,

the helium measurements demonstrated that the fluence profile for the RTNS-I1
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irradiation was generally symmetric, which is attributed in part to the larger
neutron source spot (larger deuteron beam diameter) in close proximity to the
capsule. N adjustments were made to the radiometric fluence mgp for this
irradiation.

The empirical fluence model derived for this irradiation (9.3 x 10° nC,
122.6 h beam time) is given by the following expression:

1.5 2 3
) A B 2 B _ 3
®(R,AZ) = (ﬂT) {CO + Cg (B + Az) e C3 (B-+ A ) R ]

Here R is the radial distance from the neutron source axis (in mm}, AZ is the
axial distance from the front face of the irradiation capsule (mm), and ¢ is
the total fluence (in units of 1017 n/em?) at any given position (R,AZ} within
the capsule. The evaluated constants for this expression are:

Co = 10.523
C2 = -0.105
€, = 0.003
A = 3.816
B =12

The capsule distance AZ is related to the axial distance from the outside face
of the rotating target assembly (Z) by

Z(mm} = AZ(mm) + 0.76 mm.

Note that this map has not been adjusted for neutron attenuation by the
capsule and its contents, and is thus not a "free space" map. The average
neutron transmission through the entire capsule is roughly estimated to be
about 88%.
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The relative uncertainties in the fluence map (due, for example, to small
asymnetries in the fluence profile) are *5%, representing the region for which
0 <Z<84mmand 0O <R < 8mm These limits correspond to the volume of
the capsule containing the analyzed dosimetry materials. Some additional
dosimetry materials were located at R -9 mm, but have not yet been correlated
with the map. The absolute fluence map uncertainty is #7%, which includes the

above relative unc%%tainties. ctivation counting uncertainties, and a *4%
uncertainty in the ““Nb(n,2n) "Nb cross section used to normalize the map.(5)

Fluence contours (lines of constant fluence) derived from this empirical map
are shown in Figure 1. This figure also indicates the geometry of the capsule
relative to the beam axis. The large (> factor of 5) fluence gradients
present over the small capsule thickness demonstrate the importance of passive
dosimetry in this type of fast neutron irradiation experiment.

} IRRADIATION CAPSULE

2 X10'7 n/em®

R TEEEIE

IR ROTATING "I‘Alh,éE' T ASSEMBLY i iy

0 5
T Ll 1 1] ]

DEUTERON BEAM AXIS SCALE (mm)

FIGURE 1. cContours of Constant Fluence for the High-Flux Region of the
RTNS-II Neutron Field.
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5.2 Helium Generation Cross Section for Lead

Total helium generation cross section measurements have been completed for
pure element lead, irradiated in the -148-MeV T(d,n) neutron spectrum of
RTNS-1I. These measurements were part of a program supported by the Office of
Basic Energy Sciences of .the U.S. Department of Energy, to determine helium
generation cross sections of a wide variety of elements and isotopes of
interest to the fusion community. The cross section of lead was determined by
combining the helium measurement for each of six samples with the neutron
fluence at each sample's irradiation position (see Section 5.1), and averaging
the six values. The final cross section value is 0.62 + 0.05 mb.

Lead is of interest in fusion reactor designs as a component of candidate
blanket materials. Its low helium generation cross section also makes lead
compounds (including PbO, PbF,, PbS) ideal for irradiating and measuring
helium generation in the hard-to-handle elements oxygen, fluorine, and sulfur.
Helium analysis of these materials, which were also irradiated at RTNS-II, is
nw in progress.
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Ehem-» 40, 1285 (1978).

7.0 Future Work

The helium analyses of RTNS-irradiated materials will continue. RTNS-II
6!_1', 7Li, C, 0, F, and the candidate
fusion alloys 316 stainless steel, HT9, and 9CrlMo.

analyses are near completion for Li,

8.0 Publications

None.
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HELIUM ACCUMULATION NEUTRON DOSIMETRY FOR THE OMEGA WEST REACTOR
D. w. Kneff, B. M. Oliver, H Farrar IV (Rockwell International, Energy

Systems Group), and L. R. Greenwood (Argonne National Laboratory)

1.0 Objective

The objective of this work is to apply helium accumulation plus radiometric
neutron dosimetry to the measurement of neutron fluences and energy spectra in
mixed-spectrum fission reactors utilized for fusion materials testing.

2.0 Summary

Neutron energy spectrum unfolding using combined helium accumulation and

radiometric measurements has been demonstrated for the neutron environment of
the Omega West Reactor.

3.0 Program

Title: Helium Generation in Fusion Reactor Materials/Dosimetry and Damage
Analysis

Principal Investigators: D. W. Kneff, H Farrar IV, and L. R. Greenwood

Affiliation: Rockwell International and Argonne National Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

Subtask II.A.1.1 Flux-Spectral Definition in a Tailored Fission Reactor

5.0 Accomplishments and Status

Helium accumulation and radiometric neutron dosimetry measurements made for
the Omega West Reactor (OWR) at Los Alamos have been used to demonstrate
combined spectral unfolding in a mixed-spectrum reactor neutron environment.
The measurements were made as part of the OWR spectral characterization
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experiment performed in October 1980. The irradiation and the radiometric
dosimetry results have been described in a previous report. (1)

The helium accumulation dosimetry was provided primarily by Al1-0.7% 6L1' and
A1-0.5% B alloy wires plus pure element copper wire. " Samples of all three
materials were irradiated within gadolinium cover foils, and additional
samples of the alloy wires plus aluminum were irradiated without covers.
Self-shielding effects were calculated to be -0.2% for the covered materials
and ~1-2% for the uncovered materials. A total of 20 helium analyses were
performed for these materials. The helium concentrations produced by the
7.6-hour, 80-MW irradiation are summarized in Table 1.

TABLE 1

SUMMARY OF HELIUM GENERATION RESULTS FROM THE
OMEGA WEST REACTOR SPECTRAL CHARACTERIZATION IRRADIATION

Average e With Respect

Material Cover Atom Fraction to
A1-0.7% °Li Al 1.32 x 1073 64

Gd 1.34 x 1072 6
A1-0.5% B Al 5.42 x 1073 10g

Gd 562 x 1072 105
Al Al 772 x 10710 AT
cu Gd 366 x 10710 cu

Spectral unfolding calculations were performed using the unfolding code
STAY'SL.(Z) These calculations were performed both with and without the
helium accumulation data. The spectral unfolding results obtained with the
inclusion of 6L1’, 10B, and Cu helium production reaction rates are shown in
Figure 1, and the reactions used in the unfolding are summarized in Table 2.
ENDF/B-V {n,a) cross sections(3)

The unfolding results indicate that the 6L1(n,u) and Cu(n,a) cross sections

were used for the helium generation reactions
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FIGURE 1. Unfolded Flux Spectrum for the Omega West Reactor at 8 MW,
Core Center.

are consistent with the ENDF/B-VY radiometric cross sections. The 108(!‘1,01)
results are also in excellent agreement, but this analysis does not provide an
independent cross section test, because the 10B concentration of the Al-B
alloy was originally determined relative to the 6L1' content of the Al-Li
alloy, in a separate thermal neutron irradiation.

This OWR experiment utilized a large number of radiometric reactions, and
spectral unfolding without the helium data generated a nearly identical
spectrum. The helium accumulation measurements were included here primarily
to demonstrate the combined unfolding and the consistency of the spectrum-
integrated cross sections. Long-term reactor experiments now in progress in
the High Flux Isotopes Reactor (HFIR) and the Oak Ridge Research Reactor {ORR),
on the other hand, have limited radiometric dosimetry, due to long irradiation
times and burn-up by the high fluxes. Helium accumulation is expected to
contribute significantly to the spectral unfolding for these irradiations.

6.0 References

1 L. R. Greenwood, "Characterization of the Omega West Reactor (LASL),"
Damage Analysis and Fundamental Studies, Quarterly Progress Report
October-December 1980, DOE/ER-0046/4, Vol. 1, U.S. Department of Energy,
16 (1981).
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TABLE 2
DOSIMETRY REACTIONS USED FOR OWR SPECTRAL UNFOLDING

_ Ener?ﬁ ﬁnge* Average
Reaction € Deviation?

511 (n, % helium 1x10%-ax107 -0z
108 (5, X Yhelium 1x 109 _ax1077  +0.0%
85 (n,v)0se 1x 1072 - 4 x 107 -5.7%
3co(n w)%%o0 1x107 1 x0?t s
Bra(n,y) e 1x 109 -2 x 10 44y
176, s (no ) T Lu 1x 108 - 1x 1077 4431
197 (n ,v) 1 %8y 1x 108 - 4x10% 11%
2By (n 0 1x 108 -2x10% 40051
238 (n ,v)23% 2x108 - 2x10  _a0m
6y = ex108-90x10® .23
B ny)se  * gx10®.2x10° 2.
Wp(n xihelium ** g x 108 _2x10° 082
B i(n.X)helium ** 8x 100 _3x10°  -2.4%
59c0(n,y)%0 ** 8x108_1x10%  _0.6%
- elny)® e ax10%-3x107% 4383
Uln,f) s gx108-3x10% 4.3z
63u(n, %%y ax108.7x10% 8.3
B n) B w 1x 1077 J1x 107t w1521
197000 )18y = 8x107 -6 x10° 411y
28y 3% v axw0®_2x10? o2
237Np(n,f) 0.36 - 5.0 +1.6%
Byinf 14 - 6.0 -0.1%
e (n,p) > Mn 2.0 - 6.7 +1.3%
sauifn.n\SBCQ 20 - 67 -4.2%
Ti{n,p)46Sc 37 .90 -1.6%
50xi (n,p)%%0 45 - 10 -9.1%
63l:u(n,ot)ﬁoto 45 - 10 +2.6%
Cyfn ¥ihalium 50 - 11 +4.0%
Feln,2)51Cr 50 - 11 +6.4%
8., 10 n1¥8ge 55 - 12 +6.1%
Al{n,x124Na 6.0 - 12 -1.3%
I3unrn 2n192My, 90 - 14 +3.3%
Mn{n,2n)54Wh 11 - 17 +1.8%
%70 (n,2n)82r 12 - 18 4.1%

;90% response range
Percentage deviation of measured from calculated
reaction integral

**Gadolinium cover foil
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2. F. G. Perey, Least Squares Dosimetry Unfolding: The Program STAY'SL,
ORNL/TM-6062, Oak Ridge National Laboratory (1977); as modified by
L. R. Greenwood, Argonne National Laboratory (1979).

3. National Nuclear Data Center, Brookhaven National Laboratory.
7.0 Future Work

Mixed-spectrum reactor dosimetry development and use will continue, with near-
term analysis emphasis on current ORR and HFIR experiments.

8.0 Publications

A paper entitled "A Review of Helium Accumulation Neutron Dosimetry for Fusion
Neutron Test Environments,” by D. W. Kneff, H. Farrar IV, and L. R. Greenwood,
was presented at the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry,
Gaithersburg, Maryland, on March 24, 1982, and has been submitted for publi-

cation in the symposium proceedings.
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COMBINED HELIUM ACCUMULATION AND RADIOMETRIC DOSIMETRY FOR Be(d,n) NEUTRON
SPECTRA

L. R. Greenwood (Argonne National Laboratory), D. W. Kneff, and H. Farrar IV
(Rockwell International, Energy Systems Group)

1.0 Objective

The objectives of this work are to characterize the Be{(d,n) neutron environ-
ment and to develop helium accumulation and radiometric neutron dosimeters for
routine neutron fluence and energy spectrum measurements in Be{d,n) and
Li(d,n} neutron fields.

2.0 Summary

Neutron energy spectrum unfolding using combined helium accumulation and
radiometric measurements has been demonstrated for the Be{d,n) neutron
environment.

3.0 Program

Title: Dosimetry and Damage Analysis/Helium Generation in Fusion Reactor
Materials

Principal Investigators: L. R. Greenwood, D. W. Kneff, and H. Farrar IV
Affiliation: Argonne National Laboratory and Rockwell International

4.0 Relevant DAFS Program Plan Task/Subtask

Subtask 11.A.2.1 Flux-Spectral Definition in the Be(d,n) Field

5.0 Accomplishments and Status

Combined helium accumulation-radiometric neutron dosimetry spectral unfolding
has now been performed for the Be(d,n) neutron environment produced by 30-MeV
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deuterons. The objective of the work was to demonstrate the use of the
measured dosimetry data from both techniques in spectral unfolding calcula-
tions. Such combined spectral unfolding is being developed for the character-
ization of, and routine dosimetry in, the neutron irradiation field of the
Fusion Materials Irradiation Test Facility (FMIT). The calculations were

performed using dosimetry data derived from a Be(d,n) characterization experi-
ment that has been described in detail previously. (1)

Spectral unfolding was performed at 0% (relative to the deuteron beam axis) at
a distance of 17 mm from the center of the beryllium target. This location
corresponds to the front face of a stack of radiometric dosimetry foils. The
helium analysis results from seven Al, Fe, and Cu pure element dosimetry rings
located near this foil stack were geometrically extrapolated to the plane of
the foils. The spectral unfolding code STAYSL was used for the analysis,{2)
and the dosimetry reactions used are listed in Table 1. Radiometric cross
sections for neutron energies < 20 MY were based on ENDF/B-V,(3) and cross
sections > 20 MV were taken from Ref. 4. ENDF/B-V {n,x) cross sections were
used for Cu and Al helium production below the (n,nz) thresholds (-12 MeV),
and the {(n,total helium) statistical model calculations of F. M. Mann were
used at higher energies.(s) The Fe(n,total helium) cross section was taken
from Arthur and Young.(ﬁ) The resulting unfolded neutron energy spectrum is
shown in Figure 1.

The results demonstrate the feasibility of using combined helium accumulation/
radiometric spectrum unfolding for broad fast-neutron energy distributions.

In the present case, the helium accumulation materials used in the unfolding
were based in part on the availability of energy-dependent total helium
production cross section information. The unfolding demonstrates their
similar energy sensitivities (Table 1). Future work will investigate mate-
rials with different expected energy responses, such as gold for higher
energies, and emphasis will be placed on materials that can be analyzed for
both activation yields and helium generation (e.g., Co, Ni, Au).
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NEUTRON SPECTRUM UNFOLDING

TABLE 1
DOSIMETRY REACTIONS USED FCR Be({d,n)

Reaction Ener?gle\'?js\nge Dé¥$;%?§n+
?ggn(n,v)sot:o 107 - 135 -1.9%
Au(n.Y)198, 1073 - 4.0 -0.1%
2Buifn m98rg 3.0 - 17.5 +6.6%
*7Fe(n,X)54Mn 35 - 25 -6.8%
2arnln m39Fe 65 - 19 ~2.6%
27”‘(”"’)60C0 7.0 - 195 +9.1%
54“("’“)24'\'3 85 - 185 -0.9%
Fe(n,a)51Cr 85 - 22 7%
Fe{n,X)helium 85 - 25 +16.0%
Al (n,X)helium 9.0 = 25 +0.6%
cu(n,X)helium 9.0 - 26 ~1.9%
197n4(n,2n) 10y 10 - 20 +0 5%
2ok 201920y, 105 - 20 ~12.0%
90Co(n,2n)58€0 12 - 23 _3.8%
58Z‘f(“’2“)892f 13 - 25 11%
Ni(n,2n)57Ni 13.5 - 24 +15.4%
19704 (n,3n) %50y 17 - 27 -10.2%
59Co(n,3n)57Co 21 - 30 +3.8%
197pu(n,4n) %y 25 - 32 +1. 5%

*90% response range

TPercentage deviation of measured from calculated

reaction integral
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7.0 Future Work

Since this Be{d,n) irradiation experiment included a sufficiently large number
of radiometric dosimetry reactions to extensively characterize the neutron
field, the emphasis on further helium work will be on integrally testing
{n,total helium) cross section evaluations by comparison with the helium
measurements. Comparisons made at several neutron source angles are expected
to provide some energy-dependent information, since the neutron energy spec-
trum changes rapidly with source angle.

8.0 Publications

A paper entitled "A Review of Helium Accumulation Neutron Dosimetry for Fusion
Neutron Test Environments,” by 0. W. Kneff, H Farrar IV, and L. R. Greenwood,
was presented at the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry,
Gaithersburg, Maryland, on March 24, 1982, and has been submitted for publica-
tion in the symposium proceedings.
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NEUTRON DOSIMETRY MEASUREMENTS FOR THE HFIR-CTR32 1RRADIATION

L. R. Greenwood and R. K. Smither (Argonne National Laboratory)

1.0 Objective

To establish the best practicable dosimetry for fission reactors and to

provide dosimetry and damage analysis for OFE experiments.

2.0 Summary

Results are presented for the HFIR-CTR32 irradiation. The maximum fluence
was 4.80 x 1022 n/ca? (1.24 x 1022 n/em? above 0.1 MY). The status of all

other fission reactor dosimetry is summarized in Table I.

3.0 Program

Title: Dosimetry and Damage Analysis
Principal Investigator: L. R. Greenwood

Affiliation: Argonne National Laboratory

4.0 Relevant DAFS Program Plan Task/Subtasks

Task I1.A.1 Fission Reactor Dosimetry

5.0 Dosimetry Results for the HFIR-CTR32 lrradiation

The ¢T®32 irradiation in the PTP of the High Flux Isotopes Reactor (HFIR) at

Oak Ridge National Laboratory was conducted from August 17, 1980 to
December 12, 1980 for a total exposure of 124 days (10,863 i#D). dosimeters

were inserted at 12 vertical heights in the experiment. Six of the dosimetry
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Table 1

Status of Reactor Experiments

Facility/Experiment

ORR

AFIR

Omega West

EBR II

1PNS

MFE1l

MFE2

MFE4A

MFE4B, C

TBCO7

TRIO - Test

CTR32

CTR30, 31, 34, 35
T1, T2, T3

RB1, RB2, RB3
CTR39, 40, 41
Spectral Analysis
HEDL 1

X287

LASL 1 (Hurley)
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Status/Comments

Completed 12/79
Completed 06/81
Completed 12/81
Irradiation in Progress
Completed 07/80
Irradiations in Progress
Completed 04/82
Irradiations in Progress
Irradiations in Progress
Irradiations in Progress
Planning in Progress
Completed 10/80
Completed 05/81
Completed 09/81

Irradiation 02/82



capsules contained radiometric monitors (Ni, Cu, 0.1%Coc-Al, 80%Mn-Cu, Nb,
Ti, and Fe). The other six capsules contained helium accumulation monitors
supplied by Rockwell International (Fe, Ni, Cu, Nb, Ti). AIll of the samples
were gamma counted at ANL. The helium monitors as well as some of the radio-

metric samples were then sent to Rockwell for helium analysis.

The radiometric dosimetry results are given in Table II. Burnup corrections
were applied to all of the reactions, although most corrections were <1G per-
cent. The 30Co(n,y) and 38Fe(n,y) reactions require significant corrections,
20-30% for cobalt and 10-20%for iron. In the iron case, the largest correc-
tion is due to double capture in 357Fe. A self-consistency test insures that
these burnup corrections are quite accurate {(«v2%). This is also confirmed by
the excellent agreement between the various thermal neutron reactions. The
corrections to 34Mn from the 34Fe(n,p) and 33Mn(n,2n) reactions are uncertain
since the 534Mn thermal cross section is not known (<10 barns). If we assume
an average cross section of 5 barns, then the 54Mn corrections have an

uncertainty of *4%. All other corrected activities are accurate to *2%.

The STAYSL computer code was used to determine flux and spectral values. The
activation rates in Table 1 were used to adjust a HFIR spectrum calculated by
Kan and Swanks.l Excellent agreement was found between this spectrum and our
dosimetry results (Table II). The final adjusted spectrum is shown in

Figure 1. Fluence values are listed in Table I1I. Vertical fluence gra-
dients were also determined from the data in Table 1 and these gradients are

shown in Figure 2.
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Activation Rates for HFIR-CTR32

Table II

o¢(atom/atom-s) (100 MW)

Height, cm 3%Co(n,y) >8Fe(n,7y) 54F6(nif) 4674 (n B) 55Mn(n,2n) 63Cu(n,a)

(x 1078) (x 1079) (x 10=lly (« 10-1 ) (x 10713y  (x 10-13)
20.8 4.18 1.27 4.13 — 1.23 3.11
16.7 — 1.37 5.22 — — —
12.5 5.56 1.70 6.44 9.43 1.9 4.42
4.2 7.21 2.17 6.9 10.46 2.13 4.84
0.0 -— -— _— 10.34 — _—
4.2 7.28 2.19 6.86 10.23 2.10 4.83
-8.3 - 1.87 6.77 — - —
-12.5 5.76 1.75 6.08 8.89 1.83 5.11
-16.7 _— - - 7.28 _ —
-20.8 4.22 1.21 3.86 5.66 1.23 2.83
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Figure 1. Measured neutron spectrum for the HFIR-CTR32 experiment
at midplane of the PTP. The dotted and dashed lines show

the standard deviations to group fluxes; however, corre-
lations are very strong
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Figure 2. Fluence gradients measured during the HFIR-CTR32 irradiation
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Table III

Neutron Fluences for HFIR-CTR32

Fluence, x 1021 n/cm2

Height, an Total Thermal >0.1 MeV
(¥5%) (25%) (£8%)
-25.0 22.2 9.5 5.7
-20.8 27.5 11.8 7.1
-16.7 33.6 14.0 8.9
-12.5 39.4 16.2 10.6
-8.3 44.1 17.8 12.1
-4.2 48.0 20.5 12.5
0.0 48.7 21.0 12.6
4.2 48.0 20.3 12.6
8.3 44 .4 18.7 11.8
12.5 39.4 15.6 10.9
16.7 32.7 12.9 9.1
20.8 28.1 11.8 7.4
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Displacement damage rates were computed using the adjusted spectra and our
revised displacement damage cross sections which were recently put into the
NMFE Computer at Lawrence Livermore Laboratory. The spectral-averaged dis-
placement and helium generation rates are listed in Table IV. The experi-

mental experimental helium values will be measured by Rockwell International

The nickel two-step, thermal production of helium was computed assuming the
formulation for HFIR of T. Gabriel (oRNL/TH-6361, 1979). The correctness of
this procedure is currently being reexamined and the calculations may change

slightly. However, experimental values will also be provided by Rockwell.

