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FORBWORD

This report is the twentieth 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 Fusion Materials Program are:

° Alloy Development for Irradiation Performance (ADIP)
° Plasma-Materials Interaction (PMI)
Special Purpose Materials (SPM).

Tne GAFS program element is a national effort composed of contributions from
a number of National Laboratories and other government laboratories, univer-
sities, and incustrial laboratories. It was organized by the Materials and
Radiation Effects Branch, DOE/Cffice of Fusion Energy, and a Task Group on
bamage Analysis ana Fundamental Studies, which operates under the auspices
of that branch. The purpose of this series of reports is to provide a work-
ing technical record of that effort for the use of the program participants,
the fusion energy program in general, ana the DOE.

This report is 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 lab-
oratory may appear throughout the report. Note that a new chapter has been
adoed on Reouced Activation Materials to accomnodate work on a topic not
included in the early program plan. The Contents is annotated for the
convenience of the reader.

This report has been compiled and edited under the quidance of the Chairman
ot 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. T. C. Reuther, Materials and
Radiation Effects Branch, is the DOE counterpart to the Task Group Chairman
and has responsibility for the DAFS program within DOE,

G. M. Haas, Acting Chief
Materials ano Radiation Effects Branch
Office of Fusion Energy
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CHAPTER 1

IRRADIATION TEST FACILITIES






s

CM. Logan and D. W. Heikkinen
Lawrence Livermore National Laboratory

1_0 ( !‘Q ] ag + i ya

The objectives of this work are operation of RTNS-II (a 14-MeV
neutron source facility), machine development, and support of

the experimental program that utilizes this facility.

Experimenter services include dosimetry, handling, scheduling,
coordination, and reporting. RTNS-II IS dedicated to

materials research for the fusion power program. Its primary

use 1s to aid In the development of models of high-energy

neutron effects. Such models are needed in iInterpreting and

projecting to the fusion environment engineering data obtained

In other neutron spectra.

2.0 sSummary

Irradiations were  performed for  thirteen different
experimenters during this quarter.

The new modular building has been completed and occupied
providing office space for Japanese scientists as well as some
RTNS-IL personnel. Dedication will take place in early
February .

The rtns-11 Steering Committee Meeting will be held February
10 and 11, 1983.

3.0 Brogram

Title: RTNS-II Operations (WzJ-16)
Principal Investigator: c. M. Logan_
Affiliation: Lawrence Livermore National Laboratory

4_0 Re ICXTR ' B e
TASK I1.,4,2,3,4,.

TASK 11.8,3,4

TASK 11.C.1,2,6,11,18,
5.0

M. ®. Guinan

The irradiation of the MACOR samples for J. Fowler (LayL)
continued during, this guarter. The front surface fluence has
reached 4.1 x 10'% n/caz .



The other primary irradiation of this period was the Ilow
temperature (4°k) irradiation of Cu magnet stabilizer for
Guinan (LLNL). During this experiment, a series of five
cycles consisting of 1irradiation followed by annealing and
resistivity measurements were done.

The add-on irradiations for R. Mallon (LLyL) R. Hopper (LLNL),
R. Borg (LuyL) and G. Woolhouse (aracor) were continued during
the quarter. The 1irradiation for Mallon to study the
transport of oil shale in a fluidized bed has been completed.
In addition, the Si samples of Woolhouse for TEM study were
finished. The %gradiatlons of various mineral samples for
Borg and the 23°y laser glass combination for Hopper are
continuing. The Borg experiment involves measurement of the
production of inert gases while the Hopper experiment involves
laser glass surface treatment using fission fragments.

Additional add-on irradiations were done for T. lida (Osaka)
on transistors, microchannel plates, integrated circuits,
liquid scintillators, ther, ocoupfes and pptical  Fibers.
Fluences ranged fTrom 10f5 - 101% "n/cm R. _Hartmann
(Northrop) did a low fluence irradiation (1013 n/en2) on LSI
circuits. R. Lougheed and H. Hicks used samples of Tl and
As,05 respectively for tracer production. k. Foland (Ohio
State univ.) irradiated samples of albite (waAlsi;og) for
Inert gas retention studies.

Low fluence irradiations were also done for Heikkinen and
Schumacher (LLNL) for neutron monlto[ln? calibration and
adnhesive/sealant strength tests, respectively.

5.1 RINS- Status - M. loaan and D. W._ Hejkkinen

Installation was completed on new arc power supplies for both
the left and right machines. Beam currents up to 110 ma have
been obtained on target for the left machine. For prolonged
use, however, beam currents have been limited to 90 ma on the
23-cm diameter targets because of beam-related vacuum problems
encountered at the higher currents. These problems are not
expected to occur for the 50-targets.

Turbo pumps continue to be a problem. During this period, two

horizontal pumps (sargeant Welch) failed destructively. This

was the major cause of the unscheduled outage. Conversion to

Balzers turbo pumps is In progress. A rotating target bearing
seizure was the only other cause of major outage time. Final

design and fabrication of parts for the new accelerator column

are continuing.



Except for some minor items (smoke detectors] paging system,
and landscaping), the modular building has been completed and
occupied. This provides office space for people Tformerly
housed iIn the set-up lab, as well as visiting Japanese
scientists. Dedication will be held preceding the aTus-11
Steering Committee Meeting scheduled for February 10 and 11.

6.0 Future Work

Short irradiations for D. Nsthaway (LLNL) on U and pu and T.
Norris (LANL) on Am are planned for the next quarter. These
are non-fusion experiments. One of the primary irradiations
during the next quarter will be the joint Jsapan/U.5, high_
temperature irradiation using the HEDL furnace. The principal
contacts are N. Yoshida (Kyushu) and E. R. Bradley (pyL), The
MACOR 1irradiation for Fowler (uanwL) will be continued.
Various add-on experiments are also expected.

6.1 Pyblications
None
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STANDARDIZED DOSIMETRY AND DAMAGE DATA FILE
L. R. Greenwood (Argonne National Laboratory)

1.0 Objective

To establish standardized dosimetry procedures in order to reduce uncertainties

in damage analysis and correlation studies.

2.0 Summary

The first version of our standardized dosimetry and damage data computer file
(DOSFILE) has been completed. At present, data is available for 17 recent ir-

irradiations at ORR, HFIR, EBR-II, Omega West, CP5, HFBR. and IPNS. Copies

of the data file and retrieval programs will be made available to interested

parties for testing.

3.0 Program

Title: Dosimetry and Damage Analysis

Principal Investigator: L. R. Greenwood

Affiliation: Argonne National Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

Task I1.A.6 Dosimetry Standardization

Subtask I11.A.6.3 Establish a Permanent Standard Dosimetry File



5.0 Accomplishments and Status

Version | of our standarized dosimetry and damage data file, DOSFILE, is now
available. Data has been recorded for 17 recent irradiations, as listed in
Table 1. Older data is now being reviewed for entry into the file. The data
is written in a simple card-image format similar to ENDF. However, alpha-
numeric titles and header records have been used extensively to make the files

more readable, without the need to reference external manuals.

The types of data stored in the file are listed in Table 2. A short fortran
retrieval program is provided to aid users. By typing in the key words for
the irradiation and type of data wanted, a user can rapidly obtain a listing.
For example, the key words HFR-32 and FSM would instruct the program to list a
flux and fluence summary table for the HFIR-CTR32 irradiation. The identi-
fication (IDN) file contains a plain-English description of the irradiation
history, gradients, and references to more complete publications as well as
reference cross section, self-shielding, and uncertainty data files. These
latter files are also contained in the DOSFILE package to facilitate cross-

referencing.

In establishing the file we have attempted to not only document data and
procedures, but also provide all input data required for spectral adjustment.
Specifically, the input data is provided for the STAYSL computer code which is
used for spectral adjustment. Uncertainties and covariances are thus listed
for the activities, cross sections, input, and output flux spectra. Co-

variances on the input spectrum and cross sections are assumed to be described

10



TABLE 1

IRRADIATIONS tycLuDED IN DOSFILE

Irradiation* Key Word
HFIR-CTR32 HFR32
HFIR-CTRI4 HFRI4
AFIR=CTR3S HFRJS
ORR-ME1 ORMEL
ORR-MFEL ORMF2
ORR-MFE44A-] OR&G4AL
ORR-HRE4LA~2 ORGA2
ORR-Spectral Run ORRLP
ORR=TBCOT ORRT?
om-TRIO-1 TRIOL
Omega West-Spectral Run OMWSP
Omega West-HEDL-1 OMWH1
IPNS-9-VT2-REF IPNYC
BBRIT-X237 EB287
CP5-Fission Converter CPSRC
HFBR-YTLS-2 HFBRZ
EFBR-VTLS~3 HF3R3

HFIR: High Flux Isotope Reactor (ORNL)

cRR: QOak Ridge Research Reactor (OR\L)

Omega West Reactor (LANL)

IPNS: Intense Pulsed Neutron Source (ANL-E)
EBRII: Experimental Breeder Reactor 1I (ANL-W)
¢P5:  Chicago Pile 5 (A\L)

HFBR: High Flux Beam Reactor (B\L)



TABLE 2

DATA KEY WORDS FOR DOSFILE:

Key Word Description

IDN Identification, irradiation history,
gradients, references

ACT Activities with uncertainties, covers,
and self-shielding

FLI Input flux data

FUN Input flux uncertainties

FLO Output flux data

FCV Output flux covariance matrix
FSM Flux, fluence summary

DAM Damage parameters

by a Gaussian function. However, the output covariances have no such simple
functional dependence and hence must be reported as a complete 100 x 100

element matrix, although only half the terms need be listed since the matrix
is symmetric. This output matrix must be used to determine errors on derived

guantities such as DPA or gas production.

At present copies of WSFILE will be sent to interested parties for testing.
Feedback from the user community would be particularly useful at this stage in
determining suitability of data and formats as well as future changes and
additions t the file. In the near future the file will be placed on the WFE
Computer System at Lawrence Livermore Laboratory for general access by the
fusion community. A manual is now being written and this will be published as

an Argonne report.

12



6.0 References

None.

7.0 Future Wok

Older dosimetry data will be included in DOSFILE. This data will require some
review to update nuclear data and procedures to ensure complete compatibility

of all data in the file.
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DOSIMETRY AND DAMAGE ANALYSIS FOR THE Mrg4A SPECTRAL TAILORING EXPERIMENT
IN ORR
L. R. Greenwood (Argonne National Laboratory)

1.0 Objective

To characterize neutron irradiation facilities iIn terms of neutron flux,
spectra, and damage parameters (DPA, He, transmutation) and to measure these

exposure parameters during fusion materials irradiations.

2.0 Summary

Measurements and calculations are presented for the 0RR-HFE4A spectral-
tailoring experiment after an irradiation of 406 full power days (30 MW)
between June 12, 1980 and April 26, 1982. The maximum fluence inside the
capsule was 1.76 x 1022 n/em? producing 4.67 DPA and 63 appm He in stainless
steel (13% Ni). Values outside the sample holders were 1.88 x 1022 n/cm?2,
4.9 DPA and 73 appm He in stainless steel. Helium calculations include epi-
thermal effects and the extra displacements from the energetic 36F: recoils.

The status of all other experiments is summarized in Table 1.

3.0 Program

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

Affiliation: Argonne National Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask

DAFS Task 11.A.1 - Fission Reactor Dosimetry
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TABLE 1

STATUS OF DOSIMETRY EXPERIMENTS

Facility Experiment Status/Change
ORR MFE 1 Completed 12/79
MFE 2 Completed 06/81
MFE 4A1 Completed 12/81
MFE 442 Completed 11/82
MFE 4 B.C Irradiation in Progress
TBC 07 Completed 07/80
TRIO-Test Completed 07/82
TRIO-1 Samples Sent 10/82
HFIR CTR 32 Completed 04/82
CTR 31, 34, 35 Samples Received 09/82
CTR 30 Irradiation in Progress
TL, T2, T3 Irradiations in Progress
RBI, rB2, RB3 Irradiations in Progress
CTR 39-45 Samples Sent 10/82
Omega West Spectral Analysis Completed 10/80
HEDL1 Completed 05/81
EBR-II X287 Completed 09/81
IPNS Spectral Analysis Completed 01/82
LANL1 (Hurley) Completed 06/82
Hurley/Coltman Samples Received 11/82
5.0 Dosimetry and Analysis for the MFE4A Spectral Tailoring

Experiment in ORR

The MFE4A experiment in the Oak Ridge Research Reactor (ORR) was designed to

achieve fusion-like helium-to—-DPA ratios in stainless steel by altering the

neutron spectrum. The irradiation in core position E3 began on June 12, 1980
and was first removed on January 19, 1981 after an exposure of 5481 MWD,
Dosimeters were removed at that time and our results were reported previously.
[Damage Analysis and Fundamental Studies, Quarterly Progress Report, DOE/ER-
0046/6, p. 24, 1981,]) The experiment was then further irradiated from

March 19, 1981 to September 16, 1981 for 4404 MWD and finally from February 2,

1982 to April 26, 1982 for 2291 MAD. The net exposure was thus 12,176 MWD.

15



Dosimetry capsules for this entire exposure have been analyzed and the results
are reported below. The MFE4A experiment is still being irradiated; hence,
these interim results are intended to check the progress of the planned

exposure.

Four of our original eight stainless steel dosimetry tubes were removed in the
present experiment. The other four were left in for further irradiation along
with four new dosimeters to replace those which were removed. Each tube was
about 1/16"™ OD by 2.75" long and contained small quantities of Pe, Co, 80%
Mn—Cu, Ti, Nb, Cu, Ni, and helium accumulation monitors. All of the samples
were gamma counted by Ge(Li) spectroscopy techniques. The samples were then

sent to Rockwell International for helium analyses.

The measured activities are listed in Table 2 . All values have been
corrected for burnup; however, self-shielding effects are not included since
this correction is spectral-dependent and hence must be done concurrently with
subsequent spectral adjustment. The values agree quite well with those re-
ported previously, although the previous 39Co(n,¥) value was altered due to a
reanalysis of the CoV alloy, as reported later. [Damage Analysis and Funda-
mental Studies, Quarterly Progress Report, DOE/ER-0046/8, p. 21, 1982.]
Furthermore, neutron self-shielding corrections are slightly larger in the
present run. The final activity ratios of the present measurements divided by

the earlier measurements are, as follows:
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TABLE 2
ACTIVATION RATES MEASURES FOR ORR-MFELA DOSIMETERS REMOVED

APRIL 26, 1982 AT 12,176 MWa
(Values normed to 30 MW, accuracy +1.5%)

as{aton/atom—s)

Reaction Height, in. Inside outside
58Fe(n, y)3%Fe -0.62 1.72 x 10710 1,85-10
-2.47 1.68 1.88
-3.75 1.72
-3.94 1.83
-4.50 1.82
-5.78 1.68
5.8 1.54
59¢co(n, y)60cCo -0.84 5.09 x 10-9 5.66 x 10-9
-3.97 5.0 x 10-9
—4.16 5.48 x 1079
58Fe(n, y)39Fe(n, y)¥0Co -0.62 1.59 x 10~-11 1.88 x 10-11
-2.47 1.59 1.2
-3.75 1.61
-3.% 1.87
-5.78 1.52
5.8 1.23
50¢r(n, y)3lcr -1.19 2.44 x 10-9
54Fe(n,p) 4Mn -0.62 1.01 x 10-11 1.05 x 10711
-2.47 1.03 1.08
-3.75 1.02
-3.94 1.06
-4.31 1.0
-4.50 1.02
-5.78 1.01
-5.84 0.9
46Ti(n,p)46sc -1.19 1.41 x 10-12
-1.66 1.46 1.5 x 10-12
-4.81 1.43
—4.97 1.54
-5.03 1.44
55Mn(n,2n)5%Mn -1.00 3.21 x 10-lé 3.40 x 10714
-4.13 3.3
-4.31 3.3%
63cu(n,qa)60Co -2.13 7.12 x 10714 7.49 x 10714
-5.44 7.07
-5.50 6.65
58Ni(n,p)38cot -2.31 5.68 x 10-12 5.63 x 10-12
-4.56 5.74
-4.75 5.55
-5.63 5.70
-5.69 5.80
60N1 (n,p)60co+ -2.31 1.51 x 10-14 1.74 x 10-14
-4.56 1.39
-4.75 1.60
-5.63 1.48
-5.69 1.20
58Ni(n,x)57Co -2.31 1.63 x 10-l2 1.73 x 10-12
-5.63 1.62
-5.69 1.52

+Burnup correactions are not included but are very high («50%) for
58¢o. The 60co values are correspondingly too high («502) due to
burnin of 5%Co.
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Reaction Ratio (New/01d)

38re(n,y) 1.00 * 0.03
5%Co(n,¥) 0.93 * 0.06
Shre(n.p) 1.01 + 0.03
46Ti(n,p) 1.05 + 0.03

Hence, we conclude that there has been no significant change in the spectrum
between the two irradiations. The small difference in flux may be due to fuel

burnup effects.

The activities in Table 2 are grouped by their position in the MFE4A assembly.
Two tubes were on the inside and two on the outside of an annulus surrounding

the experimental samples. The top tubes (0 to -2.5") were irradiated at 400°¢c
and the bottom (-3.9" to -5.8") were at 300°C. AIll of the activities for a

specific reaction fall on smooth curves for the inner and outer positions. At

each position the maximum gradient was only about 8% over the entire length
(w#6") where samples were irradiated. The gradients can all be described quite
well by a simple polynomial of form:

Af(h) = Ai (0)(0.9712 - 0.02497 h -~ 0.00540 h2) (1)
where Ai is the activity for reaction £ and A1(0) is the maximum value which
occurs at —-2.3" below midplane. This expression was then used to estimate the
maximum activation rates for all reactions and these values are listed in
Table 3. The thermal activities are about 8% lower on the inside compared
to the outside of the assembly whereas the fast neutron values only decrease
by about S%. Actually, we expect two effects to be operative — a slow flux
gradient away from core center and neutron attenuation by the stainless steel

sleeve around the inner samples.
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TABLE 3

MAXIMUM ACTIVATION RATES FOR ORR-MFELA
(Values at -2.3 in. Below Midplane)

. a¢ (atom/atom-s) Ratio
Reaction Inside Outside (In/Out)

58Fe(n, y)3%Fea 1.75 x 10-10 1.88 x 10-10 0.93
59co(n ,y)60cCo 5.16 x 10-9 5.65 x 10-9 0.91
54pe(n ,p)34Mn 1.03 x 10-11 1.08 x 10-11 0.95
46T1(n,p)46Sc 1.47 x 10-12 1.58 x 10-12 0.93
55Mn(n,2n)34Mn 3.26 x 1014 3.43 x 10-14 0.%5
63Cu(n ,4)60Co0 7.10 x 10-14 7.48 x 10-14 0.95

*Neutron self-shielding corrections are about 2% for Fe and 10% for

the Co(n,y) reactions.
The maximum activation rates in Table 3 were used to adjust the flux
spectrum calculated by R. A. Lillie, et al.l The resultant fluxes are listed
in Table 4 and the spectrum is shown in Figure 1. The thermal flux was
calculated assuming that the neutrons have a Maxwellian distribution centered
at 95°C, the temperature of the surrounding moderator. This corresponds to
the temperature used in the neutronics calculations at ORNL. In any case,
the derived 2200 m/s thermal flux is independent of the assumed distribution

and this value is also listed for comparison.

Displacement damage and gas production calculations were performed for both
the inner and outer positions and the calculated He and DPA values are listed

in Table 5.

The He and DPA values at other heights in the assembly can be calculated using
Eq. (1) where A1(0) is taken from Table 5; however, the Ni values deserve

special consideration, as discussed later. The effects of (n,¥) and B-decay
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Energy, MeV Error

TABLE L
MAXIMUM ALUX AND ALUENCE VALUES FOR ORR-MFELA

(Values at -2.3 in. Below Midplane, Normalized to 30 MW,
Fluences Calculated for 12,176 MWd)

Flux (x 1014 n/cm2-s) Fluence (x 1021 n/cm2)

——AnET Quter Inner Cuter
Total (5%) 5.01 5.37 17.6 18.8
Thermal (<£.5 eV)* (5%) 1.70 1.85 5.96 6.51
(2200 m/s) 1.34 1.46 4.71 5.15
0.5 ev - 0.11 (12%) 1.64 1.75 577 6.16
>0.11 (10%Z) 1.66 1.76 5.83 6.19
0.11 - 1 (15%) 0.75 0.80 2.63 2.79
1-5 (9%) 0.84 0.88 2.95 3.10
5-10 (8%) 0.071 0.075 0.25 0.26
10 = 20 (12%) 0.0021 0.0022 0.0073 0.0077
e

Maxwellian thermal distr:Lbution assumed centered at the moderator
temperature of %B°C.
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Adjusted Neutron Flux Spectrum for the MFE4A Experiment in ORR
Normalized to 30 Mw After 406 Full Power Days. The dotted and
dashed lines represent one standard deviation; however, the flux
groups are highly correlated.
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TABLE 5

DAMAGE PARAMETERS FOR ORR-MFEA4A
(Maximum Exposure at -2.3 in. "BelowMidplane,
Fluences Calculated at 12,176 MWd Were
1.88 x 1022 Outer and 1.76 x 1022 Inner)

Element He (appm) DPA _
- Inner Quter Inner Outar
Al 3.65 3.86 7.87 5.31
Ti 2.75 2.90 5.04 5.31
V 0.12 0.13 5.59 5.89
Cr 0.9 0.9 5.01 5.28
Mn* 0.71 0.75. 5.35 5.65
Fe 1.50 1.57. 4.45 4.70
co+ 0.75 0.79 5.15 5.45
Ni** 478. 552. 5.50 5.89
cu 1.31 1.39 4.30 4.53
Zr 0.14 0.15 4.63 4.89
Nb 0.30 0.31 4.27 4.50
Mo _— — 3.14 3.31
Ta - — 2.15 2.27
316 §§*** 63.4 73.1 4.67 4.94

N

Self-shieldinn corrections may be needed for thick samples
for the (n,¥y) reaction which contributes (5.2%) for #n and
(16.8%) for Co.

**Thermal helium and DPA effects included (see text).

*”Composition assumed: Cr(.18), Mn(.019), Fe(.645), Ni(.13),
Mo(0.026).

are included in the table. For nickel-bearing materials, two effects must be
taken into account. ¥®irst, the helium generation is increased by the two-step
process 58Ni(n,¥)39Ni(n,)56Fe. Secondly, this process increases the DPA in

nickel by the ratio of Ha(apom)/DP4 = 567 (See Reference 2).

In order to d:t2rmine the helium generation we need to know the spectral-
averaged cross sections for the two successive thermal captures. If we start
from the usual equations based on the 2200 m/s values (see References 2 and 3),

then we must estimate corrections for the epithermal flux. If we knew the
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cross sections versus energy, then we could simply average over our adjusted
spectrum. However, these data are not available. |If we assume that resonance
contributions are not large, then the epithermal corrections for the two
nickel capture reactions should be similar to those for our two dosimetry
reactions, namely 38Fe and 59Co(m,Y). Both of these dosimetry reactions have
an epithermal contribution to the reaction rate of about 15%. Hence, the
equivalent 2200 m/s fluences to be used to calculate helium production are
5.44 (inner) and 5.90 (outer) x 1022 n/em2. These values happen to be close
to the total thermal fluences (<.5 eV) corrected to room temperature. A
simpler way to think about this is to say that the nickel capture rates should

be roughly proportional to the Fe and Co rates times the ratios of the appro-

priate 2200 m/s cross sections.

The nickel damage and helium production values are listed in more detail in
Table g, The same procedures were used previously to predict a helium value
of about 122 appm in nickel at an interim exposure of 5481 MWwD. This value
was later found to agree quite well with helium measurements at Rockwell
International.4 Of course, helium measurements are now in progress for the
present exposure and these values will not only provide the precision needed
in the MFE4A experiment, but also can be used to fine tune our calculations if

necessary.

6.0 References

1. T. A. Gabriel, R. A. Lillie, T. Thorns, and R. L. Childs, J. Nucl. Mater
104, p. 1hkhs5, 1981.

2. L. R. Greenwood, "A New Calculation of Thermal Neutron Damage and Helium
Production in Nickel,” J. Nucl. Mater, to be published.

22



3. F. W. wWiffen, E. J. Allen, H. Farrar, IV, E. E. Bloom, T. A. Gabriel,
H T. Kerr, and F. G. Perey, "The Production Rate of Helium During
Irradiation of Nickel in Thermal Spectrum Fission Reactors,” J. Nucl.
Mater., to be published.

L. 3. G. Bradley, D. W. Kneff, and H. Farrar IV, "Helium Production in Orr
MFE4A Nickel, Damage Analysis and Fundamental Studies Quarterly Progress
Report, DOE/ER-00L6/7, p. 24, 1981,

TABLE 6
DAMAGE AND HELIUM CALCULATIONS FOR NICKEL

. Inner Outer
Reaction
— DPA He, appm DPA He, appm
Fast Neutrons: 4.70 22.5 4.96 23.7
Thermal' 0.80 455.6 0.93 528.6
Total 5.50 478.1 5.89 552.3

*Thermal calculations use equations in References 2 and
3 with effective thermal fluences of 5.44 and 5.90 X
1021 n/en? for the inner and outer positions, respectively.