The thermal neutron capture reaction in nickel also leads to a substantial
increase iIn displacement damage, a point which has been neglected in previous
calculations. The Q-value for the 39Ni(n,a)>6Fe reaction is 5.097 MeV.
Hence, thermal neutrons produce a 340 ke¥ 35Fs recoil and a 4757 keV alpha.
Using the Lindhard energy partition model and a cut-off of 40 =¥, one find

that each thermal capture produces 1763 displacements (1701 from >6Fe and 62

from the alpha). 1T we compute the helium production in nickel, then we can
easily determine this extra number of displacements, as follows:

He (appm in i)
567 (1

DPA (n,a) =

This equation holds for all thermal irradiations and can be used to correct
all previous experiments (=.g., in ORR). In the present case at midplane, the
usual calculations for ¥i gives 9.71 DPA and 41 appm He. Double thermal
neutron capture produces 2897 appm He and an additional 5.11 DPA. Hence,

neglecting this effect would cause us to underpredict the nickel DPA value by
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Table 1V

Damage Parameters for HFIR-CTR32
He in appm, DPA = displacements per atom, {n,¥) included
Values accurate to *10%

Height, cm: 2.8 12.5 4.2

Element CPA He DPA He CPA He
Al 9.59 4.67 14.26 6.73 16.21 7.45
Ti 6.03 3.09 9.16 4.67 10.39 5.16
% 6.78 0.15 10.12 0.22 11.49 0.25
Cr 6.01 1.07 8.9 1.57 10.18 1.73
Mna 6.62 0.89 9.81 1.29 11.21 1.43
Fe 5.32 1.82 7.97 2.64 9.01 2.92
Cold 6.73 0.93 9.82 1.35 11.43 1.49
Nib 7.80 1196. 11.85 1922. 14.82 2938.
cu 5.18 1.65 7.73 2.39 8.77 2.64
Nb 5.13 0.35 7.65 0.51 8.66 0.56

316 ssc 5.70 121. 8.5%5 194. 9.82 296.

2(n,y) effect is 8.4% for Mn and 27.6% for cobalt: however, corrections for
neutron self-shielding effects may be required!

bNickel includes thermal neutron capture helium and DPA effect (see text)

€316 SS: cCr(16), Mn(2), Fe(70), Ni(l0), Mo(2)
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53%1  In 316 33 the effect increases the net DPA value by 6-38%, In longer
irradiations, this effect will be even more important, especially if one is

trying to tailor He/DPA ratios to fusion values!

It should also be noted that the DPA rates in Table IV include (n,y) effects,
but not beta-decay. This omission will be corrected in our files and new
values will be calculated. In any case, great caution must be used with the

(n,y) contributions due to neutron self-shielding effects, especially for Mn

and Co.

6.0 References

1. F. B. K. Kam and J. H. Swanks, Neutron Flux Spectrum in the HFIR Target

Region, ORNL-TM-3322 (1971).

7.0 Future Work

At least 13 additional experiments are now planned or in progress in HFIR (see
Table I). Helium data will also be integrated with our radiometric data to
improve our knowledge of the HFIR flux-spectrum and to integrally test our

helium cross sections.

8.0 Publications

1. L. R. Greenwood, Neutron Flux and Spectral Measurements to Characterize
Irradiation Facilities for Fusion Materials Studies, Proceedings of the
Fourth ASTM—EURATOM Symposium on Reactor Dosimetry, March 22-26, 1982,

National Bureau of Standards, Gaithersburg, MD
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THE IMPACT OF THE 3°Ni(n.a)®¢Fe REACTION ON DAMAGE CALCULATIONS FOR HFIR

F. A, Garner and F. M. Mann (Hanford Engineering Development Laboratory)

1.0 Cbjective

The object of this effort is to determine the appropriate method of comparison
of HFIR and EBR-II displacement exposures, and the extrapolation to fusion
conditions of experimental results derived from these reactors.

2.0 Summary

Greenwood and Smither have recently shown that the contribution of the *3Ni(n,a)
®Fe reaction to displacement damage has been overlooked. When included in cal-
culations of HFIR-induced displacement levels, there are substantial consequences.
The displacement level is increased measurably and the helium/dpa ratio corre-
spondingly reduced. However, the additional contribution to the damage rate is

nonuniform both in time and space.
3.0 Program
Title: Irradiation Effects Analysis (AKJ)

Principal Investigator: D. G Doran
Affiliation: Hanford Engineering Oevelopment Laboratory

4.0 Relevant OAFS Program Plan Task/Subtask

[1.C.1 Effect of Material Parameters on Microstructure
I11.C.2 Effect of Helium on Microstructure
I1.C.4 Effect of Solid Transmutants on Microstructure
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5.0 Accomplishments and Status

5.1 Introduction

In a recent report Greenwood and Smither have noted that the currently employed
method of calculating the displacement damage for irradiated steels neglect an
important source of displacement damage. (1) The production of helium in nickel
in thermal reactors involves the *°Ni{n,«)%%Fe reaction with an energy release
of 5.097 MeV, shared between the *¢Fe (4.757 MeV) and alpha particle (340 keV).
Greenwood calculates that this leads to 1701 displacements from *¢Fe and 62
displacements from the alpha particle per reaction.

The displacements caused by this reaction can be calculated from the following

formula. (1)
(Mole Fraction)
(He (appm) from the Ni®® reaction) x Nickel

567

DPA {n,a) =

Since comparisons have recently been made of the damage generated in the DO-heat
of AISI 316 stainless steel by irradiation in the HFIR and EBR-II reactors, (2-3)

it was decided to assess the impact of this reaction for both pure nickel and
the DO-heat (13%nickel).

5.2 Calculational Assumptions

The impact of the ®°Nf(n,a) reaction on metals irradiated in EBR-II is rather
small since the low level of slow neutrons in EBR-II does not lead to substan-
tial formation of *°Ni from S58Nj.

The calculation for HFIR concentrates on the PTP position with an assumed dis-
placement cross section (exclusive of the Ni®*®(n,a) reaction) of 200 barns per
total neutron. (4) The helium level as a function of dose is taken from Refer-
ence 5 and represents the most up-to-date determination of cross sections and
helium levels. Figure 1 is reproduced from Reference 5 and shows the helium
concentration as a function of the original °®Ni concentration and fluence.

42



HGURE 1.

ORNL-DWG 79-7993

0 T T T TTTIT] T T3
= -~
—
B HELIUM PRODUCTION
FROM 8Ni IN THE
= HFIR - PTP
|
}
10.2 iy
z —
o«
[ 2] l—
- facar
a
e L |
r4
Y - p—
L
I
9 p— —
- p
<
[+ 4
1073 — —~
— — CALCULATED WITH ONE -
e DERIVED CROSS SECTION
EXPERIMENTAL DATA FROM: ]
B 0~ 316
= Q- PE-16 -
A - ALLOY 600
| Q - NICKEL ]
ot LA to1or il o1
0.5 1 3 5 10° 30 50

TOTAL FLUENCE (1025 n/p2)

Helium Production From °®Ni by Two Thermal Neutron Captures, as
Reported by Wiffen and Coworkers.(5) The helium is given as a
fraction of the initial concentration of °®Ni. This curve is
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5.3 Results of Calculations

Table 1 is a compilation of the displacement calculations for nickel and the
DO-heat of steel. Note in Figure 2 that the calculated displacement level
essentially doubles in pure nickel when the *°Ni(n,x}®Fe reaction is included.
For DO-heat AISI| 316 the maximum increase in displacement level is just over
12%.

Figure 3 emphasizes the fact that the percentage contribution of the °®Ni(n,x)>%Fe
reaction changes strongly with time, peaking at 93%around a dose of 20 dpa, when

calculated with the currently employed displacement model. As shown in Figure 4,

20 dpa is the dose at which the Ni®? concentration peaks. (6) This means that

this additional contribution to the displacement rate varies strongly with time.
5.4 Discussion

There are a number of ramifications of this analysis that are pertinent to the
comparison of HFIR and EBR-II data as well as the development of fission-fusion

correlations.

(1) In the comparison of HFIR and EBR-II swelling data for AISI 316, the HFIR
data should have their quoted doses increased ~12% in the 30-50 dpa range.
Since the swelling of this steel is dominated by a long incubation-transient
regime, the impact of the additional fluence on the predicted swelling will
be greater than 12%, however.

(2) The comparison of data from the two reactors assumes that the irradiation
proceeds at essentially constant neutron flux and displacement rate. While
the former is relatively constant, the latter now is known to vary strongly
with time in HFIR. Since many of the components of the microstructural/
microchemical evolution are sensitive to displacement rate, there is bound
to be some as-yet unidentified consequences in the swelling, creep rate,

etc.



TABLE 1

ADDITIONAL DISPLACEMENTS (0PA*) FORMED DURING IRRADIATION
IN HFIR-PTP BY THE *°NI(n,a)°¢FE REACTION

Pure Nickel AlST 316

Total Fluence Percent Percent

x 10%2 n/cm?® DPA DPA* Increase DPA¥ Increase
1.0 2.00 0.40 20 0.05 2.5%
1.5 3.00 0.8 28 0.1 3. ™
20 4.00 1.42 H 0.18 4.5%
3.0 6.00 2.87 48 0.37 6.2%
4.0 8.00 4.60 58 0.60 7.5
5.0 10.00 6.51 65 0.85 8.9
6.0 12.00 8.4 il 1.1 9.2%
8.0 16.00 12.77 80 1.66 10.4%
10.0 2.00 17.07 85 2.2 11.2%
15.0 30.00 271.47 92 3.57 11.9%
20.0 40.00 37.13 93 4.83 12.1%
0.0 60.00 54.06 0 7.03 11.7%
40.0 80.00 68.34 85 8.88 11.1%
50.0 100.00 80.24 a0 10.43 10.4%
60.0 120.00 8.76 75 11.67 9. 7%
80.0 160.00  105.40 66 13.70 8.6%
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and AISI 316, Calculated Both With and Without Inclusion of the
3°Ni{n,a)®%Fe Contribution.
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To obtain percentage increase

for AISI 316 multiply by 0.13, the fraction of nickel.
therefore peaks at an increase of 12.1%.
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FIGURE 4. Time-Dependent Concentration of 5°Ni That Arises During HFIR-PTP

(3)

(4)

Irradiation of Pure Nickel. (6) The time-dependent volume-averaged
rate of additional displacements will be proportional to the 3°Nj
concentration.

Not only is the displacement level in HFIR nonuniform in time but it is
also nonuniform spatially. Nickel segregates to very high levels in the
precipitates of AISI 316 (75% in y' and 55% in G-phase). This means
that nickel-rich precipitates and their immediate surroundings will be
subjected tohigherdose levels than that experienced by the matrix con-
taining lower nickel levels.

Since the recoiling *®*Fe atom has a mean range of ~800Q Z\ and most precipitate
radii are smaller, the iron atom in general will come to rest outside the
precipitate. The higher level (compared to the matrix) of PKA's generated
within the precipitate will cause the precipitate to accumulate a net

excess of vacancies. During HFIR irradiation this excess may account
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(5)

(6)

®

5.5

partially for the fact that precipitates are ideal sites for void nucleation.
There will, of course, be an net excess of interstitials just outside the
precipitates. An analysis of this phenomenon is now in progress. This
process may lead to a change in precipitate stability in various fission

reactors.

The conclusions drawn above are specific to the PTP position in HFIR. In
more thermalized positions such as A2, HT-5, the impact of this phenomenon

I sexpectedto be even greater.

Another conclusion of this analysis is that the helium/dpa ratio in HFIR
is lowered by the contribution of the *°Ni{n,«)°%Fe reaction. This means
that the use of HFIR, particularly for pure nickel or high nickel levels,
more closely approaches the helium/dpa level typical of fusion spectra.

The range of the alpha particle is so large (compared to the mean distance
between precipitates) that the segregation of nickel does not lead to any
substantial segregation of the deposited helium. This conclusion is derived

from previous analysis of the "helium-halo" effect. (7-8)

For the ADIP long range alloys LRO-15 (20%nickel) and LRO-16 (31%nickel)
the impact of the *°Ni displacement contribution will be larger than that

of AISI 316.

Conclusions

Greenwood and Smither have recently noted that the contribution of the *®*Ni(n,a)
*¢Fe reaction to displacement damage has been overlooked. When included in cal-
culations of HFIR-induced displacement levels, there are substantial consequences.
The displacement level is increased measurably and the helium/dpa ratio corre-
spondingly reduced. The additional contribution to the damage rate is nonuniform
both in time and space however.
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7.0 Future Work

This analysis will continue to assess the imact of this phenomenon on the
development of fission-fusion correlations.
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SOLID AND GAS TRANSMUTATION PRODUCTION CODE DEVELOPMENT (AKJ)

F. M. Mann (Hanford Engineering Development Laboratory)

1.0 Objective

The objective of this work is to develop and maintain a computer code system
to calculate the amounts of solid and gas transmutants at various facilities
used by OFE experimentalists.

2.0 Summary

The computer code REAC and its associated libraries have been expanded and used
to determine transmutations in INTOR, UWMAK-1, FMIT, HFIR and FMIT.

3.0 Program

Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G. Doran
Affiliation: Hanford Engineering Development Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

Subtask Il1.A.4.5 Gas Generation Rates
Subtask II.C.4.1 Effects of Solid Transmutation Products on Microstructure

5.0 Accomplishments and Status

5.1 Introduction

When materials are placed in neutron environments, not only are atoms displaced
from their sites, but transmutants are also produced. A code system called REAC
has been developed to calculate transmutations for the various facilities that

50



OFE uses. This code system (1) has now been extended to be more useful and to

include more facilities, more materials, and more cross sections.

5.2 Library Expansion

Cross sections for the stable isotopes of Ti, Mo, and W were obtained from the
Livermore ACTL library (2) and from the HEDL modified THRESH2 code. These were

processed and put into the multigroup cross section library. Also put into this
library were damage energy cross sections processed by NJOY.

Fluxes from INTOR were obtained from J. Jung of Argonne and the first wall spectrum
was put into the flux library. Also included in the library is the fraction of
the flux above 100 keV for each of the facilities.

PCA (prime candidate alloy) austenitic and HT-9 ferritic steels were added to
the material library. Displacement energies were added for all the metals now

inthe library.

5.3 Code Extension

To aid the user, the exposure is now given in four units, total fluence (n/cm?),
fluence above 100 keV (n/cm?), total damage energy produced (keV), and for
metals the number of displacements per atom (dpa).

5.4 Typical Results

Transmutations as a function of dpa were calculated for PCA and HT-9 for the
first wall of INTOR and UMAK-L and for FMIT, FFTF, and the PTP position of
HFIR. Tables 1 and 2 show the transmutation at 50 dpa.

In general, the transmutation of INTOR, UWMAK-1, and FMIT are very similar.
The exceptions are W and Re whose changes result from the relatively soft
spectrum of INTOR causing W(n,y) W' (8~) reactions. FFTF does not cause

much transmutation, while HFIR produces significantly different transmutations
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TABLE 1
TRANSMUTATIONS OF PCA AT 50 DPA

Relative Change (%)

Element? HFIR-PTP FFTF INTOR UWVAK-L EMIT
Fe 1.4 0.45 -0.23 -0.21 -0.16
Ni -0.51 -0.25 -1.3 -1.5 -1.5
Cr -2.5 0.00 -0.13 -0.07 -0.18
M -48. -0.68 13. 13. 8.6
M -1.8 -0.63 -0.64 -0.44 -0.25
Si -0.03 0.00 -0.33 -0.36 -0.36
Ti -0.11 0.02 +3.8 -3.9 +4.1
C -0.01 0.00 -0.33 -0.37 -0.41

New Elements {>10 ppm in at least 1 facility)

E lement” HF IR-PTP EETE INTOR UWEIAK-L FMIT
H 727 460 4300 4750 4800
He 42Q0 240 730 811 830
Mg . x 12 14 11
AT 21 22 24
v 3800 33 666 600 635
co 431, 174 460 613 12Q0
cu 2Q9 3 6

Nb 12 12 14
Tc 154 54 49 29 9
Ru 60 20 9 5

*Less than 1 ppm

tProbably slightly underpredicted because of lack of ©3Nj
Cross sections

 isted in order of original number density

bListed in order of mass number
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TABLE 2

TRANSWITATIONS OF HT-9 AT 50 DPA

Relative Change (%)

Element® HFIR-PTP HTF INTOR UWMAK-1 BT
Fe 0.1 -0.0L 0.5 0.5 -0.3
Cr -1.5 0.02 0.1 0.06 -0.03
C -0.01 0.00 -0.3 0.4 -0.4
Si -0.3 0.00 . -0.3 0.3 -0.3
Mo -1.d 0.6 0.7 -0.4 0.3
Mn -25. 0.5 70. 50. 30.
Ni -0.3 -0.2 -1.4 -1.5 -1.5
Vv 55. 0.5 17. +15, 16.
W -31. -1.1 -17. -1.5 0.4
P -1.0 -0.005 -0.8 -0.9 -0.d
New Elements (ppm)
Elemenlb HFIR-PTP HIE INTCR UWMAK-1 AIT
H 240.0 128 300 3300 3300
He 150 1 590 630 690
€ * 9 11 10
Mg « * 10 11 9
Al . * 17 18 19
Ti * 118 121 128
Cco 21 9 2 20 3
Tc 76 24 5 14 2
Ru 29 9 5 2
Ta 2 * 8 10 4
Re 470 16 247 12 1
*Less than 1 ppm

3Listed in order of number density

b

Listed In order of mass
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than a fusion first wall for selected isotopes (e.g., Mr and V). Note that
because of the low Ni content of HT-9, the helium production in HFIR for HT-9
caused by the *®Ni(n,a)5°Ni(n,a)%%Fe is relatively small.

6.0 References

1. F. M. Mann, "Solid and Gas Transmutation Code Development,” DAFS Quarterly
Progress Report, DOE/ER-0046/6, April-June 1981.

2. M. A Gardner and R. T. Howerton, ACTL: Evaluated Neutron Activation Cross
Section Library - Evaluation Techniques and Reaction Index, UCRL-50400,
Volume 18, Lawrence Livermore Laboratory, 1978.

3. F. M. Mann, "Calculation of Damage Parameters,” DAFS Quarterly Progress
Report, DOE/ER-0046/6, April-June 1981.

7.0 Future Work

Cross sections for selected long-lived isotopes for A-56 and for Cu will be
added as well as fluxes for Starfire and TASKA (a mirror machine).
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PRIMARY RECOIL ENERGY SPECTRA FOR THE (n, Y) REACTION

R. K. Smither and L. R. Greenwood (Argonne National Laboratory)
L0 Objective

To develop methods to calculate the energy spectrum of primary recoils

resulting from gamma ray emission following neutron capture.

2.0 Summary

A detailed analysis was made of the recoil energy spectrum from multiple rray
cascades following thermal neutron capture in iron. Explicit expressions are
given for the primary recoil energy distributions expected from the emission
of single gamma rays and double and triple cascades. The results are compared
to our previous approximations where all gammas are assumed to be emitted In-
dependently. The new more complete analysis gives the same result for the
average recoil energy per neutron capture as the simpler approximation that
assumes that each gamma ray corresponds to an individual recoil event; how-

ever, the spectral shapes of the two approximations are quite different in

some cases.

30 Program

Title: Dosimetry and Damage Analysis
Principal Investigator: L. R. Greenwood

Affiliation: Argonne National Laboratory
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4.0 Relevant DAFS Program Plan Task/Subtasks

Task 11.B.1 Calculation of Defect Production Cross Sections.

5.0 Accomplishments and Status

Mathematical expressions are derived to generate the primary recoil spectrum
for single, double, and triple gamma cascades assuming that no appreciable
recoil momentum is imparted to the capturing nucleus by the captured neutron
(thermal capture). The method of analysis is applied to two Fe miclei,
56Fe(n,y)27Fe and 57Fe(n, v)38Fe, and compared with the simpler calculation

where each gamma ray produces a separate recoil event. A general expression

for the average recoil energy per neutron capture event is derived that can be

applied to gamma cascades with any number of sequential gamma rays.

5.1 Primary Recoil Energy Spectrum from the {n,y) Reaction

When a gamma ray is emitted from a nucleus following thermal neutron capture

the kinetic energy of the recoiling nucleus (neglecting E,) 1is given by

Eq. (1)
E.2
y
fipe = 2me2 (L
where Ey Is the gamma ray energy and m is the mass of the nucleus. [If two

gamma rays are emitted before the nucleus has a chance to slow down then their
momentum add vectorically. The recoil energy in this case is given by Eq. (2)

2
Er = Ey] + EYg + 2E,1Ey2 cos8 (2)
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where & is the angle between the two y-rays. |If the y-ray angular distribution
is isotopic the resultant distribution of recoil energies is quite simple. The
maximum recoil energy is given by Eq. (3)

Er(max) = (Ey1 T Ey2)2/2me? (3)
and the minimum recoil energy is given by Eq. (4)

Ep(min) = (BEyy - E72)2/2mc2 (4)
What is of special interest is that the number of recoils per unit energy
between these limits is a constant (see Fig. 1b}. The average value for Ey is

given by Eq. (5)
= 2 2 2
Ex(n) = (Ey1 + EYZ)Ich (5)

This s just the sum of the recoil energies that would be produced if the gamma
rays were considered as individual events. |f the neutron capture event is
followed by a 2-gamma ray cascade then the average recoil energy generated per
neutron capture is given by (5). This is also the average recoil energy per
recoil event if the lifetime of the intermediate state is shorter than the

stopping time (time for recoiling atom to lose 63%of its recoil energy). If

the lifetime is long compared to the stopping time then the two recoils are
two separate events and the average recoil energy per event is one-half the

value of the average recoil energy per neutron capture, given by Egq. (5).

It is important to maintain the distinction between the average recoil energy
per neutron capture, Er(n), and the average recoil energy per recoil event,
Er(r.e.), because the latter can be much smaller than the former for (n,¥y)

events with a high multiplicity of gamma rays.
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(b) The recoil energy spectrum for a two step cascade (EY =7 MV and
2 MeV) which has a rectangular shape followed by a one step cascade
(ET = 1 MeV) which generated the spike at 9.3 ev. (c) The recoil
energy spectrum of a three step cascade (E., =7 MeV, 2 MeV, and
1 MeV) which resgilts in a near trapezoidal shape distribution.

E.(ev) = 9.255 E, (Mev)2. The dashed lines indicate the trapezoidal
approximation to the triple cascade case (c)-
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If the gamma cascade consists of three gamma rays and the lifetimes of the
intermediate states are short then there is only one recoil event per neutron
capture and the distribution of recoil energies has an almost trapezoidal shape
as Is seen in Fig. 1c¢. The upper limit of the recoil spectrum, E,, can be very
much more energetic then the recoil energy of any of the gamma rays when they
are considered as individual events. The break points in the recoil energy
distribution (Fig. le) Eg, Ey, E., and Eg are given by Egs. (6)—(9),

respectively:

E, = (Ey; +Ey2 *Ey3)2/2nc? (6)
Ep = (Eyy + Eyg ~ Ey3)2/2mc? (7)
Ec = (Eyl - Ey2 + Ey3)%/2mc? (8)
Eq = (Eyl - Ey2 - Ey3)?/2mc? (9)

where Eyy > Eyz 2 Ey3 and Eyy 2 (Eyz tEy3). The actual shape of

the curve (solid curve in Fig. 1lc) is given by equation (10) between E; and Ey

(Ey1 TEyz TEy3) - (Emme2)l/2

I(rel.) = 8 EyiEysivs (10)

and by equation (11) between E. and Eq.

(Erme2)l/2 - (Byy - Eyp - Ev3)

Lrel.) = 8 Ev1Ev2Evy3 ik

The value of I(rel.) is constant between Ey and E. with a value given by

Eq. (12)

I(rel.) = ————— 12
( ) 4 Ey1Ey2 (12)
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A somewhat more complicated shape develops when Ey1 < (Ey2 + Ey3) but a
similar analysis is possible. In the triple cascade case, the average recoil
energy per neutron capture is given by Eq. (13)
E.(n) = (EY% + E.Tzz + EY:%’)/ch2 (13)

The general form for ‘Er(n) for the case of "x" sequential gamma rays is
given by Eq. (14)

Ep(n) = (B,T +EZ+ES+ . ..+ ng)/chz (14)
This 1s the same average energy that one would get if the lifetimes of the
intermediate states were long and each gamma ray resulted in an independent
recoil event. Thus the value of Er(n) IS not sensitive to the lifetimes of

the intermediate states and is only a function of the energy distribution of

the emitted gamma rays.

The energy distribution for Er{n} can be approximated by a trapezoid as
discussed above with break points given by Eqgs. (6), {7), (8), and (%), (see
Fig. le). In most cases this IS a quite good approximation and the value of
Er(n) calculated from this distribution agrees with this approximation to
within a few percent for triple gamma cascades. The value of "ﬂ-r(n) for the
trapezoid approximation is given by Eg. (15)

[(Eq - Ep)(E; + 2Ep) + 3(E% - Eg) + (E. - E4)(2E, - Eq4)]
I[(Egz + Ey) - (E. + Eg)]

Er(n) trapezold = (15)

This agrees with Egq. (13) to within a few percent in most cases. Table 1 gives
a comparison of the values of Er(n) as calculated from Eq. (13) and Eq. (15)
for the 57Fe(n,y)53Fe case. The trapezoidal approximation is important because

it IS a much easier calculation to make for the spectral shape of the primary
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Table |

Comparison of the Average Recoil Energy Per Neutron Capture Calculated
With the Trapezoidal Approximation, Eq. (15) With the Exact Calculation
Using Eq. (13) for a Number of Triple Cascades in the 37Fe(n,y)58Fe
Reaction.

Ey1 Ey2 EY3 Trapezoid Approximation l:(E%/ 2mc2) Ratio
(mev) (mev) (mev) (ev) (ev) Trap./I()
10.0 0.0 0.0 925.5 925.5 1.000

9.8 0.1 0.1 889.2 889.0 1.000

9.0 0.5 0.5 755.9 74.3 1.002

8.0 1.0 10 617.0 610.8 1.010

7.0 2.0 10 506.0 499.8 1.012

6.0 2.0 2.0 431.3 402.2 1.061

6.0 3.0 10 431.9 4257 1.015

5.0 2.5 2.5 385.7 3471 1.111

5.0 3.0 2.0 376.4 351.7 1.070

40 3.0 3.0 339.7 314.7 1.079

40 4.0 2.0 337.9 333.2 1.014

3.33 3.33 3.33 311.6 308.4 1.010
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recoil spectrum, and will be used below in the detailed calculations of the Fe

cases.

The recoil spectrum of 37Fe(n,Y)?8Fe reaction was calculated in detail taking
into account all the known information about the level scheme, gamma decay
pattern observed following neutron capture and the lifetimes of the low lying
states.! Recoil energy spectra were calculated separately for the single gamma
recoil events, the double gamma recoil events and the triple gamma recoil
events, see Fig. 2a, 2b, and 3c, respectively. The sum of these three spectra
is shown in Fig. 3a. 1t is quite different than the recoil energy spectrum
that is calculated assuming that each gamma ray leads to a separate recoil
event. This pure single spectrum is shown in Fig. 3b. The average Er(n) was
calculated for the recoil energy spectrum shown in Fig. 3a and compared to the
value obtained from the observed (n,Y) spectrum using Eq. (14) as a check on
the trapezoidal approximation. The two values 46lev and 456ev for the curve
in Fig. 3a and Eq. (14}, respectively, agree within 126.A 40ev energy cutoff

is used in both calculations.

Although the value of Er(n) is the same for the two cases the spectral
distribution of recoil energies is quite different (see Fig. 3a and 3b). This
means that to the extent that displacement damage is a function of recoil
energy the two spectra could lead to different amounts of displacement damage.
In Fe the fraction of the recoil energy that ends up as displacement damage
energy varies from 0.884 at E,. = 40ev to 0.817 at 930ev (Lindhard Model).

This is not a large difference but it will have some effect. As an example
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Fig. 2. Recoil energy spectra for ’Fe(n, y)?8Fe for cascade case where
(a) is the spectrum for single gamma events, (b) two step cas-
cades, and (e) three step cascades.
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Fig. 3. Recoil energy spectra for the 57Fe(n,Y)58Fe reaction where
(a) is the sum of calculated cascade spectra for the single
events and the two step cascade and the three step cascades,
shown in figure 2a, 2b, and 2c¢, respectively, and spectrum
(b) is the recoil spectrum when all gamma rays are treated as
individual recoil events.
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of this effect one can calculate the average recoil energy per recoil event,
E.(r.e.). This leads to Ep(r.e.) = 416ev (with 40ev cutoff) for the multiple
gama cascade case and Er(r.e.) = 272ev for the pure singles case (also with a
40ev cutoff on the recoil energy). The Lindhard function is 0.837 and 0.846
for the multiple cascade and singles cascade, respectively. In this case the
difference is only about 1%6. For lighter nuclei the difference will be larger.

In Be the same recoil energies give a 2.4% effect.

The 40 ev cutoff on recoil energies is used to keep the large number of low
energy recoils that are not strong enough to displace an atom from distorting
these numbers. These spectra are typical of cases where the level scheme is

complex, with high level densities and many decay paths.

A similar analysis made for the 56Fe(n,1)57Fe reaction where the final level
scheme 37Fe has a level density that is much lower and where a few strong
gamma ray transitions dominate the decay pattern. 1In this case the recoil
energy spectrum does not change very much when the multiple gamma cascades are

taken into account (see Fig. 4). There is some filling in between the strong

recoil peaks but not much else happens. The &,., using trapezoidal approxi-
mation, is again quite similar for the two cases. The Er(n) is 412ev for the
complex decay case and 409ev for the singles case using Eq. (11). The Ep(r.e.),
the recoil energy per recoil event, is again different in the two cases but

not by a large factor. The Er(r.e.) for the complex case is 44%ev as compared

to 41l5ev for the all singles case. In both cases we have used a 40ev cutoff

in recoil energy.
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The above analysis has assumed that the gamma rays were emitted isotropically.
The effect of an angular correlation between sequential y-rays was examined
and found to have only a small effect. This is because the y-y angular cor-
relations contain only even Legendre polynomials. This means that they are
symmetric with respect to & = 90° and for every case where there is alignment
of the two momentum vectors there is a corresponding case where the momentum
vectors are in the opposite direction so the average value E, remains
unchanged. There is some effect on the recoil energy spectrum for an indi-
vidual cascade but even this tends to wash out when the recoil energy spectra

from many cascades are added together.

In summary, the approximation presently used in our damage calculations where
the E.(n) per neutron capture is calculated from the weighted average of the
recoil energies assuming each gamma ray produces its own recoil event is the
correct one to use even when the lifetimes of the intermediate states are
short, and the multiple gamma cascades give only one recoil event per primary
gamma ray. However, the calculation of the spectral shape of the recoil spec-
trum can be in considerable error unless the more complex analysis is used.
The spectral shape of a two step cascade is a rectangle while a good approxi-
mation to the spectral shape of recoils from a triple cascade is a trapezoid,

with break points given by Eqs. (6)=(9).

6.0 References

1. H. Schmidt, W. Michaelis, and u. Fanger, Nue. Phys. A136 122 (1969).

2. U. Fanger, W. Michaelis, H. Schmidt, and H. Ottmar, Nuc. Phys. A128
641 (1969).
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7.0 Future Work

Displacement damage energies and recoil spectra from the (n, ¥) reaction will
be generated for many elements of interest to the fusion program. Similar
calculations will also be performed for beta decay displacement damage.
Displacment cross sections for 36 elements have recently been sent to Lawrence
Livermore Laboratory for inclusion in the NVFE computer system. A new computer
code SPECTPV has been included to process the new data from ENDF/E-V. Users
need only supply a neutron spectrum. The code then computes spectral-averaged

displacements, PKA distributions, and gas production rates.

8.0 Publications

1. A paper entitled, "Neutron Source Characterization and Radiation Damage
Calculations for Materials Studies', was presented at the "International
Conference on Neutron lIrradiation Effects™ at Argonne National Laboratory
on November 9-12, 1981. The paper will be published in the Journal of

Nuclear Materials.

2. A paper entitled "Displacement Damage Calculations Using &NDF/3-vV Cross
Sections Including Thermal Neutron Capture and Beta Decay Effects”, was
presented at the Fourth ASTM-Euratom symposium on Reactor Dosimetry",
March 22-26, 1982, National Bureau of Standards, Gaithersburg, MD. This

paper will be published as part of the proceedings of this meeting.
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ON THE USE OF THRESHOLDS IN DAMAGE ENERGY CALCULATIONS

Mark T. Robinson and Ordean S. Oen (Oak Ridge National Laboratory)

1.0 Objective

The purpose of this study is to construct atomistic numerical models of the
development of collision cascades in solids and to apply them to studies of
radiation damage production, sputtering, and plasma particle backscattering,
in the context of fusion first wall materials development.

2.0 Summary

It is pointed out that there is an inconsistency in the use of a displace-
ment threshold with the damage energy model that is part of the standard
procedure for expressing radiation effects exposures. A simple correction

to the model is presented and its consequences are discussed briefly.

3.0 Program

Title: Damage Analysis and Dosimetry
Principal Investigator: M T Robinson
Affiliation: Oak Ridge National Laboratory

4.0 Relevant DAFS and PMI Program Plan Task/Subtask

Subtask II'R 23 Cascade Production Methodology
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5.0 Accomplishements and Status

Studies of the effects of irradiation on the properties of materials
require a method of estimating exposures which allows the comparison of
observations made in a variety of different radiation environments. A
widely used standard procedure has been developed for this purpose [1-3].
This is based in part on an analysis by Lindhard, et al. [4], of the
ener-jy loss processes involved in atomic slowing down and in part on a
modification of the simple collision cascade theory originated hy Kinchin
and “ease [5]. It is the purpose of this communication to point out an
inconsistency between the two parts of the model, to present an approxi-
mate correction of it, and to discuss its consequences briefly.
Fortunately, the correction required is of such a character as to entail
no major changes in current practice.

As energetic recoil atoms slow down in solids, they expend part of their
kinetic enerqy in exciting electrons and only the remainder, the so-
called damage energy [6], is available for producing defects by atomic
displacement. Lindhard, et al. [4], calculated the partition of the
initial kinetic energy of the primary displaced atom in a monatomic medium
into these two forms, as all the knocked-on atoms in the cascade slow down

to rest. Their results may be represented by

E(E) = £ [1+ & a(e/e)7h (1)

where E is the initial kinetic enerqy of the primary recoil and E is the

resulting average damage energy. The parameters are

k, = (32/3n) 22/ (mmy}/2 2%/3
= [0.133743 amu'/?] z2/3/m172 (2)
£, =222 e%/a,, =[86.93 ev]12'/3 (3)
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a, = (9n2/128)1/3 2, 212 7173

= [33.13 pm 271/3 (4)

Here, Z and M are the atomic number and mass of the particles of the
medium, e and m are the charge and mass of the electron, and a, is the
radius of the first Bohr orbit of hydrogen (52.9 pm). The remaining func-

tion in Eq. (1) is [6,7]

3/4

g(e) = e t 040244 ¢ t 3.4008 el/6 (5)

It is important to emphasize that the slowing down model emhodied in Egs.
(1-5) considers only the average behavior of cascades. Furthermore, the
initial energy of the primary recoil is assumed to be completely
dissipated: there is no displacement threshold energy involved.

The simple cascade theory originated by Kinchin and Pease [5] and extended
later by others [8,9] considers that there is a sharp displacement thres-
hold energy Ed. If a lattice atom originally at rest receives a kinetic
energy E < Ed, it mey move away from its original lattice site briefly,
but is constrained to return to it eventually by restoring forces in the

crystal. If the atom receives an energy E ? Ed’ in contrast, it will not
be able to return to its original location, but will remain permanently
displaced. In addition, however, it is recognized that if a recoiling

atom with energy Ed CEX2 Ed displaces another, there is no net increase
in the number of moving particles, since the final energy of the projec-
tile will be < Ed and it will Simply replace the target atom on its lat-
tice site. Thus, in the absence of energy losses by electron excitation,
the Kinchin-Pease model predicts that the average numher of displaced
atoms in a cascade will be approximately [8,10]
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0 ()(E(Ed

v(E) = 1 B, < E<2E/c . (6)

d
<E/2E, 2E/x <E<w=

The parameter « allows for the nature of the atomic stopping cross section.
Both analytical theory [9] and computer simulations [11] suqgest a value
near 0.8. Equation (6) is approximate in that « actually varies with
enerqy [8,12], decreasing from unity at 2 Ed to the asymptotic value used
in Eg. (6).

The standard procedure for estimating the number of displacements in an
irradiation [1-3] unites the two models outlined above by replacing E,
wherever it occurs in Eq. (6), by ﬁ, as evaluated from Egs. (1-5). It
should he noted that E, not E, then appears in the limits of Eq. (6), a
point not always noticed (see [3,13], for example). But this scheme in-
volves an inconsistency: a part of the inelastic energy losses discounted
in Eg. (1) occurs only after the recoiling atoms have slowed down below

L=2E/c , (7)

and cannot, therefore, influence the number of defects produced according
to Eq. (6). While electron excitations are relatively less important at
low recoil energies than at high, Eg. (1) nevertheless predicts signifi-
cant inelastic losses at energies below L For instance, 16.5% of the
enerqy of an aluminum atom of 54 eV kinetic enerqy is reckoned by

Egs. (1-5) to he lost inelastically. Such an amount appears to require a

significant correction to current standard procedures.

The correction to the standard model for inelastic enerqy losses occurring

below the enerqy L may be estimated in the following simple manner. Let El

he the corrected mean damage enerqy. Then, the average number of displaced
atoms is EI/L, as long as E1 > L. As these particles slow down to rest

from L, each of them experiences an inelastic enerqy loss L - E(L); since
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this loss cannot influence the final number of displacements, it must be
added back into the damage energy. Hence,

EL(E) = E(]) + [E(E)/LD IL - E(L)T,
which may be solved to yield

EI(E) = [L/E(LY] E(E)Y L RE<w | (8)
which is to be used in Eq. (6) instead of Eq. (2).

There are several interesting points to be made about Egq. (8). First, the
correction factor is a constant, independent of the primary recoil energy.
Thus, as long as the primary recoil spectrum is not dominated by particles
having Ed <E <L, the spectrum-averaged damage energy (or, equivalently,
the damage energy cross section) is multiplied by the same factor.
Furthermore, if the objective is to compare different radiation environ-
ments with respect to their abilities to produce radiation effects, since
the same correction factor is used for all, precisely the same prediction
is made as in the current standard procedure.

Second, as the kinetic energy of a recoil approaches L, the modified mean
damage energyAEI(E) approaches L also, unlike E(E) which approaches the
lesser value E(L}. Thus, in treatments using the modified quantity, it is
no longer necessary to use the damage energy in definitions of the segment
limits as was the case before.

Another way of looking at Eq. (8) is to note that it is equivalent to
correcting the threshold energy L for inelastic losses. That is, the
number of defects is to be evaluated using not L, but €(L) instead, in con-
junction with the original damage energy, Eq. (1). In this formulation
also, the kinetic energy appears in the expressions for the limits.

73



Finally, the approximate nature of the correction procedure must be noted.
If a threshold were actually introduced into the integrodifferential
equation solved by Lindhard, et al. [4], it would be necessary to alter the
boundary conditions and there is little doubt that the form of the solution
would be altered as well, especially in the vicinity of the threshold

energy.

To complete the correction of Eq. (1) for threshold effects, it is
necessary to include in the model particles with initial energies below L.
This is done by adding to Eq. (8) the following

0 0<E(Ed

1 L E, <E <L

d

Finally, if spectral averaging is required, the revised model yields

1 .
a £ = n(n) T« [EWTT§ Ty E(T) aT}, (10)
d L

which is to be compared to the conventional result

i B> - fm n(T) E(T) dT .
0

In both cases, n{T) is either a normalized primary recoil enerqy spectrum,
a primary recoil production cross section, or some similar weighting

function.

Although the corrected damage enerqy model has been discussed here in terms
of a displacement model of the Kinchin-Pease type [5], it is as easily
applied to displacement models of the Snyder-Neufeld type [14] in which a
displaced atom must overcome an energy barrier before moving away from its

lattice site. An atom receiving enerqy E in a collision, commences to move
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with kinetic energy E - Eqe Models of this type are included in the above
framework by redefining L. it is only necessary to replace the factor 2 in
Eq. (7) by 3 [12].

The corrected damage energy model of Eqgs. (8,9) is easily included in com-
putations. To illustrate this, the well-known machine program E-DEP-1[15]
was modified to include the corrections. Following Doran and KulcinsKki
[16], the program already evaluated the second inteqral of Eg. (10), so
that it was only required to include the correction factor deduced in

Eqg. (8) above and the first inteqral in Eq. (10). The effects of the
changes in the model are illustrated in Fig. 1, which shows the total
damage energy deposited in aluminum by 48 MeV Al ions as a function of
the values of L and of Ed' The curves show, respectively, the second
integral of Eq. (10) without the correction, the same inteqral with the

! [

I ' : :
COMPLETE MODEL Eg4= V2 L

230 -
CORRECTED INTEGRAL WITH THRESHOLD
220 + —~
4.8 MeV Al —= Al
210 E-DEP-1 (VERSION XI) _

.--—NO THRESHOLD

UNCORRECTED INTEGRAL WITH THRESHOLD

200

TOTAL DAMAGE ENERGY (keV/ION)

190 | | | | i ] ]
0] D 20 30 40 50 60 10
L CASCADE MULTIPLICATION THRESHOLD (eV)

Fig. 1 The influence of a threshold energy on the damage energy is shown
as calculated with the code E-DEP-1{14] for 48-MeV Al ions
incident on Al. The three curves are explained in the text.

75



correction, and the result of the complete model with Ed = L/2. The rapid
rise in the corrected mean damage enerqgies for very small thresholds
reflects the very weak 51/6 dependence of Eg. (5). Both corrected curves
show quite the opposite dependence on t that is displayed by the
uncorrected curve. Furthermore, away from the small threshold region,
both corrected curves are much less sensitive to the threshold value than

is the uncorrected curve.

Although the corrected damage enerqy will often lead to exposure correla-
tions which are essentially the same as those based on the uncorrected
quantity, this will not always he the case. It mey be expected that the
corrections will be particularly significant in those situations where the
target recoil energy spectrum is dominated by low enerqy particles.
Irradiations by light ions provide the most important of these situations.
Here, where many tarqet recoils will be produced with intial energies be-

tween Ed and L, the corrections outlined here may prove to be essential.
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CHANNELING IN HIGH ENERGY DISPLACEMENT CASCADES

H. L. Heinisch (Hanford Engineering Development Laboratory)

1.0 Objective

The objective of this work is to develop computer models for the simulation of
high energy cascades which will be used to generate defect production functions
for correlation analysis of radiation effects.

2.0 Summary

High energy cascades generated with the MARLOWE code were analyzed using computer
graphics to determine how frequently channeling events occur. The effects of
channeling on cascade configurations were determined in part by comparing cas-
cades produced in crystalline and amorphous media. Channeling events do occur
frequently in high energy cascades, but they have little effect on the overall
size and shape of the cascades.