7.0 Future Work

The MFE4A experiment is continuing and further measurements will be needed to

check the progress, especially to measure the helium-to-DPA rates in stainless

steel. Helium measurements are now in progress at Rockwell International and
these values will be integrated with our radiometric data.
8.0 Publications

A paper entitled "A New Calculation of Thermal Neutron Damage and Helium Pro-
duction in Nickel™ was presented by L. R. Greenwood at the TMS-AIME Symposium
on Radiation Damage Analysis for Fusion Reactors in St. Louis, MO on

October 25-28, 1982.
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DISPLACHVEENT CODE MODIFICATIONS

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 damage energy (or displacement per atom) cross sections
using basic nuclear data.

2.0 Sumary

A better representation of the spectrum of outgoing charged particles has
been developed and has been incorporated into the NJOY Nuclear Data
Processing System. A comparison with the ANL code DISCS is presented.

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.I Defect Production Cross Section

5.0 Accompl ishments and Status

5.1 Introduction

Damage energy (or displacement per atom) cross sections are calculated using
evaluated nuclear data libraries, usually ENDF/B. However, as these
libraries are developed primarily for neutron transport applications, some
data needed for damage calculations are not present. Instead, assumptions
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are built into the processing codes to compensate for missing nuclear data.
An important example of such missing data is the spectra of outgoing
charged particles.

5.2 Outgoing Charged Particle Spectra

1
The present NJOY nuclear data processing code( ) assumes that the outgoing

charged particle spectrum is a delta function around the Coulomb barrier,
Ecb. Ecpb 15 given by

. 1/3
Ecp 52, Z, / (A, A))

where Z and A are the charge and mass of the outgoind pair of particles.
The DISCS code(z) (as applied by L. R. Greenwood at ANL) follows the
method of Kikuchi and Kawaii who postulate an energy-shifted evaporation
model

4 (E6) = ofE) € [E* - K(2) Egy)
exp [-(E* - K(2) Egy) / B(E.2.A)]

where C IS a normalization constant, o{E} the angle integrated cross

section, K(zZ) a function fitted to available data, and e is another fitted
function which takes the place of a nuclear temperature

uE +Q - Ech 3
alZ,A)

8(E,Z,A) = [
Here u is the reduced mass of the system, Q is the Q value for the reaction,
and ais the nuclear level denisty. Greenwood has fitted the values of K

and e found in Kikuchi and Kawaii.

The Hauser-Feshbach computer code HAUSER%5 was used to calculate the outgoing
proton and alpha spectra from n + 27A1, n + *®Fe, n ¢ %®Ni, n t ®"Ni, n * 92Mo,
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and n t *"°Mo. Very good agreement has been obtained with such calculations
and the sparse available experimental data. Using the data for aluminum
and iron, a new fitting function was found:

do_(E~€")

- s(E) CLE - f(I) E E + Q-E*]°

cb
exp [-g(A)} x E*]
where

f(Z) =0.1 x Z protons
0.254 x Z alphas

and

g(A} = -0.072 A%

Figures 1 and 2 show a comparison for n t °°Ni and for n t °°M for 144ViV
incident neutrons. For all the cases studied, the rew formula gives good
agreement with the calculated values. The rew formula works better than the
formula and parameters of Kikuchi and Kawaii, especially for the cases
where E + Q is small.

5.3 Implementation in NJOY and Comparison with DISCS

The new formula was incorporated into NIOY. Tables 1 and 2 present the
results from DISCS (kindly supplied by Greenwood) and from the new and old
versions of NJOY for 14-MeV neutrons. Following the philosophy of NIOY,
the quadrature scheme incorporated is 4 point in the angular space and

5 in energy.

The (n,p} results are in good agreement, as would be expected from the
good agreement seen in the N (n,p) spectra of Figure 1. However, the new
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Reaction

{n,p)
{n,d)
(n,d)

Absorption
Elastic
3 Body
Inelastic

Total

Reaction

(n,p)
(n,d)

(n,a)

Absorpt ion
Elastic
3 Body
Inelastic

Total

TABLE 1

DAMAGE ENERGY CROSS SECTIONS (keV-b)
FOR 14-MeV NEUTRONS ON [RON

Caode

DISCS Old NJOY New NJOY

23.3 19.2 19.4

included in above 4.0 3.8

12.3 7.5 71

35.6 31.2 30.8

62.3 63.4 63.4

82.0 85.9 85.9

110. 114. 114.

290 295 204

TABLE 2
DAMAGE ENERGY CROSS SECTIONS (keV—b)
FOR 14-MeV NEUTRONS ON NICKEL
Code

DISCS Old NJOY New NJOY
41.6 48.4 48.5
included in {(n,p) 3.6 3.5
47.9 45.2 26.6
89.5 100.2 81.5
62.3 63.4 63.4
83.5 45.4 454
64.7 58.0 58.0
300 267 249
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and old versions of NJOY differ for Ni{n,a), while the new version of NJOY
differs from DISCS for Fe(n,a).

Although the elastic and inelastic results are in good agreement, the 3 body
contributions for DISCS and NJOY differ for nickel. In iron where the only
significant 3 body reaction is {n,2n), the agreement is very good. Nickel,
on the other hand, has a large {n,np) cross section [o{n,np) = 2 o{n,2n) at
14-MeV].  The DISCS value seems too high, but a detailed comparison of the
calculational models is needed to resolve the discrepancy.

6.0 References

1. R. E. MacFariane, D. W. Muir, and R. M. Borcourt, The NJOY Nuclear
Data Processing System, Volume 11: The NJOY, RECONR, BROADR, HEATR,
and THERMR Modules, LA-9303-M, Vol. 11 {(ENDF-324), Los Alamos National
Laboratory, 1982.

2. G. D. Odette and D. R. Doiron, "Neutron-Energy-Dependent Defect
Production Cross Sections for Fission and Fusion Applications,:
Nuclear Tehnology 29 (1976) 346; R. K. Smither and L. R. Greenwood,
""Displacement Damage Calculations using ENDF/B-V Cross Sections
Including Thermal Neutron Capture and Beta Decay Effects,” Proc. of the
4th ASTM-Euratom Sym. ON Reactor Dosimetry, EUREG/CP-0028, p. 793

(1982).

3. K. Kikuchi and M. Kawaii, Nuclear Matter and Nuclear Reactions, p. 135
(1968).

7.0 Future Work

The treatment of the {n,np) reaction will be investigated.
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HELIUM GENERATION CROSS SECTIONS FOR Be{d,n} NEUTRONS
D. w. Kneff, B. M. Oliver, R. P. Skowronski, and H Farrar IV (Rockwell
International, Energy Systems Group)

1.0 Objective

The objectives of this work are to measure helium generation rates of
materials for Magnetic Fusion Reactor applications in the Be{d,n) neutron

environment, to characterize this neutron environment, and to develop helium
accumulation neutron dosimeters for routine neutron fluence and energy

spectrum measurements in Be(d,n) and Li{d,n) neutron fields.

20 Summary

Heltum analyses have been completed for nine additional pure elements irra-
diated In the Be(d,n) neutron field, and average integral cross sections
have been determined.

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.2.1 Flux-Spectral Definition in the Be(d,n) Field
Subtask 11.A.4.3 Be(d,n) Helium Gas Production Data

5.0 Accomplishments and Status

Helium analyses have been completed for the pure elements Be, Si, Ti, Y, Ag,
Sn, Ta, W, and Pt, irradiated in a Be{d,n) neutron field at the University
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of California at Davis Cyclotron, for 30-MeV deuterons. The measured helium
concentrations were combined with integral neutron fluence values for the
individual sample locations to derive average helium generation cross sec-
tions. These cross sections extend the tabulation of measured 8=(d,n) Cross
sections presented in previous Quarterly Reports.(]’Z) The measurements

are based on a joint Rockwell International-Argonne National Laboratory
(ANL)-Lawrence Livermore National Laboratory (LL¥L) 1rradiation experiment
that has been described in detail previously.(3) The helium measurements
were performed by high-sensitivity gas mass spectrometry. The integral
neutron fluence distributions were calculated by L. R. Greenwood at

ANL,(3) using the least-squares analysis code STAY "SL.

The new cross section results are presented in Table 1, where they are given
in two forms: spectrum-integrated total helium production cross sections
evaluated for the total 82(d,n) neutron fluence, and spectrum-integrated
cross sections evaluated for the neutron fluence above 5 MeV. The cross
sections representing the total neutron yield provide a means of estimating
the helium generation in these materials for any similar B=(d,n) or Li(d,n)
spectrum if the total neutron fluence is known. The cross sections eval-
uated using the 5-MeV neutron energy cutoff provide a rough estimate of the
average differential total helium generation cross sections for high-energy
neutrons. (1) The Tabhle 1 cross section values are based on multiple
samples of each element located at different positions within the irradia-
tion volume, in a flux of neutrons having angles ranging between ¢° and 42°
from the forward direction. The cross section values are thus expected to
vary with sample location, because of the spatial dependence of the neutron
spectrum shape and the neutron energy sensitivity of the differential cross
sections. The data given in Table 1 are average values for the various
samples, and, because they represent a range of energy spectra, the uncer-
tainties in the tabulated cross sections for a given 3a(d,n) irradiation
position are large. They are estimated to be ~+35% for cross sections based
on the total fluence, and ~+18% for cross sections based on the fluence

above 5 Mev.(l)
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TABLE 1

INTEGRAL HELIUM GENERATION CROSS SECTIONS
FOR THE -0-32-MeV Be(d,n} NEUTRON
SPECTRUM PRODUCED BY 30-MeV DEUTERONS

Average Cross Section (mb)*

Material Total Fluence Fluence >5 MeV

Be 560 1430
Si 85 194
Ti 13 30
Y 3 8
Ag 3 8
Sn 11 2.6
Ta 0.8 17
W 0.6 15
Pt 05 13

*The cross-section uncertainty for a given

Be{d n% irradiation position is ~+35% for the
total fluence and ~18% for_the fluence ahove
5 MeV, reflecting the changing neutron spec-

trum and thus cross section with source angle.

The cross sections determined for fluences >5 MeV are similar to those
measured for -14.8-MeV T{d,n) neutrons where comparisons can be made. The
measured cross sections for Si, Ti, Sn, and Pt for 14.8-MeV neutrons are
218, 37, 15, and 0.71 mb, respectively.(4’5) Similar correlations were
also observed for previous Be{d,n) results. {T+2) Heliun analyses are now

in progress for samples of Be, Y, Ag, Ta, and W irradiated in a T{d,n} neu-
tron environment, which will complete the comparison. Platinum was included
in the Be(d,n) irradiation for later use as a sample encapsulating material,
and silver was included to extend cross section systematics as a function of
atomic mass.
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7.0 Future Work

The analysis of 8a{d,n)-irradiated materials will continue, and correlations
will be made between the integral helium generation results and helium
production cross section evaluations.

8.0 Publications

None.
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5Ni + n CROSS SECTION EVALUATION
F. M. Mann (Hanford Engineering Development Laboratory)

1.0 Objective

To supply evaluated nuclear data needed for damage studies

2.0 Sumnary

59N + n reaction cross sections leading to %Ni, $2Co, and 58Fe have been
evaluated from 10-5 eV to 10 MeV and put into ENDF/B format.

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

[I.LA.4.5 Gas Generation Rates.

5.0 Accomplishments and Status

Because of its large alpha production cross section at low neutron energies,
59Ni plays an important role in material experiments which attempt to achieve
the same He/dpa as that expected in the first wall of a fusion device. Un-
fortunately, the evaluated data which exist are 0.025-eV data(” or restricted
to isolated positions in certain test reactors (see, for example, Reference
2).

Using the compiled resonance data from Reference 1, the {n,y}, {n,p), and
(n,a) cross sections were generated from 10-% eV to 10-keV. The large
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FIGURE 1. Evaluated Neutron Cross Sections for 59N1‘.

resonance at 203.4-eV generates the large thermal cross sections through
its I/v tail. The evaluation from 10-keV to 10-MeV is taken from Hauser-

Feshback calculations. There is excellent agreement with the *°Ni (ng, o)

56Fe cross section inferred through detailed balance from the experimental
data of R. W. Kavanagh (California Institute of Technology).

Figure 1 shows the three evaluations from 1072 eV to 10-MeV. The evaluation

is available from the author and is at the National Magnetic Fusion Energy
Computing Center.

6.0 References

1. S. F. Mughabghab, M. Divadeenam, and N. E. Holden, Neutron Cross

Sections, Volume 1 Neutron Resonance Parameters and Thermal Cross
Sections, Part A Z = 1-60, Academic Press, 1981.

2. F. W. Wiffen, E. J. Allen, H Farrar.IV, E. E. Bloom, T. A. Gabriel,
H T. Kerr, and F. G. Perey, "The Production Rate of Helium During
Irradiation of Nickel in Thermal Spectrum Fission Reactors," accepted
for publication in Journal of Nuclear Materials.
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59Ni ISOTOPIC ENRICHMENT AS A MEANS OF SIMULATING THE HELIUM/DPA RATIO
OF A FUSION NEUTRON ENVIRONMENT

R. L. Simons (Hanford Engineering Development Laboratory)

1.0 Objective

The objective of this effort is to investigate the potential of enriching
nickel-bearing alloys, such as the Prime Candidate Alloy (PCA) and HT-9,
with the isotope *®Ni to produce the helium-to-dpa ratio of a fusion
reactor first wall in a fission reactor irradiation experiment.

2.0 Summary

Fission reactors are not able to produce the correct concentration of
helium relative to displacements per atom (dpa) in engineering materials
that is characteristic of the first wall of a fusion device. Various
methods are in use or have been proposed to enhance or modify helium
production in engineering materials irradiated in fission reactors, but
they are far from ideal. Another potential technique for achieving the
correct helium/dpa ratio is isotopically enriching the nickel constituent
with ®°Ni. This requires no modification of the alloy composition, and

several irradiation facilities could be used. Three of them are: 1) High
Flux Isotope Reactor (HFIR), 2) Fast Test Reactor/Materials Open Test

Assembly (FTR/MOTA), and 3) FIR Reflector. Each has a unique advantage
but all canyield the correct hetium/dpa ratio. One of the most attractive
features of this method is the exact duplication of the helium/dpa ratio
during the first 30 or more dpa where nucleation of bubbles or voids is
critical in setting the stage for subsequent swelling of material.

3.0 Program

Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G Ooran :
Affiliation: Hanford Engineering Development Laboratory
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4.0 Relevant OAFS Program Plan Task/Subtask

Subtask 11.C.2 Effects of Helium on Microstructure.
Subtask 11.C.7 Effects of Helium and Displacements on Flow.

5.0 Accomplishments and Status

51 Introduction

One objective of the Magnetic Fusion Energy (MFE) research programs is
to develop a first wall material that is resistant to swelling and maintains
acceptable mechanical properties over all or a large fraction of a reactor"s

operating life. The high energy neutrons in a fusion reactor are known
to cause greater rate of change (per neutron) of the material properties

by displacement of atoms and a higher helium production rate than is
observed from fission reactor irradiations. The incubation period of
swelling can be shifted to lower or higher dpa values depending on the
rate of introducing the helium.(]) At the same time, higher helium
generation rates can produce a higher density of bubbles or voids and

thus a higher density of obstacles to dislocation motion which increases
the change in yield strength. In addition, it is known that low
concentrations of helium on grain boundaries cause premature intergranular
failure of the material for irradiation and test temperatures above about
one-half the melting temperature.

Fast fission reactors produce low quantities of helium relative to
displacements (<0.5 appm/dpa) compared to that produced in the first wall
of a fusion device (~14 appm/dpa). Likewise, thermal reactors produce

<1 apom/dpa provided that nickel is not present in the material. If it
IS present, the ratio varies as a function of irradiation time to values
as high as ~100 appm/dpa due to the build-up of **Ni which has a large
thermal neutron cross section. In such cases the void distribution is
similar to the fast reactor irradiations but there is a high denisty of
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small bubbles disbursed through the lattice. The latter is due to the
increase in helium production rate later in the irradiation cycle. On
the other hand, recent experiments featuring preinjection of ha1ium and
subsequent irradiation in the Oak Ridge Research Reactor showed a high
density of small bubbles and reduced swelling relative to the normal
sample.(1’2) This leads one to believe that the rate of introduction

of helium early in the irradiation determines the cavity density and
subsequent swelling. The only foreseeable irradiation facility that will
give a constant helium/dpa ratio to high exposures is the Fusion Materials
Irradiation Test Facility (FMIT). The Rotating Target Neutron Source-11
(RTNS-11) Facility does not have sufficient flux to study helium effects
on swelling.

Figure 1 shows calculated helium concentration versus dpa for HFIR, FTR,
and a fusion spectrum. The helium calculations are based on earlier work
in this area.3) The parallel curves for £TR/MOTA and the fusion spectrum
indicate constant helium production rate but the rates differ by a factor
of 35. In the HFIR Peripheral Target Position (HFIR/PTP) the helium
concentration starts out approximately a factor of ten low but ends up
about a factor of three to five higher than the fusion curve. This
behavior is due to the build-up of *°Ni and subsequent helium production.
IT 5 ppm wt of boron 1is present in the steel, the low exposure portion

of the curve coincide fairly well with the fusion curve. However, the
boron is usually present in clumps or concentrated near grain boundaries.
Consequently, the helium distribution in the material may not be typical
of that produced in a fusion reactor irradiation.

A potential solution to the discrepancy in helium/dpa production in test
reactor neutron environments is to start the irradiation with a steel
isotopically enriched in °°Ni. Enhanced hel ium production would then

be obtained from the 203-ev resonance in the *°Ni cross section. The
balance of this report will discuss this approach to obtaining the correct
helium/dpa ratio in PCA and ferritic alloys being developed in the MFE
materials research program.
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5.2 Analysis

Figure 2 shows the concentration of #*Ni as a function of dpa during
irradiation in HFIR. The concentration peaks at about 16 dpa (+8-10

months).  Above 16 dpa the concentration drops due to burn-out of 5°Ni

by the large (n,y) cross section (s(n,y)*80 bams). lrradiating natural
nickel produces a peak soni concentration of 2.5%, However, by preirradiation
enriching the s8Ni to A100%, the peak 5°Ni concentration reaches 3.5%.

This analysis will assume a minimum soni enrichment of 3.5%.

Figure 3 shows the helium versus dpa for three irradiation conditions

in HFIR/PT? compared with that expected In a fusion environment. The
upper curve shows unshielded PCA with nickel enriched to 3.3% ®°Ni. This
Irradiation condition produces a factor of nine too much helium per dpa.
However, the curve is nearly parallel to that in the fusion first wall
(i.e., the effective production rate is a constant). The second condition
uses thermal neutron shielding to reduce the helium production rate. In
this case there is close agreement with the helium production in the
fusion first wall. The down turn at high dpa in these two curves is due
to burn-out of the 5¢Ni. The third condition shows the helium production
in PCA using natural nickel in HFIR with thermal neutron shielding. The
upturn at high exposures is due to the slow burn-in of %°Ni from the
resonance at 203-ev. Data from all three irradiations potentially would
enable a good correlation of material properties as a function of helium
concentration and dpa.

It 1s noteworthy that the ferritic steel HT-9 contains ~0.5% nickel.
Since the enriched PCA contains 0.49% 5°Ni, the helium production
behavior of PCA is equivalent to HT-9 with the nickel 100% enriched to
5901, Therefore, both PCA and HT-9 can be isotopically tailored to
duplicate the helium/dpa ratio found in the first wall of a fusion
device.
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The maximum dpa obtainable in the HFIR/PTP location in one year is

~16 dpa. In order to instrument the experiment for better temperature
control, the irradiation would have to be out of core. (4) This drops
the exposure rate to 7 dpa/year. At that rate it would take more than
25 years to achieve fusion first wall goal fluences (175 dpa).

The exposure rate in the FTR/MOTA is about 32 dpa/year. Figure 4 shows

the performance of three levels of *°Ni enrichment in the FTR/MOTA location.
If the nickel in PCA is enriched to 40% °°Ni, remarkably good agreement
with the helium/dpa production in a fusion first wall is obtained. There
is very little burn-out of **Ni for irradiations to 200 dpa. The 3.5%
enrichment (the middle curve) shows a factor of five enhancement in helium
production rate over the material with natural nickel (lower curve). The
middle curve also illustrates the performance of the HT-9 alloy with 100%
enrichment of the nickel. Note that the lower curve shows a small upturn
at high dpa due to burn-in of Ny,

In the FTR/MOTA the helium/dpa ratio (for 3.5% enrichment) is about a
factor of seven lower than the expected in the first wall of a fusion
device (see Figure 4, middle curve). This can be corrected by irradiating
the alloy in a Row 7 FTR/reflector location. This location has a high
population of low energy neutrons which can be captured by the 203-eV
resonance in “°Ni. Figure 5 shows the performance of PCA with 3.5%
enrichment, or equivalently, HT-9 with 100%enrichment (top dashed
curves) compared to that expected in the first wall of a fusion device
(solid curve). Out to about 30 dpa the helium/dpa ratio is in good
agreement with the ratio for a fusion device first wall. At higher
exposures burn-out of the 3%Nj causes the ratio to fall below the fusion
ratio by up to a factor of three at 200 dpa. The flux gradient and
spectrum moderation across the Row 7 reflector subassembly is significant.
The "inner" designation refers to a location adjacent to the fuel in Row
6 and the "outer" designation refers to a location in the subassembly
adjacent to the Row 8 reflector. The "outer” position sees a larger
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fraction of low energy neutrons reflected back to the core than the "inner"
location, hence experiences increased production of helium due to the
203-eV resonance. The bottom curve shows the performance of the PCA alloy
(and approximately the HT-9) using natural nickel. Some burn-in of *°N{
would be seen at high dpa in PCA.

The FTR/reflector at the "outer" location will receive ~12 dpa/year, inter-
mediate between that expected from in-core and out-of-core HFIR irradiations.
It may be possible to increase the exposure rate to ~16 dpa/year by placing
a mini beryllium reflector on the outer edge of the subassembly to reflect
back low energy neutrons to the inner edge which has a higher dpa/yzar.

The limiting feature of using the concept of enriching the nickel in an
alloy with °°Ni may be the cost of producing the isotope. Preliminary and
unofficial estimates are currently at $12</gm for 25-50 gn lots of 2.5%
°*Ni in a *°Ni solid solution. The 3.4 enrichment level can be achieved
with additional irradiation time (see Figure 1). The preirradiation
target would be 100% enriched °®Ni. The cost of producing *°Ni in a purer
state (Q%enrichment) would be substantially more. At this cost and
quantities the material test specimens would be limited to miniature tensile
and charpy specimens, and TEM disks. However, this may be adequate for
answering questions about the sensitivity of halium effects on mechanical
properties and swelling to the schedule of helium production.

5.3 Conclusions

It has been shown that the helium/dpa ratio in a fusion device first wall
can be duplicated well by enriching the nickel content of the alloy with
the isotope °°Ni. With a 40k enriched alloy, the high dpa rates of FTR/MOTA
could be used to reach 150-200 dpa in a reasonable irradiation time. Other
test locations in HFIR and FIR can also be used to duplicate the helium/dpa
ratio of a fusion neutron environment using 3.5% enrichment in a PCA alloy
or 100% enrichment in the ferritic steel HT-9.
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TRANSMUTAT 1ON- INDUCED DEPOSITION PROFILES IN HALOS SURROUNDING SPHERICAL
PRECIPITATES

A. Kumar (University of Missouri-Rolla) and F. A Garner (Westinghouse
Hanford Company)

1.0 Objective

The object of this effort is to determine the effect of helium, lithium and
other elements on microstructural development of irradiated metals, employ-
ing the energetic reaction products produced by transmutation reactions
occurring iIn precipitates.

20 Sumnary

The deposition profiles that form around precipitates undergoing energetic
transmutation reactions can be used to study the effects of helium, hydrogen
and lithium on microstructural development during neutron irradiation. A
completely general derivation has been performed to determine the deposition
profile concentrations for any transmutation reaction and precipitate/matrix
combination.

3.0 Program

Title: [Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G. Doran
Affiliation: Westinghouse Hanford Company

40 Relevant DAFS Program Plan Task/Subtask

Subtask 11.C.2. Effect of Helium on Microstructure
I1.¢,4, Effect of Solid Transmutants on Microstructure
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5.0 Accomplishments and Status

5.1 Introduction

In an earlier report(]) a method was described which allows the determina-
tion of some aspects of the role of helium on microstructural evolution in
complex alloys. It involves a direct comparison of the materials response
to the rate of helium generation, a variable of prime importance in fusion
reactor materials studies. This is accomplished by irradiating specimens in
either a fast or mixed spectrum reactor and conducting microstructural
analyses on matrix regions adjacent to precipitates rich in boron. Such
precipitates produce well-defined atmospheres of helium and lithium
generated by the 10g (n;;)7Li reaction. Microstructural comparisons are
made between the regions bearing implanted helium and those just beyond the
helium-implanted zone, an excellent examp]e(z) of which is shown in Fig-
ure 1. A variety of helium/dpa ratios can be obtained in one specimen by
using precipitates of various sizes. This method takes advantage of the
virtual absence of variations in alloy composition, preirradiation micro-
structure and displacement rate over small distances, and can be used to
study any material of interest if appropriate and identifiable precipitates
can be developed.