3.0 Program
Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G Doran

Affiliation: Hanford Engineering Development Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

Subtask 11.B.2.3 Cascade Production Methodology

5.0 Accomplishments and Status

5.1 Introduction

Somewhere in the energy range of 10-50 keV for most metals, displacement cascades
undergo a transition from having essentially a single damage area to having
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multiple, widely spaced damage regions, known commonly as subcascades. The
existence of subcascades is experimentally inferred from transmission electron
microscope observations; at very low doses they appear as a collection of
damage regions spaced much more closely than the average spacing of primary
events,(]) or at higher doses, they are manifested as a higher density of
damage regions than the density of primary events. (2) Dramatic evidence for
the subcascade phenomenon can be seen in images of disordered regions produced
by irradiation in ordered alloys. (3) These disordered regions also bear a

remarkable resemblance to the configurations of defects produced in displacement
cascades generated with the computer code MARLOWE (4)

The production of subcascades is, in general, a manifestation of the increase in
the mean free path between energetic collisions with increasing energy of the
projectile atom. Another phenomenon which may have an influence on the configura-
tion of cascades is channeling. This phenomenon has been observed in computer
simulations of cascades, but attempts at experimental observations of it have
been generally negative or inconclusive (for example, Reference 3). It occurs
when an energetic primary or secondary knock-on atom is given a trajectory
between two atomic planes such that relatively low energy collisions tend to
confine the trajectory to that plane over a fairly large distance, with a loss
of only a small portion of the projectile's energy. Thus, upon de-channeling,
the projectile can produce a damage region widely separated from the rest of

the cascade.

The question arises, then, as to how important the channeling phenomenon is to
the production of subcascades, especially in higher energy cascades where op-
portunities for channeling events are more numerous. Computer simulations
indicate that channeling occurs, though rarely, in cascades of 30 keV or less.
In these lower energy cascades, the appearance of channeling is rather dramatic,
since normally only a single, fairly compact damage region is produced. |In
cascades with 100's of keV of energy, damage is produced in subcascades which
may or may not be the result of channeling events.
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5.2 Computations and Results

Cascades of 200 and 500 keV in Cu, produced with MARLOWE (thermal displacements
not included), were analyzed to detenine the contribution of channeling to the
cascade configuration. The actual trajectories of energetic projectiles could
not be determined, but the apparent trajectories could often be inferred from
"debris" (an occasional Frenkel pair) along their paths (Figure 1) or from the
relative shape and position of the damage regions (Figure 2). The directions
of the trajectories were determined for events between separated damage regions,
and classified as being channeling or non-channeling directions.

The measurements were performed using interactive three-dimensional computer
graphics. The cascades were rotated until the observer was looking directly
along the direction of the trajectory, then the angles of rotation were recorded
This technique was judged to produce results with an uncertainty of at least
=2°.  While the measurement techniques could be refined, there is still a good
deal of subjectivity involved in inferring the precise trajectory from debris
along the path.

The trajectory directions for 74 events in 40 cascades were reduced to the
fundamental triangle for the fcc lattice. Directions in the channeling planes
(100}, (110}, (111) lie along the border of the fundamental triangle and on the
line from <110> to <211>., Of the events measured, 68% have directions within
2° of a channeling direction. If directions were chosen at random, about 41%
of all directions would be in this category. Thus, it seems that channeling
events occur frequently in high energy cascades, but they are not the exclusive
mechanism by which widely separated damage regions are produced.

How channeling events influence the configurations of high energy cascades was
investigated by comparing high energy cascades produced in crystalline and
amorphous copper. The MARLOWE code models an amorphous material by performing
a random rotation of the lattice after each collision. While this procedure
does not rigorously represent the amorphous condition, nevertheless the symmetry
which allows channeling is destroyed. Samples of twenty crystalline and amor-
phous 200 keV cascades were compared.



FIGURE 1.

200-keV Cascade in Copper, Vacancies Only, After Recombination.
Cube edge is 170 lattice parameters.
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FIGURE 2.

200-keV Cascade in Copper, Vacancies Only, After Recombination.
Cube edge is 211 lattice parameters.

82



The vacancy distributions were compared after some recombination to simulate
quenching of the cascade. The maximum extent along the initial recoil direction,
as well as the aspect ratio, i.e., the ratio of the maximum length to the average
maximum width of a cascade, were measured for each vacancy distribution. The
safest conclusion on the basis of the small sample size is that the differences
are slight, although the crystalline cascades have slightly larger average values
of both maximum extent and aspect ratio.

Figure 3 shows one of the amorphous cascades. It is virtually indistinguishable
inits general nature from the crystalline cascades (Figures 1 and 2). However,
an inspection of all cascades in both sets allows one to distinguish a difference
in character between the amorphous and crystalline cases. In the crystalline
case there is a tendency for more clearly separated damage regions, the result
of channeling events.

5.3 Conclusions

Channeling events do occur frequently in high energy cascades. Their lengths
are seldom much larger than the average dimensions of cascades in which chan-
neling does not occur. Hence, channeling does not appear to be an important
phenomenon with respect to cascade sizes at high energies. Channeling may be
important in that it produces somewhat more clearly separated damage regions.
Thus, if channeling i s suppressed, the behavior of the defects subsequent to
the collisional phase of the cascade (recombination, clustering, etc.) may be
influenced. This could be tested by comparing the crystalline and amorphous
cascades after short-term annealing.

As to why channeling in high energy cascades has not been experimentally con-
firmed, the following observations are pertinent: not all separated damage
regions in a cascade are a result of channeling. There tend to be few extra-
ordinarily long channeling events. A minimum size is required for damage regions
to be visible in a TEM, and a channeling event does not always |lie along a line
connecting two major (hence visible) damage regions.
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FIGURE 3.

200-keV Cascades in Amorphous Copper, Vacancies Only, After
Cube edge is 192 lattice parameters.

Recombination.
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7.0 Future Work
Future work will be concerned with short-term annealing of high energy cascades

and determination of defect production functions (see the other contribution in
this report).
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CASCADE QUENCHING AND SHORT-TERM ANNEALING

H. L. Heinisch (Hanford Engineering Development Laboratory)

1.0 Objective

The objective of this work is to develop computer models for the simulation of
high energy cascades which will be used to generate defect production functions
for correlation analysis of radiation effects.

2.0 Summary

Defect production in high energy displacement cascades has been modeled using
the computer code MARLOME to generate the cascades and the stochastic computer
code ALSOME to simulate the cascade quenching and short-term annealing of
isolated cascades. The quenching is accomplished by using ALSOME with exag-
gerated values for defect mobilities and critical reaction distances for
recombination and clustering, which are in effect until the number of defect
pairs is equal to the value determined from resistivity experiments at 4K.
Then normal mobilities and reaction distances are used during short-term
annealing to a point representative of Stage III recovery. The number of free
interstitials after short-term annealing is fairly insensitive to the quench
model, but the number of free vacancies depends strongly on the clustering
criteria used during the quench. Preliminary results for 30-keV copper
cascades are in good agreement with some experimental results.

3.0 Program

Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G Doran
Affiliation: Hanford Engineering Development Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

Subtask 11.6.2.3  Cascade Production Methodology
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5.0 Accomplishments and Status

51 Introduction

Earlier simulations () of short-term annealing of displacement cascades were
done with the stochastic cascade annealing simulation code SCAS, operating on
cascades generated with the MARLOMVE (2) code. MARLOME models only the colli-
sional phase of cascade development, which occurs in about 10-*% sec. In the
previous work, to account for the recombination which occurs as the energetic
cascade region quickly comes to thermal equilibrium with the remainder of the
crystal (cascade quenching), the closest defect pairs in the MARIOAME cascades
were recom)bined until the "experimental value™ of defects remaining at 4K was
The results of this procedure were annealed cascades which contained many more

freely migrating defects, both vacancy and interstitial, than has been inferred
from experimental measurements. (3-5)

reached. (1 The cascades were then short-term annealed with the code SCAS.

The least physical part of those earlier cascade simulations is undoubtedly the
simulation of quenching by simple static recombination in a highly energetic
cascade. Cascade quenching can only be properly simulated by fully dynamical
cascade models. However, for cascade energies high enough to be of interest,
such an approach may not presently be computationally feasible. And, even if
feasible, the dynamical simulations are not practical for generating statisti-
cally significant numbers of high energy cascades. Therefore, some simplified
parametric model of cascade quenching must be developed to bridge the gap
between MARLOAE and short-term annealing in a physically reasonable way.

So far, this parametric model has consisted of the simple recombination of
pairs in a static, MARLOWE-generated cascade. As a first step toward a more
realistic quench model, a kinetic recombination model using the short-term
annealing code has been devised. The annealing code has been modified to pre-
process the cascades with quenching values for the parameters, and then to
anneal them with normal parameter values. The annealing simulation code, now
known as ALSOME, is an expanded version of the SCAS code. |t has many more
features, but retains the original algorithm.
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In ALSOME a mobile defect is chosen at random, based on its relative jump
frequency, and its position is changed by one lattice parameter in a randomly
chosen direction. Its environment is then searched for possible interactions
with other defects, based on critical reaction distances for various types of
interactions {e.g., clustering or recombination). The interactions, if any,
are performed, and another defect is randomly chosen, etc. The quenching
scheme in ALSOME utilizes this same jumping and reacting algorithm, however,
the values of the jump and reaction parameters are set to produce defect
behavior more representative of that occuring during the quench. In particular,
the mobile defect species (single, di-, tri- and tetra- vacancies, single, di-
and tri- interstitials) are considered to be equally mobile during the quench,
and critical reaction distances are exaggerated.

There are essentially four adjustable parameters presently in this quenching
scheme: the recombination, interstitial clustering, vacancy clustering, and
the time duration of the quench. According to arguments based on thermal

(6)

much higher than its surroundings exists on the order of 107" sec. Time is

conduction, a localized cascade region with a well-defined temperature
measured in ALSOME in terms of the number of jumps of a single interstitial.
The quench time was fixed at 100 jumps, consistent with the 107" sec. time
frame. Sensitivity studies were then performed on the interstitial and vacancy
clustering and recombination parameters.

5.2 Results

The average behavior of ten 30-keV cascades in Cu was determined as a function
of quenching parameter values. The cascades are treated as isolated cascades,
and a volume is prescribed about each cascade such that once a defect exits

this volume it does not return. Short-term annealing simulations terminate

when no mobile defects remain within this volume. The annealing occurs in two
distinct phases: first the migration of interstitial defects which are orders
of magnitude more mobile than vacancies, then the migration of the mobile vacancy
defects which remain. Throughout the annealing, ALSOME reports on the total

number of Frenkel pairs and the numbers and types of mobile and stationary
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defect clusters. In particular, the state of the system i s noted at the end
of the quench, after interstitial migration, and at the termination of short-
term annealing.

This is a semi-empirical approach to modeling defect behavior, thus quenching
parameter values will be chosen so the results produce the best match to avail-
able experimental information. Specifically, the number of defect pairs
remaining after the quench should be equal to the value extracted from resis-
tivity data on low temperature irradiated Cu. (The recombination occuring
during the quenching phase should be only slightly affected by the lattice
temperature, hence the resistivity measurements for cascades produced at low
temperatures where defects are immobile should give a reasonable value for

the number of pairs remaining after the quench.)

The numbers of freely migrating interstitial and vacancy defects (ie., those
not clustering or recombining within their own cascade) have been inferred from
experiments. (3-5) In the simulation these are the defects which escape the
cascade region during short-term annealing. For fission neutron irradiated Cu
about 15%of the initial interstitials (at ~170K) are free,(3) while about 4%

of vacancies in fission neutron irradiated CuszAu (4) (at ~470K) are free.

The amount of recombination during the quench is most strongly influenced by
the value of the recombination radius. Clustering tends to diminish the amount
of recombination during quenching and during short-term annealing as well as
the numbers of free defects.

The vacancy clustering scheme is modified so that the vacancy clusters are
considered to be loops, and an adjustable factor exaggerates the loop radii.
The number of free vacancies is fairly sensitive to vacancy clustering. |f
vacancy clustering is too efficient, then N0 vacancies become freely migrating
because they are all in large clusters. The free vacancies which remain after
short-term annealing often tend to originate from small clusters which are
reduced to mobile size by recombination.
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The number of free interstitials is fairly insensitive to the quenching para-
meters. Extreme enhancement of interstitial clustering during the quench
reduces the fraction of mobile interstitials from a maximum of about 35%to

a minimum of about 20%. Enhanced interstitial clustering also tends to decrease
the number of free vacancies, since fewer free interstitials are available to
create mobile vacancy clusters.

The sensitivity of free vacancies to clustering and the insensitivity of free
interstitials to clustering are a result of the spatial configuration of the
defects in the cascade. The vacancies, in close juxtaposition within the
cascade core, are easily clustered. The interstitials tend to be in a diffuse
cloud about the vacancies, with a certain percentage of them widely disbursed
at the periphery of the cascade. A fraction of these will always exit the
cascade volume regardless of what is occuring within the more dense regions.

The quenching parameter values which are the best at present have single point
defect critical reaction distances for recombination of 3.3 a (lattice para-
meters), for interstitial clustering of 3.3 a, and for vacancy clustering of
1.3 a. The results, averaged over ten 30-keV cascades, are shown in Table 1.
The times =100, 5 x 10°, 10'? are in units of jumps of a single interstitial
and refer to the end of the quench, the end of interstitial migration and the
end of the simulation respectively.

TABLE 1
SHORT-TERM ANNEALING OF 30-KEV CASCADES IN CU

Defect Pairs Mobile Fraction
=100 1=5x10°5 =102 Vacancies Interstitials

Simulation 97 86 79 5% 20%
Experimental % (1) - - 4% (4) 15% (3)
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There are no direct experimental values for the number of defect pairs remaining
after short-term annealing of isolated cascades. However, annealing experiments
on low fluence, low temperature irradiated copper, with primary cascade-producing
irradiation such as ions or high energy neutrons should provide this information
for interacting cascades. After Stage 0 recovery, there should be few mobile
interstitials. Those which have escaped their own cascade will have interacted
with another. If one assumes that most of the interstitials which escape a
cascade recombine with vacancies of other cascades, then the simulation predicts
a Stage Brecovery of about 32%. Recovery measurements (7) for Qu irradiated
with 400 ke¥ Ar ions and d-Be neutrons at 6K indicate a Stage | recovery of
32-36%. Thus, good agreement i s obtained if one assumes all the free inter-
stitials eventually result in recombinations. The disposition of the free
defects, within this model, will be established when ALSOME is used to simulate
interacting cascades.

53 Conclusions

The ALSOME annealing code, run in two stages to model cascade quenching and
short-term annealing, operating on 30 keV Cu cascades directly from the MARIOME
code, gives results which are in good agreement with quantities extracted from
experimental measurements for the number of defect pairs and mobile defects at
various stages of cascade development.
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7.0 Future Work

The energy dependence of the quenching and short-term annealing will be
investigated. Short-term annealing of interacting cascades will be modeled.
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14-MEV _NEUTRON IRRADIATION COF COPPER ALLOYS

S. J. Zinkle and G. L. Kulcinski (University of Wisconsin-Madison)

1.0 Objectives

The objectives of this experiment are: 1) to determine defect survivability
in copper alloys irradiated at room temperature with 14-MeV neutrons and the
influence of solute additions, and 2} to determine whether resistivity
measurements can provide useful information on defect survivability when
used in conjunction with TEM

2.0 Summary

Resistivity models found in the literature have been studied in an attempt
to analyze the resistivity results of Qu and Cu alloys irradiated with 14
MgV neutrons at room temperature. The unsaturable trap model (UTM) has been
found to give reasonable results in the present study. Using the UM, we
have estimated that at least 12%of the defects originally created survive
the cascade event.

The effect of clustering on resistivity has also been reviewed. It is found
that, to a first approximation, the resistivity of a small cluster {d < 30 A)
may be equated to the sum of the resistivities of the individual defects.
More refined calculations will require detailed TBM results for defect

clusters which are approaching the resolution limit of the electron micro-
scope.

3.0 Program
Title: Radiation Effects to Reactor Materials

Principal Investigators: G L. Kulcinski and R. A Dodd
Affiliation: University of Wisconsin
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4.0 Relevant DAFS Program Task/Subtask

Subtask 11.B.3.2 Experimental Characterization of Primary Damage State;
Studies of Metals

Subtask 11.C.6.3 Effects of Damage Rate and Cascade Structure of Micro-
structure; Low-Energy/High-Energy Neutron Correlations

Subtask 11.C.16.1 14-MeV Neutron Damage Correlation

5.0 Accompl ishments and Status

5.1 Introduction

Electrical resistivity measurements are one of the oldest methods used to
study defect concentrations in metals. Various theoretical models can be
found in the literature which have been used to explain both electron{1-3)
and neutr‘on(“ irradiation-induced resistivity changes. These models have

been applied to the resistivity results obtained from a room temperature, 14
MeV neutron irradiation of Cu and Cu alloys. (5)

The three electron resistivity models mentioned above are all variations of
a model first proposed by wa1ker,(l) known as the unsaturable trap model
(UTM). In this model, it is assumed that the vacancy is immobile, while the
interstitial is mobile and can go to one of several trapping sites: (1) a
saturable trap, i.e. a trap which once occupied cannot accommodate any new
interstitials. Impurities may be considered as saturable traps. ({2} Un-
saturable traps, i.e. a trap which can accept interstitials without limit
without changing its probability for subsequent interstitial capture. Dis-
locations and grain boundaries are examples of unsaturable traps. (3} An-
nihilation with a vacancy.



5.2 Results

Following the analysis of Dworschak et a1.(2) using the UTM, the following
equations are obtained

t
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do _ o pt t'F (1)
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bp = p { 1+ ¢ - 1l (2)
F I‘\l I“l'.tr'\l

This may be written in the form

P 1
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(1 + Ap

t
Foger CoPp T /T,
where f is the fraction of interstitials escaping correlated recombination,

(3)

oq is the displacement cross section, p;E is the resistivity increment per
unit concentration (i.e. 100%) of Frenkel defects, Iy and T, are the capture
radii of spherical capture volumes of impurity traps and vacancies, respect-
ively, for migrating interstitials, C4 is the concentration of impurities
(at/at), and AP is the radiation induced residual resistivity increase. It
may be seen from Eg. (2) that the asymptotic value of the resistivity change

at large fluences scales as ¥®, in agreement with reported experimental
results. (5)

A linear relation may be obtained by plotting the quantity &/Ap vsS. 4p, as
shown in Figure 1. The mtercept of this curve is given by 1/fe p:.:, and the

slope is equal to (1/fo pF)(l/ZCth(I‘ /T, )). A least-squares fit to the
data yields the relation

fcdp:__: - 9.0 x 1072 pem®
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FIGURE 1. Plot of the 14 MeV neutron fluence divided by the radiation-in-
duced resistivity change as a function of the amount of radiation-
induce resistivitbchangg for pure copper irradiated to a total
fluence of 3 x 10*" n/cm® at room temperature.

The quantity p; depends on the amount of clustering which has occurred. To
obtain a lower limit for the fraction of defects escaping correlated re-
combination, pg may be taken to be equal to the isolated Frenkel pair spe-
cific resistivity,{6) pg p = 20 x 1076 @-cm/%F.P.. As will be shown
later, the effect of clustering is small for clusters smaller than ~ 30 A
and TEM analysis of copper irradiated under identical conditions(” has
shown that most of the clusters are smaller than 30 A. Using a displacement
cross section of g4 = 3690 barns(8) then gives f > 12.1% .

These defects may then aggregate to form clusters and loops. This value is

i n good agreement with the results found by Brager et a].,(6) who found that
the number of defects surviving the cascade was at least 9.7%.
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5.3 Discussion

The good agreement between the analysis of the resistivity results using the
unsaturable trap model and Brager's(” results is somewhat surprising and
may be coincidental. The UTM was developed assuming immobile vacancies and
no effect of clustering on the resistivity results. Stage III in copper
begins at or slightly below room temperature, and so vacancies should be
considered to be mobile during irradiation. Unfortunately, it is difficult
to obtain a quantitative estimate of the effect of vacancy mobility on the
results. At room temperature, the diffusivity of an interstitial in copper
I's much greater than for a vacancy (factor of 108) SO0 it may be assumed that
the vacancy is relatively stationary compared to the interstitial. Since
the mechanism of diffusion for vacancies and interstitials is similar and
TEM observations of 14-MeV neutron-irradiated copper show approximately the
same cluster distributions for both vacancies and interstitia]s,(g) itis
believed that it is a good approximation to replace Dworschak’'s definition
of f {f = fraction of interstitials escaping correlated recombination) with

f = fraction of defects escaping correlated recombination.

Theoretical studies of small vacancy and interstitial clusters have shown
that there is only a weak effect of clustering on resistivity results.(lo’ln
However, if these clusters collapse into dislocation loops, then the resis-
tivity contribution per defect can be greatly reduced for large loops. The
study of the resistivity contribution of dislocations is an old and diffi-
cult problem which has only recently been solved theoretically with satis-
factory results.(lz) There is evidence!®13) that itis a good approxi-
mation to model the resistivity increase due to a dislocation loop as the
resistivity due to a dislocation line of length 2mR (R equals the radius of
the loop) plus the resistivity due to the stacking fault, as applicable.

The reason this approximation is reasonable is because most of the resis-
tivity increase in dislocations is due to scattering from the dislocation

core. Therefore, the resistivity is pet sensitive to dislocation arrange-
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ments. Table 1 gives the specific resistivity of dislocations and stacking
faults for copper along with two other representative metals for comparison.

For a perfect dislocation loop of diameter d, the resistivity is given by

pToop = (11dM);>d (4)

where N = number of 1oops/cm3.

The resistivity of a cluster of the same size is

2

_ nd'b_ 5
Pcluster - FF.D. BN (5)
where b = burgers vector = a_/vZ

Pr.p. = specific resistivity of Frenkel defect

Ry atomic volume of defect
Neyw = 4/a§ = atomic density of copper.

TABLE 1
EXPERIMENTALLY MEASURED AND THEORETICAL VALUES CF RESISTIVITY
FOR STACKING FAULTS AND DISLOCATIONS

3

-1
pf}F/a L10 0-cm2] py/B {10_19 a-cm® I Reference
cu Al Au cu Al Au
2.5-10, 90-100 --- 1.0 t+ 0.2 -— ———- ——— 14
< 60 40 1.8 —— - - 15
T —— e 1.3+01 15¢+03 26 12
a = stacking fault density [cmz/cm3]
E = dislocation density [cm/cm3}
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Taking @4Nc, = 1 gives

, 4p
_'loop - d 1 (6)
‘cluster  PPr.p. 9

For an interstitial cluster {pr , = 1.4 X 10°6 a-cm/z defects)(®) this
ratio equals unity for d = 10 A. A 25 A diameter perfect loop has a ratio

p]oop/pd uster = 41%. For a vacancy cluster {pp . = 0.6 x 10-6
a-cm/% defect),'®) a 25 A diameter loop has a ratio Ploop/ Pcluster = 1.

For a faulted dislocation loop of diameter d, the resistivity is given by

2

_ nd
®loop ~ mdNpy + g~ Neg ¢ (7)
and therefore
' o 4p
loop _ S.F. d 1 (8)

eTuster ~ bep . Bepy @

10 x 10713 g-cm? this

i
Il

For an interstitial loop with b
ratio becomes

aO/vG- and Ys.F

, 0.7 d = 50 &
loop =
‘cluster 1 d =25 A&

It is therefore seen that for a cluster distribution containing both faulted
and unfaulted loops it is a reasonable first approximation to neglect the
effect of clustering if the cluster distribution is small (¢ 25 A). This
condition is satisfied in the present experiment. However, to obtain more
accurate results, it is necessary to obtain from TEM analysis {1} the per-
centage of faulted and unfaulted loops, and {2) the detailed cluster distri-
bution. These parameters are difficult to determine for experiments similar
to the present one since the cluster size is approaching the resolution
limit of the electron microscope.
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There is also some question about what is the critical size required to
cause collapse of a cluster into a dislocation loop. Theoretical estimates
(17) Bullough and Per‘rin(w) used an

elastic continuum model and found that a plate-like cluster would collapse

range from six(6’16) to 400 defects.
into a loop for a cluster sizes greater than 22 vacancies.
5.4 Conclusions

The unsaturable trap resistivity model has been applied to a room tempera-
ture 14 MeV neutron irradiation of copper with satisfactory results. It is
estimated that at least 12%of the defects created by the irradiation sur-
vive the cascade event and migrate to form clusters. A more accurate deter-
mination of the defect survival fraction requires more detailed TEM work.

It appears that resistivity measurements can be a useful tool for determi-
ning defect survivability when used in conjunction with TEM measurements.
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Future Work

ol7

n/cmz will be examined in an attempt to determine defect survivability.
Micro-hardness and TEM investigations of the copper and copper alloys will
be undertaken at HEDL
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YIELD STRENGTH-MICROHARDNESS COMPRARISONS IN 14-MeV NEUTRON-IRRADIATED
VANADIUM AND TITANIUM
E. R Bradley (Pacific Northwest Laboratory)

1.0 Objective

The purpose of this study is to determine the effects of 14-MeV neutron irra-
diation on the strength and microstructure of materials whose properties are
sensitive to interstitial impurities. The ultimate application of this work
Is to identify potential material impurity limits for the successful opera-
tion of fusion reactors.

2.0 Summary

Yield strength and microhardness measurements have been made on vanadium and
titanium specimens following irradiation at 25°C with 14-MeV neutrons. Five
fiuence levels, ranging from 1 x 1021 to 2 x 1022 m'z, were examined.

The yield strength in both materials increased with irradiation and approxi-
mately followed a (qbt)o'5 fluence dependence. Microhardness measurements in
the vanadium increased with irradiation to 6 x 1021 m'2 and remained constant
thereafter. No significant microhardness increase was observed in the tita-
nium until the highest fluence level (2 x 1022 m_z), where a small increase
was noted. These results suggest that yield strength-microhardness correla-
tions in irradiated metals may be limited to specific materials and neutron
fluences. The flow characteristics of irradiated metals were found to be

important in interpreting microhardness data.
3.0 Program
Title: Mechanical Properties

Principal Investigator: R. H. Jones
Affiliation: Pacific Northwest Laboratory
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4.0 Relevant DAFS Program Plan Task/Subtask

Subtask 11.C.6 Effects of Damage Rate and Cascades on Microstructures
Subtask [1.C.II Effects of Cascades and Flux on Flow

Subtask 11.C.18 Relating Low- and High-Exposure Microstructures

5.0 Accomplishments and Status

5.1 Intraduction

The effects of high-energy neutron irradiation on the mechanical properties
of potential fusion reactor materials are important for the design and opera-
tion of fusion reactors. Since the irradiation volumes for high-energy neu-
trons are small, miniature specimens have been used to measure mechanical
properties. Tensile tests on irradiated wire(l’z) and sheet(3) specimens
have been used to successfully determine the effects of high-energy neutron
irradiation on the yield strength of metals and alloys. Microhardness data
are also being used to obtain mechanical property data from small specimens,
and correlations between microhardness and tensile properties have been
reported for some mater1a1s.(4’5) Additional information on correlating
mechanical property data from miniature specimens is needed to assure the
reliability of the correlations for different materials and irradiation con-

ditions.

This report presents yield strength and microhardness data for vanadium and
titanium as a function of 14-MeV neutron fluence. Except for the highest
fluence level, yield strength data have been presented and discussed previ-
ously;(z) consequently, the relationships between yield strength and micro-
hardness in vanadium and titanium are emphasized in this report.

5.2 Experimental Rrocedures.

The 0.5-mm diameter titanium wire and 0.1-mn thick titanium foil were obtained
from A D. MaKay, Inc.; Materials Research Corporation supplied the 0.5-mm
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diameter vanadium wire; and the vanadium foil material was prepared from
wire stock by cross-rollingto about 0.1 mm  Chemical analysis of the wire
materials indicated a total interstitial impurity content of 500 wt-ppm for
the titanium and 1300 wt-ppm for the vanadium. Oxygen was the primary impu-
rity in both materials; with concentrations of 400 and 920 wt-ppm, respec-
tively, for titanium and vanadium.

Vanadium and titanium wires were annealed in vacuum (10_5 Pa) for 1 hr,
straightened by a small amount of plastic deformation, and annealed for an
additional hour prior to irradiation. Annealing temperatures for the vana-
dium and titanium specimens were 1223K and 873K, respectively. These pro-
cedures produced an equiaxed grain size of about 25 wm in the vanadium and
10 ym in the titanium. The same annealing treatment was used on the foil
materials.

The foil and wire specimens were placed in adjacent planes within 1.5-mm
thick capsules and were irradiated at 25°C with 14-MeV neutrons obtained from
the RTINS 11 at LLNL.(a) The specimen fluence was determined by the average
readings from niobium dosimeters that were located at the front and back of
the capsules. The position of the capsules relative to the neutron source
was periodically reversed during the irradiation to minimize differences in
fluence between the foil and wire specimens. The average fluence for these
experiments ranged from 1 x 1021 to 2 x 1022 2

Autoradiographs were used to locate the position of the neutron beam on the
specimens after irradiation, and gage sections (0.25 by 5 mm) were produced
by electropolishing the wire specimens at this location. The minimum diam-
eter along the gage sections was measured with an optical microscope equipped
with a calibrated eyepiece. The average of five measurements around the cir-
cumference of the specimen was used to calculate tensile properties.

(a) RINS Il - Rotating Target Neutron Source I1I. LLNL - Lawrence Livermore
National Laboratory.
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Flow stress determinations were made by uniaxially straining the wire speci-
mens in an Instron tensile testing machine. The strain rate was 3 x

1074 s'l, and the tests were conducted at room temperature. The speci-

mens were held in split grips, and the displacement of the grips was measured
by a linear variable differential transformer (LVDT). The average tensile
properties of a given material and fluence were determined from six to eight

specimens.

Microhardness measurements were made on 3-mm diameter transmission electron
microscope (TEM) discs using a TUKON microhardness testing machine with a
Vickers diamond point indenter (100-g load). Measurements were taken from
the central portion of the discs to avoid edge effects, and average micro-
hardness values for a given material and fluence were determined from at
least eight measurements.

5.3 Results.

The tensile and microhardness data for the vanadium and titanium specimens

in Table 1 represent the average and standard deviations of the respective
measurements for each fluence level. Except for the upper yield point in
the vanadium specimens, the standard deviations are less than 10%. The upper
yield point was sensitive to the alignment of the grips, which is reflected

by the higher standard deviations. The microhardness numbers were converted
to flow stress, o, using the relation {4)

op = 3.27 OPH (1)
where DPH is the Vickers hardness number in kg/rrrnz.
5.3.1 Vanadium
No consistent correlation between yield strength and microhardness wes

observed in the irradiated vanadium. The measured yield strength increase
and the increase calculated from the microhardness data are plotted as a
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TABLE 1

SUMMARY GF TENSILE AND MICROHARDNESS DATA

Neutron Tensile . — Microhardness
Fluence, uys, Lys, (a) uTs, DPH, of,
Material _ m=2 ___MPa MPa MPa kg/mm2 MPa
Vanadium 0 470 *80 340 *30 400 *30 150 £2.7 490 9
1.3 x 1021 495 *15 350 *30 390 %20 _ _
2.0 x 1021 545 *75 400 #25 410 *30 164 6.8 536 *22
56 x 1021 555 110 430 *15 - 175 %6.6 572 %2]
8.3 x 102} 590 290 445 *30 - 175 %5.8 572 19
2.0 x 1022 630 #50(P) 520 230(P) - 17448.3 569 *27
Titan ium 0 220 £10 320 20 134 42.6 438 %9
1.3 x 104 230 10 315 *15 136 £2.6 445 %9
2.9 x 104 250 #15 335 *15 136 3.8 445 *12
5.6 x 10%1 260 *15 320 *15 135 £4.0 441 *13
57 x 10! 270 *15 330 *15 - _
8.3 x 10%1 200 10 340 #10 137 #4.4 448 *14
2.0 x 1022 300 *20 335 £15 142 6.3 464 *21

(a) 0.2% yield strength for titanium.
(b) Unirradiated tensile properties UYS = 490 *60 MPa and LYS = 375 *25 MPa,

function of fluence in Figure 1. The lower yield strength increased continu-
ously with irradiation, and the data approximately followed a (c}t)o'5 fluence

dependence. The strength increases that were calculated from the microhard-
ness data showed reasonable agreement with the tensile data up to a fluence
of 6 x 1021 m"z, above which the microhardness saturated and the yield
strength continued to increase with fluence. These results indicate that
yield strength-microhardness correlations in vanadium irradiated at 25°C are
limited to arelatively small neutron fluence range.

The saturation in microhardness for fluences above 6 x 1021 rn"2

i's probably
associated with the change in flow characteristics that was observed in the

irradiated specimens. The load-elongation curves for the unirradiated wires
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FIGURE 1. Comparison of Measured Yield Strength Increase and Calculated
Increase Based on Microhardness Data for Irradiated Vanadium

consisted of upper and lower yield regions, a region of uniform strain with
its associated strain hardening, and finally, plastic instability that led

to ductile failure. Reductions in area were about 80%at fracture. The pre-
dominant effect of neutron irradiation was to reduce or eliminate the homoge-
neous flow portion of the curves. At fluence levels of 6 x 1021 w72 and
above, plastic instability occurred immediately after yielding. Ductile
failures were observed with no change in the reduction in area at fracture.

Similar flow behavior has been observed in fission neutron-irradiated vana-
dium(S) and vanadium a]]oys(” and was explained by dislocation channel-

ing. The irradiation-produced obstacles to dislocation glide are swept from
the lattice by the initial movement of dislocations. Further deformation is
localized in these softer regions of the lattice, and plastic instability
occurs immediately after yielding. Little or no strain hardening is observed
under these conditions.

110



5.3.2 Titanium

No direct correlation between yield strength and microhardness was found in
the titanium specimens (see Figure 2). The yield strength increased continu-
ously with irradiation and approximately followed a (¢’c)0‘5 fluence depen-
dence. Microhardness measurements showed no significant increase until the
highest fluence level (2 x 1022 m'2), where a small increase was noted.

The fluence dependence of the yield strength in titanium was similar to that
observed in vanadium, but the response of microhardness to neutron irradia-

tion differed in the two materials.

Load-elongation curves for titanium showed the parabolic-type hardening that
Is typical of fcc and hcp polycrystalline materials. The load increased with
deformation due to strain hardening until the ultimate tensile strength was
reached. Plastic instability then led to ductile failure after about 80%
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FIGURE 2. Comparison of Measured Yield Strength Increase and Calculated
Increase Based on Microhardness Data for Irradiated Titanium
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reduction in the cross-sectional area. The ultimate strength was unaffected
by neutron irradiation. A small decrease in total elongation was observed,
which is consistent with the lower amount of strain hardening in the irra-
diated specimens.

5.4 Discussion

These results suggest that yield strength-microhardness correlations in
irradiated metals may be Ilimited to specific materials and fluence ranges.
The flow characteristics and microstructural features that are responsible
for the observed strength measurements can influence these correlations.

The increased yield strength in irradiated metals is caused by irradiation-
produced obstacles to dislocation movement. For the irradiation conditions
used in these experiments, small defect aggregates or clusters represent the
primary obstacles. Thompson(B) predicted a (¢t)0'5 fluence dependence for

radiation-induced defect strengthening, which is consistent with the present
results obtained from tensile tests of vanadium and titanium wires. A simi-

lar que9 ce dependence has also been reported in 14-MeV neutron-irradiated
nickel (%) and copper. (4)

Microhardness is a complex mechanical property that depends on both the yield
strength and strain-hardening characteristics of the material. Equation 1 is
based on an empirical relation between the Vickers indenter hardness number

(10) At this strain level,

(DPH) and the true flow stress at about 8% strain.
dislocation substructures are well developed and provide a significant con-
tribution to the true flow stress. Neutron irradiation can influence both
the yield strength and the density and distribution of dislocations formed
during the deformation process. This is especially evident when dislocation
channeling removes the irradiation-produced defects from the lattice and
dramatically changes the dislocation distributions. Dislocation channeling

is a general phenomenon in metals irradiated at low temperatures; therefore,
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other yield strength-microhardness correlations from low-temperature irradi-
ation data may be restricted to a limited fluence range as was observed in
the irradiated vanadium.

In addition to a potential change in dislocation distribution, a change in
deformation mode may also have contributed to the results obtained for the
irradiated titanium. Higashiguchi and Kayano(ll) found that neutron irra-
diation enhanced deformation twinning in titanium. Their results indicate
that deformation was initiated by dislocation slip; but at higher strain lev-
els, deformation proceeded by a combination of slip and mechanical twinning.
The contribution from twinning increased with neutron fluence, and disloca-
tion channeling was observed at higher fluence levels. |If similar deforma-
tion processes occurred in the high-energy neutron-irradiated titanium wires,
the difference in microhardness response between the titanium and vanadium
may be related to the enhanced mechanical twinning in the titanium. Although
a detailed analysis of deformation characteristics would be required to con-
firm this suggestion, the present results clearly indicate the need to
consider deformation characteristics when interpreting yield strength-
microhardness correlations.

5.5 Conclusions

Comparing the yield strength and microhardness responses to 14-MeV neutron-
irradiated vanadium and titanium has led to the following conclusions:

o No consistent relationships were found between yield strength

and microhardness in vanadium or titanium irradiated at 25°C

with 14-MeV neutrons over the fluence range from 1 x 1021

to 2 x 1022 m'2

o] Dislocation channeling appeared to limit the fluence range
for yield strength-microhardness correlations to below

6 X 10‘21 m_2 in vanadium.
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6.0

1.

10.

® Deformation characteristics need to be considered when inter-
preting yield strength-microhardness correlations.
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7.0 Future Work

Work will continue on determining the combined effects of high-energy neutron
irradiation and impurities on the mechanical properties of fusion reactor
materials. The effects of oxygen in niobiumwill be determined by comparing
the yield strength increase in niobium doped with 300 wt-ppm oxygen to data
from undoped specimens obtained previously in this program. The Nb-0 speci-
mens have been irradiated with 14-MeV neutrons at 25°C to fluence levels
ranging from 1 x 1021 to 2 x 1022 m'2. Yield strength-microhardness com-
parisons will also be made for these materials.
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CRITICAL FLAWS IN FUSION REACTOR MATERIALS

R. H. Jones (Pacific Northwest Laboratory)

1.0 Objective

The purpose of this evaluation was to identify critical flaws in fusion
reactor first walls. Comparisons between the size of flaws which allow cool-
ant leakage into the plasma, threshold flaw sizes for fatigue stress or envi-
ronmentally induced sub-critical crack growth and flaw sizes for unstable
crack growth were made. Degradation processes which reduce critical flaw
sizes were also evaluated.

2.0 Summary

Critical leak rate, fatigue and environmentally induced sub-critical
crack growth and unstable crack growth flaw sizes for austenitic and ferritic
stainless steels were compared. The results of this analysis indicate that
the critical leak rate flaw size is about 0.2 mm, the threshold flaw sizes for
fatigue and corrosion fatigue sub-critical crack growth of 316 SS and HT-9
range from 0.2 to 2 mm and the flaw sizes for unstable crack growth of irradi-
ated 316 SS and HT-9 are 4 mm and 50 mm, respectively. These results suggest
that the threshold for sub- critical crack growth in fatigue is a critical
material property. Also, creep processes are shown to have a significant
effect on the critical leak rate flaw size.

3.0 Program

Title: Mechanical Properties
Principal Investigator: R. H. Jones
Affiliation: Pacific Northwest Laboratory

4.0 Relevant DAFS Program Plan Task/Sub-Task

[1.C.8. Effects of Helium and Bisplacements on Fracture
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11.C.9. Effects of Hydrogen on Fracture
11.C.12. Effects of Cycling on Flow and Fracture

5.0 Accomplishments and Status

5.1 Background

The lifetime of fusion reactor first wall materials will be a function of
many factors such as load, temperature and neutron irradiation history and
plasma-wall and coolant-wall interactions. Fatigue crack growth has been
identified by Cramer et a].[l] as the primary structural failure mode for
Tokamak first walls. More recently, Watson et al.[z] evaluated the effect of
irradiation creep, swelling, wall erosion and embrittlement on the fatigue
life of a Tokamak first wall made of 316 SS. They concluded that fatigue
crack growth is the life-limiting process in Tokamak reactors and that the
shortest lifetime occurs when a flaw exists on the coolant side. Embrittle-
ment induced by neutron irradiation and surface erosion were predicted to
decrease the lifetime by increasing the crack propagation rate.

A fusion reactor-vacuum first wall may lose its vacuum integrity before
its structural integrity by allowing coolant to leak into the plasma. A leak
before break criterion has been assessed for 20%CW 316 SS by Wolfer and
Jones[3] and the results show that unstable flaw growth is favored as the
stress and wall thickness increases and the critical stress intensity, KIC’
decreases. A leak producing flaw was defined as any through wall flaw which
was too small for unstable crack growth. In a separate study, Jones and
Bruemmer[4] concluded that a 0.1 mm wide through-wall flaw in a helium cooled
reactor would allow the helium concentration in the plasma to reach 50%in a
1000s period. Since first wall thicknesses are expected to be greater than
1 mm, a through wall flaw with a width to length ratio of 1/10 would be suffi-
cient to shut down a reactor. Flaws of this dimension may be present in the

as-fabricated first wall or may grow to this dimension during reactor opera-
tion. Flaws of this size will be difficult to locate by non-destructive test-

ing, NDT, techniques in a non-radioactive structure and even more difficult
once the reactor has been operating and the first wall and blanket structure
are radioactive. Since detection of flaws becomes more difficult with
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decreasing flaw size it is important to know the smallest critical flaw so
that NDT evaluation can be limited to flaws greater than or equal to the

critical size.

Analysis of whether a flaw will merely cause a leak or will grow in an
unstable manner causing a break is an important aspect of any critical flaw
size analysis. Factors which decrease KIC or increase the yield strength, a_,
will decrease the flaw size for unstable crack growth and hence favor a break
before leak failure. Temper, hydrogen and helium ernbrittlement, radiation
induced grain boundary segregation and phase changes are processes which can
decrease KIC while radiation induced hardening can increase the yield

strength.

Sub- critical crack growth can occur in corrosive or hydrogen environments
during static or dynamic loading conditions. Static load sub- critical crack
growth is commnly called stress corrosion cracking while dynamic load sub-
critical crack growth is known as corrosion fatigue. A threshold stress in-
tensity exists below which measureable crack growth cannot be detected in cor-
rosive environments. At static loads this threshold is called the KISCL‘ while
with dynamic loads this threshold is called the AKISCC' A critical flaw size
can be derived from these threshold stress intensities which defines the flaw
size which will propagate under a given environment and loading condition.
Knowledge of the size of the threshold flaw sizes in corrosion fatigue or
stress corrosion is important because they may define the smallest flaw size.
Environmentally critical flaws do not present as critical a problem for reac-
tor operation as a leak or a break; however, the environmentally enhanced
crack growth rate may be sufficiently high that a leak or a break will form in

a relatively short time.

The purpose of this research was to determine and compare the critical
flaw sizes of fusion reactor materials. These results will be useful for
focusing attention on the physical processes controlling the lifetime of
fusion reactors with the expectation that systems can be designed which are
insensitive to the presence of flaws smaller than those which can be readily
detected with NDT techniques. These results may also point out the need for
improved NDT techniques or the need for better data to define the critical
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flaw sizes. Critical flaw sizes for unstable crack growth, stress corrosion,
corrosion fatigue and hydrogen embrittlement for 316 SS and HT-9 are compared
to the critical leak rate flaw size.

5.2 Definitions

A critical leak rate flaw is defined as a flaw which allows the coolant
to enter the plasma chamber and reach a sufficient concentration to quench the
plasma during a burn cycle. A critical leak rate flaw must penetrate the
first wall from the coolant side to the plasma side while the crack length is
the length of the crack in the toroidal or poloidal field directions. Criti-
cal leak rate flaws were calculated for the UWMAK 11[5] and NUMAK conceptual
reactor designs.