Other transmufation reactionggran also he emnlpyed for this purpose. £xam-
ples are the "Li(n,a )34 and “"Ni(n,y )59Ni{n,a ) "Fe reactions.(3-5) g of
these have the advantage that they do not produce lithium, an element shown
to have a large effect on void nucleation and growth.(]) Both bLi and 3H
will be present in a fusion reactor environment, however, and their separate
or synergistic effects with helium can be studied using this method. The
precipitates can be produced either by addition of appropriate solutes to
the alloy melt or by introduction of fine insoluble precipitates into the
metal by various techniques. Irs, precipitates have been proposed using the
first method®) and the use of oxides of Tithiun(3) and B4c(7) powders are

examples of the latter type of technique. Nickel-rich precipitates do not
need to be introduced since they tend to form naturally during irradiation
of nickel alloys containing silicon, manganese, molybdenum and other minor

solutes,(8) 50
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The range of precipitate compositions and introduction methods available
allows the use of this technique in almost all materials of fundamental or
technological interest. The confident utilization of this technique requires
knowledge of the deposition rates occurring throughout the region where the
implanted atoms come to rest. For the rare occurrence where the stopping
powers of the precipitate and matrix phases are equal, the deposition pro-
files are easily calculated and have been presented earlier. (1) Figure 2
shows typical injection profiles for this case.

In general, however, the energy deposition characteristics of the transmu-
tation products are different in the two phases. The simple assumptions
employed in the earlier analysis are no longer valid and a more general
treatment 1S required.

5.2 Determination of Injection Profile for Spherical Precipitates

521 Limits of the Deposition Halo Outside the Precipitate

Consider a reaction product emitted isotropically at a fixed energy E,,
traveling in a straight line and coming to rest at a fixed distance from its
source. The distance traveled will be Rp(Ey) if the entire travel 1is in
the matrix phase and Rp(Eo) if all travel is in the precipitate phase.

The ranges are in inverse proportion to the stopping power of the medium
traveled and can be shown to define(g) the ratio

R (E.) iy
mo= M0 _Pp " m ’ (1)
Rp(EO) omﬂ\;

where A is the atomic weight and p is the density.
For a precipitate of radius "p» the width of the deposition region outside

the precipitate can be defined by an inner and an outer radius. As shown iIn
Figure 3 the outer radius is always
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0 m p (2)

The 1nner radius depends on the precipitate properties such that

if 2r >
(irp, i rp Rp

Ry = ¢« R - {2m-T)rp” ifmyE (3)
L/an +el, ifm<
where g = (er)'] [(r‘p + Ry} - r% + R,%]. (4)

The particles arriving at a point{x,o) iIn the halo were emitted by atoms
lying on a surface defined by

R{x,0) = d,(x,0) + dy(x,0), (5)

as shown in Figure 4 and where d is the distance traveled in a particular
phase.

5.2.2 The Source Surface Within the Precipitate

The description of R(x,e )} must now be determined. ,Geiger(]o) stated that

the energy loss rate‘gg of an alpha particle was inversely proportional to
the particle velocity. From this statement various forms of the "Geiger

Rule™ are found in the literature. Some of these are given below.

dE . ~1/2 instantaneous energy loss
(a) gy ~E rate at any energy E (6a)
(b) R(E,) mE;'s total range in one phase (6h)
EEdl . L 2/3  residual energy at a distance
c) = = [ ] (6c)
(c) RTE) L < RIE,)
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FIGURE 4. Schematic Illustration of Internal Precipitate Surface
Contributing Particles to Point x,o in the Halo.

(a)

LINE PQ = R (Opgax! = R,

{b)

LINE PQ = R (dmax) = dp + dp,

FIGURE 5. Geometrical Relationships Describing the Maximum Angle Defining
the Source Surface for Any Point in the Halo. (a) shows the
"under the horizon" case and (b) shows the "over the horizon"
case. The precipitate horizon is viewed from the point (x,0).
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Consider now the obvious corollary of the Geiger Rule when the particle
travels a distance d_ in the precipitate phase and then encounters the matrix
phase, traveling a distance dn until 1ts kinetic energy is exhausted.
Statements (6b)and (6c) must hold in both phases; therefore

E(d ) d
Bl o 2/3
ey 7

at the precipitate boundary and

E{d_) d 2/3
p _ m
= [Rm(qy] (7b)

0

describes the remaining range in the matrix relative to the range of the
particle at its original energy. Since E@ip) = E(d) at the precipitate
boundary, equating these two expressions leads to

d d

P+ =1, (8)
T " RlEy)

Employing this criterion and the geometry shown in Figure 4 it can be shown
that

R(x,8) = m'1{Rm + (m-1) [x cose -'V/rpz- x Zsin o2 ]} (9)

Consider a differential volume dv (located in the precipitate on the source
surface) that emits the particles deposited in the volume element dV' in the
matrix at point (x,0). These elements are separated by the distance R{x,e)
defined above and hereafter referred to as R. These volume elements can be
defined in spherical coordinates as
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m-1 R2 sine cose dx de dé (10)

av

and

dav'

dA'dx cos e (1)

where ¢ is the angle between the direction of R and the x-axis.

5.2.3 The Deposition Rate Within the Halo

The differential deposition rate db{x} per unit volume at {x,0) is propor-
tional to the source strength per unit volume S, the probability that a
particle emitted in the source volume is directed toward (x,0) and the
relative source and deposition volumes. Therefore

- dA' dv
dD{x) = S — —
4R~ 4V
(12)
S .
= o SiN eded.
. ® max 2n
S fsin [d¢
D = i de
(x) g, e osme .
(13)

.S (1eenc .
= (1-cos emax)

where 8 .. is the maximum value of e defining the surface contributing
to deposition at point (x,0).
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5.24 Determination ofe ..

As viewed from the point (x,0) there are two cases, one when the maximum
angle describing the source surface defines a boundary which lies in front

of the precipitate horizon and another when that boundary lies over the
horizon. The transition occurs when x = R% + fﬁ.

When the boundary defined by 8 nax falls in front of the precipitate
horizon,}Ri + rE < XcC (Rm + rP) and the line PQ shown in Figure 5a
does not go through the precipitate.

-1 x2 + Ri - rg
m X = []
8, a cos 5 xR (143)

When line PQ goes through the precipitate, the boundary of the source
surface lies over the horizon. Using the geometry shown in Figure 5b and
Equations 8 and 9,

2 2 2 ;.2 2
-Rm +\j§; + 4m(m-1) {Rm + (2m-1)° (x° - rp)}] )

8 _ -1 [
2 max = cos
dxm (m-1)

The total deposition T of any one reaction product outside the precipitate
is defined by

R
o 5 .
T = 4n H/- x~ D(x)dx (15)

R;

Note that the integration must be performed in two parts, integrating from

2 2
Ri to Rm + rp and from Rm + rp to Ro'
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With some care 1t can be shown that this integral equals the total source
strength (4/3«r%§ when 2r < R, For ZrP > R, the total deposition in the
halo is less than the total source strength since some of the particles come
to rest within the precipitate.

5.25 Results and Discussion

Equations 13 and 14 define the deposition profiles outside the precipitate
and can be applied to any transmutation reaction, precipitate size or
matrix/precipitate combination. While them = 1.0 case is shown in Figure 2
for the %8(n,) reaction, Figures 6 and 7 show typical profiles for the
]OB(n,a) case wherem = 0.5 and m = 20.

When m = 0.5 a discontinuity in the deposition gradients will develop as
shown in Figure 6. There is continuity in the deposition rate itself,
however. In practice, however, the investigator will probably not see the
discontinuity due to range straggling of the energetic particles. The case
where m = 05 1is unique. For all other values of m, both the deposition
rate and i1ts derivitive are everywhere continuous.

Several advantages and disadvantages of this technique are clear from a
comparison of Figures 6 and 7. When precipitates are employed such that
m> 1.0 the width of the halo for a given precipitate size is greater than
when m <1.0, yielding a larger region over which the deposition profile

may be considered to be uniform. This is important since the width of the
halo limits the size of the microstructural components which can be studied.
This enlargement of the halo width also leads to a larger region of overlap
of the concentric halos resulting from both transmutation products, which
may be an advantage or disadvantage depending on the objectives of the
individual experiment. Figures 2, 6 and 7 also demonstrate that one can
obtain a variety of helium levels in a single grain if suitably small areas
contain more than one size of precipitate.
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FIGURE 7.
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When the masses of the two reaction products are not too dissimilar the two
concentric halos can overlap easily. For the %8Ni(n ) N1(n,u)56Fe reac-
tion the fragments have quite different energies and ranges. The 56re
fragment retains only 340 key of the reaction energy and the alpha partlcle
retains 4.7 Mev. (") Thus the iron atoms travel less than 100 nm and are
retained in or near the precipitate. The helium atoms travel a much larger
distance (~15 pm) however. Since most nickel-rich precipitates are only
small fractions of a micron in size, the helium in the halo will be far away
and very dilute, difficult to recognize above the background helium level
and will be very hard to associate with a given precipitate. Therefore,
this technique will only be useful for precipitates on the order of 10-15um
In size. In 300 series stainless steels precipitates of this size occur
only at relatively high temperatures (>500°C),

Whereas 1t has been previously shown that the displacements caused by
transmutation products in fission reactors would not be ?}§arge fraction of
the total damage generated in energetic neutron spectra, Greenwood(11)
has shown this not to be true in mixed-spectrum reactors such as HFIR where
the "double-nickel™ reaction occurs. The 340-keY recoil energy of Sbre
can lead to increases in the displacement rate approaching 100% for pure
nickel. Since nickel tends to concentrate in many precipitates during
irradiation this will lead to displacement rates in and near the precipi-
tates that are significantly higher than that of the surrounding matrix.
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70 Future Work
No futher work is planned.

80 Publications

None.
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MUXS: A CODE TO GENERATE MULTIGROUP CROSS SECTIONS FOR SPUTTERING
CALCULATIONS

T. J Hoffman*, M T Robinson**, and H L Dodds, Jr. ***
(Cak Ridge National Laboratory)

1.0 Objective

The purpose of this study is to construct numerical models of the develop-
ment of collision cascades 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

The computer code MUXS generates multigroup cross sections for charged
particle transport problems. Cross sections generated by MUXS can be used
in many multigroup transport codes, with minor modifications to these
codes, to calculate sputtering yields, reflection coefficients, penetration
distances, and so forth.

3.0 Program

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

* Computer Sciences Division, Union Carbide Corporation, Nuclear Division
** Solid State Division, Oak Ridge National Laboratory

ok Department of Nuclear Engineering, University of Tennessee, Knoxville
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40 Relevant DAFS and PMI Program Plan Task/Subtask

Subtask III.B.1.3: Development of Theoretical Model Descriptions
of Reflection and Backscattering

Subtask 11I.C.1.6: Development of Theoretical Models for Physical
and Physichemical Sputtering

5.0 Accomplishments and Status

During the past several years, we have presented several papers on the
application of neutral-particle multigroup methods to the analysis of
charged particle transport problems [I-51. The computer program that was
developed in connection with this work has now been documented and prepared
for distribution. The documentation is contained in an ORNL report [61,
which should be consulted for the details. The report has received the
standard fusion materials distribution UC-20c. The code MUXS and the
changes required in ANISN to use it for charged-particle transport applica-
tions, as well as the ANISN code itself, may be obtained from the Radiation
Shielding Information Center, Oak Ridge National Laboratory, P 0. Box X,
Oak Ridge, TN 37830. Publication of this report and preparation of the
program material for circulation completes work on this topic.
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[11 T J Hoffman,, H L Dodds, Jr., M. T. Robinson, and D. K Holmes,
Proc. Intern. Top. Conf. on Advances in Mathematical Methods for the
Solution of Nuclear Engineering Problems, (Fachinformationszentrum
Energie, Physik, Mathematik Gmbh, Karlsruhe, F. R G, 1981). Vol. 2
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CHAPTER 3

REDUCED ACTIVATION MATERIALS
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ACTIVATION OF COMPONENTS OF A FUSION ALLOY
F. M. Mann (Hanford Engineering Development Laboratory)

1.0 Objective

The objective of this work is to determine the activation of the
constituents of potential fusion alloys so as to guide metallurgists
in selecting low activation materials.

2.0 Summary

The activation of various elements at the STARFIRE first wall position
for a two (2) year irradiation period was calculated. At ten (10) days,
Mn, Co, and Ni have the highest unshielded dose rates per unit volume.
After 3 x 10% days, N (considered as a liquid), Ni, and Mo have the
highest decay rates per unit volume.

3.0 Program

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

4.0 Relevant DAFS Program Plan Task/Subtask

No relevant Task.

5.0 Accomplishments and Status

In order to tailor the composition of an alloy so that the alloy produces
a low level of radioactivity, the activation of each of the elements com-
prising the alloy must be known. Therefore, the activation of various elements

(c, N, 0, Mg, Al, Si, P, Ti, V, Cr, Mn, Fe, Co, Ni, Mo, W) and at the STARFIRE(”
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first wall position have been calculated for a two (2) year bombardment
time and for various cooling times [t = 1.0 x 10Y, 30 x 10Y days, where
y = -2(1)6]. At ten (10) days (a typical delay time for maintenance)

Mn, Co, and Ni have the highest unshielded dose rates per unit volumes
at 1 meter. After 3 x 10° days (820 years, a time typical of waste
studies), N (considered as a liquid), Ni, and Mo have the highest decay
rates per unit volume.

Table 1 displays decay and dose rates after ten (10) days for each of
the elements calculated. Also shown are the most important reactions
and their individual contributions. For short times where maintenance
is the prime concern, dose rate is the more relevant quanity, while for
long times where waste management is the prime concern, decay rate is
more relevant. Table 2 displays similar information for a cooling
period of 3 x 10° days. Table 3 presents the density and isotopic
abundances used in the calculations.

.
The methods and cross sections used are described in Reference 2. In
general the most important cross sections are from ENDF/B-VY and should
be quite reliable. However, some exotic reactions, such as 2% (n,2p),
come from a consideration of reaction systematics and are somewhat
questionable. An effect not considered is gaseous diffusion which
probably will be important for tritium. Not only may tritium diffuse
out of the alloy, but tritium may also diffuse in from the plasma or
from the breeding material.

6.0 References

1. C. C. Baker et al., STARFIRE, A Commercial Tokamak Fusion Power
Plant Study, Argonne National Laboratory Report, ANL/FPP-80-1, 1980.

2. F. M. Mann, Transmutation of Alloys in MFE Facilities as Calculated

by REAC (A Computer Code System for Activation and Transmutation],
HEDL-TME 81-37, August 1982.

3. G. L. Kulcinski, et al., "TASKA, A Fusion Engineering Test Facility
for the 1990's," J Nucl Matl 103 & 104 (1981) 67.
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70 Future Work

Additional work will include additional elements, (Li, Be, B, 5, Cu

Zr, Nb, Sn, HFf, Ta, and Pb), a different reactor spectrum or position,
and different irradiation times and power histories. Particularly for
elements heavier than the iron group, neutron capture is very important.
However, the capture rate is very sensitive to the assumed spectrum;
e.q,, the TASKA(3) first wall flux is harder than the STARFIRE first
wall flux, and blanket spectra are softer than first wall spectra.
Activation is not linearly related to a reactor-on time, so a range of
irradiation periods will be considered. In addition, the sensitivity
to power history effects, important for isotopes with half-lives comparable
to the time scale of the radiation cycle, will be determined.
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TABLE

1

ACTIVATION AT 10 DAYS AFTER 2-YEAR IRRADIATION AT STARFIRE FIRST WALL

Element  Decay Rate {Curies/cm?®)
Value Major Reaction**

C 2.6(-7)*  13¢(n,a)%e  (100%)
N 8.8(-1) 14N(n,x)3H { 98%)
0 1.9(-5)  170(n,e)l%c  { 83%)
180(n,na}i4c ( 17%)

Mg 5.9(-1) 25Mg(n,a}22Na  { 65%)
25Mg{n,x)3H { 22%)

28%Mg(n,t)22Na  { 12%)

AT 82(-3)  27A1(n,x)M  ( 8%%)
27A1(n,a)?*Na  ( 11%)
Si 2.6(-1) 2959 {n,x) 3 (100%)
P 1.2(+1) 31p{n,x)3H { 50%)
31p(n,y)32p  ( 50%)

Ti 2.0{+1)  “6Ti{n,p)*65c ( 47%)
YBTi(n,a)¥5Ca  ( 20%)

V 7.7(-1) 51y{n,a)*85¢ [ 57%)
51y(n,na)*?sc [ 43%)

Cr 1.6(+2) 52Cr{n,2n)51Cr ( 76%)
50¢r{n,y)5Cr  ( 19%)

Mn 3.4(+2) 55Mn{n,2n)54Mn  (100%)
Fe 1.3(+2) 56fe{n,2n)55Fe ( B0%)
S4Fe{n,p)5*Mn ( 11%)

Co 2.5(+3)} 59Co(n,vy}%%Co ( 80%)
59Co{n,2n)58Co { 19%)

Ni 5.7{+2) 58N (n,np)37Co { 48%)
56Ni(n,p}58Co  ( 44%)

Mo 2.6(+1) 9BMo(n,y}%%M0 { 40%)
100Ma(n,2n} %0 { 19%)

92Mo(n,p) 926" { 11%)

W 6.6(+2) 182y(n,2n)18W { 40%)
18%4(n,y) 1850  ( 29%)

186y(n,2n)185 ( 24%)

*(x)} read as »10*

sefnly reactions which contribute at least

less than 1010
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Dose Rate at | Meter(Rem /hr-cm?)

Value
*kk

*k*
**k%k

6.1(-1)

1.7(-3)*

3.8(-5
*i&k )

1.4(+1)
8,6(-1)
4.0(+0}
1.7(+2)
7.1(+0)
3.0(+3)
1.9(+2)

9.,9(+0}

5.5(+0)

103 as listed

Major Reaction**

25Mg{n,x)%*%Na
24Mg(n, )22Na

2781 (n,a)2%Na

2959 (n,2p)28Mg

HGT-i (n.p)kﬁsc
“77i({n,np)*eSc
51¥(n,a)485c

52Cp(n,2n)31Cr
50Cr(n,y)5!Cr
S0Cr(n,t)48Y
SSMn{n,2n)%Mn
5“Fe(n,p)5“Mn

5%Ca(n,y}5%0

58Ni(n,p)58Co
58Ni(n,np)57Co
38Mo(n v} 9Mo
92Mo{n,na)88Zr
92g(n,p) 22Nb"
100Mo(n,2n) %0
185N(n,y)157ﬂ
IBZN(n'Zn)lﬂlw
lehu{n’T)IBSH
186y{n,2n) 185y

( 82%)
( 15%)

{ 97%)

(100%)

( 68%)
( %)
{ 97%)

{ N%)
{ 18%)
{ 11%)
(100%)
{ 95%)

{ 90%)

( 80%)
( 14%)
{ 21z}
{ 24%)
( 18%}
( 10%)
( 36%)
( 192)
( 18%)
( 15%)



TABLE 2
5

ACINAICN AT 3 x 10~ DAYS (~820 YEARS) AFTER 2-YEAR RRAOAIN AT STARFIRE
FIRST WALL
El ement Decay Rate (Curies/cm3) Dose Rate at 1 Meter(Rem /hr-cm®)
Value Major Reaction** Value Major Reaction**
C 2.6(-7)*  13C(n,a)!%e  (100%) ke o
N 1.6(-2)  1%N(n,p)1*C  (100%) ko .
0 1.9(-5) 170(n,a)1*C  ( 83%) — o
180(n,na)14C  ( 17%)
*kk -
Mg -— —
Al 4.1(-5)  27A1(n,2n)28A1  (100%) 6.0(-5)  27A1(n,2n)25A1  (100%)
*kk *kk
Si -— _———
*kk *kk
p —_— —
, *kk *kk
Ti _——— -
*kk *kk
vV -_— -
*kk *kk
Mh - _—
*kk
Fe 1.1(-5) S4Fe(n,np)33Fe —
*kk *kk
co - -—-
Ni 7.0(-3)  S8Ni(n,y)SNi  ( 63%) 6.7(<8)  SINi(n,2p)60Fe  ( 83%)
62N{i(n,y)%3Ni ( 19%) 64¥Ni(n,ne)8%Fe ( 11%)
60Ni(n,2n)5oNi  ( 14%)
Mo 3.8(-2) 92Mo(n,y}%3Mo ( 63%) 2.8(-3) 92Mo(n,y)%3Mo { 57%)
34Mo (n,2n)%3Mo  (136%) 94Mo(n,2n)23Mo { 33%)
] 1.5(-8) 186i(n,ne) 182HF (100%) 1.4(-8) 186i{{n,na)182Hf  (100%)

*(x) read as *10%°

**only reactions which contribute at least 10%are listed
**¥¥1ass than 10-19
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Cr
Mn
Fe
co

Ni

¥

Element

TABLE 3

ISOTOPIC ABUNDANCES

Dens;tf

2.26
0.81%*
1.14*
1.74
2.70
2.33
1.82
4.51

6.1
7.19
7.43
7.86
8.9
8.9

10.2

19.3

*

density of liquid
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Isotopic Abundances
Mass (% abundances)

12(99.89), 13(1.11)
14(99.63), 15(0.37)
16(99.758), 17(0.038), 18(0.204)
24(78.909), 25(10.00), 26(11.01)

27(100.0)
28(92.33), 29(4.67), 30(3.10)
31(100.0)

46(8.25), 47(7.45), 48(73.7),
49(5.4), 50(5.2)

50{0.25), 51(99.75)
50(4.35), 52(83.79), 53(9.50), 53(2.3
55(100.0)

54(5.8), 56(91.8), 57(2.1), 58(0.3)

59(100.0)

58(68.3), 60(26.1), 61(1.1), 62(3.6),
64(0.9)

92(14.8), 94(9.3), 95(15.9), 96(16.7)
97(9.6), 98(24.1), 100{9.6)

180(0.13), 182(26.3), 183(14.3),
184(30.67), 186(28.6)



CHAPTER 4

FUNDAMENTAL MECHANICAL BEHAVIOR
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EFFECT OF TEMPERATURE ON THE CRACK PROPAGATION CHARACTERISTICS IN RTNS-TII
IRRADIATED TYPE 316 STAINLESS STEEL MICROSPECIMENS

R. D. Gerke and W. A. Jesser (University of Virginia)

1.0 Objective

The objective of this work is to determine the role of temperature on crack
propagation characteristics during tensile tests of neutron irradiated type
316 stainless steel microspecimens.

2.0 Summary

Microtensile specimens irradiated in RTNS-IT at room temperature to a fluence
of 1 X 1022 n/m? and subsequently tensile tested at room temperature, 400° and
600" respectively, showed that the effect of tensile test temperature is to

enhance those characteristics associated with ductile crack propagation. Duc-
tility as measured by reduction of area was largest at 600°C and least at 400".
These results are consistent with those on unirradiated specimens except that
the ductility loss at 400°C is more pronounced in that case. All specimens

tested showed a relationship of stable crack length per unit elongation, S, to

Reduction of Area, ROA, in the thick region of the specimen as ROA2 X S = 0.4,

3.0 Program

Title: Simulating the CTR 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 11.C.13 Effects of Helium and Displacements on Crack Initiation and
Propagation
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5.0 Accomplishments and Status

5.1 Introduction

The embrittling effect of irradiation manifests itself in several ways such as
ductility loss and intergranular fracture. The relative embrittlement contri-
butions of the various microstructural and microchemical changes associated
with irradiation have not been separated, even though many of the relative
contributions to specimen strength have been considered®"®). The role of heli-
um in promoting embrittlement is not well understood. In an effort to deter-
mine the irradiation-induced condition of the specimen which is responsible
for brittle failure, in-situ HVEM tensile testing of microspecimens has been
conducted. Testing a number of specimens exhibiting a variety of microstruc-
tural conditions has failed to reveal any critical microstructure responsible
for intergranular failure.(z) The data show that intergranular failure of ir-
radiated austenitic stainless steel is largely a temperature-dependent phenom-
enon rather than being sensitive to microstructure. It is therefore important
to understand the role of temperature in controlling embrittlement of irradi-
ated materials.