A structurally critical flaw is defined as a flaw which will cause unsta-
ble crack growth in a valid plane strain fracture toughness test (ASTM E399)
loaded to its yield strength. It is recognized that the stress singularity
around the crack tip of a test specimen is represented by a stress intensity
factor, K, which is specific to the geometry and stress system of that speci-
men. Application of the critical flaws given in this report to reactor design
is possible by using the appropriate stress intensity formula for the geometry
and stress system of a component. The structurally critical crack length was
determined from the following relationship:

where Kic is the critical plane strain fracture toughness. A load equal to
the yield strength of the material was chosen as a method of rating various
materials at equivalent stresses rather than an equal stress since design
stresses are frequently a function of the material strength.

Environmentally critical flaws are defined as the flaw size at which sub-
critical crack growth can no longer be detected for plane strain fracture
toughness tests loaded to the yield strength of the material in a hydrogen or

corrosive environment. A crack growth rate of 10_7 mm s'1 was used to define
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this threshold. For statically loaded specimens, the threshold in hydrogen is

Krh» the | .
for cyclically loaded specimens is AKISCC‘

the threshold in a corrosive environment is KISCC while the threshold

5.3 Critical Leak Rate Flaws

A flaw which penetrates the vacuum boundary separating the plasma chamber
and coolant passages will allow the higher pressure coolant to leak into the
plasma chamber. Since the energy loss from the plasma due to Bremsstrahlung
radiation is proportional to 22, where Z is the atomic or charge number of the
impurity, the power loss per atom of coolant which leaks into the plasma
increases with increasing Z. For the coolants considered in conceptual
designs, the order of increasing Z is helium, lithium, water and lithium-lead.
However, the leak rate of the coolants through a flaw is also a function of
their phase state and mass. Phase state is important since gases have higher
leak rates than liquids. For gases at low pressures where molecularjfpw con-
ditions control the leak rate, the leak rate is proportional to (M)~ where
M is molecular weight. The leak rate of liquid coolants such as water or
lithium is a complicated process because of the temperature and pressure gra-
dients through the wall. A liquid coolant will be drawn into a flaw by the
pressure differential between coolant and plasma chamber and by capillarity.
Boiling will occur when the temperature increases and the pressure decreases
to the critical temperature-pressure conditions for that liquid. Gas flow
conditions will control the flow beyond this point. A detailed analysis is
necessary to determine whether capillary flow, evaporation rate or gas flow is
the rate limiting step. By contrast, gas flow through orifices is relatively
simple with well developed leak rate equations[s]; therefore, the critical
leak rate flaw analysis is based on helium coolant leaking into the plasma

chamber.

The flow of gases through orifices can be characterized by viscous or
molecular flow with a transitional flow condition existing between viscous and
mopiecular flow. Viscous flow occurs at high pressures when the mean free path
between gas molecules is small compared to the orifice and intermolecular col-
lisions determine the flow characteristics. Molecular flow occurs at low
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pressures when the mean free path between gas molecules is large and mlecular
collisions with the walls of the orifice determine the flow characteristics.
The conditions which define the limits of each flow regime are as follows:

Viscous: aP > 500

Molecular: aP < 5

Transition: 5 < aP < 500

where a is the orifice size in cm and P is the pressure in the orifice in um
of Hg. For flaws in a fusion reactor first wall there is a large pressure
drop from the coolant side to the plasma side such that the flow is viscous
on the coolant side and molecular on the plasma side. All three conditions
exist within a flaw in a fusion reactor first wall so that the leak rate must
be determined experimentally. This was done for helium flow through small
intergranular creep cracks in 316 5§ tubes[q] and it was found that both
viscous and molecular flow equations predicted the experimentally measured
flow rates with reasonable accuracy. Both equations worked satisfactorily
because flow is a combination of viscous and molecular flow; however, the
viscous flow equation was more accurate at larger flaw sizes. Therefore, for
this analysis, it was assumed that gas flow through flaws originating on the
coolant side of a fusion reactor first wall is dominated by viscous flow.

At high pressures, the leak rate of a gas through a rectangular shaped
orifice, such as a crack, can be expressed by the following equation:

) 22 [p. +p .
Q 0.26tYaes (12 2) (92 Pl) (2)

where a is the crack length, 6 is the crack opening, t is the wall thickness,

Pl is the pressure on the plasma side, P2 is the coolant pressure and Y is a
function of afs. The symbols in equation 2 were chosen to be consistent with
fracture mechanics and not gas flow theory since the purpose of this report is
to relate the leak rate flaws to structural flaws. The relation between the
parameters in equation 2 and a fusion first wall are shown in figure 1.
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The following assumptions were made in the derivation of equation 2:
1) the gas is incompressible,
2) the flow-velocity profile is constant throughout the flaw,
3) there is no turbulent motion of the gas, and
4) the flow velocity at the tube walls is zero.
For assumptions 2 and 3 to be valid, the cross-section of the orifice should
be uniform along the gas flow path. This is clearly not the case for inter-
granular creep cracks produced in the 316 SS leak rate samples as shown in
figure 2d. However, even with these irregularities the viscous flow equation
gave flow rate values that were only 5 times larger and equal to the measured
flow rates for 0.01 and 0.02 cm long cracks, respectively. Therefore, it was
concluded that the viscous flow equation is adequate for estimating the size
of a critical leak rate flaw in a fusion reactor but that the resulting flaw
size must be considered as an estimate. More quantitative critical flaw size
determinations must be made experimentally.

Before equation 2 can be used to estimate the critical leak rate flaw
size, a value for Y must be determined. The ratio §/a can be viewed in two

ways: 1) the absence of time dependent flow where 6 can be described by frac-
ture mechanics and 2) where time dependent flow causes an increase in s/a.

For case 1, the crack opening can be determined from the following
expressionL7].

§ = —oF— (3)

where KI is the mode | stress intensity, oy is the yield strength and E is the
tensile elastic mdulus. KI can be determined from the following
expression:

KI:hcﬁﬁ_ (4)

where ¢ is the stress and h is a constant which is taken to be 1.12 for this
analysis. A value of &fa independent of crack length can be determined using
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FIGURE 2. Optical Metallography Following a Through-Wall-Crack/Through-
Stresg-Rugture Specimen S-23(a-c) ; Schematic Illustrating the
Cracking Path Through the Thin Wall Tube {d).
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equations 3 and 4 and setting the stress equal to the yield strength. This
simplification allows a single value of Y to be used for varying crack lengths
in equation 2. For ayield strength of 200 MPa and Youngs mdulus of 2 x 105
MPa, sf/a is equal to 0.00185. For the case where time dependent flow occurs,
§/a is time dependent and could assume values greater than 0.00185 and less
than or equal to 1. In order to simplify the calculations, a constant value
of 0.2 was chosen for &/a for the case when creep allows the crack to open
beyond the fracture mechanics criteria. The value of 0.2 was chosen because
this was the approximate value found for intergranular creep cracks formed in
316 SS tubes[q]. worden[s:| gives values of Y for &fa values of 1to 0.1 and
this data was used to extrapolate to &fa values of 0.001. The data for Y ver-
sus ala[6] is shown plotted in figure 3 where it can be seen that the rela-
tionship is linear on a log-log plot for values of §/a of 0.1 to 0.4. This
data was used to obtain a value for Y at &/a equal to 0.00185. This requires
an extrapolation over two orders of magnitude into a &/a regime which has not
been measured experimentally. Therefore, the value of Y for al/a equal to
0.00185 must be considered as an estimate. For §/a equal to 0.00185, Y is
equal to 0.008 while for s§fa equal to 0.2, Y is equal to 0.4.

Helium leak rates for &/a values of 0.00185 and 0.2 are given in figure 4
as a function of the crack length a. The leak rate is linear with the crack
length on a log-log plot with a slope of 4 which results in a leak rate of
helium, NHe’ proportional to a4. Therefore, small increases in the crack
length can result in large increases in Ny,. Since Y is proportional to
(5/a)0'83, the leak rate, ﬁHe’ is proportional to 62'8 and; therefore, small
increases in the crack opening, &, can also produce large increases in NHe‘
This can be seen by noting the change in NHe at constant crack length for é/a
values of 0.00185 and 0.2. For a crack length of 0.1 om the leak rate in-
creases from 3 x 10—8 moles/s to 3 X 10_2 moles/s for §/a values of 0.00185
and 0.2, respectively. Therefore, it can be seen that creep processes can
have a very large effect on the critical leak rate flaw size. This effect can
also be shown for a critical leak rate of 10'3 moles/s where the critical leak
rate flaw size is 1.25 on in the absence of creep crack opening and 0.045 cm
when creep results in a §fa ratio of 0.2.
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A critical leak rate for a given reactor can be estimated from the plasma
volume, the ion density in the plasma and the largest helium concentration
that the plasma can tolerate. 1t has been assumed that there is no plasma
impurity control and that any shortening of the burn cycle is detrimental.
These assumptions represent a worst case since plasma impurity control mea-
sures would allow larger leak rates before the critical helium concentration
would be reached in a single burn cycle. It has also been assumed that all
the helium in the plasma is removed during each refueling cycle. This of
course will not occur since helium coolant will continue to leak into the
plasma chamber during the refueling cycle. However, since the refueling time
is short relative to the burn period, the helium in-leakage would be small and
may be ignored without causing serious error.

The critical leak rate flaw size has been estimated for the UWMAK II and
the NUMAK reactors assuming the NUMAK has a helium cooling system similar to
UWMAK II. The UWMAK II has 5 x 1021 ions and the NUMAK 5 x 1022 ions in the
plasma. For a 1000s burn period and a critical helium concentration in the
plasma of 5% the critical leak rates are ].0_ﬂ moles/s, and 10_3 moles/s for
the UWMAK IT and NUMAK reactors, respectively. These leak rates correspond to
critical flaws sizes of 1.33 cm and 0.75 cm for the NUMAK and UWMAK II reac-
tors, respectively, in the absence of creep crack opening and 0.045 cm and
0.025 cm with creep crack opening. For a critical helium concentration of 1%
the critical leak rate is 8 x 10"‘{l moles/s for the UMK II reactor. This

leak rate corresponds to critical leak rate flaw sizes of 0.50 cm and 0.016 cm
for the UWMAK II reactor, in the absence of creep crack opening and in the

presence of creep crack opening, respectively.

5.4 Sub-critical and Critical Crack Growth Flaws

5.4.1 Austenitic Stainless Steels

Sub-critical flaw growth can occur in materials loaded statically in the
presence of hydrogen or a corrosive environment or loaded cyclically in the
absence or presence of hydrogen or a corrosive environment. |n many
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instances, the lowest stress intensity for sub-critical flaw growth occurs
with cyclic stresses in a corrosive environment which is commonly known as

corrosion fatigue.

Flaw sizes for sub-critical and critical crack growth of austenitic
stainless steels are given in Table I[8"10]. The critical flaw sizes were
calculated using equation 1 and assuming a macroscopic stress equal to the
yield strength of the material. Therefore, the assumed stress was 550 MPa
for 20%CwW 316 SS and 200 MPa for annealed 304 SS. Corrosion fatigue and
stress corrosion data for annealed 304 SS was used to estimate flaw sizes for
sub-critical crack growth of austenitic stainless steels because of the lack

of this type of data for 316 SS.

The following conclusions can be made regarding critical flaws in aus-
tenitic stainless steels: 1) a helium cooled reactor will be shut-down
because of a critical leak before a large break in the first wall and 2) fati-
gue stresses will cause sub-critical flaw growth at lower stresses or for
shorter flaws than static stresses. Fatigue or corrosion fatigue will cause
growth of sub-critical flaws to a size where they become a critical leak rate
flaw while static stresses require flaws that are larger than the critical
leak rate flaw size. This comparison demonstrates the desirability of a
steady state fusion reactor which minimizes cyclic stresses in the blanket and
first wall material over a pulsed fusion reactor in which the stresses and

temperatures will cycle.

The flaw size comparison given in Table | is useful for showing the kind
of test data needed to evaluate materials for fusion reactors. A list of test
data needed to evaluate austenitic stainless steels for fusion reactor appli-
cations is listed below along with the reason this data is needed:

e fracture toughness of 316 SS (25°C-450°C) irradiated at the fusion
He/dpa: helium is known to embrittle 316 SS and will therefore
reduce the critical flaw size. Welded test samples should be

included in this series.
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e fatigue and/or corrosion fatigue (300-500°C) of 316 SS irradiated
at the fusion He/dpa: this test and material condition will prob-
ably define the smallest critical flaw size. Welded test samples
should be included in this series.
Other tests which are not listed but may prove to be important include in-
reactor corrosion fatigue to check for effects of grain boundary impurity

segregation or radiolysis on corrosion fatigue or stress corrosion.

5.4.2 Ferritic Stainless Steels

Flaw sizes for sub-critical and critical crack growth of ferritic stain-
less steels are given in Table 11[11'14]. The critical flaw sizes were cal-
culated using equation 1 and assuming a macroscopic stress equal to the yield
strength. A yield strength of 450 MPa was taken for HT-9 except for the
hydrogen embrittlement evaluation where the results[l3] of as-quenched mate-
rial were used to give a better indication of hydrogen embrittlement in irra-
diation hardened material. Since the hydrogen embrittlement data for as-
quenched HT-9 was from tensile data and not fracture toughness data, the
critical flaw size was estimated from a calculated value for KIC using the
following equation:

L2 (6)

Kie = C (Eoy 2 eg)

IC
expressed by Hahn and Rosenfield[15:t where C is a constant, E is the Young
modulus, o, is the yield strength, 2 is a characteristic distance ahead of the
crack tip and e is the strain to failure. A value for KIC for hydrogen
charged, irradiation hardened HT-9 was estimated from the following data,
equation 6 and assuming that C and & are equal for the quenched and hydrogen
charged and quenched and tempered conditions:

QUENCHED AND TEMPERED QUENCHED
NO HYDROGEN HYDROGEN CHG'D
Kigs MP a¥m 120 75 {calc.)
a,. MPa 650 1225
€5 0.17 0.036
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Ferritic stainless steels show similar trends to austenitic stainless steels
in that fatigue stresses produce sub-critical crack growth with the smallest
flaw size. Ferritic stainless steels appear to be more sensitive to stress
corrosion than austenitic stainless steels where the critical flaw size for
sub-critical crack growth in water at 25°C is 0.2 mm. Ferritic stainless
steels can be embrittled by grain boundary impurity segregation (temper
embrittlement) resulting in a critical flaw size of 1 mm in a 12 O steel at
25°C. The temper embrittlement, hydrogen embritt lement and stress corrosion
cracking of ferritic steels at reactor service temperatures will presumably
be greater than at 25°C unless the ductile to brittle transition temperature,
DBTT, is shifted to the reactor service temperature by radiation hardening and
helium. Smidt{n] has measured the fracture properties of HT-9 irradiated to
1022 cm™? and his results indicate that the critical flaw size wes reduced
from 95 mm to 50 mm. It is possible that the critical flaw size of HT9 irra-
diated to higher fluences at a fusion He/dpa will be less than 50 mm however,

this data is not presently available.

The data in Table II indicates the need for more data which is relevant
to the fusion reactor environment. A list of test data needed to evaluate
ferritic stainless steels for fusion reactor applications is listed below
along with the reason this data is needed:

o fracture toughness (25°C-450°C) of HT9 irradiated to fluences of
51023 e 2 at fusion He/dpa: radiation hardening and helium
will raise the DBTT and decrease the upper shelf fracture toughness.

o fatigue, stress corrosion or corrosion fatigue tests {300-500°C) of
HT9O irradiated to fluences of >1023 (m_z at a fusion He/dpa:
fatigue, stress corrosion and corrosion fatigue tests of irradiated

material will define the smallest critical flaw size.

e fatigue, stress corrosion or corrosion fatique tests (300-500°C) of

temper embrittled and irradiated HT-9: HT-9 which was temper
embrittled by improper thermal-mechanical treatment (such as during
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welding, heat treatment or fabrication) prior to irradiation could
conceivably produce the smallest critical flaw size and would there-
fore represent the worst case.

As in austenitic stainless steels, the critical helium leak rate flaw
size is similar in size to that for sub-critical crack growth during fatigue
and less than the critical flaw size for unstable flaw growth. However, the
flaw size for unstable flaw growth of temper embrittled HT-9 is only 5x
greater than a critical leak rate flaw size while the smallest flaw size for
unstable flaw growth of austenitic stainless steel was 20x greater than the
critical leak rate flaw size. Therefore, the transition between leak before
break in ferritic stainless steels may be less than for austenitic stainless
steels. This situation changes if temper embrittlement does not occur in fer-
ritic stainless steels and iFfirradiation to fluences greater than 1022 cm’2
does not significantly decrease the critical flaw size for unstable flaw

growth.
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7.0 Future Work
Threshold flaw sizes for static and cyclic stresses will be measured for

unirradiated 316 SS and HT-9 in aqueous solutions. Measurements will be made

at anodic and cathodic potentials to determine threshold flaw sizes for stress

corrosion and hydrogen embrittlement processes. Also, samples heat treated

to produce grain boundary impurity segregation will be tested to determine
the effect of impurity segregation on threshold and critical flaw sizes in

316 SS and HT-9.
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LOCAL DISPLACEMENT FIELDS IN IRRADIATED MATERIALS
J. 1.Bennetch and W. A. Jesser (University of Virginia)

1.0 Objective

The objective of this work is to demonstrate a new HVEM method to map the dis-
placement field about a crack tip in irradiated microtensile samples.

2.0 Summary

In microtensile samples irradiated to high doses, cavities form which can be
used as internal markers. From measurements of the elongation or displace-
ment of these markers, a displacement map of the strain field in front of
crack tip can be constructed.

3.0 Program

Title: Simulating the CIR Environment in the HVEM
Principal Investigators: W. A. Jesser and R. A. Johnson
Affiliation: University of Virginia

4.0 Relevant DAFS Program Plan Task/Subtask

Task I1.C.13 Effects of Helium and Displacements on Crack Initiation and
Propagation

5.0 Accomplishments and Status

5.1 Introduction

In the theoretical analysis of the mechanical behavior of irradiated materials,
the shape of the strain field in front of a crack tip is of considerable im-
portance. In the past, experimentalists have usually measured localized
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strain by first placing a grid on the surface of a tensile sample. The dis-
tortion of this grid after a tensile test would be related to the strain
field. To increase the resolution of this method, a second reference grid or
grating can be superimposed on the distorted first grid to produce Moiré
patterns®® ). However, the smallest increment of displacement which can be
measured by the Moiré method is about 750 R. To adequately check theoretical
treatments of fracture behavior more precision is desireable. In addition,
strain behavior in the interior of the sample is useful.

An alternative method was devised to plot strain field maps in irradiated
materials using radiation induced cavities as markers. From transmission
electron micrographs, one can construct a displacement map, related in turn
to the strain field or the plastic zone, by first measuring the elongation of
individual cavities or the relative displacements of pairs of cavities. This
is accomplished by enclosing regions of equal displacement with isodisplace-
ment contours. The smallest increment of displacement resolvable by the TEM
method is only limited to the resolution of the electron microscope; in
principle, displacements two orders of magnitude better than those found by
the Moir'é' fringe method could be detected. Moreover, the TEM technique al-
lows direct correlation of slip systems with crack propagation characteristics.

5.2 Experimental Procedure

A microtensile rectangular sample (2.5 mm x 12.5 mm) was punched out from a
40 um thick sheet of solution annealed type 316 stainless steel. After the
center had been electrothinned, the sample was then bombarded with 80-keV
helium ions at ~ 300" C to a total fluence ~ 10!8 ions/cm2, Then, a post ir-
radiation anneal at 900" C was performed in vacua, allowing the coalescence
and growth of cavities for markers inside the irradiated material. Next, the
specimen was pulled in a high voltage electron microscope (HVEM) at room temp-
erature by means of a hydraulically operated single tilt tensile stage. Fur-
ther details on experimental apparatus have been previously published in DAFS

(2-5)

reports and elsewhere All measurements of cavities were performed di-
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rectly from HVEM electron photographic plates.

5.3 Results and Discussion

5.3.1 Electron Bsm Direction, E

Ore of the attractive features of this method of analysing local strain is the
option of correlating slip systems directly with crack propagation character-
istics. As a prelude to this correlation, an accurate determination of beam
direction, B, must be obtained. However, this procedure is not always
straightforward. For instance, the progression of a crack in helium irradiat-
ed 316 stainless steel was followed in-situ during tension in a thick portion
of the foil (> 1 um), as typified in Figure 1. Here is seen a crack approach-
ing a grain boundary through a grain filled with large cavities. This portion
of the foil was too thick for electron diffraction patterns to be produced in
a 500 kV HVEM, so an indirect method was necessary to find B. Fortunately,
two (111) type slip bands of different widths, w; and w,, were visible in the
micrograph, noticeable as light bands in Figure 1. Analysis of these widths
shows that the normal of foil surface is very close to a [122] direction.

5.3.2 Slip Systems

B/ knowing B and assuming the trace of the two (111) planes lay along [011]
directions, one could identify pertinent crystallographic directions and slip
systems in the micrograph in Figure 1. Figure 2, a schematic of the micro-
graph in Figure 1, illustrates these features. Notice that the wide slip
band corresponds to a (ill) plane while the two narrower bands correspond to
a (111) plane. The light area roughly parallel to the crack flank extends
along the [413] direction, the direction of the trace of a steeply inclined
(117) slip plane. Finally, the tensile axis is apparently parallel to the
[221] direction in the central grain.

Not all of these planes are active in the slip process, however, as can be
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seen by an examination of the Schmid factors. Table 1, a listing of the slip
systems for a [227] tensile axis, shows four slip systems with large positive
Schmid factors: (111)[107], (111)[011], (117)}[011] and (117){101]. Sub-
sequent micrographs verified this analysis, showing that the crack advanced
along [212] until it reached the forward (111) slip band. Then it turned up-
ward, advancing diagonally on that plane along the [017] direction. Simul-
taneously, holes parallel to the main crack flanks opened up along the {11T)
planes. Then the crack switched directions again, crossing the grain bound-
ary along the [413] direction - the trace of the (117) plane.