The development of irradiation induced microstructure and microchemistry is
temperature dependent and the plastic deformation processes show a temperature
dependence. Both of these temperature dependent processes occur together dur-
ing a creep experiment and show some interrelated effects; however, the two
processes can be separated by investigating the temperature dependence of
plastic deformation in several specimens which have a fixed microstructure
characteristic of one temperature. In order to accomplish this goal, several
austenitic stainless steel specimens were neutron irradiated under the same
conditions and then tensile tested at three temperatures up to 600°C. The re-
sults of these tests were compared to results from similar tests on unirradiat-
ed specimens. The parameters selected for comparison were ones which charac-
terize crack propagation through the thin regions of a specimen with thick
edges.
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51 Specimen Preparation and Test Procedure

Commercial type 316 stainless steel foils were solution annealed in vacuum
(pressure < 10~% Pa) for one hour at 1000°C. After annealing the 40-um thick
foils were punched into rectangular microtensile specimens 12.5 mm long by 2.5
mm wide. Next a circular region in the center of the specimen about 2mm in
diameter was electropolished to electron transparency for 400 kV electrons in
a 90% acetic acid 10%perchloric acid solution at room temperature. Before
electropolishing, a number of the specimens were irradiated with 14-MeV neu-
trons near room temperature in the Lawrence Livermore Rotating Target Neutron
Source 11 (RTNS-II) facility to a total fluence of about 1 x 1022 n/m2.

The irradiated specimens and unirradiated comparison specimens were tensile
tested to failure in a quantitative load-elongation tensile stage operating at
one of three temperatures: a) room temperature, b) 400°C and ¢) 600°C. Only
one specimen was tested at each temperature because of the limited number of
irradiated specimens.

During the tensile test all specimens exhibited microcrack initiation in the
thin area at the edge of the perforation which resulted from the electropolish-
ing procedure. HVEM observations of the main propagating crack at low magnif-
ication of 10 kX were recorded on video tape while simultaneously recording
the load elongation data from the tensile stage, which represents the overall
behavior of the whole microspecimen. From this data one can characterize the
propagation behavior of the main crack and determine its temperature depend-
ence. A graph of crack length versus specimen elongation has a slope which
can be related to specimen ductility. The details of the graph are temper-
ature dependent.

5.2 Experimental Results

Investigation of the crack propagation characteristics of unirradiated type 316
stainless steel has previously been reported for tensile test temperatures of
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room temperature and 400°C. (3) In the present report the case of unirradiated
stainless steel tested at 600°C has been performed and the tensile testing of
the RTNS-1I irradiated specimens has been conducted at elevated temperatures..
The two cases of testing at 400°C and at 600°C are shown respectively in the
two graphs of total crack length, L, plotted against specimen elongation(Fig.1).

400

350

8

RTNS {1
400+*C

RTNS [I
6004C

Rbp o,

N
al
o

150 & a

8
CRACK L NGTH (pm)

4
8 4 100 &
ad
& a
£ !

50 AS

Y - i 0
a gﬁ 90 120 150 v 30 60 90 125 150

FIGURE 1.Crack Length Versus Elongation for RINS II Irradiated Specimens, Which
Were a) Tensile Tested at 400°C and b) Tensile Tested at 600°C. No-
tice that the vertical-horizontal steps of the 400°C case are absent
from the 600°C case.

A comparison of all of the crack length versus elongation curves, and the crack
tip angle, crack angle and crack propagation direction versus elongation data
shows a trend which exhibits a temperature dependence. All cracks under all
test conditions utilized thus far have the following characteristics in com-
mon. Crack propagation through the thin region (electropolished region) of the
specimen is stable and exhibits a discontinuous start-stop character. Once the
crack reaches the thick sides of the specimen which have not been thinned by
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electropolishing, the crack propagation becomes unstable and the crack catas-
trophically fractures the specimen at a rate too high to observe or record.
The crack propagation through the thin region is therefore controlled by the
displacement of the thick adjacent regions which are undergoing plastic defor-
mation without cracking.

The effect of neutron irradiation on the crack length versus elongation curves
is to introduce a pronounced step shape in the curve. This step is a nearly
horizontal section adjacent to a nearly vertical section. The nearly horizon-
tal section, little crack lengthening associated with the elongation, is ac-
companied by slow changes in crack direction, crack tip angle and crack angle.
The nearly vertical section, substantial crack lengthening during the elonga-
tion, is accompanied by rapid changes in the above mentioned three parameters
for which the amplitude of the parameter oscillations is reduced from that as-
sociated with a slowly propagating crack.

The effect of increasing tensile test temperature on the step in the curve is
to decrease the magnitude of the vertical-horizontal sections until at 600°C
they have disappeared. Another effect of increasing temperature is to decrease
the slope of the graphs for the case of the irradiated specimens, except for
the 400°C data which shows a slope increase and correspondingly a slight ROA
decrease. The graph corresponding to a 600°C test of irradiated stainless
steel resembles that for an unirradiated specimen tested at 600°C, but the
respective cases for room temperature and for 400°C show strong steps in the
irradiated specimens, but steps which are weak or absent in the unirradiated
specimens. The effect of increasing test temperature of irradiated microspeci-
mens is to increase the smoothness of the graph of the crack length versus
elongation.

Examination of the fracture surface revealed that there are two distinct re-
gions on the separated surfaces. A schematic representation of a fractured
microspecimen is shown in Figure 2. The reduction of area, ROA, which oc-
curred in the thick region during stable crack propagation through the thin re-
gion is denoted as a shoulder and the remaining region of the fracture surface
represents that portion of the sample through which catastrophic crack propaga-
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FIGURE 2. Schematic Illustration of a Fractured Specimen: a) Top View, b) Near
Edge View of Electropolished Region and the Surrounding Thick Area,

c) Before and After Fracture Cross-Section View, d) Shoulder Left
After Fracture.

tion took place in the thick region. Measurements of the amount of reduction
of area which occurred during stable crack propagation, i.e. that recorded and
graphed, can be made by measuring the area of shoulder and subtracting this
guantity from the total cross-sectional area. This data is calculated and
presented in Table 1 along with the slope, S, of the curve of crack length
versus elongation. Itis interesting to note that the product of RO)”\2 and S
is closely constant at 0.4.
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TABLE 1
DATA FROM HVEM MICROTENSILE SPECIMENS

Originai*
Cross-sectional
Specimen Tensile  Average Area ROA’; (ROA)= S
Test Condition Slope, S (x 10~2 mm?) (%)
Unirradiated R.T. 1.7 4.4 49 0.41
400°C 2.8 4.2 38 0.40
600°C 1.2 4.3 53 0.34
RTNSII R.T. 3.6 5.0 34 0.42
Neutron 0
Irradiated 400°C 4.2 4.4 32 0.43
600°C 2.1 5.9 44 0.41

Je.

estimated from SEM micrographs

‘during stable crack growth only

5.3 Discussion

As the tensile test temperature is increased from room temperature to 600°C,
the characteristics of crack propagation in the neutron irradiated specimen
more closely resemble those of the unirradiated specimens. Even though the
crack propagation characteristics of the irradiated and unirradiated specimens
are most similar at the test temperature of 600°C, still there is a more
brittle crack propagation behavior associated with the irradiated specimen, as
is revealed, for example, by the slope S of the crack length versus elongation
graph. This graph shows a smooth curve typical of ductile crack propagation
in an unirradiated specimen, but the slope of the curve is higher than that of
an unirradiated specimen and hence corresponds to less reduction of area i.e.,
more brittle behavior.

The irradiated specimens all exhibited the same microstructure after irradia-
tion. However, during the tensile test some changes in the microstructure and
microchemistry may occur. Small dislocation loops and defect clusters formed
during irradiation may anneal at 600°C while transmutational helium produced
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by (n,a) reactions are likely immobilized at traps even at 600°C. Ore might
expect, from the above idea, that as test temperature is increased the anneal-
ing effect increases specimen ductility until a level is reached which is dom-
inated by the transmutational helium.

In view of the similarity of the geometry of all the specimens tested thus far,
the relationship ROA? X S ~ 0.4 may be a result of specimen shape. 1t has been
determined from electron micrographs that the extent of stable crack propaga-
tion is about 400 um and the specimen region which exhibits plastic deformation
is about 1000 um long (gauge length). The ratio of these two geometrical para-
meters is also 0.4; however, a definite connection between this ratio and the
above constant has not yet been established.

5.4 Conclusions

The following conclusions have been reached regarding type 316 stainless steel
neutron irradiated to a fluence of 1 X 1022 n/m2.

i) The length of crack propagation per unit elongation decreases in
neutron irradiated specimens as tensile test temperature increases
from room temperature to 600°C.

i1) The above crack length per elongation, S, can be related to re-
duction of area, ROA, for all the specimens tested thus far as
ROAZ X S = 0.4.

iii) Combining results (i) and (ii) shows that over the temperature
range 600°C to room temperature, ductility in irradiated speci-
mens is increased by increasing temperature. Notice that this is
not true of unirradiated specimens.

iv) The role of temperature in tensile tests is a separate one from
its role in establishing an irradiation microstructure.

v) Nb intergranular, brittle crack propagation was observed in the
neutron irradiated specimen tensile tested at 600°C. o visible
cavities were present in the specimen.
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CORRELATION OF FRACTURE TOUGHNESS WITH TENSILE PROPERTIES FOR IRRADIATED
20% CW 316 STAINLESS STEEL

F. A Garner (Westinghouse Hanford Company), W. G. Wolfer (University of
Wisconsin), and M. L. Hamilton (Westinghouse Hanford Company)

1.0 Objective

The first-wall lifetime in pulsed Tokamak reactors is expected to be limited
by fatigue crack growth. The terminal stage of crack growth depends criti-
cally on the fracture toughness after irradiation. The purpose of this
study Is to establish a valid correlation for irradiated materials between
fracture toughness and tensile properties, since the latter can be more
easily obtained with miniature specimens.

20 Sumnary

Tensile properties measured on irradiated 20% CW 316 stainless steel speci-
mens made from ducts and from cladding are used to predict values for the
plane strain fracture toughness according to a model originally developed by
Krafft. In contrast to the Hahn-Rosenfield model, this model gives results
which agree with recent experimental measurements. It therefore appears
that 1t may be feasible to obtain tensile properties from irradiated
miniature tensile samples and use them to predict the toughness for ductile
transgranular failure.

3.0 Programs

Title: Effect of Radiation and High Heat Flux on First-Wall Components
Principal Investigator: W. G. Wolfer
Affiliation: University of Wisconsin-Madison

Title: Irradiation Effects Analysis (AKJ)

Principal Investigator: D. G. Doran
Affiliation: Westinghouse Hanford Company
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4.0 Relevant DAFS Program Plan Task/Subtask

I1.¢.1, Effects of Materials Parameters on Microstructure
11.C.8. Effects of Helium and Displacements on Fracture
11.C.14. Model of Flow and Fracture Under Irradiation

5.0 Accomplishments and Status

5.1 Introduction

In order to assess the lifetime of first-wall components exposed to cyclic
heat flux and neutron damage in a fusion reactor, it will be necessary to
perform a fatique crack growth analysis with realistic correlations for the
degradation of mechanical properties as a function of neutron damage. An
extensive analysis of this kind has been performed recently by Watson,(1)
but rather tenuous correlations were used for the fluence-dependence of the
fracture toughness. These correlations were based on theoretical considera-
tions advanced by Odette and Frey(z) and by Wolfer and Jones. 3 1q

spite of the use of these somewhat hypothetical correlations, the analysis
by Watson clearly demonstrated that a reduction in fracture toughness can
have a significant impact on the lifetime of the first wall. Figure 1 shows
the computed lifetime of a first wall as a function of the saturation* value
of fracture toughness. This analysis employs the assumptions that an ini-
tial surface flaw exists with a depth of 1 mm and that the wall 1is exposed
to a cyclic heat flux having an amplitude of 50 w/cmz. It is seen that

the lifetime depends strongly on the fracture toughness, particularly for
the most desirable wall thicknesses around 5 mm.

The saturation value of the fracture toughness is also of critical import-
ance for safety considerations. Should failure occur, 1t is most desirable

*Since _most mechanical properties of austenitic stainless steels approach a
limiting or saturation value during irradiation, it is likewise assumed
that fracture toughness will exhibit the same behavior. There is no evi-
dence to support or refute this assumption.
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that it be a leak rather than a catastrophic propagation of a crack. Which
of these failure modes will be encountered depends both on the wall
thickness and on the fracture toughness, as shown in Figure 2.

The experimental determination of the fracture toughness for irradiated
materials is hampered by several considerations. First, both standard and
miniature fracture toughness specimens are rather large with respect to the
limited space available in either FMIT or breeder and mixed-spectrum reac-
tors. Second, the minimum size for valid test specimens requires some a
priori estimate of the expected fracture toughness. For these reasons it is
desirable to explore the possibility that fracture toughness values might be
obtained from tensile properties of irradiated samples having a much reduced
size. This possibility was discussed at some length by Wolfer and Jones,(3)
and it was pointed out that the appropriate correlation between the fracture
toughness and tensile properties is fundamentally different for materials
exhibiting homogeneous plastic flow and those experiencing localized flow.
The latter is expected only for highly irradiated materials with a residual
tensile ductility of perhaps less than .

A published data base exists for the tensile behavior of 20% CW 316 stain-
less steel irradiated in £8R-11.(4,5) In addition, a limited number of frac-
ture toughness measurements have also become available.(6’7) Accordingly, it

now Is possible to test relationships which attempt to connect fracture and
tensile properties. In this report, a comparison of this nature is made and

it demonstrates that a model developed by Krafft provides a satisfactory
correlation when the appropriate input parameters are used.

5.2 Results

In a previous app]ication(B) of the models by Hahn and Rosenfield(S) and

by krafft!®»1%) to HFIR-irradiated 20% Cll 316 stainless steel,(]]) it

was concluded that the Krafft model gives satisfactory results, whereas the
Hahn-Rosenfield model predicts values of toughness which are too low by a
factor of two. However, this conclusion was based solely on a comparison
with the measured fracture toughness for unirradiated material.
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In the meantime, several experimental investigations have been made on the
fracture toughness of irradiated 20% CW 316 by Huang and coworkers. Huang
and Fish'6) performed tensile tests at 593°C on notched and unnotched
specimens made from duct material irradiated at 375-415°C in £8R-I11 to a
fluence of 7.8 x 102 n/cm2 (E> 0.1 MeV). Based on a J-integral analysis
of the load-displacement curves from two notched specimens, they obtained
fracture toughness values between 57.2 and 67.7 MPa v.

Huang and wire!”) neasured toughness on thin fracture toughness specimens
fabricated from £8r-11 duct material irradiated to fluences of 11.0 to 11.3
X 10°% n/em? (E> 0.1 MeV) and temperatures ranging from 377 to 400°C.

The test temperatures were 282, 477, 538 and 643°C, They showed that the
Hahn-Rosenfield model could predict toughness of unirradiated material but

not for irradiated material.

These two sets of data provide an exceII?Q} opportunity to further test the
fracture toughness correlation of krafft'”’ as modified by Schwalbe.(10)

This correlation is given by

%Y . 1+n { 172
KIC = Y r(14n)d (efE/ Uy) % (nm

where:

s = yield strength
true fracture strain
Young"s modulus
Poisson®s ratio
n = strain hardening exponent
d* = size of the fracture process zone or dimple diameter

€

< m—s =
1 1

The process zone size 4* which determines the dimple size or spacing is not
usually measured in tensile tests. For ductile failure by void growth and
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coalescence, however, the dimple size is on the order of the average dis-
tance between inclusions, particularly between grain boundary precipitates
or grain boundary carbides. It is therefore a reasonable assumption to set
d* equal to the grain size. For the present study, a lower limit on d* of
3um and an upper limit of 50 um was selected based on the measured

range of grain sizes in the ducts from which the specimens were made. If
the plastic stress-strain law is assumed to be described by the equation

efeo = (0/0) " : (2)

where e, and =, are two arbitrary reference values of the unaxial
strain and stress, respectively, the strain-hardening exponent n can be
obtained from the relationship

n =!.n(uu/uY) / en(E EUIGY) (3)

Whereou and e, are the ultimate stress and uniform strain.

Although schwalbel10) suggests that e . in Eg. (1) should be the true fracture
strain or the total elongation, 1t iIs more in accordance with the spirit of
the Krafft model to take fOT'ef the uniform elongation as determined

from smooth tensile specimens. This is because the model treats the material
between deformation-produced voids as miniature tensile specimens and pos-
tulates that crack propagation starts when plastic instability is first
reached.

Using the tensile data for duct material listed in Table 1 the fracture
toughness values were predicted using the above correlations. Note that the
two values given for Kl in the last two columns of Table 1 correspond to
the lower and upper values chosen for d*, respectively. Some entries in
Table 1 are designated by a star, and they represent tensile tests carried
out at a temperature sufficiently high that failure is expected to be
intergranular. For these cases, the correlation in Eq. (1) is not expected
to be applicable.
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TABLE 1

TENSILE PROPERTIES AND COMPUTED VALUES FOR THE FRACTURE TOUGHNESS
OF 20% CW 316 DUCT MATERIAL IRRADIATED TO 10 x 102¢ n/cmé (E> 0.1 MeV)

Specimen Ty (°C) gy {MPa) oy (MPa) ey (%) Kic (MPa /Wit
M1D1 20 793 1121 13.6 147.8 190.8
Mib2 232 859 925 2.7 74.1 95.7
M2D1 379 787 838 1.9 58.2 75.2
M202 491 699 747 1.4 57.2 73.8
M3D1 232 894 949 2.2 70.5 91.0
MaDl 538 716 760 0.9 67.2 86.7
M4D2* 649 501 527 1.3 45.8 59.1
M5D1 232 880 957 2.6 75.3 97.2
MeD2 379 782 867 1.1 58.4 754
M6D1 538 673 688 0.6 51.1 65.9
MeD2* 649 524 545 0.9 46.5 60.0
M1I1 20 749 870 12.4 121.8 157.3
M112 232 707 778 5.6 78.9 101.9
M211 452 731 829 4.4 77.6 100.2
MelI2 563 621 659 1.4 48.5 62.6
M3I1 232 834 938 7.7 97.7 126.1
M3I2 427 724 801 6.3 86.0 111.0
M411 538 612 652 2.1 51.5 66.4
Ma12* 649 414 448 1.6 42.3 54.6
M511 232 832 921 6.8 89.8 116.0
M5I2 452 728 775 2.0 56.1 72.4
M6I1 538 633 681 4.2 67.0 86.5
M612* 649 448 525 3.2 59.3 76.5
Tt = test temperature

t The upper and lower limits of KIc are obtained assuming d¢* = 30 and
50 um respectively.
* Possibly intergranular failure.
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Figure 3 shows the computed values for Ko of duct material as a function
of the test temperature assuming d* IS 30um. It is seen that the pre-
dicted fracture toughness decreases with the test temperature. Some of the
values at 650°C are suspect for the reason mentioned above. It appears,
however, that at least some of the tests carried out at this temperature did
result in transgranular or ductile failure as indicated by their relatively
high toughness value (>50 tPa vm).

The values of fracture toughness measured by Huang and coworkers are also
shown in Figure 3. When compared to the computed values it appears that the
lower estimate based on 4* = 30.m compares favorably while the upper
estimate with d* = 50um Seems to be too large.

Huang and Fish also determined in their experiment the tensile properties in
addition to the fracture toughness. Accordingly, the correlation can be

tested to see whether it reproduces the measured value. The reported yield
strength was 5, 530.8 #pra, and the strain hardening exponent was n = 0.035.
The true strain at failure was estimated from the reduction in area to be

ee = 0.3. If we assume again that d* is between 30um and SOum, Eq. (1)
gives values for Ko ranging from 136 to 176 #Pa vm. Clearly, these values
are too large. The apparent failure of the Krafft model for these input
values demonstrates the point made above, namely that te should be set

equal to the uniform strain ty rather than the total elongation for
unnotched soecimens.

The uniform strain of irradiated 20% CW 316 duct material at 5%3°C was

reported by Huang and Fish to be about 0.05. With this value chosen for
e ¢» the predicted fracture toughness is between 54 tPa /i and 69 MPa

vm, which compares very favorably with the measured range of 57.2 to 67.7
MPa v/m.

Since the data in Table 1 are rather limited, it was decided to attempt a

similar correlation using uniaxial tensile data from irradiated tubing. (5}

The tensile data are shown in Table 2 and the predicted values of fracture
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TENSILE PROPERTIES AND COMPUTED VALUES FOR THE FRACTURE TOUGHNESS
OF 20% CW 316 TUBING IRRADIATED TO FLUENCES
BETWEEN 6.1 AND 13.0 x 1022

Specimen Tt (°C) o, (MPa)
3362 230 727
3363 370 793
3366 510 605
33H7 370 587
34H1 450 587
34H2 450 525
34H3 20 690
35F2* 650 317
35H4 230 499
3551 540 410
3752 577 341
3753 595 321
41C1 579 480
41C3 480 607
41CA 480 560
4161 20 749
4162 230 654
4163 468 618
45B81* 649 294
45B2* 649 276
4562 230 385
41D2 471 553
41D4 582 454
45D2* 646 276
45D4* 757 174
T, = test temperature

t

t The upper and lower limits of KIc are obtained assuming d* = 30 and
50 um respectively.
* Possibly intergranular failure.

TABLE 2

oy (MPa)

925
887
721
854
649
621
915
348
669
492
441
423
524
690
656
912
778
710
416
376
636
652
505
314
185
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n/cm (E >0.1 MeV)

ey (%) Kie (MPa /)t
5.3 93.6 120.9
3.1 63.6 82.1
34 68.9 88.9
3.6 80.6 104.1
9.7 87.0 112.3
8.7 85.2 110.0
13.7 1215 156.9
3.9 39.2 50.6
16.3 111.8 144.3
13.0 85.9 110.9
13.2 85.1 109.9
11.6 74.2 95.8
5.0 70.9 91.6
7.3 81.0 104.6
6.7 76.1 98.2
17.3 135.9 175.4
9.0 94.9 122.5
7.2 85.9 110.9
10.5 85.8 110.8
9.5 73.2 94.5
13.7 114.6 148.0
8.0 84.5 109.0
6.1 66.9 86.3
55 45.4 58.6
0.7 239 30.9



toughness are shown in Figure 4. While there is some overlap in the predic-
tions the tubing-based predictions tend to lie above the duct-based predic-
tions. This may be due to the possibly incorrect assumption that the process
zone and grain size of the tubing are identical to that of the ducts. The
specimen constraints necessary to grip the tubing specimen also tend to
yield different ductilities than observed in duct specimens and this may
also impact the results. These possibilites will be investigated further.

There are additional considerations which have not yet been factored into
the correlation. These are the possibility of strain rate effects and
irradiation temperature effects. Note that the toughness data were derived
from material irradiated in the range of 375-415°C, The tensile data in
Table 1 span a larger range, 379-452°C and strain rates from 4 x 107° to

4 x 1073 sec™, There is a sensitivity In the yield strength not only

to test temperature but also irradiation temperature.(4’5) The radiation-
induced hardening that occurs below 500°C has a temperature sensitivity that
arises from the temperature dependence of microstructural components.(12,13)
This sensitivity will probably influence the temperature sensitivity of
fracture toughness if the correlation addressed in this study is valid.

5.3 Conclusions

It appears that the Krafft correlation in eq. (1) may provide a satisfactory
estimate of the plane strain fracture toughness for irradiated material
which fails in the ductile mode. However, when using Eq. (1), the fracture
straine should be set equal to the uniform strain of smooth tensile
specimens and not equal to the total strain at failure or the fracture
strain estimated from the reduction in area. To confirm this conclusion
some experimental determination must be made of the dimple size d* after
tensile testing. This will be more conclusive then relying on an estimate
based merely on the grain size.
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7.0 Future Work

The analysis will continue concentrating on effects of irradiation tempera-
ture and strain rate and the experimental determination of d*.  An attempt
will be made to develop ductility-toughness correlations which are applic-

able to situations involving flow localization.
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THE DEPENDENCE ON DISPLACEMENT RATE oF RADIATION-INDUCED CHANGES IN TENSILE
PROPERTIES OF AISI 304

H R. Brager, L. D. Blackburn and F. A Garner (HEDL)

1.0 OBJECTIVE

The object of this effort is to provide mechanical property measurements and
microstructural evidence to guide the development of fission-fusion correla-
tions that incorporate displacement rate and other important variables.

2.0 SUMMARY

The tensile properties of AISI 304 are sensitive to displacement rate at
temperatures around 400°c, at least in the transient regime of property
change. Microstructural data obtained in this study as well as from other
published data indicate that displacement rate variations can affect the
saturation level of yield strength. The dependence of strength on displace-
ment rate Is shown to arise from the sensitivity of microstructural
components to this variable.

3.0 PROGRAM
Title: Irradiation Effects Analysis
Principal Investigator: D. 6. Doran

Affiliation: Westinghouse Hanford Company

40 RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

11.C.14 Models of Flow and Fracture Under Irradiation
11.C.17 Microstructural Characterization



5.0 ACCOMPLISHMENTS AND STATUS

5.1 Introduction

The successful development of fission-fusioncorrelations for mechanical
properties requires that all aspects of the differences between fission and
fusion environments be addressed. In addition to differences in neutron
spectra, there will also be differences in stress, temperature and dis-
placement rate. In practice, it is usually impossible to study the impact
of spectrum without simultaneously spanning differences in temperature
and/or displacement rate.