Other interesting observations can be made concerning the slip process in this
sample. First, a careful examination of Figure 1 shows that the cavities e-
longated only in the direction of the tensile axis. Next, elongation of the
cavities in this direction can be accounted for by a linear combination of
slip dislocations on the active (111) and (117) planes, as seen by the follow-
ing vector addition equation: 2%[107] + 2%[01T] + %{O]I] + %[101] = a[337].
The addition of these Burgers vectors, weighted approximately according to
their Schmid factors, yields a direction less than 6" from the tensile axis
which is in the plane of the specimen.

5.3.3 Displacement Hap

A displacement map (related to the plastic zone or strain field) in front of
a crack tip was constructed from Figure 1, by use of the abovementioned tech-
niques. Illustrated in Figure 3, the map shows three distinct strained re-
gions, one immediately in front of the crack tip, a large asymmetric region
roughly parallel to the crack flanks and another smaller region in the next
grain adjacent to the grain boundary. Within each of the three regions are
areas of larger displacement, indicating higher localized strain or greater
local thinning of the foil had taken place there. Either the main crack it-
self propagated directly through these thinned regions or first holes opened
up in front of (or parallel to) the crack at these sites, as shown in sub-
sequent micrographs. Moreover, the outline of the regions of highest dis-
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TABLE 1

SUMMARY OF POSSIBLE SLIP SYSTEMS FOR A [221] TENSILE AXIS

tensile axis

[227]

slip plane
(111)

slip direction

141

[170]
[101]
[017]
[017]
[107]
[110]
[011]
[101]
[170]
[107]
[110]
[011]

Schmid factor

0.900
+0.408
+0.408
-0.136
-0.045
-0.181
+0.227
+0.227

0.000
-0.136
-0.181
-0.045

operative
operative

operative
operative
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placement seemed to roughly parallel the [017] and [413] directions, which

are the directions of the traces of the two most active slip planes, (111)

and (117). This suggests at least in plane stress situations such as are like-
ly encountered in thin foils that the details of the shape of the plastic zone
about the crack tip depend on the relative orientation of the active slip
systems.

Theoretical predictions of the shape of the plastic zone by Irwin(ﬁ) suggest
that there should be another equally shaped plastic zone located symmetrical-

(

verified a two lobe plastic zone shape by way of etch pit studies in an iron-

Iy on the lower side of a crack. Hahn and Rosenfield 7) have experimentally
silicon alloy. The absence of such a zone in Figure 1 may be the result of
an asymmetry in the tensile system.

For a situation of plane stress (a state of stress approximately true for
thin foils), the size of the plastic zone rY can be estimated from stress-

field equations. In that case, one gets the following equation, assuming the
normal component of the stress is set equal to the yield strength, Uys(B)'

rY = E;]T—(E-}—(-—)z where K = stress-intensity factor. For instance, for a bulk
ys

type 4340 steel, ry is calculated to be 0.25-2.0 mm for plane stress(g) while
from Figure 3, rY is 2-4 ym, 2 to 3 orders of magnitude smaller. Radiation

damage can reduce K by a factor of 4—5(]0) while simultaneously increasing
Oy However, in unirradiated HVEM microtensile samples, it has been found

that rY is of the same order of magnitude as the rY derived in Figure 3. At
this time, it is not clear how to relate stress intensity measurements derived
from HVEM microtensile samples to bulk values.

5.4 Conclusions

1. Bubbles elongated parallel to the tensile axis and foil plane.

2. The shape of the plastic zone is dependent upon the orientation of the act-
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ive slip systems relative to the crack direction and tensile axis

3.

Holes opened up in front of the crack tip, and the crack it<elf propagated

through, regions of large localized strain.

6.0

1.

10.
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ON THE CORRELATION OF YIELD STRENGTH CHANGES IN 316 STAINLESS STEEL IRRADIATED
WITH HIGH ENERGY AND FISSION REACTOR NEUTRONS

H. L. Heinisch and R. L. Simons (Hanford Engineering Development Laboratory)

1.0 QObjective

The objective of this work is to develop correlation methods for irradiation
effects on tensile properties of materials important to magnetic fusion energy
devices.

2.0 Summary

Data on change inyield strength of SA 316 stainless steel irradiated with 14-MeV,
Be(d,n) and fission reactor neutrons do not correlate with respect to damage energy.
The data suggest possible temperature on additional spectral effects. A simple
defect production function, based on the production of lobes in computer simulated
cascades, correlates the data much better than damage energy.

3.0 Program

Title: Irradiation Effects Analysis (AKJ)

Principal Investigator: D. G Doran
Affiliation: Hanford Engineering Development Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

Subtask 11.B.1.6 Calculation of Defect Production Cross Sections
Subtask 11.C.16.1 Correlation Model Development

5.0 Accomplishments and Status

The testing of irradiation effects on material properties in potential fusion
reactor materials using non-fusion sources of radiation requires that a correla-
tion of the effects expected in the fusion environment and the test environment
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be known. The primary effect of neutron radiation is the production of displace-
ment damage. Understanding and accounting for any differences in the way dis-
placement damage i s produced in different radiation environments i s thus extremely
important.

Experiments conducted by Vandervoort, et a].(]) determined the increase inyield
strength {AYS) of solution annealed 316 stainless steel irradiated with 14 MeV
reutrons, Be{d,n) produced neutrons and fission reactor neutrons. One result
of that investigation was a comparison of the increase inyield strength as a
function of damage energy for the three neutron spectra. Acknowledging that
there were some systematic differences between the 14 MeV and fission data,
Vandervoort, et al. nevertheless concluded that damage energy is an effective
parameter for correlation of the yield strength changes. A close examination

of this data, replotted in Figure 1, reveals that the fission data are distinctly
different from the 14-MeV and Be(d,n) data. In fact, to make the two sets of
data points coalesce requires an adjustment of the damage energy by a factor of
~1.75. Hence, damage energy i s apparently not an accurate parameter for cor-
relation of this data.

It should be roted that the irradiation temperature in the fission reactor was
65°C, whereas the other irradiations occurred at 25°C. It is possible that the
apparent correlation inadequacy of the damage energy is, at least in part, a
temperature effect. The question of the effect of irradiation temperature
should be resolved by experiments in progress by Westinghouse Hanford Company
which include irradiations of solution annealed 316 stainless steel at care-
fully controlled temperatures in RTNS-II and the Omega West Reactor.

It is also possible that the lack of correlation with respect to damage energy
reveals an additional neutron spectral effect. The high energy neutrons {~14 MeV)
of the Be(d,n) and T(d,n) reactions produce most of their displacement damage

in the form of high energy cascades having hundreds of keV of damage energy,
whereas the fission reactor neutrons produce most displacement damage in cascades
having tens of keV of damage energy. It is not unreasonable to consider that a
minimum cascade energy IS required to produce the defects that cause hardening.
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FIGURE 1. Increase in Yield Strength for SA 316 Stainless Steel Irradiated
in Various Neutron Environments Plotted as a Function of Damage
Energy. This is a replotting of Figure 2 of Vandervoort, et al.(1)

Vandervoort et al. also measured the sizes and density of the clusters visible
in an electron microscope for several specimens. The majority of cluster
diameters were reported to range from 10 to 20 nm. Assuming spherically shaped

inclusions of equal radii acting as obstacles in the slip plane, the aYS$S can
be related to the microstructure by the relations aYs = ¥Nd, where N is the
cluster density and d is the cluster diameter.(B) Assuming the average cluster
size is the same in all the specimens, we compared 4YS with ¥N, as shown in
Figure 2. The aYS is linearly related to ¥N, and the data from the three ir-
radiation environments are well correlated. To gain insight into how the
cluster density may be related to the neutron spectrum, we turned to results
from computer simulations of displacement cascades.

Recent analysis of computer simulations of displacement cascades (2) revealed that
the high energy cascade structure consists ot a grouping of distinct damage
regions, which were called "lobes.”" The number of lobes was found to increase
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FIGURE 2. Increase in Yield Strength of SA 316 Stainless Steel as a Function
of the Observable Cluster Density Measured by Vandervoort, et al.(1)

approximately linearly with energy above 20 keV, At energies between 10 and 20 keV,
cascades undergo a transition from essentially single damage region production to
multiple damage regions (lobes). The sizes of single damage regions increase with
energy, and there is an indication that, on the average, a minimum-sized damage
region must be produced before additional lobe production occurs.

The relationship between cascade structure and yield strength changes was tested
by constructing a lobe production function, folding it into the primary recoil
spectra, and plotting the yield strength change versus lobe production. The

lobe production function we used is simply the linear relationship between the
number of lobes and the cascade damage energy obtained from the computer simu-
lations. (2) The function was given a threshold for production of "effective
damage regions" at 12 keV, which is in the energy range of the onset of production
of lobed cascade structures (i.e., more than one distinct damage region). The
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yield strength data of Vandervoort, et al. are plotted as a function of cascade
lobe production in Figure 3. The data appear to be better correlated by this
simple lobe production function than by the damage energy.

The changes in yield strength of SA 316 stainless steel irradiated with 14 MeV,
Be(d,n) and fission reactor neutrons are not correlated well on the basis of
damage energy, but they appear to be correlated better on the basis of the
microstructure, as observed from both electron microscopy and cnmputer simula-
tions. The success of the cascade lobe production function, determined from
computer simulations, demonstrates that cascade effects may play an important
role in correlating changes in mechanical properties obtained in different
irradiation environments.
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FIGURE 3. Increase in Yield Strength of SA 316 Stainless Steel as a Function of
Cascade Lobe Density.
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7.0 Future Work
Analysis of experimental data and computer simulations will continue in an effort

to develop a more detailed understanding of the spectral effects on yield strength.
Temperature effects will be addressed in the forthcoming HEDL experiments.
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THE INFLUENCE OF DISLOCATION DENSITY AND RADIATION ON CARBON ACTIVITY IN
AlS| 316

W. G Wolfer and F. A Garner* (University of Wisconsin, *Hanford Engineering
Development Laboratory)

1.0 Objective

The objective of this effort is to identify the role of each major element in
the microchemical evolution of AISI 316 and the dependence of that role on
preirradiation treatment and parameters such as neutron energy and flux, tem-
perature and stress.

2.0 Summary

The interaction of carbon and dislocations induced by cold-working of AISI 316 is
not as large as previously estimated. It appears however that it still may be
sufficient at low irradiation temperatures to prolong the transient regime of
swelling. At higher temperatures other as-yet unidentified physical mechanisms
are required to explain the effect of cold-work on swelling. A possible high
temperature mechanism i s advanced which is based on the stability of carbide
nuclei in a rapidly evolving dislocation network.

3.0 Program

Title: Irradiation Effects Analysis (AKJ)

Principal Investigator: D. G Doran
Affiliation: Hanford Engineering Development Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

Task 11.C.2.4  Modeling
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5.0 Accomplishments and Status

51 Introduction

In a previous analysis of the role of cold-work on the swelling behavior of
AISI 316, it was postulated that carbon would be bound in the stress-field of
dislocations. As a result, the apparent carbon solubility would be enhanced

in a cold-worked steel relative to that in annealed material."™) This argument
was advanced as a possible explanation of the role of cold-working in the
reduction of the swelling of 300 series alloys. Although this argument is
correct in principle, the enhancement of solubility with dislocation density
appears to be much less than was calculated earlier.

It was assumed in the previous analysis that the solute distribution around a
dislocation is given by

C{r,¢) = C, exp (U/KT) , (1)
where C, s the solubility in a stress-free lattice and
U(r,¢) = A sin ¢/r . (2)

Here, r is the distance from the dislocation core, ¢ the angle with respect
to the glide plane, and

- (1 + v)

Asg \T /Y (3)
is the strength of the interaction of the interstitial carbon atom with the
dislocation stress-field. The parameter A is expressed in terms of the shear
modulus G, the Burger's Vector b, Poisson's ratio v and the relaxation volume
or partial molar volume V of the solute.

Close to the dislocation core, C(r,s), as computed by Equation (1), will actually
exceed an atom fraction of 1.0. Therefore, it was assumed previously, that
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wherever C > 1, the actual carbon atom fraction is equal to 1.0. This corresponds
however to a region of carbon saturation comprising a cylinder of about 25 Burger's
vectors in diameter. If indeed that much carbon was trapped, precipitation of
carbides would occur along the entire length of all dislocations.

The previous analysis should be modified, however, by replacing the Boltzmann
statistics implied in Equation (1) with the correct Fermi-Dirac statistics,
subject to the obvious condition that each interstitial site near the dislo-
cation can be occupied by only one carbon atom.

5.2 Effect of Distocation on Solute Solubility

According to Fermi-Dirac statistics, Equation (1) must be replaced by

C
1 G(EE$2¢) ! -°cO exp (U/kT) . (4)

Where both Co << and U <<kT, then the Boltzmann statistics and Equation (1)
become valid.

In order to obtain the average solute concentration, it is necessary to integrate
C{r,¢) over an annular cylindrical volume surrounding the dislocation having an
inner core radius of b, the Burgers vector, and an outer radius of R, where

R = (mp)~? (5)
and ¢ is the dislocation density. Hirth and Carnahan (2) have performed this

integration, expressing the result as a series expression. Using their result,
we can express the enhanced solubility as

= v (232 = -
AC Y(B) {x (1 ZCO) (1 CO)2 In 8

(6)
" ‘g (-Y)"M 3 7 - g-28 [(ma/Z n+l 1 s
m=1 n=1 naz (n+] .
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where

= Co/(] - CO) s
= R/b ,

a = A/{(bkT)

AC = Cave - CO .

Equation (6) was evaluated numerically for AISI 316 with the following assumed
values:

10 MPa,

Poisson's ratio v = 0.3,

1.132 x 1072° p?,
carbon misfit volume v = 0.64 Q.

shear modulus G

atomic volume &

As discussed in Reference 1, the ideal carbon solubility for an Fe-Ni-Cr alloy
with 14%nickel is given by

log1oC, = 237 - 6170/T , (7)
where T is the absolute temperature in °K.

Table 1 contains calculated values for C0 and Cave for various temperatures and
dislocation densities relevant to the fast reactor irradiation of AISI 316. It
can be seen from the results in Table 1 that the enhancement of carbon solubility
by trapping in the dislocation stress-field i S not very large except for high
dislocation densities. For cold-worked materials (~10*% cm=2), the enhancement

of carbon solubility varies from +31% at 700°C to +108% at 300°C.

5.3 Discussion

Our previous analysis of carbon solubility was motivated by several observa-

tions. (1,3)

First, the swelling of AIS| 316 appears to be suppressed tempor-
arily in a similar manner by either cold-work or carbon. Second, carbide

precipitates are known to favor edge dislocations as nucleation sites. Third,
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TABLE 1

SOLUBILITY OF CARBON (ATOMIC FRACTION) IN AISI 316
AS A FUNCTION OF DISLOCATION DENSITY

Temperature Ideal Solubility Solubility Cave with Dislocations
"C %K C, p=1012 m72  10** W77 10%° m™?
(annealed) (lower bound of (20%cold-worked)

irradiation-
induced densities)

300 573 4.00 x 107° 4.00 x 10°% 4.08 x 107° 8.48 x 107°
400 673 1.59 x 1077 1.59 x 1077 1.61 x 1077 2.88 x 1077
500 773 2.44 x 1078 244 x 1078 247 x 107° 3.93 x 107¢
600 873 2.01 x 1073 2.01 x 10°°% 202 x 105 2.96 x 1073
700 973 1.07 x 10°* 1.07 x 107* 1.08 x 107% 1.48 x 107%
800 1073 4,17 x 107" 4.17 x 107" 4.19 x 107" 547 x 10°*

cold-working also appears to delay the phase development of some phases and the
microchemical evolution of the alloy matrix. Finally, there appears to be no

effect of cold-work on swelling when carbon and other solutes are absent. (4)

This phase development appears to be instrumental in determining the duration
of the transient regime of swelling. It was argued that the higher solubility
of carbon in cold-worked material would provide a smaller effective supersatura-
tion, and thus a lower driving force for carbide nucleation. In light of the
present results the previous argument must be incorrect in that the magnitude
of the reduction in driving force is deemed insufficient to provide a basis

for the effect o7 cold work at all temperatures. Perhaps at lower tempera-
tures (~300°C)a factor of two reduction is significant. Note in Reference 3
that factors of two in carbon level lead to pronounced changes in the duration
of the transient regime of swelling. At most higher temperatures however an
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alternative mechanism must be found to explain the effect of cold work on swelling
and its dependence on carbon level.

Itis well known that nucleation of carbide precipitates i s generally very hetero-
geneous, and occurs preferentially at favorable sites. In spite of the negligible
effects of dislocations to enhance the average solubility of carbon, the local
enrichment of carbon near the dislocation core can be very large indeed. Futher-
more, the large strain field near dislocations can substantially reduce the
nucleation barrier for carbide precipitation.

In a cold-worked material it then seems reasonable to expect that a large number
of small carbide nuclei exist already prior to irradiation. In solution-annealed
material, on the other hand, carbide nuclei are fewer in numbers but larger in
size, and associated with favorable sites other than dislocations.

When irradiated, individual dislocations begin to climb and interact, leading
to a reduction in density in case of the cold-worked material. Carbide nuclei,
which were stable in the dislocation stress-field, become now subcritical in the
absence of the dislocations. As a result, carbide nuclei may redissolve, and
carbon may precipitate later at more stationary sites such as grain boundaries,
slow growing Frank loops and possibly voids. This argument would most likely
apply at the higher irradiation temperatures.

In contrast, the larger carbide nuclei present in solution-annealed materials
would not be so vulnerable and might remain stable under irradiation, and carbon
precipitation would then continue at the already established carbide particles.

An aiternate approach to this issue is to question either the validity or the
general applicability of the original observation that prompted this study.
Inan earlier study (4) it was shown that in the absence of solutes such as
carbon there did not appear to be any influence of cold-work on swelling in
AISI 316. This observation was made in steel irradiated at 550°C in the Oak
Ridge Research Reactor. Although this reactor has an order of magnitude lower
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displacement rate than that of EBR-II, the temperature of 550°C i s very close
to the 525°C transition temperature observed for the effect of carbon in the
steel during EBR-II irradiation. (Above ~525°C swelling increases with carbon
additions; the opposite i s true below ~525°C.} I¥a synergism exists between
the influence of carbon and cold-work, perhaps the interaction i s not best
observed at a temperature where the competing influences of carbon on swelling
are balanced against each other.

54 Conclusions

The interaction of carbon and dislocations induced by cold-working of AISI 316 is
not as large as previously imagined. 1t appears however that it still may be
sufficient at low irradiation temperatures to prolong the transient regime of
swelling. At higher temperatures other as-yet unidentified physical mechanisms
as required to explain the effect of cold-work on swelling. A possible high
temperature mechanism i s advanced which i s based on the stability of carbide
nuclei in a rapidly evolving dislocation network.
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MICROCHEMICAL EXAMINATION OF ANNEALED AIS| 316 (DO-HEAT) IRRADIATED IN HFIR

H. R. Brager and F. A. Garner (Hanford Engineering Development Laboratory)

1.0 Objective

The objective of this effort is to determine the relative contributions of helium
and the radiation-induced microchemical evolution on the swelling behavior of
austenitic alloys.

2.0 Summary

A new and simple examination technique involving X-ray analysis of large areas

of extraction replicas was used to determine the average precipitate composition
of an irradiated specimen. When applied to specimens irradiated in HFIR, the

level of nickel and silicon segregated into precipitates is found to correlate
with the level of swelling. The high level of nickel {29 wt.%) found in the
precipitates of annealed AISI| 316 (DO-heat) at 47 dpa and 550°C agrees with the
level found independently by Garner and Porter in comparable specimens of a
different heat of 316 irradiated in EBR-II.

3.0 Program

Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G Doran
Affiliation: Hanford Engineering Development Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

Il.C. 17 Microstructural Characterization
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5.0 Accomplishments and Status

51 Introduction

In earlier reports (1-2)

it was shown that there were two possible interpretations
of the effect of helium on swelling derived from the available swelling data on
AlS| 316 (DO-heat) irradiated in HFIR and EBR-II. The major question being
addressed i s whether the swelling rate will continue to increase with additional
fluence as observed in EBR-II or whether the large helium levels and void
densities produced in HFIR will suppress an increase in the swelling rate beyond

the limit of the current HFIR data.

The first interpretation assumes that cold-worked AIS| 316 eventually reaches
the same steady-state swelling rate in both HFIR and EBR-II.(3) Noting that
the steady-state swelling rates for both annealed and cold-worked specimens
irradiated in the low He/dpa environment of EBR-II are identical, it is reason-
able to postulate that they will be independent of cold-work in HFIR also. As
shown in Figure 1, the HFIR data on annealed steel exhibit a swelling rate which
is not only comparable to that of the composite HFIR/EBR-II curve for 20%cold-
worked 00-heat but is also comparable to the steady-state swelling rate observed
in other US. breeder steels irradiated in EBR-II.

The second approach (Figure 2) is to assume that the higher void densities induced
by HFIR irradiation will lead to earlier swelling but lower steady-state swelling

(4)
occurs in the swelling curve beyond the 60 dpa HFIR data point. However, the
void densities in the annealed steel irradiated in HFIR are comparable {~ a

factor of two lower) to those of the cold-worked steel and yet no suppression
of an increase in the swelling rate was observed in the annealed specimens. {2)

rates. In effect it is assumed in this approach that no additional curvature

The difference in the two interpretations actually arises from a more fundamental
question. What are the relative contributions of helium production and micro-
chemical evolution to the nucleation and growth of voids? 1In order to assess
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tion.(6) Solid circles are HFIR data and solid triangles are EBR-II
data; open circle is microscopy datum and open squares are immersion
density data.
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FIGURE 2. Comparison of the Composite Swelling Curve for 20% Cold-Worked DO-Heat
(from Figure 1) with Predictions Based on HFIR Data Only and Rate
Theory Principles Emphasizing the Influence of Void Density. (1-4)
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this question the microchemical evolution of cold-worked DO-heat was examined

and no major differences were found in the microchemical evolution experienced

in HFIR and EBR-II.“'B) However, in all cases where substantial swelling was
observed, there was significant segregation of elements, resulting in depletion
of nickel and silicon (and sometimes molybdenum and carbon) from the matrix and
their enrichment in second phase precipitates. [If the solution annealed specimen,
which swelled ~9%, behaved as expected by microchemical concepts of swelling, it
is anticipated that the second phases formed during irradiation are significantly
enriched in nickel and silicon. Attention has now been focused on the micro-
chemical evolution in HFIR of the DO-heat steel in the annealed condition.