In general, many of the existing fission-derived correlations have not sepa-
rated the individual influence of each important variable. Displacement
rate variations, in particular, are ignored in most breeder correlations and
the dependence on this variable is incorporated into the temperature depend-
ence. For instance, the yield strength data shown in Figure 1 span displace-
ment rates differing by roughly a factor of two, but the current correlation
describing these data employs only temperature and neutron fluence as
variables. (1) In this report, tensile properties are shown to exhibit a
dependence on displacement rate.

The data required to confidently assess the consequences of variations in
displacement rate should cover the fluence range encompassing both the
transient and saturation regimes of property changes and should also span a
suitably large range of displacement rates. Since the data available are
usually insufficient to meet these criteria, another approach is to seek
guidance from the dependence of microstructure on displacement rate and use
this guidance to help extrapolate beyond the range of available data.

5.2 Experimental Materials and Procedures

The material chosen for the microscopy portion of this experiment was
annealed 304 stainless steel, which had been irradiated in Row 4 of EBR-II as
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FIGURE L  Yield Streng% of 20% CW T¥ pe 316 Stainless Steel After EBr-11
Irradiation The tensile tests were conducted at the
irradiation temperature.

part of an earlier breeder reactor experimental program. The temperatures
ranged from 371°c to 426°C, Cylindrical tensile specimens were machined from
50.8-mm plate (NE M 5-23T) to have a length of 47.6 mm and shoulder diameter
of 6.4 mm. The gauge section was 28.6 mm in length and 3.2 mm in diameter.
After machining, the specimens were annealed at 1053°¢ for 2 hours.

The tensile specimens were irradiated in sodium-filled capsules at six
different elevations with respect to the reactor centerline. This provided
a range of mean neutron energies from 0.75 MeV to 0.17 MeV and displacement

rates varying from 7.9 X 107 to 06 x 1077 doa/sec, Table 1 Yists the
irradiation conditions for this experiment.

Tensile tests were conducted at a strain rate of 3.5 x 107 sec™' with the
specimens maintained at 385+ 1°C, For the present study, the grip portion

of two of the specimens was chosen for microscopy examination to minimize
the effects of post-irradiation strain during tensile testing. Standard
electron microscopy procedures were employed in the examination. Immersion
density measurements were also made on these specimens. The selection
criteria for the microscopy specimens were minimum difference in tempera-
ture, maximum difference in yield strength change, maximum difference in
displacement rate but comparable total displacement level.
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53 Results

Figure 2 shows the tensile measurements obtained for these specimens. If
one assumes that the use of displacements per atom as an exposure parameter
adequately correlates spectral differences, there is clearly an effect of
the displacement rate on the duration of the transient regime of the yield
and ultimate strengths, as well as in the uniform and total elongations.
The saturation level of these properties has not been reached at all dis-
placement rates and no conclusion can be drawn at this point concerning the
sensitivity of the saturation levels to displacement rate.
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FIGURE 2. Dependence of Tensile Properties of Annealed AISI 304 on
Displacement Rate and Total Damage. There are also some small
differences in irradiation temperature (see Table 1). Filled in
symbols denote the ultimate strength and total elongation; open
symbols correspond to 0.2 yield strength and uniform elongation,
respectively.
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Of the two specimens chosen for microscopy, one was irradiated at 392°C to
3.1 dpa at 7.9 x 10"7 dpa/sec, and the other irradiated at 371°C to

2.6 dpa at 0.8 x ]0—7 dpa/sec, Immersion density measurements of these
specimens indicated density changes of -0.17% and -0.39%, respectively.
These values are just on the edge of the accuracy of the immersion density
technique and are not thought to contain any significant information.

Differences in microstructure were observed in the specimens irradiated at
high and low displacement rates, as shown in Table 2 and Figure 3. At the
higher displacement rate, the densities of voids, Frank loops and disloca-
tions were higher. Careful examination showed that there was no resolvable
precipitation in either specimen.

5.4 Discussion

Before attempting to extrapolate the available tensile data beyond the exist-
ing data range, it is important to show that the observed changes can be
correlated to the microstructural components causing the changes. This has
been successfully accomplished previously using 20% cold-worked AIS| 316,

but without investigating the influence of displacement rate. (2) Such an
effort can only be directed toward the yield strength change, as only this
property is directly sensitive to the radiation-induced microstructure. The
other tensile properties shown in Figure 2 involve both radiation and
deformation-produced microstructure, with substantial deformation-induced
alteration of the former.

The correlation of tensile properties with microstructure is simpler in
several respects in the case of AISI 304 at low fluence compared to the
previous study on AISI 316. First, the specimens in this study were
annealed prior to irradiation and therefore possessed little microstructure
to cause hardening. In effect, the experimental signal-to-noiseratio was
maximized compared to that obtainable in cold-worked material. Second, all
hardening contributions are positive since there are few preexisting
dislocations which can be reduced in density by recombination.(z) Third,
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TABLE 2

SUMMARY OF MICROSTRUCTURAL DATA

High-Rate Low-Rate

Specimen Specimen
Total Displacements (dpa) 31 2.6
Displacement Rate {(dpa/sec) 79 x 1077 0.8 x 107/
Irradiation Temperature (°C) 392 371
Test Temperature (°C) 385 15 385+ 15
Mean Void Diameter (nm) 5.5 5.0
Void Density (cm'3) 4 x10"° 7 x 10"
Void Volume (%) 0.03 0.005
Frank Loop Mean Diameter (nm) 17.5 16.0
Frank Loop Density (em™3) 145 x 10 70 x 10"°
Network Dislocation Density (cm'z) 8 x 10° 7 x 108

the lack of precipitation simplifies the evaluation since precipitates serve
not only as hardening agents but also soften the alloy matrix by removing
solute-strengthening elements.

As shown in Reference 2, the yield strength changes from microstructural
components can be predicted using the following equation, assuming that the
Frank loops are large enough to be treated only as additional dislocation
line length instead of as short-range obstacles.

bo =/3 G b [a /o Fog + /o0, /8y ]

where Ao is the yield strength change, G is the shear modulus, b is the
Burgers vector, and p 4 and PR are the dislocation line lengths per unit
volume for the network and Frank loop components, respectively. The voids
have densty p, and mean diameter d,,. The coefficients« and gy have values
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08 x 107/ dpa/sec

FIGURE 3. Void and Frank Loops Observed in AISI 304 Irradiated at~400°C
and~3 dpa at 79 x 10-7 and 08 x 10-7 dpa/sec.
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established previously at 0.2 and 1.0 respectively. (2) The shear modulus at
375°C is 6.7 x 1010 Pa(3) and the [110] Burgers vector for austenitic
stainless steel IS 25 x 10°8 an

Assuming that the areas measured were representative of the specimen as a
whole, the predicted yield strength change was 308 MPa compared to the
measured value of 330 MPa for the high rate specimen, and 165 MPa compared
to the measured 130 MPa for the low rate specimen. This level of agreement
is a confirmation of the relationship between microstructure and yield
strength.

Since the temperature dependence of the saturation yield strength has pre-
viously been shown to arise from the temperature dependence of microstruc-
ture,(z) one would anticipate the saturation level to be likewise sensitive
to the dependence of microstructure on displacement rate. Temperature and
displacement rate are known to be coupled variables in that a drop in tem-
perature has the same effect on point defect concentrations and nucleation
rates as an increase in displacement rate. Therefore, one would expect to
see a dependence on displacement rate in both the transient and saturation
regimes, even though only the former has been demonstrated in this experi-
ment. A sensitivity of both transient and saturation stages of yield
strength has been demonstrated in the Phenix and Rapsodie fast reactors(4,5)

as shown in Figures 4 and 5. Phenix has a displacement rate that is about a
factor of two higher than that of Rapsodie.

Figure 2 shows, however, that a factor of two in displacement rate does not
always lead to a change in the yield strength. Note that no change in
strength is observed between irradiations conducted at 7.9 x 10'7 (392°C)
and 39 x 107/ dpa/sec (371°C). This may partially reflect the 21°C
temperature difference between the two capsules but it may also reflect the
relative temperature independence of microstructure at low temperatures.
Ignoring differences in temperature for the moment, the data of Figure 2 are
replotted in Figure 6 as a function of displacement rate and total exposure.

109



800 T T T | E— | T j T T T
en————————"
AC PHENIX
— -
& 2B 8 0 PSODIE
= u A
= o .- R
E A /,’%
- — o0 rd n
(=] ,I
8 4m - , =
[- 1% O rd
5 70
S/ ]
o
200 g’ i
20
{ | | 1 ] 1 1 i 1 |
0 10 20 30 40 50

FLUENCE. Dpa

FIGURE 4. Comparison of the Yield Strength of sa 316 Irradiated in Phenix
and Rapsodie. (4,5)

o ! SA318
18°C TEMPERATURE
700 - LY SHIFT FOR FLUX |
INCREASE OF 1.7
- \ FACTOR
o \
2 A
@ 4
%00 - \
[T}
£
W
g
w 50O - 1
= PHENIX FUEL CLADDING
g RAPSODIE
2 FUEL CLADDING
< .
« M0
=
q
T
300 |- =
200 . . I
400 500 600

IRRADIATION TEMPERATURE. °€

FIGURE 5. Temperature Shift in Saturation Yield Strength of the Same Heat

of SA 316 Arising from Pifgerences in Displacement Rate in Phenix
and Rapsodie at . 400°C. (%,

110



3 dpa

2 dpa

1 dpa —

INCREASE IN YIELD STRENGTH, MPa

0 L I L i i 1 . 1 !
¢ 1 2 3 4 & L] r L & ¢

DISPLACEMENT RATE. 10-7 dpa/sac

FIGURE 6. The Dependence of Yield Strength in Annealed AISI 304 on
Displacement Rate After Irradiation in £8R-11 at ~400°C.

The shoulders in these curves divide regions of temperature dependence and
temperature independence as shown schematically in Figure 7. A similar
shoulder 1is known to exist in the temperature dependence of the various
microstructural components,(6) particularly voids and Frank loops.
Differences in displacement rate are expected to cause the microstructural
density curves to shift in temperature.(s) Depending on the irradiation
conditions, a shift in displacement rate may or may not lead to a change in
microstructural densities.

Since the voids are an important part of the total hardening microstructure
(vd5% in the experiments presented in this report), one might expect a
sensitivity of the transient regime to alloy composition since swelling is
known to be sensitive to composition.(Y) Therefore, one can predict that
AISI 316 with its higher nickel content [which inhibits void nucleation(7,3)]
will have a longer transient reginme than AISI 304.(%) o ' W0 qo0 mect

variations in tensile strength in different heats of AISI 304. These
predictions will be tested in the next reporting period.
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Dlsplaﬁement Rate. The displacement rates increase from left
to right

Additional data and analyses must be collected and analyzed before a
quantitative description of a dependence on displacement rate can be
introduced into tensile property correlations.

5.5 Conclusions

The tensile properties of AISI 304 are sensitive to displacement rate at
temperatures around 400°C, at least in the transient regime of property
change. Microstructural data obtained in this study as well as from other
published data indicate that displacement rate variations can affect the
saturation level of yield strength. The dependence of strength on displace-
ment rate is shown to arise from the sensitivity of microstructural
components to this variable.
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FUTURE WORK

Additional microscopy and tensile data on AIST 316 and 304 will be collected

from experiments spanning regimes that are both dependent and independent of
neutron fluence.
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EXTENSION AND COMPARISON CF VARIOUS EQUATIONS OG- STATE FOR GASEOUS AND SOLID

HELIUM

B. B. Glasgow and W. G Wolfer (University of Wisconsin)
1.0 Objective

The intent of this research is to provide an equation of state for helium at
all densities encountered in helium-vacancy clusters and helium bubbles.  Such
an equation is required for the microstructural analysis of materials irradi-
ated in HFIR Or in dual-ion facilities.

20 Summary

A previously developed equation of state for gaseous helium is further im-
proved so that it can be applied to densities approaching solid densities of
helium. Furthermore, quantum corrections and a contribution arising from the
attractive part of the interatomic potential are added. The comparison with
recently obtained data gives excellent agreement. However, when extrapolated
beyond the data range to higher densities and temperatures the results depend
strongly on the form of the interatomic potential for small separation
distances. A recently proposed potential by Young, McMahon, and Ross gives
improved results.

In addition to the improvement of the gaseous EOS for helium, a solid EOS has
also been developed. This EOS is based on published results on the ground-
state pressure-volume relationship for solid helium at OK and on a quasi-
harmonic treatment of solid helium at finite temperatures. Our results are
compared with a similar development carried out at Julich, Germany.

3.0 Program

Title: Effects of Radiation and High Heat Flux on the Performance of First
Wall Components
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Principal Investigator: W. G Wolfer
Affiliation: University of Wisconsin-Madison

4.0 Relevant DAFS Program Plan Task/Subtask

Task 11.C.2 Effects of Helium on Microstructure
Subtask C Correlation Methodology

5.0 Accomplishment and Status

5.1 Introduction

Helium produced by (n,a) reactions or injected in metals is essentially
insoluble. Therefore, it has the natural tendency to precipitate and to form
bubbles. The pressure in small bubbles can be extremely large, and a real-
istic equation of state (EOS} is required to evaluate it. Unfortunately, the
experimentally determined EOS for helium does not completely cover the range
of temperatures and pressures of interest. This is illustrated in Fig. 1
where the various regions are shown in which experimental data have been ob-
tained. Itis seen that only the recent measurements by Mills et a1.(2) cover
the range of pressures equal to 2y/r, where v is the surface energy and r the
radius of the bubble. A typical value for vy is 2J/m2. However, measurement
at elevated temperatures are still lacking. Therefore, it is of interest to
develop a theoretical EOS and adjust it if required to match the data. This
theoretical correlation will then enable us to extrapolate the EOS beyond the
data range with greater confidence.

It has recently become feasible to directly measure the density of helium in

small bubbles. In fact, two techniques have been employed for this task:
electron energy loss spectroscopy (EELS) and vacuum ultra-violet {VUY) absorp-
tion. In both cases, helium is detected by the excitation of the 1130-2 ]Pl

transition. The energy levels involved in this transition are shifted (by
different amounts) with increasing helium density. The shift in the absorp-
tion energy can be calibrated with the density, and the pressure can then be
computed with a valid EOS.
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Jager et a1.(3) have carried out experiments on nickel and aluminum implanted
at room temperature with helium to concentrations somewhat below the critical
value to produce blistering. The analysis of the measured shift in the ab-
sorption peak revealed that the pressure in the helium bubbles was on the
order of 50 GPa in the case of nickel, and about 13 GPa in the case of alumi-
num.  Note, that the ratio of the pressure in the bubble to the shear modulus
of the host metal is 0.64 and 0.52, respectively.

The wultra-violet absorption measurement of Rife et a1.(4) in Al films
bombarded at room temperature with 5-ke¥ helium ions yielded a density of 7-14
x 1022 em=3 or a helium to vacancy ratio of 1to 2 in bubbles of about 5 m in
diameter.  The measurement by Jager et a1.(3) gave a helium density of 14 x
1022 cm3, 1t is most likely that at these densities helium is in the solid
form at room temperature. In fact, there exists at least one singular data
point which confirms this. Besson and Pinceaux{®) have solidifed helium at
room temperature in a diamond anvil cell, and observed the actual melting
process as well as grain boundaries in the solid phase. The pressure at
melting and room temperature (297 K) was determined to be 115 % 0.2 GPa, and

the density at melting was estimated to be about 15 x 1022 cm-3,

In the electron microscopy analysis of helijum-implanted molybdenum Evans et
a].(s} have identified helium platelets. The formation of non-spherical
precipitates is again an indication that these platelets consist of solid
helium.

In the following sections we extend a previously developed EOS for gaseous
helium using two different interatomic potentials. Furthermore, two terms are
added, one due to quantum corrections and the other one due to the attractive
part of the interatomic potential. Although both terms are small, their
inclusion improves the agreement between the theoretical EOS and the empirical
one. Next, we present an equation of state for solid helium and compare it
with a similar development due to Trinkaus.{7}
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52 The Gaseous EOS According to Perturbation Theory

One of the most successful approaches to model a liquid or a dense gas is by
the so-called perturbation theory.‘s’g) Here, the fluid is modeled as a
system of rigid spheres whose diameter is chosen appropriately. The choice is
made such that corrections which arise from the finite steepness of the repul-
sive part of the interatomic potential are minimal, f.e. of second order.

As a result of this choice, the effective diameter d of the atoms in the fluid

depends both on the temperature as well as on the density. Once this diameter

has been determined, the EOS is determined, apart from minor corrections, by
the hard-sphere EOS of Carnahan and Starling(10)

zys = (1 sy +y2 -0 -3 (1}
where z = p¥/NkT is the compressibility factor and
y =Fd Ny (2)
is the "soft-sphere' packing fraction of N atoms in a volume V.

According to Verlet and Neiss(ll) the effective diameter i s determined by the
implicit equation

d = dB(T)[l + §(T)eply)] (3)
where ¢(y) is determined by

2{(2 + Tyoy - (1 - yloy - 3 y/11 - y)?)

(4)

= (1+ 11 yloy - (1 - ylo, + 3yf/(1 - y)°

with f=-75 +y - 173595 y? - 604 y3 (5)
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o5 = (1 - y/2)/(1 - y)3 (6)
oy = (2 - 7.5y + 0.5y - 57865 y3 - 151 y4)/(1 - y)4 (7)
o, = (2 - 20y + 30 y2 + 017 y3 - 2679 y* + 11.2241 y5)/(1 - y)®  (8)

The temperature dependent functions dg and & are given by
*m
dg/o =[] {1 - exp[-({V + ¢)/kT]} dx (9)

o

*Xm

and (1 + 8) dg/or2 =2 [ {1 - exp[-(V + €)/kT1} x dx (10)
0

where ¥(x) is the interatomic potential expressed in terms of a dimensionless

distance x = r/g, and ¢ denotes the interatomic distance r for which V is

equal to zero. e represents the depth of the potential well situated at

r = xmcf.

Verlet and Weiss(ll) have added a correction term to zyg which is proportional
to &(T). This term remains negligibly small for "hard sphere” packing
fractions

o
yo—-G—O'N/v (11)

of less than about 0.7, the precise value is actually a function of tempera-
ture. In fact the minor contribution it makes to the compressibility factor
I's insignificant to other corrections discussed below. However as y, ap-
proaches one, or as the "soft sphere” packing fraction exceeds about 05, this
correction term increases dramatically and the total compressibility factor
decreases again after its initial increase. This is certainly incorrect,
indicating a breakdown of the theoretical approach by Verlet and Weiss. This
breakdown coincides with two important changes of physical significance.
First, the molecular dynamics studies of Adler and NainwrightUZ) show that a
fluid-solid transition occurs in the hard-sphere system at a packing fraction
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of about 0.47. Still, the compressibility factor zyg agrees quite well with
the molecular dynamics results at even high packing fractions up to about
2/3.(10) Second, at high packing fractions, the interatomic potential ob-
tained from beam-scattering data is certainly no longer a good representation
of the effective interatomic potential which accounts for many-body corre-
lations.

For these reasons we believe that the additional correction term of the
Verlet-Weiss theory should simply be omitted; at low densities it is insigni-
ficant, and at high densities either more important corrections need to be
made to adequately reflect the physical situation, or an EOS for the solid
must be used.

The Equation (3} for the effective diameter was solved previously(13) in an
iterative manner starting with the assumption d = dg. This approach converges
only for small and moderate packing fractions. Therefore, in the present
work, the nonlinear Equation (3) was solved numerically. The integrals in
Egs. (9) and {10} are also evaluated numerically.

53 The Quantum Correction

For a fluid comprised of light atoms, quantum corrections are important. If
Acy represents the free energy of the fluid treated with classical statistical
mechanics, the inclusion of quantum corrections gives the following expression

for the total free energy(8:14s15)
2.2
A= Aoy togtery J 9(rIvAVOr® (12)

where h is Planck's constant, m the atomic mass, and g{r} is the radial
distribution function. This function, in the case of a hard sphere fluid,
depends on the dimensionless distance

g = r‘/d (13)
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as well as on the packing fraction y, and an exact solution exists for it in
the Percus-Yevick approximation.(ls‘lg} However, the analytical form or the

numerical tabulation for g(r) are cumbersome to use, and we shall instead
employ a recent approximate expression derived by Shinomoto: (20)

0 for p ¢ 1
gle,y) = | (14)
explyv(p)] for p » 1
where
1/2 (p-2)2(p+4) for 1 < p <2
vip) = { (15)
0 forp »2 .

As Shinomoto has shown, the hard sphere EOS derived with this radial distri-
bution function agrees surprisingly well with the molecular dynamics results
or with the Carnahan-Starling equation.

The form of this simple radial distribution function in Eq. (14) has the
advantage that the derivative (3A/3¥) can be obtained prior to the evaluation
of the integral in Eq. {12). Since we are interested in the compressibility
factor we write

= pV/NKT = ~{V/NkT){3A/3V) = y 3({A/NKkT)/3y = 20 + ZQ {16)
where
h2
24 Wy —d ay (yB(y)) {17)
Here
BIY) = 9(1,9) (- $)xeq/o * I: (- ) 32 6% (18)

where x = r/o has been used as a characteristic interatomic distance parameter

for the potential ¥(x}. With the above expressions for g{p,y) and ¢{y) we
find
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2

~ h g 5 5 dV
ZQ & ma.‘/{(l + -2-.‘/] EXP(F y)(- HY)X’-CI/U

(19)

2
+3y e )12 + yole)lgle,y) (62 - 2002 do} .

For a given interatomic potential ¥{x}, the integral in Eq. {19) can be evalu-
ated numerically.

54 The Contribution of the Attractive Part of the Interatomic
Potential

So far we have treated gaseous helium as a system of hard spheres, i.e. as a
fluid system whose particles possess only a repulsive interaction. For low
densities and temperatures, however, the attractive forces between helium
atoms play a significant role, and give rise to the actual liquid phase.
Since the depth of the potential well, g is small for helium, we may approxi-
mate it by a square well of the same depth e and of width {d,, - d). W have

chosen for d, the value of 0.35 mm to approximate the actual shape of the well
of the potentials by Beck{2}) or Young et al. {22)

For a square-well potential, Reijnhart(23) has derived the following EOS
2oy T Zyg t 2, (20)
where 2y = -4yld /d)° g(d /d,y) {1 - expl-c/kT)} . (21)

For the present purpose, we have again selected the radial distribution
function of Shinomoto as given in Eg. (14).

55 Comparison of Theoretical and Emperical Equations of State for
Gaseous Helium

The theoretical EOS derived above is given by
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_ Y

z mzZHS+ZQ+ZA. (22)

The various terms have been evaluated with both the Beck potential and the
more recent potential by Young et al. As Fig. 2 shows, the two potentials
differ only significantly for small interatomic distances. As pointed out by
Young et al., the reduction of the interatomic potential reflects the many-

body interactions at high densities and temperatures, an effect not accounted
for in the Beck potential.

In comparing the theoretical results with the experimental data, we recall
Fig. 1. We find that the data fall into two groups, the earlier experiments
at low and moderate pressures, and the recent experiments at ultra-high press-
ures by Mitls et al.(z) The first group of data has been thoroughly analyzed

INTERATOMIC POTENTIAL OF HELIUM

10 T | T T T T T T T

otk BECK ~
~ — —— YOUNG

POTENTIAL / BOLTZMAN CONSTANT (K)
=]
o
i

102 " log
|0I —"—L
O.O_Iineur
-10.0F
"5 o5 70 15 20 25 30 35 40 45 B0
RADIUS (A)

FIGURE 2. Interatomic Potentafﬂ) for Helium According to Beck(zn and Young,
McMahon, and Ross.
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and fitted to an empirical EOS by McCar'thy.(24) It contains 36 numerical
constants and about an equal number of terms. This empirical equation for the
temperature range between 15 K to 1500 K is applicable to pressures up to 100
MPa, and therefore restricted to rather low densities. In the valid density
range, however, it represents perhaps the most accurate EOS for gaseous helium
and an important benchmark for any theoretical EOS. In the region of high
temperatures (400 K to 1500 K) and high pressures {10 MPa to 100 MPa), the
estimated uncertainty for the density computed with this empirical equation is
at the most about 2%.

A comparison of our gaseous EOS with the empirical correlation by McCarthy is
shown in Fig. 3. It is seen that the theoretical EOS derived with the Beck
potential agrees extremely well at 200 K, but deviates somewhat at higher
temperatures from the empirical correlation. The results derived with the
Young potential give a somewhat better agreement at the higher temperatures
but a lesser agreement for 200 K.

5.6 The Solid Equation of State

The interatomic potential (see Fig. 2} of helium has a very shallow potential
well with a depth of about 10 K At the same time, it is a very light ele-
ment. As a result of these two facts, the zero-point vibrations are large,

and helium does not solidify at atmospheric pressures. In fact, the solid
phase exists only for pressures greater than about 25 MPa (~ 25 atmospheres).

In the quasi-harmonic approximation, the free energy of a solid can be written
as the sun of two terms{25)

Ag = UgV) + Aygp(V,T) (23)

where Uy is the internal energy of the solid at 0 K, and Ay, is the vi-
brational contribution to the free energy. Using a Oebyemodel for the vi-
brational frequency spectrum and a volume-dependent Debyetemperature 6(V), one

127



1.8 T T T 7

{

Mc CARTHY /
« ¢  BECK POT.

x x x YOUNG POT.

1.6

1.4

1.2+
51000K
”

COMPRESSIBILITY FACTOR

| | | ]
o 0.01 0.02 0.03 0.04 € 5

MOLES 7/ cm3

1.0

FIGURE 3. Comparison of the Empirical EOS Developed by McCarthy(24) with the
Present EOS Derived with the Beck or Young Potential.

obtains the well-known Mie-Grtneisen EOS(ZS)
Ps = Py + YU\n'b/V =P * Pp (24)

where po = - (dUg/dV)
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is the ground-state pressure

Uyip = 9 MKT (327 [ ax x3/(e* - 1) (25)

is the internal energy associated with vibrations, and
y =-d1n eD/d1nV (26)
i s the Gruneisen parameter.

I't should be noted that the Debyetheory yields the contribution (9/8) Nkep as
the vibrational energy of the ground state. This contribution is not included
inUyp of Eq (25}, but assumed to be part of Us{V). Indeed, any computation
of U, requires quantum-mechanical wave functions for the helium atoms. Due to
the large zero-point vibrations mentioned above, the helium lattice at 0 K
cannot be considered as a collection of particles which obey(even approximate-

(26) Most of the theoretical work on the

ly)the laws of classical mechanics.
ground-state properties of solid helium have been for the low density
range.(ZG) However, the recent work by Young et al. (22} have dealt with the
solid state of helium at extremely high densities anticipated in the interior

of stars. The results of their calculations for the ground-state pressure p,

are shown in Fig. 4 as a function of the packing fraction Yo :%rc3N/V, where
o = 0.2641 mm. In order to cover the entire range of densities we use the

theoretical results of Hansen and Poﬂock(27) for solid He* based on the Beck

potential. Again, their results are shown in Fig. 4. It is seen that a gap
exists not covered by any theoretical calculations so far. Nevertheless, both

sets of theoretical results can be fitted by a smooth functional correlation
of the form

po(MPa) = (x + 8)° (27)

where o = [%_ /B + fQ’]l/3 (28)
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1
8 = [7vB - M)H3, (29)
Q=37 A%+ Loy? (30)
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A and B are two constants used to fit Eq. (27) to the above mentioned results.
The best fit, also shown in Fig. 4, is obtained with A = 16,000 and B =
47,700.

Young et a1.(22) have also computed the pressure and volume at melting as a
function of temperature. These results are shown in Figs. 5 and 6, respec-
tively. It is seen that these results can be represented very accurately by
the following mathematical relationships.

For the melt pressure we obtain

5 1.634 3.02

pm(Pa) = 9423 x 10 TFI‘I + 52.535 Tm' (31)
and for the reciprocal melt volume of the solid
(1/Vm)(mo1es/cm3) = 0.0269 TR.359 + 1953 x 107 T;'903 (32)

From both correlations we can compute the compressibility factor at melting,
PpVm/NkTp, as a function of the melting temperature.  The results are shown in
Fig. 7. Although the correlations for both the melt pressure P @nd the melt
volume Y. appear to be rather smooth, the compressibility factor at melting

exhibits a sudden change in its slope at about 400 K. It is not clear at the
present time whether this sudden change in slope is real or indicative of a
failure of the theory to deal correctly with the phase change. It appears

that the theoretical approaches used by Young et al. for the phase change are
different and not entirely consistent with each other for the low and high
temperature regions.

The Lindemann melting equation

(1) = cvit/3 1/2

e[)m m m

(Tm/M) (33)
relates now the Oebyetemperature of the solid to its melting temperature and
melt volume, where M is the molar weight and C is nearly a constant. This

Equation (33) has been shown(28) {0 be remarkably valid for rare gas solids as
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well as other substances. For all rare gas solids with the exception of 3He,
the constant is between 100 and 140 {cm 91/2 mo1-5/4 k1/2y, ¢ select the
value of 116 (cm 91/2 mo1-3/4 k1/2) as recommended by Mills et a1.,{2) and
obtain

- 1/2 1/3
Bom = 16.15931 Tm Yo (34)

and
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-0.641 -7 +0.903
- 1+ 0.269 T + 1953 x 10 T—'O—.'g-o'g (35)

y = - -
3 00965 7700 L 37165 x 1077 T

As the results in Table 1 show, the Grtuneisen parameter varies little with
temperature, which gives us some confidence that the Mie-Gruneisen EOS pro-
vides a reasonable description for solid helium.

TABLE 1
DEBYE TEMPERATURE AND GRUNEISEN PARAMETER FOR SOLID 4He

Temp. (K) 10 100 200 400 800 1200
ep (K) 36.2 151.2 233.6 364.6 584.4 788.8
Y 3.119 3.108 3.088 3.032 2.882 2.714

In evaluating then the term pp in Eq. (24) we use the relationships in Egs.
(25}, (34}, and (35) together with

0 (V,T) = eDm(T)*(vm/V)Y (36)

for the Debye temperature at a given temperature T and for a solid volume
V € V,(T). The integral in Eq. {25} is evaluated numerically.

5.7 Comparison of Equations of State for Gaseous and Solid Helium

The empirical EOS developed by Mills et a1.{(2) gives the volume as a function

of the temperature and pressure, i.e. V{T,P). In order to solve this equation

for P(T,v), the following cubic equation in z1/3 must be evaluated:

z = A,(RT)-1/3,-2/3,2/3 .. AI(RT)-2/3V—1/3Z1/3 . AO(RT)-1 (37)

where z is the compressibility factor, R = 0,083146 (kbar cn® mol1~! k') s
the gas constant, V (cm3/mo1} the molar volume and
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Ay = 22575 + 0.0064655 T - 7.2645 T~1/2 (38)
Ay = -12.483 - 0.024549 T (39)
A, = 1.0506 010604 T - 19.641 T1/2 + 189.84 T~} (40)

This equation is reported to be valid for the temperature range 75 < T < 300 K
and the pressure range 200 < p < 2000 MPa. Since it is empirical it should
apply to the gaseous and solid state within the specified ranges of tempera-
ture and pressure.

Trinkaus{?) has recently developed an EOS by combining the virial EOS for
gaseous helium with theoretical results for the solid state. This equation
has the form

2= (1-0)1+p-2°) + (1~ o) 0b/Ny + (3 - 200677, - 50(1 - p)o?  (41)

where p = V/V (42)
V=56 T4 exp(-0.145 T1/4, (43)

Z, = 01225 v,T9-555 (44)

and b =170 7-1/3 - 1750 T-1 |, (45)

Again, this equation incorporates both the equations of state for gas and

solid. In the following comparison between the two EOS above and our theo-
retical EOS, it was assumed that the phase transition occurs whenever the com-
pressibility factors for gas and solid become equal. In other words, the

phase with the lowest compressibility factor is the one which exists for a
given temperature and volume. It must be noted that this is only approximately
correct as the phase change at constant pressure is accompanied by a small vol-
ume change typically on the order of about 4%.
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Let us now compare the various EOS, starting with the one for gaseous helium.
Figures 8 and 9 show the present theoretical results for the compressibility
factor as a function of the gas density. In the density range from about 0.05
to 0.14 moles/em3 and for T = 200 K, we can compare our results with the
experimental ones of Mills et a1.(2] V¢ find that the Beck potential results
in a theoretical EOS which agrees well with the experimental one at low densi-
ties (Fig. 8). However, at high densities, the Young potential (Fig. 9) pro-
vides better agreement with the experimental EOS. Furthermore, comparing the
theoretical results obtained with the two potentials, we find that the Young
potential results in lower compressibility factors, and hence pressures, at
high helium densities. This is due to the fact that the Young potential is
softer for very small interatomic separations due to many-body effects not ac-
counted for in the Beck potential. It appears then, that a hybrid potential,
consisting of the Beck form at large interatomic separations and of the Young
form at small separations would yield the optimal results.

If we now extend the comparison to include also the solid EOS, we obtain the
results shown in Figs. 10 and 11. For this comparison we used the empirical
EOS by Mills et a1.(2) and simply extrapolated it to densities much higher
than the experimental data range. The curves denoted by solid EOS and gas EOS
represent our theoretical results. The EOS of state by Trinkaus is obtained
by a linear interpolation of his solid EOS and his gaseous EOS. Hence, no
discontinuity in slope occurs at the phase transition point. W find that the
largest differences among the various EOS occur for solid densities where
little or no experimental information exists. Our solid EOS gives the lowest
pressures at high solid densities, and this appears to be due to the low

ground-state pressures as computed by Hansen and Pollock{27) and by Young et
al .(22)
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7.0 Future Work

A more refined model will be developed for the solid EOS of helium and for the
phase transition from gas to solid. Furthermore, a simple analytical expres-
sion will be developed that is more convenient to use than the present EOS for
gaseous helium.
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TEMPERATURE INDEPENDENCE OF THE SWELLING RATE |N AUSTENITIC STAINLESS STEELS
W. G Wolfer (University of Wisconsin) and F. A Garner (Hanford
Engineering Development Laboratory)

1.0 Objective

The object of this effort is to determine the physical basis for the tem-
perature independence of the steady-state swelling rate observed in some
austenitic alloys.

2.0 Summary

Recent analyses of swelling data for a variety of austenitic stainless steels
have revealed that the steady-state swelling rate is nearly independent of
temperature and is also independent of composition. This is in apparent
contradiction with most earlier analyses showing a large dependence of
swelling rate on temperature. 1t is shown that rate theory does indeed
agree with this recent finding if appropriate material parameters are

chosen. Among the most critical parameters is the vacancy migration energy,
a parameter which has recently been revised significantly based on exper-
iments conducted on nickel. With the new value of 1.1 eV, the steady-state
swelling rate becomes nearly independent of temperature after the micro-

structural sink strength has reached or exceeded 5 x 1010 cm™?

3.0 Programs

Title: Effect of Radiation and High Heat Flux on the Performance of First
Wall Components

Principal Investigator: WG  Wolfer

Affiliation: University of Wisconsin-Madison

Title: Irradiation Effects Analysis {AKJ)

Principal Investigator: D.G. Doran
Affiliation: Hanford Engineering Development Laboratory
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The eventual swelling rate also does not appear to be very sensitive to com-
position or to other environmental variables such as displacement rate. This
implies that the sensitivities of microstructural development to temperature
and other variables are not as instrumental in determining the swelling rate
as previously envisioned. A rationale for this insensitivity can be
demonstrated using rate theory.

5.2 Results
According to the rate theory of void growth(” the swelling rate is given by
7. Z —
d (Avy _ 0 1 i 0 eq
T =S40, {[‘Z_ - ;O_]r - [c, - ¢ (1)
v v
where Sp = 4 ro {2}

is the sink strength of voids with average radius r, and concentration Ny, D,
is the wvacancy diffusion coefficient, Ciq is the vacancy concentration in
thermal equilibrium with the sinks, and CS is the same quantity in equilibrium
with the voids. At temperatures T < 0.6 Ty, the void annealing term, being
proportional to DV[CS - C$Q], can be neglected. If the voids contain a gas
pressure close to the equilibrium value 2y/ry (v is the surface energy), or if
the void radius is sufficiently large so that 2y/ry, << kT/a (2 is the atomic
volume), then the annealing term can be neglected even at higher temperatures.

For these conditions, the swelling rate is given by the bias-driven term only
and is proportional to

S /2
where A= 32 n/ag = 411RC/€2

with R. = 23, {a, is the lattice parameter) being the recombination radius, (2)
a=1+25Y/(SZ,) (4)
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4.0 Relevant DAFS Program Task/Subtask

Task I11.C.I Effects of Material Parameters on Microstructure

Task 11.C.2.5 Modeling
Subtask c: Correlation Methodology

5.0 Accomplishment and Status

5.1 Introduction

It has been shown that the eventual swelling rate of several 300 series
stainless steels 1S ~1%/dpa over a wide range of temperature (1-3), While
the transient regime may be sensitive to temperature for some heats of steel,
others are relatively insensitive to temperature as shown in Figure 1. At
temperatures outside the temperature-insensitive range the transients are
longer but eventually the same swelling rate is reached. Ternary alloys
without significant solutes such as carbon or silicon also exhibit an inde-
pendence OF steady-state swelling rate on temperature.(ﬁ) Once again the
steady-state swelling rate 1S ~1%/dpa but it is reached after a short and
rather abrupt transient regime.
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FIGURE 1. N-lot, a Heat of AISI 316 Showing a Relative Insensitivity of
Swelling to Temperature in a Given Experiment, but Also Exhibiting
a Sensitivity of the Transient Regime to Environmental History in
Fach Experiment.(Z,3,5
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6 = 4D P/(S2T.Z) , (5)

and S is the total sink strength. Here, P is the production rate of freely
migrating point defects, and Zi and Zv are the average bias factors for inter-
stitial and vacancy absorption, respectively. These factors are on the order
of one. Therefore, in the expression for T we may set these factors equal to
one without loss of accuracy.

Let us divide the sink structure into two components, voids with sink strength
Sgs and the remainder with sink strength S4. The subscript “d* is to indicate
that a significant fraction or perhaps all of the latter sinks are composed of

dislocations and loops. W assign these sinks the bias factors Z? and Zﬁl.
Using the definition
_ (o4 ]
Z; WV [Zi,vsd ¥ Z1',\:50)/(5d Y (6)
we can write the swelling rate also in the form
d,o d,o
d Aavy _ S0 (ZiZy - 2,23
LA . . F(P,T) (7)
@V s w52 7
0 d v
where F(P,T) = STD,, (8)

is a function which contains a major part of the temperature dependence of the
swelling rate. The second factor is the net bias if we set

‘Zv =-1, and it depends only weakly on temperature. The first factor may
depend rather strongly on the temperature for a sink structure dominated by
only one sink type. However, radiation-induced microstructures obtained after
void nucleation has ceased are often characterized by a balance of the sink
strength, i.e. by S5 = S4. In this case, the first factor becomes equal to
(1/4), regardless of the irradiation temperature. Even if S, # S4, the two
sink strengths usually have a similar temperature dependence. Again, the

first factor i s then independent of temperature. |If we divide Eq. (7) by the
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defect production rate P, we obtain the swelling rate in fractions per dpa.
Accordingly, the ratio (F/P) was evaluated with the following parameters. The
vacancy diffusion coefficient was assumed to be equal to that for nickel, and
itis given by

D, = 0.0153 exp[—E'S/kT] (9)
whereas the equilibrium concentration was assumed to be
csq = exp(l.5 - Ef/AT} . (10)

The activation energy for self-diffusion in nickel is

EL o+ ED = 28 ev (11)
a fairly well established“) value, whereas the migration (and hence for-
mation) energy has been significantly revised recently based on measurements
by Khanna and Sonnenberg{g) and Smedskjaer et al.(m) Whereas the widely
accepted migration energy was previously E? =14 eV, it is now clear that
the value is actually Er": =11+ 01 eV . W shall see shortly that this new

and presumably more reliable value of ET has a significant impact on swelling.

For the production rate of point defect we have selected a displacement rate
of 1076 dpa/s and a cascade survival fraction of 0.3; hence P = 3 x 10-7

(point defect pairs/s).

Figure 2 shows the function F/P versus temperature for different values of the
total sink strength. For a low sink strength the function F/P and hence the
swelling rate exhibits a marked temperature dependence. However, as the sink
density increases with irradiation time the function F/P approaches a constant
value of 1/2. Previous analysis of the evolution of the dislocation network
in austenitic stainless steels showed(n) that a temperature independent value
of =6 x 1010 cm=2 is reached before the onset of steady-state swelling.
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Adding to this value the sink strength of voids and dislocation loops we find
that {F/P) and the swelling rate should indeed become independent of tempera-

ture.

Figure 3 shows the function {F/P) for a total sink density of 5 X 1010 ¢m2

but for different migration energies of the vacancy. This figure demonstrates
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that the previously accepted value of ET = 1.4 eV gave a swelling rate which
depended strongly on the irradiation temperature. The present analysis,
however, supports the experimental findings that the swelling rate becomes
independent of temperature.
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Future Work

The temperature dependence of both the void sink strength and the total
dislocation sink strength will be analyzed in more detail, and the impact of

these on the steady-state swelling rate will be reassessed.
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VOID SWELLING IN THE PRESENCE OF SMALL HELIUM BUBBLES
W. G. Wolfer (University of Wisconsin)

1.0 Objective

The purpose of this study is to explore the microstructural conditions for
which small helium bubbles do or do not influence the swelling behavior of
austenitic stainless steels.

20 Summary

It is shown that bubbles treated as neutral sinks {i.e., acquiring no excess
vacancies) have no effect whatsoever on the void swelling rate if the sink
strength of all other sinks exceeds the value of about 2 x 1010 em-2.  Swell-
ing proceeds then as if no bubbles were there.

3.0 Program

Title: Effect of Radiation and High Heat Flux on the Performance of First
Wall Components

Principal Investigator: W. G Wolfer

Affiliation: University of Wisconsin-Madison

4.0 Relevant DAFS Program Task/Subtask

Task II.C.I Effects of Material Parameters on Microstructure
Task II.C.2 Effects of Helium on Microstructure
Subtask C Correlation Methodology
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5.0 Accomplishments and Status

51 Introduction

Irradiation of materials in HFIR or with dual-ion beams produces often a
cavity population consisting of voids and small helium bubbles. The presence
of a high density of small bubbles has been discovered also in type 316 stain-
less steel irradiated recently in HFIR, and it has been considered as a po-
tential suppressant of the high swelling rate observed in breeder reactor ir-
radiations. This expectation is based on rate theory arguments where bubbles
and voids are treated as sinks of the same kind. The bimodal size distri-
bution of the cavity population observed is explained then in terms of a
different nucleation time: the voids were nucleated earlier when little or no
helium was present, whereas the bubbles formed later in response to the in-
creasing helium concentration. This explanation is at odds with several
observations. First, the ion-bombardment results of Loomis et a1.(1) show
that the original bubble density produced under irradiations with a high
He/dpa ratio can diminish upon further irradiation. Second, the steady-state
swelling rate may be independent of the He/dpa ratio. Third, 1t has been
shown by Brager and Garner(2) that the swelling behavior of 20% Cw 316 (DO-
Heat) in both HFIR and EBR-I1 can be interpreted as being identical, inspite
of the difference in the helium bubble population.

In the present paper, we explore with rate theory the implication of consider-
ing voids and bubbles as different sinks, i.e. with different relative biases.
Specifically, we ask how void swelling proceeds in the presence of helium
bubbles which do not grow. The latter assumption is considered an approxi-
mation to the perhaps more realistic case that voids grow fast in comparison
to bubbles.

52 Results

Based on rate theory, the void swelling rate is given by
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d Av 0 7. . N
v :SZD{[L-_L]I"-[CO_ €q (1)
gm0 = Sl -t - [y

where

r=3{/a2+s-a} (2)

Iy
A = 4nR /2 = 32 n/a> (3)
o = 1+¢89/(sT,) (4)
g = 4 P/(s% 7,7, (5)
S, = drr N (6)
¢y = o exp[[% - P,) %—] (7)

Here, R = 2a, is the recombination radius, ag the lattice parameter, @ the
atomic volume, By, the vacancy migration coefficient, r, the average void
radius, Ny the void density, y the surface energy, and p, the gas pressure
inside the void.

The total sink strength is composed of various contributions,

S=SO+S + S (8)

b d

where Sb = 4nrbNb (9)

denotes the sink strength of bubbles and S4 that of the remaining sinks other
than voids and bubbles. Each sink type possesses its bias factors Z‘SI and Z?
as well as a vacancy concentration C\S’ in thermodynamic equilibrium with the

sink type "s".

151



The sink-averaged bias factors are then defined as

- (70 b d
I1‘,v - (Zi,vso ¥ Z1',\fs'b * 21‘,'«rsd)/S (10}
and the average thermal vacancy concentration as
~€q _ (~0,0 b,b d.d
Co = (CZ,So *+ CZySp + C 2 S4)/(T,8) - (11)

The swelling rate due to bubble growth is given by the equation

b
T, = szenv{[%l - ;:;]T - [ed - ¢S]} . (12)
v '

The total swelling rate is then the sum of the two expressions in Egs. (1) and
{12).

In the absence of radiation-induced segregation and chemisorption of surface-
active impurities, the bias factors of voids and bubbles are nearly identical.
In fact, the major contribution to 70 and 7° originates from the image inter-
action which is independent of the gas pressure, and it leads to a very
significant interstitial bias particularly for small voids or bubbles. In

order for voids to nucleate, some segregation is required to eliminate this
cavity bias, as has been shown recently. {3}

Based on this important role of segregation on the cavity bias, it appears
then that voids are not only distinct from bubbles with regard to the internal
gas pressure, but also with regard to their bias factors. Obviously, the void
bias factor Z? < Z? or else the bubbles would have evolved into voids.

Accordingly, we may assume that

4, > &Y,

(BRI
o

By setting Eq. (12) equal to zero, we can solve for Z?/Ze and eliminate this

152



bias factor ratio from the average bias factor ratio Tilzv as defined by Eq.
(10). V¢ note that even though Z?/ZE depends on ¢d, the final result for the
void swelling rate becomes independent of both Z?/ZB and CB. This result is
easily obtained after elementary but length algebraic manipulation which we
will not repeat here. As an intermediate result we find

0. -d 0c .d 0. -d
) (ﬁv) b {Sozvsdzi = Soli3dly r. SofvSdLy (C° _ Cd)] (13)
@V = vt g 0,5 79 0,<,d Y OV
n“v d-v SOZV + SdZv
Let us now define bias factors averaged over all sinks but excluding bubbles
as
_ 0 d
v o= (877 + 845 8 (14)

where § = So t+ Sq. Similarly, we may define a sink-averaged thermal vacancy
concentration for all sinks except bubbles as

_ (050 d,d
TS = €77y, + €y 2,S4)/(TvD) . (15)

Then, itis easy to show again by elementary (but lengthy) algebra that

. 7.

d (Avy _ 0 i i 0 _ peq

a7 o = Sl - o5lr - {6y - &) 16
\% \Y

This equation has a form identical to Eg. (1) but contains no bubble para-
meters except in the function I'. The latter function becomes however inde-
pendent of the total sink strength when S > 5 x 1010 c:m'2 for the temperature
range of = 350°C to ~ 650°C. {4} As a result, the bias-driven void swelling

rate becomes altogether independent of the bubble sink strength.

V¢ can therefore draw the important conclusion that the presence of small gas
bubbles which grow at a much lower rate than voids has no effect whatsoever on
the void swelling rate, once the total sink strength reaches the value of
= 5 x 1010 ¢m2,  This is the case for austenitic steels irradiated to
fluences where swelling commences. The present conclusion is of course valid
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only as long as gas-driven bubble swelling is negligible, i.e. for tempera-
tures $ 600°C and displacement rates of = 10-6 dpa/s. In fact, the conclusion
only applies to the bias-driven swelling. Therefore, when gas-driven swelling
becomes significant, the total swelling rate is simply the void swelling rate
evaluated as if the bubbles were not there plus the gas-driven bubble swelling
rate evaluated as if the voids were not there. In short, void and bubble
swelling can be treated independently, and they are simply additive.
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7.0 Future Work

Mechanisms other than bias-driven growth will be evaluated for helium bubble
growth, and the implications on void swelling will be further investigated.
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GROWTH MECHANISMS FOR HELIUM INCLUSIONS AND BUBBLES
W. G. Wolfer and B. B. Glasgow (University of Wisconsin)

1.0 Objective

The distribution of helium in the form of clusters and bubbles has an important
effect on the microstructure and on the mechanical properties of irradiated
materials. The purpose of this study is to investigate the mechanisms by
which helium inclusion and bubbles can grow as a function of the helium con-
centration and temperature.

2.0 Summary

Small clusters of helium atoms and vacancies have a significant interaction
with self-interstitials. As a result, their growth is not bias-driven, but
pressure-driven. Three mechanisms are considered for this type of growth:
self-interstitial ejection, dislocation loop punching, and stress-assisted
thermal vacancy absorption. Under the assumption that the overpressure in
the helium cluster is the driving force for all three mechanisms, it is shown
that the interstitial ejection is the dominant mechanism for the growth of
bubbles with radii less than about 5 to 10 Burgers vectors, while loop punch-
ing becomes dominant for larger radii. Finally, thermal vacancy absorption
becomes important at still larger radii and temperatures £ 700 K. Above 800
K, and for helium production rates of 1074 appm/s, however, the thermal
vacancy absorption is the dominant growth mechanism at all bubble radii.