5.2 Examination of Annealed DO-Heat

An annealed specimen of DO-heat irradiated at a nominal temperature of 480°C to
a nominal dose qf 42 dpa in HFIR was supplied by P. J. Maziasz of Oak Ridge
National Laboratory. The actual temperature is probably much higher due to an

earlier underestimate of the gamma heating level. Maziasz estimates the actual
temperature to be ~550°C.(4)

Prior to the final thinning of this specimen for microscopy and X-ray analysis,
extraction replicas were made and examined. A new and simple approach was used
to determine the average composition of the precipitates in this specimen and

to test the hypothesis that higher swelling rates can be correlated with higher

levels of nickel removal into precipitates.

A single-step carbon extraction replica was made after electropolishing the

specimen surface. EDX analysis was then performed at 2 Kx to 10 Kx on large areas
of the replica, including many thousands of precipitate particles. A typical
EDX spectrum from many precipitates is shown in Figure 3.

As shown in Table 1, nine separate examinations yielded a remarkably consistent
average precipitate composition. As anticipated, the precipitates were uniformly

high in nickel (29.2 wt.%) and silicon (10.5 wt.%). The precipitates also con-
tained ~1.3% vanadium, formed primarily by the transmutation of 50Cy. (5)
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FIGURE 3. Typical EDX Spectra Obtained for Annealed 316 (DO-heat) From Thousands
of Precipitates on a Carbon Extraction Replica. This specimen was ir-
radiated to 47 dpa at ~550°C. Both the temperature and displacement
level have been corrected upward to reflect recent insights on the

radiation environment in HFIR.
TABLE 1

EDX MEASUREMENTS : AVERAGE COMPOSITION OF PRECIPITATES ON
THE CARBIDE EXTRACTION REPLICA FROM SOLUTION-ANNEALED 316 (DO-HEAT)

Spec. # DO-19 ¢t ~ 47 dpa T ~550°C.
Composition {wt.%)

Analysis # Si ' Cr Fe Ni Mo
72 11.3 1.5 29.1 12.3 29.7 15.9
73 10.7 1.1 29.2 12.7 29.3 16.7
74 10.2 1.3 30.1 12.7 28.9 16.6
75 10.3 1.2 30.4 12.1 29.2 16.5
76 10.5 1.3 29.3 12.5 29.3 16.8
77 10.2 1.1 32.4 13.6 29.0 13.4
78 10.3 1.6 31.9 11.2 28.4 16.0
79 10.4 1.3 29.7 11.9 28.9 17.6
80 10.6 1.5 29.8 12.3 29.4 16.0
Average 10.5 1.3 30.2 12.4 29.2 16.2

Note: Corrected displacement level and temperature.
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The identities of the phases in this specimen are now being determined.

5.3 Examination of 20% Cold-Worked DO-Heat

This method of estimating the average precipitate composition by examining many
particles was also applied to extraction replicas taken from a 20% cold-worked
specimen examined earlier. (1-3) The irradiation proceeded in HFIR to a reported

dose of 42 dpa at a nominal temperature of 550°C and swelled only 1.5%. The
actual temperature isthoughtto be closer to 650°C. (1-3)

A typical EDX spectrum is shown in Figure4,and Table 2 shows that, compared to
the annealed specimen, the average nickel content in the precipitates is lower

(12.3 wt.%), the silicon is lower (6.1 wt.%) but the vanadium content is larger
(2.5%). These precipitates are rich in molybdenum (25.8 wt.%) which is consis-

tent with their earlier identification as being comprised mostly of the Laves
phase.

5.4 Discussion

It must be recognized that comparison of these two HFIR specimens with similar
specimens irradiated in EBR-II must include the difference and uncertainties

intheir irradiation temperatures as well as the fact that their reported dis-
placement doses are also underestimated by ~1 2%.(6) This latter factor arises

from the previous oversight of the displacement contributions arising from the
5%Ni(n,a)®¢Fe reaction.

Since the actual irradiation temperatures of the annealed and cold-worked spe-
cimens vary by ~100°C, one would not expect the precipitate identities to be
the same, as shown by Yang and coworkers. (7) The extraction technique used
here also does not allow a confident measure of the relative volume of preci-

pitation, as the extraction efficiency varies between replicas andbetween given
areas of a particular replica.
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FIGURE 4. Typical EDX Spectra for Precipitates on an Extraction Replica of 20%
Cold-Worked AISI 316 (DO-heat) Irradiated in HFIR to 47 dpa and
n650°C.

TABLE 2

EDX MEASUREMENTS: AVERAGE COMPOSITION OF PRECIPITATES ON
THE CARBIDE EXTRACTION REPLICA FROM 20% CW 316 (DO-HEAT)

Spec. # D2-4 ¢t ~ 47 dpa T ~ 650°C
composition (wt.?%)

Analysis # si v cr Fe Ni M
56 6.1 2.6 22.2 30.5 12.0 26.3
57 5.8 2.6 23.8 30.2 13.4 23.9
58 6.4 2.5 22.4 29.0 12.2 27.2
59 6.1 2.6 24.0 28.5 12.5 26.0
60 6.5 2.5 22.7 28.2 12.7 27.1
67 5.4 2.3 25.9 30.7 11.5 24.0
71 6.0 2.6 23.8 28.9 12.0 26.5
Average 6.1 2.5 24 30 12.3 26

Note: Corrected displacement level and temperature.
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It is safe to say however that the precipitates in the specimen with the higher
swelling level exhibit higher levels of silicon and nickel. The determination

of the consequences of this segregation on the average matrix alloy content awaits
examination of the thin film specimen.

Recently it has been shown that the irradiation of annealed AISI 316 leads to a

correlation of the swelling with the level of precipitation and its nickel con-

tent. (8) In that study the precipitate< were in stressed specimens and were

bulk extractedby another technique. The heat of steel used in the referenced
report exhibits a swelling behavior similar to that of the 00-heat.

650°C
AlSt 316

0.4 [ -
SOLUTION-ANNEALED,
ALL AT 207 MPa

0.3 4 )/( B
MOLE FRACTION S

NICKEL e —
‘ o p—
B
o 103 ypq - T -
NEW DATUM
(ALSO AT
0.1k 103MPa)
y 20% COLD-WORKED
0* | r | ] ] 1

NEUTRON FLUENCE. E > 0.1 MeV, nfcm?

HEDL 8104-132.3

FIGURE 5. Nickel Content of Precipitates Extracted From Pressurized Tubes of
AISI 316 (N-lot, heat 87210) Irradiated in EBR-II at 550°C, as
Reported by Garner and Porter. (8)
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55 Conclusions

A new and simple examination technique involving X-ray analysis of large areas
of extraction replicas was used to determine the average precipitate composition
of an irradiated specimen. When applied to specimens irradiated in HFIR, the
level of nickel and silicon segregated into precipitates is found to correlate
with the level of swelling. The high level of nickel (29 wt.%) found in the
precipitates of annealed AISI 316 (DO-heat) at 47 dpa and 550°C agrees with the
level found independently by Garner and Porter in comparable specimens of a
different heat of 316 irradiated in EBR-II.
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FACTORS INFLUENCING THE SWELLING OF 300 SERIES STAINLESS STEELS

F. A Garner (Hanford Engineering Development Laboratory) and D. L. Porter
(Argonne National Laboratory - Idaho Falls)

1.0 Objective

The objective of this effort is to define the dependence of swelling of
austenitic stainless steels on temperature, neutron flux and spectra, stress
and composition. This i s being done in order to provide a better framework
from which to predict perturbations of swelling arising from history-sensitive
variables unique to the fusion environment.

2.0 Summary

It appears that the primary difference between the swelling of AISI 304 and 316
lies in the duration of their transient regime. This difference appears to
arise primarily from their difference in nickel content. It also appears that
the major effect of temperature on swelling lies in the transient regime, most
particularly at relatively low temperatures. There is a considerable tempera-
ture range over which the swelling may be considered to be independent of
temperature but slightly dependent on the displacement rate. The influence
of the displacement rate also lies primarily in the transient rather than
steady-state regime. Since steady-state swelling is not as sensitive to
temperature as expected, that implies that the swelling is not as sensitive

as anticipated to the density of temperature-sensitive microstructural compo-
nents such as voids and dislocation loops. This suggests that swelling will
therefore not be as sensitive to helium content, another parameter which
affects microstructural densities.

3.0 Program

Title: Irradiation Effects Analysis (AKJ)

Principal Invesitgator: D. G Doran
Affiliation: Hanford Engineering Development Laboratory
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4.0 Relevant DAFS Program Plan Task/Subtask

Task I1.C.] Effects of Material Parameters on Microstructure
Task I1.C.2 Effects of Helium on Microstructure

5.0 Accomplishments and Status

51 Introduction

In order to develop a fission-fusion correlation for a given property change one
must be certain that the prevailing description be correct for that property
change in the fission environment. Otherwise the impact of fusion-relevant
differences in helium/dpa ratio, solid transmutants or reactor operational
history may be incorrectly predicted.

Recently, it has become apparent that the effect of helium on the swelling of

(1-2) Since

AISI 316, for instance, is not as strong as previously anticipated.
helium is known to affect the void density, this implies that the swelling is
not as dependent on void density as previously anticipated. Since the void and
dislocation loop densities are very sensitive to temperature and displacement
rate, any reassessment of the parametric sensitivity of swelling would naturally

include these variables.

Another set of relevant variables involves the original composition of the alloy
and the details of its subsequent microchemical evolution during irradiation. (3)
It appears that one of the major questions to be addressed in the development
of fission-fusion correlations for swelling is the definition of the relative
contributions of helium and composition-related variables. The influence of
differences in solid transmutants may also be of importance here.

There are only two compositionally-related structural materials for which there
are sufficient data in the open literature to define the flux and temperature
dependence of swelling and also to cast some light on the composition dependence
of swelling. These are the two 300 series stainless steels AISI 316 and AIS| 304L.
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Reference 3 provides an overview of much of the published data on AISI| 316.
Reanalysis of the data on 304L has led to the conclusion that our prevailing
conception of the parametric dependence of swelling must be altered in some
respects. These changes also have a strong impact on the prediction of swelling
response to changes in helium/dpa ratio.

5.2 The Dependence of Swelling on Nickel Content

The AISI 316 and 304 steels are quite similar in composition with two important
differences. AIS| 304 has less nickel (x9 vs. ~12-14%) and less molybdenum
(0.02 vs. 2.5%). While some sensitivity of swelling has been observed to molyb-
denum content in AISI 316 (4-5) a major sensitivity to the nickel content has
been observed. 2 Figure 1 shows a very steep dependence of swelling in
austenitic alloys on nickel content at levels below 35%. This figure does not
show whether the observed sensitivity arises from nickel’s influence on the

duration of the transient regime, or on the rate of swelling in the steady-state
regime or both.

60 T T T 1
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50 ™ 304 \\ '{
A
0~ “ 1 o COMMERICAL ALLOYS
: (Cr: 18 + 4%}
SWELLING :
% B ~ A BASE ALLOYS
Fe - 15Cr - XNi
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PE 16 IN702
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0 20 40 60 80
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HEDL 2104-181.5

FIGURE 1 Swe1'|ing+1'n Commercial and Base Alloys When Bombarded to 140 dpa With
5-MeV Ni" Tons at 625°C as Reported by Johnston and coworkers.(6)
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There has been only a few published studies where AISI 316 and 304 has been
irradiated side-by-side and yielded sufficient data with which to assess the
role of nickel content on swelling of 300 series alloys. In the authors'
opinion there are only two of these data sets on which to confidently base
such an assessment. Figure 2 shows data published by G. L. Hofman (7) which
clearly shows an extension of the duration of the transient regime of swelling
with increasing nickel content. The data are not available to sufficient
damage levels to draw any conclusions concerning the dependence on nickel of
the steady-state swelling rate. Seidel and Einziger (8) have publ ished data
(Figure 3) however which show that the deformation rate due to creep and

swelling is eventually the same for the two alloys, with 316 having the
longer transient regime.

20— 6.0
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FIGURE 2. Comparison of the Swelling Behavior of Annealed 304 and 316 Stainless
Steel When Used as Mark-11 EBR-II Driver Fuel Cladding, as Reported
by Hofman. (7)

It therefore appears that the primary influence of the differences in nickel and
molybdenum levels lies not in the steady-state swelling rate but in the duration
of the transient. This is in agreement with results of earlier studies. Bates (4)
ascribed the role of molybdenum as slightly changing the "initialization fluence
of swelling.” Johnston and coworkers (6 demonstrated that nickel's primary
influence on the swelling of Fe-Ni-Cr ternary alloys is to extend the duration

of the transient regime of swelling (Figure 4).
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HGURE 3. Comparison of the Deformation Behavior of Annealed 304 and 316
Stainless Steel at Higher Fluence, as Reported by Seidel and
Einziger. (8)
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HGURE 4. Dose Dependence of Swelling in Simple Ternary Alloys (Fe-15Cr-XNi)
When Irradiated at 675°C With 5 MV Nickel lons, as Reported by
Bates and Johnston. (6)
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5.3 The Temperature Dependence of Swelling of AISI 304

In the development of swelling correlations for US. breeder reactors, the
traditional approach has been to ignore differences in displacement rate within
the data set and to incorporate the difference in neutron spectra by correlating
swelling vs. the neutron fluence above a 0.1 MeV threshold. The fraction of the
spectra above 0.1 MeV varies in the traverse across the EBR-II reactor and
decreases in roughly the same manner as does the displacement rate per neutron.
As shown in Figure 5 there is some variation in the displacements per threshold
neutron, however, that has not been factored into earlier equation development

efforts.

Another factor to consider is that most of the published incubation-plus-linear
swelling correlations used one of two different methods to determine the "steady-
state" swelling rates. As shown in Figure 6 the curvilinear approach anticipates
that curvature in swelling may persist to very high fluences, while the linear
approach assumes the transient to be relatively short. The linear approach
always leads to an underestimation of the swelling rate, espeically iFfthe
swelling has not yet reached substantial levels.
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0 , . I
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FIGURE 5 Displacement Characteristics of EBR-II Neutrons as a Function of
Core Position for Two Recent Irradiation Experiments.

175
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FIGURE 6. Comparison of Two Methods of Determining the "Steady-State" Swelling
Rate. The data shown are described in reference 10 and were derived
from annealed AISI 304L fuel capsule tubing irradiated in EBR-II.

With this background, let's consider the two major 304L data sets. The original
perceptions of the temperature dependence of swelling were derived from analysis
of the annealed 304L {L=low carbon) hexagonal thimbles that contained the control
and safety rods in EBR-II. One of the most extensive swelling data sets on these
components was published by Fish and coworkers (9) in 1973 and is shown in
Figure 7. The strongly peaked swelling distribution along the thimbles arises
primarily from the almost as strongly peaked fluence distribution shown in
Figure 8. Note also that since the thimbles are directly in contact with the
sodium coolant, no substantial exposure can be attained for temperatures below
370°C or above 440°C.

The data in Figure 7 were also plotted vs. fluence for relatively narrow tempera-

ture increments by Fish and coworkers. Figure 9 shows that the duration of the
transient regime i s strongly dependent on the flux and temperature variation
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FIGURE 7. Swelling of Annealed AISI 304L Control Rod and Safety Thimbles in

EBR-II. (9)
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FIGURE 8. Relative Temperature and Flux (E >0.1 MeV) Profiles Experienced by
the EBR-IT Thimbles Shown in Figure 7.
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FIGURE 9. Swelling Data from 304L Thimbles in EBR-II in the Range 420-430°C.(9)
(Each symbol represents a different thimble.) Trend lines for 370 and
390°C are also shown.

across the core. Only the trend lines of the correlation of Fish and coworkers
were drawn for 370 and 390°C since the scatterincreasesat lower temperature,
particularly for 370°C. The scatter is thought by the authors to arise from
the flux sensitivity of swelling at low temperatures.

It is important to note that the thimble data do not provide any indication
whether the transient continues to shorten with increasing temperature. The
data also say nothing definitive about the effect of temperature or flux on
the steady-state swelling rate.

More recently, however, swelling data have become available from the outer
capsule which forms half of the double containment of the EBR~-II fuel rods.
These data extend to higher temperatures than that reached by the thimbles.
Note in Figure 10 that the capsule swelling trends in the range 400-435°C
agree very well with thoseof the thimble. The actual capsule data points in
this temperature range will be shown in a subsequent figure.
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FIGURE 10. Comparison of Capsule and Thimble Data for Temperatures Below 435°C.
Flinn and Foster (

the data points themselves were not shown. They estimated the steady-state
swelling rate using the linear approach for each of ten small temperature

10) have published an analysis of the capsule data in which

intervals. As shown in the lower half of Figure 11 the steady-state swelling
rate determined by this method is strongly dependent on temperature. Note
also that the maximum swelling level at which the swelling rate was determined
varies strongly with temperature.

Since the swelling at various temperatures has not yet reached a common level
perhaps there exists a more illuminating way to present the data. Rather than
break the data down into fine temperature intervals and analyze each set
separately, note what happens when the seven of the ten original data sets

are plotted together on Figure 12a. These seven sets cover the range 450-538°C.

Even in the absence of corrections for neutron spectra and other factors, itis
obvious that the swelling of this steel exhibits a broad temperature regime or
plateau in which the swelling is essentially independent of temperature. The
appearance of a temperature-dependent swelling rate in Figure 11 arises out of
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FIGURE 11. Swelling Rates as a Function of Temperature Reported by Foster and
Flinn (10) for Annealed 304L Capsule Data. Also shown are the
maximum swelling levels attained at each temperature.

the combined use of a linear approach and a swelling profile which is strongly
peaked at intermediate temperatures. 1t appears that swelling in the range
450-538°C could be contained within a very narrow range of incubation parameters
located about the trend line shown in Figure 12b. Note that this trend curve
rather quickly approaches the same eventual swelling rate exhibited by a typical
heat of AISI 316 irradiated in EBR-II. The difference in incubation parameter
I's due not only to the difference in nickel content but also the fact that the
AISI 316 curve is for 20%cold-worked material. Cold-working is known to shift
the duration of the transient period of 300 series stainless steels to higher
fluence. 3
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Note in Figure 12b that at lower temperature the duration of the transient
regime i s strongly sensitive to the simultaneous variations in neutron tempera-
ture, flux and displacement efficiency. |If the swelling of this alloy is viewed
at a given fluence level it would appear to exhibit a plateau (as seen in
Figure 13), the upper limit of which lies somewhere above 540°C, the highest
temperature reached by the capsules.

54 The Dependence of AISI 304 Swelling on Displacement Rate

Due to the coupling of the temperature profile and the neutron spectra and
flux profiles in EBR-II it is impossible at this time to determine unequivocably
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FIGURE 13. Schematic Illustration of the Swelling Behavior at 7 x 10%2 n/cm?
(E >0.1 MeV) of Annealed AISI 304L. The dotted lines indicate that
no data is available at these temperatures. Straalsund et al. have
shown swelling in AIS| 304 at temperatures above 700°C. (12}

whether variations in the duration of the transient regime of swelling are due
entirely or partially to variations in displacement rate. There is some
additional low temperature data which suggest that displacement rate variations
account for some of the scatter observed in swelling at a given temperature.
Figure 14 shows the results of interim and final examinations of the diameter
change of an annealed 304L creep tube. This tube was designed to function as

a heat pipe and to be at essentially constant temprature {+8°C) throughout its
full length. (1) At doses from 4 to 70 dpa the core center measurements showed
a continual increase in diameter. When the core center portion reached 70 dpa
measurements were made along the length of the tube. The factor of two difference
in diameter change at approximately 20 dpa and 385°C is clearly a result of
reaching the same exposure at two different displacement rates. It should be
noted that the datataken below the core midplane are likely to be more accurate
than those taken above the centerline, due to the cumulative upward axial ex-
pansion of the pipe due to swelling. This expansion moves the upper part of

the rod into regions of lower neutron flux. (The pins are anchored only at the
bottom of the assembly.) I1tis anticipated that the low fluence above-core data
are therefore plotted at a fluence larger than actually attained and would other-
wise fall above the curve describing the core center deformation.
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FIGURE 14. Displacement Rate Effect Observed in Deformation of Annealed 304L
Creep Capsule Irradiated at 385°C as Reported by Porter and
Hudman. (11)

Figure 15 shows that the swelling of 304L at 385°C decreases monotonically
with displacement rate. () A similar trend is seen in 5% cold-worked AISI 316

at 400°C. Future reports will investigate the rate and spectrum dependence of
swelling in more detail.

55 Qiscussion

It appears that the primary difference between the swelling of AISI 304 and 316
lies in the duration of their transient regime. This difference appears to

arise primarily from their difference in nickel content. It also appears that
the major effect of temperature on swelling lies in the transient regime, most
particularly at relatively low temperatures. There is a considerable tempera-
ture range over which the swelling may be considered to be independent of tem-
perature but slightly dependent on the displacement rate. The influence of the
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FIGURE 15. Displacement Rate-Dependent Swelling Observed by Porter and Hudman
in EBR-II Irradiation of Two Austenitic Stainless Steels.{11)

displacement rate also lies primarily in the transient rather than steady-state
regime. Since steady-state swelling i s not as sensitive to temperature as
expected, that implies that the swelling is not as sensitive as anticipated

to the density of temperature-sensitive microstructural components such as
voids and dislocation loops. This suggests that swelling will therefore not
be as sensitive to helium content, another parameter which affects microstruc-
tural densities. This pointwill be addressed in more detail in later reports.
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Future Work

Analysis of data on neutron irradiated AISI 304 as well as on other 300 series
steels will continue.
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