30 Program
Title: Effect of Radiation and High Heat Flux on the Performance of First
Wall Components

Principal Investigator: W. G Wolfer
Affiliation: University of Wisconsin-Madison

155



4.0 Relevant DAFS Program Plan Task/Subtask

Task 11.C.2 Effects of Helium on Microstructure

5.0 Accomplishment and Status

5.1 Introduction

The energy of solution of helium atoms in metals has been shown to be highly
negative,“) indicating insolubility no matter how small the concentration.
As a result, itwill be energetically favorable for the helium atom to become
substitutional, and for more helium atoms to precipitate out in the form of
inclusions or overpressurized bubbles. The helium precipitates need not
always assume a three-dimensional configuration. Evans et al. (2} have found
helium platelets in Mo implanted with helium ions at low temperatures. Upon
annealing, the platelets transformed between 600 and 800°C into sheets of
small bubbles.

Since the activation energy for interstitial helium migration is on the order
of 0.5 eV in fcc meta]s,(3) any helium atoms either implanted or produced by
transmutations will migrate at elevated temperatures and become trapped in
vacancies and already existing helium-vacancy clusters. The formation of such
clusters has been studied with computer simulation by Wilson and co-
workersM’S) on an atomistic basis. It was shown that up to 5 helium atoms
can be trapped in one vacancy. Trapping of additional helium atoms leads then
to the creation of self-interstitials which remain however attracted to the
hel lum-vacancy cluster. This athermal growth of helium clustersinto bubbles
was further investigated with a rate-theory model by Baskes et al. (6] They
concluded that the athermal emission of self-interstitials by bubbles which
trap more helium atoms can indeed provide an explanation for the formation of
the high density of bubbles which preceeds blistering at low temperatures. In
all these theoretical studies, effects due to lattice vibrations were not con-
sidered; in essence, the results are strictly valid for 0 K only. In ad-
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dition, rather small helium-vacancy clusters were modeled containing only a
few helium atoms and vacancies. The transition to larger bubbles requires
therefore further investigation.

Evans{7) has proposed that the overpressure in helium bubbles is relieved by
punching of interstitial-type loops. Again, this is an athermal mechanism of
bubble growth.

Finally, i1t is well known that at elevated temperatures above ~ 05 T., helium
bubbles may grow by the absorption of thermal vacancies. In the present
paper, we investigate further the above mentioned mechanisms for helium
cluster growth, i.e. interstitial emission, loop punching, and thermal vacancy
absorption. The purpose of the investigation is threefold. First, we like to
include the effect of temperature for all three mechanisms. Second, we want
to find which of these mechanisms is the predominant one for a given tempera-
ture, a given helium concentration, and for a given microstructure to be
defined below. Third, we wish to extend previous investigations restricted to
small helium clusters to larger clusters and bubbles as seen in electron-
microscopy studies.

Our present approach is restricted to rather simple considerations aimed at
obtaining order of magnitude answers. Refinements will be made in future
investigations. The central assumption made here is that the actual bubble
growth mechanism is the one which requires the least amount of work to be
performed by the helium pressure.

5.2 Bubble Growth by Self-Interstitial Emission

Suppose that the rate of helium generation or implantation is [BHe (per metal
atom and per second), and that there are already Ng helium bubbles per unit
volume of average radius R. Let us further assume that a stationary condition
has been reached such that each new helium atom generated or implanted will
after some time be trapped at one of the already existing bubbles. In ad-
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dition, the ratio of helium atoms to vacancies in the bubble, 7, shall remain
constant, and any newly acquired helium atom in a bubble induces the emission
of a self-interstitial. The build-up of a significant interstitial concen-
tration around the growing bubble is prevented by their migration to distant
sinks. It is then obvious that the following relationship is valid:

0
= nbd . 1
PHe n 1TRNBDICI (1)

Here, By is the diffusion coefficient for interstitials and
¢? = c89 exp[(p - 2Y) 2] (2)

I's the interstitial concentration in local thermodynamic equilibrium with the
bubble having an internal gas pressure of p. The surface tension is denoted
by vy and the volume per metal atom by n. The thermal interstitial concen-

tration, Ceq

[ is defined as

c§9 = exp(-E7/KT) (3)

where E{ i s the formation energy for a self-interstitial. Although this ener-
gy is so large that C?q = 0, a sufficiently high pressure p can render the
exponent [-E{ + pR)/kT sufficiently large so that C(I’ >> C‘fq. Using the
relation

D, = D(I) exp(-E'}'/kT] (4)

I

where D‘I’ is a constant, we obtain for the work done by the gas pressure per
self-interstitial emission

f . 0
P2 = 2va/R v Ep + El + kT In [P, /naxRN.DT] . (5)

In evaluating Eq. (5), the materials parameters listed in Table 1 were em-
ployed. It is found that the overwhelming contribution to the work p& comes
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TABLE |
MATERIALS PARAMETERS FOR NICKEL AND AUSTENITIC STAINLESS STEELS

Parameter Symbol Value Unit
Lattice parameter a0 0-364 m
Burgers vector b a /VZ m
Atomic volume 2 a§/4
Surface energy Y 2 J/m2
Stacking fault energy Yf 0.3 J/m2
Shear modulus ® 1012 Pa
Poisson's ratio v 0.3
Vacancy formation entropy S\i; 15 k
Vacancy formation energy E\f 18 eV
Vacancy migration energy E‘\‘,1 11 eV
Interstitial formation energy E% 3-5 eV
Interstitial migration energy E 0.2 eV
Pre-exponential factors
for vacancy diffusion 03 0.0153 eml/s
for interstitial diffusion D? 0.001 em?/s
Bubble density Np 10171019 cm™3

from the interstitial formation energy E{. In contrast, the parameters Ng,

PHe , 71, and T can be varied over large ranges without much change in the work
required to emit an interstitial. This is seen from the results shown in Fig.
1. Here, the shaded band covers the values for pf when the helium generation
rate is varied between 100 and 1000 appm/s, the bubble density between 1017
and 1019 cm’3, and the temperature between 300 K and 900 K. Furthermore, the

work is only weakly dependent on the bubble radius R

5.3 Loop Punching

Instead of the emission of one interstitial at a time, it is possible that an
entire interstitial platelet may be emitted. Assuming that its radius R is
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equal to the bubble radius, the energy expended in this process is the dislo-
cation loop energy. For sufficiently large loop radii, this energy is given
by

b R 2
EFL=2-(~1-—-——]-”_“ R[1n§+21n2—1]+nRyf (6)

for a faulted loop and by
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Eo=— ¥ prap-ymBRi2mim2)-4p - (7)
PL m (1 _ \)) [( ‘6’)( ro ) '3‘( '4')]

for a perfect |oop,(8) Here, L is the dislocation core radius.
For small loops, the above expressions become invalid. Based on computer
simulation results of small interstitial clusters, Trinkaus(9) proposes the
following approximation for the energy of a small interstitial loop

E.r = 87uR/ag. (8)

IC

In order to obtain a continuous dependence of the loop energy on its radius R,
we have chosen the core radius rqy such that Eye = Ep| or Ejg = Eg at R = 10
b. This particular matching i s accomplished with r, = 0.1 b.

The work performed per metal atom emission is now given by
pa = 2va/R + E &/ (1R°D) (9)

where E_ is either equal to E;g when R < 10 b, or equal to Ef or Ep_ for
larger loop radii. W note, that for R <« 10 b, Eg. (9) gives the simple
relationship

p2 = (2y + pb)8/R . (10)

Figure 1 shows the work expended per metal atom emission according to Eq. (9).

It is seen that the loop punching mechanism requires less work per atom for
bubble radii greater than 5 to 10 Burgers vectors when compared to the inter-
stitial emission process.

It is important to note, however, that the actual energy expended in the loop

punching process is equal to the loop energy plus the additional surface ener-
ay. If n is the number of interstitials contained in the loop, then the
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actual work done is equal to np2. Therefore, the process of loop punching may
in fact require a large activation energy. The above comparison based on the
energy expended per atom emission represents therefore only a necessary con-
dition but not a sufficient one for the loop punching process to occur.

5.4 Thermal Vacancy Absorption

The vacancy concentration in local thermodynamic equilibrium with a bubble is

given by

0 _ req

Cv - Cv exp(+p09/kT) (11}
where Py = P - 2/R (12)
and c¥9 = exp[SI/k - EI/kT] . (13)

If oy represents the hydrostatic stress in the matrix of the solid which con-
tains the bubbles, then the vacancy concentration in local thermodynamic equi-
librium with dislocations and grain boundaries is given by

Cy - C&a explo, 2/kT) . (14)

An overpressure in the bubbles (py < 0) will cause a hydrostatic tension in
the matrix. As shown in the Appendix, this hydrostatic stress is approxi-
mately given by

oy 2 -pgS? (15)

where S is the volume fraction of the bubbles. Due to the overpressure in
bubbles, Ce > Cﬁq > CS’ and a thermal vacancy flux will be induced from dislo-
cations and grain boundaries to the bubbles. Under stationary conditions, the
rate of helium generation becomes then equal to the rate of helium capture at

bubbles. In turn, this rate is then also equal to the rate of vacancy ab-
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sorption at bubbles. Hence
P eq 2
He = nd4nRNBDVCY {exp(—pOS Q/XT) - exp(+p09/kT)} . (16)

This equation can be solved only numerically for pR. However, when |p0|$z/kT
<< 1, we may expand the exponentials to first order and obtain

PR = 2va/R + KTB /({1 + S%)nanRN D ] (17)

B SD
where D¢, = Dvcsq is the self-diffusion coefficient. O the other hand, when
(-posz/kT) >> 1, we may neglect the second term in the brackets of Eq. (16},
and we obtain the approximation

po = 2yR/R + (kT/SZ) Tn[ﬁHe/(n%RN D

L] - (18)

Equation (16) was solved numerically for p2 as a function of the bubble radius
R. The results are shown in Figs. 2 and 3. For a helium production rate
typical of (n,a) transmutations in HFIR or future fusion reactors, the results
in Fig. 2 show that thermal vacancy absorption is the predominant mechanism of
bubble growth for irradiation temperature » 800 K. As the swelling due to
bubble growth increases, however, the hydrostatic stress oy increases in the
matrix; and vacancy emission at dislocations can occur at somewhat lower
temperatures. Consider, for example, irradiation at 700 K. Initially, small
helium clusters grow by interstitial emission until their diameter reaches

about = 2 mm then, further growth occurs most likely by loop punching until
the bubble swelling reaches about 10%. From then on, bubble growth takes

place by thermal vacancy emission at dislocations and absorption at the
bubbles.

If the helium concentration increases at a rate of 1000 appm/s as in helium

implantation studies for blistering, the transition from one growth mechanism
to another occurs at higher temperatures, as shown in Fig. 3.
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9.5 Appendix: Hydrostatic Stress Produced By Bubbles

In order to evaluate the stress distribution around pressurized bubbles, we
employ the following effective-medium approach. V¢ divide the region around
any one bubble into a cellular region R < r < R.> where R is bubble radius and
Re is the cell radius defined such that the volume fraction of bubbles is
given by

S = AN = RORD (AL)

Within this cellular region, the elastic modulii are those of the actual
crystal lattice, and denoted by v and « for the shear and bulk modulus, re-
spectively. The region R >R. is treated as an effective medium with average
elastic modulii ¥ and «.

The radial displacement field, assumed to be spherically symmetric, is given
by

ulr} = cyr/3 + cp/r? (A2)
from which we can derive the stress field

o.{r) = kcy - 4uc2/r3 (A3)

"

Utp(r') kcy + Zuc2/r3 = gplr) . (A4)

Identical expressions hold for the effective medium but with different con-
stants ?:'1 and '62 and different elastic modulii ¥ and x. W denote the corre-
sponding stresses hy Er, etc.

The four constants ¢}, ¢o, ‘61, and Ez are now determined by the following
boundary conditions. On the cavity surface
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op{R) = -pg = +p - 2Y/R , (A5)
whereas at the cell boundary r = R
u(R.) = ulR.} (A6)
op(Re) = 5. (R.) . (A7)
Finally, on the external surface r + « of the solid
Er(r +®) =0 . (A8}

As a result of the last condition and Eq. (A3}, we find El = 0 and

G-H:-};-(Fr+aw+de) =0 . (A9)
However, in the cell region
oy = % (Ur + U’p + o’e) = KCq « (A10)

Equations {(A5) to (A7) lead to the relationships

kC; - ducy/R3 = -p, (A11)
kCy - duc,/R3 = -4% €. /R
1 2/RE = -4 Cy/R, (A12)
c R3/3 +¢, = C (AL3)
1Re 2 =€

Solving these equations for ¢; we finally obtain the result

=-p (L-1)8/[1+%u+ (Z-1)s] .
° 7P & J$/[1+ Ju + (7 - 1)s] (A14)

Various derivations have been reported in the literature for the effective
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modulii of solids containing spherical cavities or inclusion of different
materials.

Hashin{10) has derived the following upper and lower bounds for the shear

mudulus:
Wlupper)/u = 1 - 15(1 - v)S/[(7 - 5v) « 2(4 - 5v}$] (A15)
ullower)/u = 1 - 15(1 - v)S/[(7 - 5v) + F(S)S] (A16)
where F(S) = 2(4 - 5v) - (71?;);15?/3?3) (AL7)

With these effective shear moduli, the ratio (-oy/p,) is as shown by the
curves labelled "H" in Fig. 4

Christensen{}l) reported the following for an upper bound of 7,

7/3

T = 1- 16(1-v)S[(7+5v)S /7 + 4(7-10v) ]/[(7-5v) - 2(4-5v)S]Q  (AI18)

where Q0 = 4(7-10v) + (7+5v)7/3 + 1265(1 - $2/3)2 | (AL9)

and he claims it to be better than Hashin's. As the curve labelled "C" in
Fig. 4 shows, his upper bound gives only a marginal improvement for S < 0.2,
but worse results for S > 0.2.

Chen and Acrivost13} have derived an expression for the effective shear
modulus by considering also the stress-induced interaction between two cavi-
ties embedded into an effective medium. Their result is given by

— 15(1 - v) 30(1 - v){4 - 5v) .2
w/u=1-9—F=—"5+ o 5\))2 S Hz(") (A20)

where Hp(v) < 0.75 is a function of the Poisson's ratio; for v = 0.3, Hp =
0.67, whereas for v = 0.4, Hy = 06. Hence, Hz(v) i's not very sensitive to

small variations in v. With Eq. (A20), we obtain the result shown by the
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curve labelled "C + A". Since Eq. (A20) represents a perturbation expansion
in powers of S, additional terms would be required for S > 0.3.

V\Hpole(lz) has carried out a similar perturbation expansion but neglected the
pair-interactions between cavities. In his case, Hp = 1, and we obtain the

curve labelled "w" in Fig. 4. The various expressions for y give similar re-
sults for small values of S. In fact, we can approximate the curves shown in
Fig. 4 by the simple expression

—oy/po = S . (A21)
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7.0 Future Wok

A more detailed investigation of the loop punching process will be carried out
in order to find the activation barrier for this mechanism of bubble growth.
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RADIATION-INDUCED EVOLUTION OF Fe-Ni-Cr TERNARY ALLQOYS
H. R. Brager and F. A Garner (Hanford Engineering Development Laboratory)

1.0 Objective

The object of this effort is to identify the microstructural and micro-
chemical origins of the compositional dependence of radiation-induced
swelling, creep and changes in mechanical properties.

2.0 Summary

Austenitic Fe-Ni-Cr alloys with nickel levels of ~35% tend to change their
composition during irradiation. Some regions become enriched in nickel and
depleted in chromium and iron, while other regions become depleted in nickel
and enhanced in chromium and iron. This segregation should make it easier
for voids to nucleate in the nickel-poor regions and also causes the alloy to
densify substantially. Once the first voids nucleate, however, their sur-
faces become the major sink for nickel segregation which leads to a reduced
matrix nickel level and subsequent easier nucleation of other voids.

30 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 I1.C.I. Effect of Material Parameters on Microstructure
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5.0 Accomplishments and Status

5.1 Introduction

In a previous report it was shown that the swelling of Fe-Ni-Cr alloys was
sensitive to their chromium and nickel levels, and that reproducible
immersion density measurements of swelling were obtained In two separate
irradiation experiments.(]) Microscopy results on two specimens from the
AA-VIT experiment were also presenteq in that report. The first speggmen
was derived from alloy E25 (fe-35,181-21.7Cr) irradiated to 7.2 X 10°° n/cm2
(E> 0.1 MeV) at 533°C and the second was derived from alloy E37 (Fe-35.5
Ni-7.5Cr) irradiated to 7.6 X 1022 n/en’ (E> 01 MeV) at 593°c, The first
specimen had developed 7.7% void-swelling and the second had densified 0.9%.
This densification was accompanied by a small amount of swelling, mostly
arising from small (<5nm) cavities that are probably helium bubbles.
Examination of these two specimens has continued, concentrating primarily on
the microchemical aspects of their evolution.

5.2 Results

Since the E37 alloy was earlier shown to be near a minimum in density it was
proposed that segregation of the alloy into regions that were enriched in
nickel at the expense of other regions would lead to a net densification of
the alloy.(T) The densification that occured in the E37 specimen could

not be correlated with the formation of any visible precipitate phases. It
was decided, therefore, to measure the compositional variation of the E37
matrix at fixed intervals along a traverse across the specimen.

Figure 1 shows one of four traverses that were made within a single grain
using 200 nm EDX sampling intervals and a beam width of 20-40 nm. Fairly
large changes in composition were found in such traverses and the figure
demonstrates the reproducibility of such measurements. Note that whenever
the nickel level was above that of the bulk average concentration, the
chromium level tended to be below its bulk-averaged concentration.
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FIGURE 1.

NICKEL
{wt %)

E

1RON
(wt %)

8.0

CHROMIUM
wt %)

7.0

DISTANCE

Variation of Alloy E37 Matrix Composition Measured at 200-nm
Intervals Along a Traverse Across the Specimen. The two lines in
each graph represent measurements on separate days, each starting
from an 1dentifiable microstructural feature. In this case a
void {~30-nm diameter) is located at point O.
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Correspondingly, when the nickel level was lower than the bulk-average level
the chromium level was higher. Iron behaved in a manner similar to that of
chromium. Since the alloy densified during irradiation, it is assumed that
the compositional variations did not occur prior to irradiation, although
this latter possibility IS now being investigated.

This trend is better illustrated in Figure 2, in which ~ 100 compositional
measurements of small areas in four separate grains (using ~30 nm diameter
electron beam) show a persistent tendency of the alloy to exhibit enhanced
nickel at the expense of chromium in some areas and to do the opposite iIn
other areas. The iron concentration follows the same trend as that of the
chromium. Variations in the nickel level between 25 and 55% were found
which could easily lead to the observed densification of 0.9%6.07) There
were very few voids 011012 cm’3) observed in the E37 specimen and they tended
to segregate nickel at their surfaces and to reject iron and chromium, as
shown In Figure 3. The voidage in this specimen is not sufficiently large
to lead to a net compositional change in the matrix, however.

The E25 alloy also exhibited an absence of precipitation but contained a
moderate density b,10}5 cm'3) of voids. Figure 4 shows significant segrega-
tion of nickel to the void surfaces in alloy €25, reaching line-of-sight
average concentrations approaching 55%. Preliminary results of unfolding
analyses indicate that the actual concentration of nickel at the void
surface is on the order of 8%. This level of segregation has significantly
changed the matrix composition. Note that away from the void surface shown
in Figure 4 the nickel level has dropped below the bulk-averaged 35% level.
A series of seventeen spot measurements between voids showed that the alloy
matrix had developed a mean nickel concentration of 30.5%. The matrix
chromium level had increased from 21.7 to 23.6% and the iron had increased
from 43.2 to 45.%%.

5.3 Discussion

The tendency of nickel to segregate into precipitates and deplete the matrix
of 300 series stainless steels is well-known.{2) In the Fe-Ni-Cr austenitic
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ternary system being investigated, however, no precipitates form when solutes
such as silicon and carbon are absent. It appears, however, that the voids
can become a major sink for nickel once they form, reducing the matrix

nickel level substantially. It has also been shown, however, that high
nickel levels(?) and Tow chromium Tevels®3) tend to discourage void
nucleation. The lower chromium level of E37 is thus thought to be the major
reason why swelling has not yet started in E37 while it has in E25, which
contains 2L.7% chromium.

It also appears, however, that the E37 alloy tends during irradiation to
develop compositional zones, some of which are depleted in nickel and
enriched in chromium. These zones would then be the most likely sites for
void nucleation. Once nucleated, however, it is anticipated that the voids
will become sinks for nickel and will begin to draw down the matrix level of
nickel. In effect, the growth of each void would make i1t easier for the
next one to nucleate.

The origin of the pre-void segregation of nickel may arise from segregation
at microstructural sinks such as Frank loops or by a process of spinodal
decomposition. Frank loops were not found at significant densities in

either of these specimens,(]) so IT they were the source of the segrega-
tion, there must be a tendency for the segregation to persist after the loops
have unfaulted. This also suggests a tendency toward spinodal behavior.

This possibility is now being investigated.

5.4 Conclusion

Austenitic Fe-Ni-Cr alloys with nickel levels of ~35% tend to change their
composition during irradiation. Some regions become enriched in nickel and
depleted in chromium and iron, while other regions become depleted in nickel
and enhanced in chromium and iron. This segregation should make it easier
for voids to nucleate in the nickel-poor regions and also causes the alloy
to densify substantially. Once the first voids nucleate, however, their
surfaces become the major sink for nickel segregation which reduces the
matrix nickel level, and makes it easier for other voids to nucleate.
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7.0 Future Work

This effort will continue, with emphasis being placed on microscopy
examination of additional specimens, measurement of shear modulii of
unirradiated Fe-Ni-Cr alloys and development of theories to explain the
compositional dependence of swelling.

8.0 Publications

None.
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THE INFLUENCE OF REACTOR SPECTRA AND IRRADIATION TEMPERATURE ON THE SWELLING
OF AISI 316 STAINLESS STEEL
F. A Garner (Hanford Engineering Development Laboratory)

1.0 Objective

The object of this effort is to determine the effect on swelling of dif-
ferences in nelium/dpa ratio as well as in differences in other variables
arising from comparative irradiations in HFIR and £8R-11,

2.0 Summary

The swelling data base for the DO-heat of AISI 316 has been reanalyzed to
include the impact of additional displacements produced by the *b¢e recoil
resulting from the 59Ni(n4:) reaction. Also included for the first time
are three additional data on the swelling of annealed DO-heat that were
inadvertently excluded from the previous analysis. Comparisons are made
with swelling data from other heats of steel irradiated in various fast
reactors. The results of this study confirm the proposal that the addi-
tional helium generated in HFIR does not substantially alter the swelling
behavior of AISI 316 from that observed in £8R-11,

3.0 Program

Title: Irradiation Effects Analysis
Principal Investigator: D. G. Doran
Affiliation: Westinghouse Hanford Co.

4.0 Relevant Program Plan Task/Subtask

Subtask 11C.2 Effect of He on Microstructure
11IC.4 Effect of Solid Transmutants on Microstructure

178



5,0 Accomplishments and Status

5.1 Introduction

In a previous report it was shown that two separate interpretations have
arisen concerning the limited amount of swelling data for 20% cold-worked
00-heat Ats! 316 irradiated in HFIR and £8-1t,(1) reanalysis of this
data has been performed since the HFIR portion of these data are now known
to require increases in their assigned displacement levels. These increases
arise from the previously unsuspected displacements resulting from the
recoil of the *®Fe atom produced In the 5gNi(n,u) reaction. {2>3) The dis-~
placement assignments for the earliest data on DO-heat irradiated in
eer-11(*+3) also require adjustment since the reported dpa levels are incon-
sistent with the reported neutron fluences. Averaged over the positions in
which the DO-heat data were irradiated in £8R-11, the conversion factor is

~5.,0 dpa per 1 x 1022 n/cm2 (E> 01 WeV). A value of 5.6 dpa per 1022
n/cm2 was previously employed.(4)

In addition there were two data on annealed DO-heat from egr-11(3) and
another from HFIR(*>3) that were not included in the earlier analysis(1).
The temperatures shown in this report are the originally reported nominal
temperatures. Most of these are lower estimates of the actual irradiation

temperatures. The most complete list of HFIR data on cold-worked DO-heat
steel is contained in Reference 6.

5.2 Reanalysis of Swelling Data

One of the major influences of the neutron spectra is in the atomic dis-
placement efficiency per neutron. When the neutron fluence is reported for
energies above O MeV, the HFIR spectrum is ~40% more effective per

neutron in creating displacements when compared to the £3R-10 spectrum. It
IS assumed in this study that displacements per atom IS an adequate exposure
parameter.
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As discussed earlier there is substantial incentive for treating the DO-heat
cold-worked swelling data in aggregate, ignoring differences in displacement
rate and particularly in irradiation temperature.(]) Figure la shows that
the limited DO-heat cold-worked swelling data can be interpreted in aggre-
gate to exhibit a relative insensitivity to both temperature and helium
content. The readers attention is directed toward the 630°C (nominal) datum.

This specimen was actually irradiated somewhere above 700°C and is the only
cold-worked datum suggesting that HFIR irradiation can produce swelling
rates comparable to those seen in £8R-I[. Figure Ib shows another inter-
pretation of the potential high fluence swelling behavior that discounts the
relevance of this datum.

There is another approach that can be employed to study the impact of helium
on swelling. It has been shown that the eventual steady-state swelling rate
of AISI 316 in £8R-11 1S independent of cold work level, and that increasing
the cold work level results only in extending the transient regime of
swelling.(7) Figure 2a shows that within the data range the swelling of
annealed DO-heat data indeed exhibits an independence of irradiation tem-
perature and reactor spectra. As shown iIn Figure 2b, the swelling rate of
annealed DO-heat in HFIR is quite comparable to that of three different
heats of AISI 316 irradiated at 600°C in £3R-11. Figure 2a also shows that
the swelling rate of annealed steel in HFIR 1s comparable to the high
fluence behavior projected for cold-worked 00-heat in HFIR.

Figure 3 shows that the composite £3R-(1/Hf IR curve for cold-worked DO-heat

is also quite comparable to the temperature-insensitive swelling of another
heat of cold-worked steel irradiated in two separate £3R-11 experiments.(3,9)

Note that the environmental sensitivity of the transient regime of the N-lot
heat in £8R-11 1S greater than the differences seen in Figure 2b between 00-
heat in HFIR or £8R-{1 at any temperature.

Figure 3 also demonstrates the relative insensitivity of swelling to irra-
diation temperature, a phenomenon observed in several 300 series stainless
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FIGURE 1. Swelling Observed in 20% cw DO-Heat Irradiated in £3R-f1 and HFIR.
(Only originally reported nominal temperatures used.) Corrections
have been included for the displacements produced in HFIR by the _
56fFa recoil that accompanies the 594i (n, ) reaction. The composite
HFIR/EBR-1I trend curve drawn is typical of swelling curves for_
AISI 316 in £8R-11. An alternate interpretation of these data IS
shown in the right-hand figure. Reference 6.

steels and also in ternary aIons.(]’8’10'12) Some steels exhibit a

larger sensitivity to temperature but this sensitivity manifests itself in
the duration of the transient regime and not in the swelling rate at high

fluence. A similar sensitivity of the transient regime to displacement
rate!’3) has also been observed and will be shown later.

Since annealed swelling data are being used to demonstrate the independence
of swelling rate on temperature as well as on helium/dpa ratio and solid
transmutants, it should also be shown that a similar independence of tem-
perature exists in the swelling rate of annealed steel in £3r-11, Unfor-
tunately, the U. S. Breeder Program has generated very little data on
annealed steels, concentrating instead on the 20% cold-worked condition
prototypic of current and planned U. S. fast reactors. In particular there
Is very little annealed data, comparable to that shown in Figure 26, which
can be used to assess the temperature dependence of the steady-state
swelling rate.
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Materi al .

(b) The Annealed Swelling Behavior in HFIR IS Typical of Annealed
Swelling at 500°C in EBR-II. (Previously unpublished data.)
Each of the £3r-11 lines represent two measurements on the

same specimen at different exposures.

The straight lines

drawn through each set of data appear to increase in slope
as swelling increases because the continuing curvature of

swelling has been ignored.
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5.3 Comparison With Other Data

There are data on annealed 316 available from other national programs. As
shown in Figures 4 and 5, the high fluence swelling rates of French annealed
316 stainless steel are relatively insensitive to temperature. Note that
the duration of the transient regime IS somewhat temperature-sensitive but
It is even more sensitive to displacement rate, particularly at higher
temperatures.

It is obvious from these figures, however, that transient curvature can per-
sist to rather high displacement levels, particularly at low temperatures.
This persistence is one reason why the steady-state swelling rate is fre-
quently thought to be temperature-dependent. In actuality the steady-state
swelling rate has often not been reached in many data sets at all irradiation
temperatures.
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There 1is another set of data which can be used to demonstrate that persis-
tence of curvature tends to camouflage the temperature-independence of

steady-state swelling. Permission has been granted by J. H. Gittus,
J. S. Watkin and J, Standring to cite these data in advance of publication.

A series of annealed (and sometimes aged) M316 and 316 steels were irradiated
in the Dounreay Fast Reactor at temperatures ranging from 350 to 500°C, The
swelling observed at the maximum dose studied is tabulated in Table 1.

Gittus and coworkers assumed a linear-after-incubation swelling relationship
of the form

-

T(%) = A (0-D ) ,

o]

where D is the displacement dose (in Half-Nelson dpa) and A is a constant
with units of %/dpa. The values of A and o, (the incubation dose) are
also shown in Table 1. A and p, were considered to be material constants,
varying for each material and with temperature.

It has earlier been shown that linear-after-incubation descriptions o f
swelling in 300 series stainless steels yield underestimates of the swelling
rate compared to curvilinear descriptions.(]4) The error arising from the
underestimate becomes smaller with accumulated swelling.

Five of the eight irradiated steels were derived from a single heat of M316
stainless steel (Fe-17.2Cr-13.7Ni-2.4Mo-1.85Mn-0.6351-0.035C) and were
irradiated in either the annealed condition (1050°¢, 1/2 hr) or the annealed
and aged condition, using four annealing temperatures and one aging condi-
tion. These temperatures are shown beside Figure 6. The four swelling rate
curves shown in Figure 6 exhibit the double-bump behavior usually observed
in the swelling of annealed AISI 316. (%) 10 1 iac o swelling rate

plotted in Figure 6 are the values of the materials constant A taken from
Table 1. The other steels listed in Table 1 exhibit the same double-bump
behavior.
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FIGURE 6. "Double-Bump"* Swelling Rate Profiles Observed in Annealed and
Aged M316 After Irradiation in the Dounreay Fast Reactor, as
Observed by Gittus, Watkin and Standring. The swelling rates
shown above are actually underestimates (of va(yln% degree)
arising_ from the premature assumption of swelling being
proportional to dose.

The minimums observed in these curves at 475-525°C 1is thought to represent
the longest incubation period for annealed steel and to be related to the
temperature dependence of phase evolution. (™) There was a peaked neutron
flux profile over the pin in which this experiment was conducted, however.
This tends to pull the apparent swelling rate down at the extremities of the
temperature range in which this experiment was conducted. The resultant
fluence gradients can be normalized out of the data if either the swelling
or swelling rate data are plotted against fluence. As seen in Table 1,
however, only the maximum swelling values are available.

A more instructive way to view the data for our purpose 1s to plot the
swelling rate observed vs the maximum swelling level in the data set from
which the rate was derived. This allows us to test the hypothesis that the
swelling rate increases with total swelling and that temperature is not an
important variable. Note in Figure 7 that the swelling rate of all eight
steels can be described by one curve for all temperatures above 475°c, It
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SWELLING OF M316, 316 AND 316L IN THE DOUNREAY FAST REACTOR!

TABLE 1

Swelling
Irradiation No. of Standard at Max
Temperature A Do data Deviation Dose
Material Condition °C % per dpa* dpa* Points AV ’ Studied
S
av ¥ P
Y

M316, 1050°C, 1/2 h 595 0.4 21.6 6 1.0 10.06 45.7
565 0.13 20.1 2 - 3.50 47.6
535 0.19 24.3 2 - 3.70 43.8
476 0.11 37.2 2 - 2.75 37.2
430 0.26 20.5 3 0.02 3.47 34.0
403 - - - - 0 34.4
380 - - - 0 23.0
M316, 1000°C, 1h + 595 0.48 215 6 2.5 1540 472
850°C, 24 h 568 0.44 19.3 2 - 12.76 48.1
538 - - - - 0.9 11.9
488 0.16 14.4 2 - 3.84 38.7
430 0.41 20.4 3 0.01 5.56 33.8
415 0.098 10.5 2 - 1.66 29.0
403 0.075 26.3 3 0.03 0.6 34.8
400 - - - - 0 22.2
360 - - - - 0 21.8
M316, 1100°C, 1 h + 595 0.52 23.0 4 3.0 13.30 442
850°C, 24 h 588 0.62 18.9 2 - 18.0 47.6
576 0.49 20.9 2 - 13.45 48.5
545 0.19 22.3 2 - 4.39 45.2
499 0.15 14.8 2 - 3.82 40.0
430 0.41 21.0 3 0.02 5.12 33.4
422 0.091 12.4 2 - 1.64 30.4
403 0.081 23.8 4 0.3 0.91 35.0
350 - - - - 0 20.6
M316, 1200°C, 1 h + 595 0.43 21.4 4 0.8 10.7 44.9
850°C, 24 h 588 0.61 20.1 2 17.2 48.1
580 0.49 20.2 2 - 14.2 48.8
553 0.19 23.7 2 - 4.35 46.0
507 0.16 18.2 2 - 3.88 41.1
438 0.10 14.1 2 - 1.87 32.0
430 0.43 21.8 3 0.31 4.61 33.0
403 0.19 28.7 3 0.59 1.18 35.0
350 - - - - 0.1 19.2
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TABLE 1 (Cont*d)

Swelling
Irradiation No. of  Standard at Max
) o Temperature A Do data  Deviation Dose
Material Condition °C % per dpa*x dpa* Points %‘! z Studied
° av
%2 D
o

M315, 1250°C, 1 h + 595 0.42 2.2 4 0.4 9.90 45.6
350°C, 24 h 588 0.68 23.4 2 - 171 484
557 0.3 5.1 2 - 7.00 46.6
518 0.14 17.9 2 - 345 41
449 0.11 13.2 2 - 2.30 3.9
430 046 2.6 3 0.2 451 3.8
403 0.33 0.4 3 0.7 12 34.8
316, 1070°C. air cool 595 0.48 2.9 4 18 1295 4.9
588 0.59 19.7 2 - 16.93 48.1
563 0.33 19.0 2 - 9.78 481
533 0.23 25 2 5.15 445
488 0.09 13.2 2 - 2.3 3B.7
430 0.09 181 3 0.4 123 3.8
415 0.06 154 2 - 0.9 2.0
403 - - - - 0 34.8
350 - - - - 0 18.2
316L%, *1050°C, 1/2 h 595 0.5 11.5 6 0.9 6.86 3.8
584 0.32 17.0 2 - 5.87 35.2
557 0.19 6.9 2 - 5.2 3R.7
518 0.20 8.3 2 - 447 304
430 0.20 8.5 5 0.06 465 318
422 01 6.9 2 - 1.52 2.1
403 0.26 n4 3 0.02 1.33 16.6
330 0.14 10.2 2 - 1.8 23.0

tSupplied In advance of publication by J. H. Gittus, J. S. Watkin and J. Standring.
*Dose glven in Half-Nelson (n/2) displacements; 1 dpa (NRT, Austenitic) =
1.15 dpa (n/2 for Fe), see Ref. 16 for source.
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FIGURE 7. Apparent Swelling Rate vs Maximum Swelling in Data Set for M316
and 316 Steels from Table 2, Temperatures Greater than 475°C Only.

also increases with swelling level and 1s approaching a value of

~5%/1022 n/cm? (E> 01 MeV). This is approximately 1%/dpa when converted
from Half-Nelson dpa to the recommended international system for calculating
displacements.

A similar trend is observed for data below 475°c as shown in Figure 8. Even
though the transients in swelling are longer, the post-transient rate of
approach to steady state swelling i s faster than that observed above 475°C.
In effect, this analysis has demonstrated the relative temperature indepen-
dence of swelling of annealed AISI 316, but leads to the conclusion that
there are two separate incubation regimes. A similar behavior has been
observed in the N-lot heat of 20% cold-worked AISI 316, as shown in Figure 9.

5.4 Discussion

It is obvious that the variation observed in the materials constant A (#/dpa)
of Table 1 reflects more a consequence of prematurely assuming the linear
behavior of swelling with dpa than any real dependence on either composition,
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thermal treatment or irradiation temperature. The finding that there are
two regimes of temperature insensitivity for AISI 316 does not affect the
analysis of the DO-heat data, however, since all of these DO-heat data were
derived from the high temperature regime.

Watkin noted In transmitting the data to the author that some caution should
be exercised in interpreting the data from the Dounreay reactor. Some of
the specimens, particularly those irradiated at higher temperatures, were
subjected to changes in temperature due to rig malfunctions. He felt that
this may have caused some of the higher swelling levels observed. He also
noted that all specimens were in the same rig so that the relative tempera-
ture levels were maintained. Based on recent studies, however, it iIs now
known that changes in temperature impact only the duration of the transient
regime of swelling and exert no influence thereafter.(8)  Since Figures 7
and 8 have been plotted in such a manner as to remove the influence of
transient differences, there is no reason to ignore any data.

It is also shown from this analysis that one cannot ignore the continuing
curvature of swelling with fluence in AISI 316, whether it be either in
cold-worked or annealed steels. The lack of curvature and the low swelling
rate proposed by Maziasz and grossbeck(®) (shown in Figure Ib) are incon-

sistent with the observed behavior not of only of annealed and cold-worked
steels in fast reactors but also the annealed DO-heat in HFIR.

55 Conclusions

Analysis of swelling data for the DO-heat of steel irradiated in HFIR and
£8r-11 indicates that the swelling behavior is not altered substantially by
differences arising from the different neutron spectra. The analysis has
been facilitated by the relative temperature independence of the swelling
rate not only for cold-worked steels but also for annealed steels irradiated
in both reactors.
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7.0 Future Work

Modeling of the effects of helium on void growth, irradiation creep and
mechanical properties will continue.

8.0

Publications

Portions of this work were earlier published in Ref. 1, which was also
presented at the Symposium described in Ref. 12, the proceedings of which
will be published in J. Nucl. Mater.
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CAVITY FORMATION IN SINGLE- AND DUAL-ION IRRADIATED V-15 Cr-5 Ti ALLOY

B. A Loomis and G. Ayrault (Argonne National Laboratory)

1.0 Objective

The objective of this work is to determine the evolution of the microstructure
in first-wall materials during irradiation with special emphasis on the
effects of helium production, displacement damage rates and temperature.

2.0 Sumnary

The propensity for cavity formation in the V-15 Cr-5 Ti alloy during single
(51y*)- and dual (P1v* + 3He*)-ion irradiation was determined for alloy
temperatures that ranged from 400 to 725°C and irradiation-damage levels that
ranged from 15 to 60 dpa. The swelling of the alloy on self-ion irradiation
was negligible for irradiation temperatures of  725°C and damage levels of
< 30 dpa. The dimensional change of the V-15 Cr-5 Ti alloy on dual-ion
irradiation was also negligible for irradiation temperatures of < 6759C and
damage levels of < 15 dpa if the He-injection rate was 10 appm He/dpa. The
swelling of the alloy on dual-ion irradiation was negligible for damage levels
of < 60 dpa if the irradiation temperature was < 6509C and the He-injection
rate was 3 appm He/dpa. The experimental results obtained on single-ion
irradiation corroborated the low swelling of the V-15 Cr-5 Ti alloy obtained
on fast neutron irradiation.

3.0 Program

Title: Effects of Irradiation on Fusion Reactor Materials
Principal Investigator: B. A. Loomis
Affiliation: Argonne National Laboratory

4.0 Relevant DAFS Program Plan Task/Subtask
Subtask: 11.C.2.1  Mobility, Distribution and Bubble Nucleation
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5.0 Accomplishments and Status

5.1 Introduction

Vanadium-base alloys are potentially useful for structural applications in
fusion energy devices (FED) for several reasons. These alloys have a
resistance to thermal stress at elevated temperatures (> 500°C) that is
superior to either the austenitic steels, ferritic/martensitic steels or
titanium alloys [1,2]. The compatibility/cerrosion resistance of vanadium-
base alloys with liquid lithium is clearly superior to either the austenitic
or ferritic steels for temperatures above ~5009C [3,4]. The induced-
radioactivity and afterheat of 0me vanadium-base alloys, e.g., V-20 Ti, are
the lowest of all the prime-candidate structural metals that are being
considered for a AED [5}. n the basis of limited data, the vanadium-base
alloys appear to be highly resistant to irradiation damage [6,7].

The fast and mixed fission-spectrum test reactors can be used to simulate the
displacement damage in vanadium-base alloys that are candidates for use in a
FED. However, the helium produced by (n,a) reactions in these alloys during
irradiation in a fission reactor is accumulated at a rate that is totally
inadequate to simulate the fusion value, viz., 0.02 appm He/dpa (EBR-II) and
54 appm He/dpa (FED, 1Mw-Yr/m2) [8]. In the absence of a FED or an
alternative device with an intense fusion-neutron spectrum, the synergistic
effects of high displacement damage (50-300 dpa) and helium production (1-50
appm He/dpa) on the physical and mechanical properties of vanadium-base alloys
(as well as other materials) can be determined by simultaneous irradiations
with energetic dual-ions, e.g. 3.0-MeV Sly+ and 087-Mev 3He* ions. In this
report, we present the results of an investigation on the swelling of a
"reference" V-15 Cr-5 Ti alloy that arises from the production of displacement
damage during Sly*_ion irradiation or from simultaneous displacement damage
production and helium implantation during Sly*. and 3He*-ion irradiation. The
single-ion irradiations were intended for the corroboration of the low
swelling (< 0.1%) for this alloy that arises fam displacement damage

production during fast neutron irradiation (Fig. 1, Ref. 6.7). The dual-ion
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irradiations were intended to determine the possible synergistic effects on
swelling of simultaneous displacement damage and helium production.

5.2 Materials and Procedures

A vanadium alloy containing 15 w/o Cr and 5 w/o Ti was prepared for this study
by arc-melting the constituent metals in a purified Ar atmosphere. Sheet
specimens of the alloy (0.13 mm thick) were annealed at 1250°C for 1 hour to
give a fully recrystallized microstructure with a dislocation density of

-5 x 1012 -2, Alloy specimens, each with a diameter of 3.05 mm, were mounted
in a four-by-four array in a W holder for irradiation with 3.0-MeV 5ly* jons
or for simultaneous irradiation with 30-Mev °lv* and degraded 0.87-MeV 3Het
ions. The irradiations were carried out in the Dynamitron irradiation
facility at Argonne National Laboratory. The specimens were irradiated with
30-Mev °lv* jons at a typical current density of 3 mA-m~2 with a nominal
atomic displacement rate of 3 X 10-3 dpa-s'l- In the case of the simultaneous
irradiations of the specimens with 51y* and 3He* ions, the energy of the 3Het
ions was degraded to give a He deposition-depth distribution that was similar
to the damage-depth distribution produced by the 5ly* jons. The He deposition
rates utilized in this study were 3, 10 and 50 appm He/dpa.

The irradiated specimens were prepared for transmission electron microscopy
(TEM) observation by electrochemical removal of an 850 to 950-nm thick layer
from the bombarded surface in an 80% CH30H-20% H5504 solution at ~5°C. For
30-Mev vt jon irradiation, the depth of maximum damage in V was -900 mm
with a corresponding peak damage rate of 3 X 10-3 dpa-s‘l. The microstructure
of the irradiated specimens were observed in a JEM 100 CX electron microscope.

5.3 Experimental Results
53.1 Single-lon Irradiation

The microstructures in the V-15 Cr-5 Ti alloy specimens following irradiations
at 400 to 7259C with 3.0-meV °lv* jons to damage levels of -30 dpa showed a

striking absence of clearly distinguishable voids. Thus on the basis of these
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observations, the dimensional change (aV/V) of the V-15 Cr-5 Ti alloy, that
was due to voids produced by self-ion irradiation, was negligible for
irradiation temperatures less than 725°C and damage levels of < 30 dpa (Figure
1). The microstructure of the alloy following irradiation at 6759C to 30 dpa
is shown in Figure 2a. The single-ion irradiation of the alloy for
irradiation temperatures above 675°C and damage levels of -30 dpa resulted
generally in an increase of the dislocation density from -5 x 1012 w2 to -5 x
1015 m-2, Examination of these microstructures with dark-field imaging
techniques did not reveal the presence of precipitates in the matrix or on the
dislocation network. For irradiations of the alloy with Sly* ons at
temperatures below 675°C, a high density (~1022 m'3) of precipitates were
observed in the matrix with an {012} habit (similar to Figure 2¢) or on
dislocations (similar to Figure 2b). The composition of the precipitates was
not determined in this study. However, from previous investigations of V
alloys by Santhanam, et al. [9] and Agarwal, et al. [10], the composition of
the precipitates may be Ti0 or VoC.

5.3.2 Dual-lon Irradiation

The microstructure of the V-15 Cr-5 Ti alloy specimens following simultaneous
irradiation with ®1v*-and 3He*-ions were also examined in this study. The
irradiation parameters for these specimens were

(1) 30 dpa + 10 appm He/dpa at 425, 540 and 625°C,
(2) 30 dpa + 50 appm He/dpa at 625 and 635°C,
(3} 60 dpa + 3 appm He/dpa at 625 and 640°C, and
(4) 15 dpa + 10 appm He/dpa at 650 and 6759C.

Cavities (microstructural features that may contain He) were only observed in
the specimens that were irradiated at 650 and 675°C. The cavities with a
maximum diameter of 3.5 mm were inhomogeneously distributed in the matrix.
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The cavity-volume fractions in these specimens were estimated to be on the
order of 1072, Thus, the dimensional change (aV/¥) of the V-15 Cr-5Ti alloy
that was due to cavities produced by simultaneous V*- and He+-ion irradiation
was negligible for irradiation temperatures of < 675°C and damage levels of <
15 dpa (Figure 1).

Microstructures of the alloy specimens following dual-ion irradiation at 6759C
(15 dpa + 10 appm He/dpa) and 640°C (60 dpa + 3 appm He/dpa) are shown in
Figures 2b and 2c, respectively. The inhomogeneous distribution of small-
diameter (< 35 nm) cavities that were previously mentioned are shown in
Figure 2b (cavities in the insert). |In addition, precipitates are visible on
the dislocation network. The irradiation at 640°C (Figure 2¢) resulted in the
formation of aligned precipitates with the {012} habit; cavities were not
visible in the microstructure.

54 Conclusions and Discussion

The experimental results obtained in this study allow the following
conclusions:
1 The swelling of the V-15 Cr-5 Ti alloy, that was due to production of

voids on self-ion irradiation, was negligible for irradiation temperatures of
«725°C and damage levels of < 30 dpa.

2. The swelling of the alloy, that was due to the production of cavities on
simultaneous irradiation with 30-Mev °lv* and degraded 0.83-MeV 3He* ions was
negligible for irradiation temperatures of < 675%C and damage levels of < 15
dpa if the He-injection rate was 10 appm He/dpa.

3. The swelling of the alloy on dual-ion irradiation was negligible for
damage levels of < 60 dpa if the irradiation temperature was less than 650°C

and the He-injeciton rate was 3 appm He/dpa.

4. The experimental data obtained on single-ion irradiation corroborated the
low swelling of the V-15 Cr-5 Ti alloy obtained on fast neutron irradiation.
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Since the irradiation temperature in this study did not encompass the full
range of temperatures (525-900°9¢) for void swelling in V (Figure 1), it cannot
be concluded that the V-15 Cr-5 Ti alloy does not swell for some combination
of higher irradiation temperature (> 675°C), damage level and He-injection
rate.

The void swelling of V (9-11] and the V-15 Cr {143, v-1 Ti [9] and V-15 Cr-5
Ti alloys at ~7000¢ on 58Ni*- or self-ion irradiation that has been determined
by researchers at Argonne National Laboratory is shown in Figure 3. The
addition of 15w/0 Cr to V causes a substantial increase of the V swelling,
whereas the addition of 1 w/o Ti to V or 5w/0 Ti to a V-15 w/o Cr alloy
effectively suppresses void formation and growth. The mechanism(s) for
suppression of swelling in V and its alloys by Ti additions and the
enhancement of V swelling by Cr additions is not fully understood. Several
researchers [9-11,14] have pointed out that the presence of a high density of
precipitates in irradiated v alloyed with Ti and the absence of precipitates
in irradiated V alloyed with Cr can be correlated, respectively, with the
suppression or enhancement of V swelling. The results of the prsent study
show that this correlation, i.e., the presence of a high-density of
Irradiation-produced precipitates and negligible swelling, applies to the
single- and dual-ion irradiated V-15 Cr-5 Ti alloy at temperatures below
6759C, These correlations might be taken as evidence per se for enhanced
defect recombination at the coherent precipitates resulting in low swelling.
However, we suggest that enhanced defect recombination at the precipiates may
not be the correct interpretation for the low swelling of the V-Ti alloys.
Similar precipitate microstructures are observed in irradiated V [10] and
irradiated O- and C-doped V [10] without substantial reduction of void
formation and growth. Furthermore, in the present study, precipitates were
not observed in the V-15 Cr-5 Ti alloy for irradiation temperatures within the
range for peak swelling of ¥ (> 6759¢c) but the swelling of the alloy was
negligible. Loomis and Gerber [15] have observed a similar reduction in void
swelling of Nb by a Ti (2.3 addition. Their experimental results suggested
that the strong binding of Ti solute to vacancy-oxygen complex effectively
reduced the flux of the complex to void sinks and thereby reduced the void
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swelling. Using the basic premise of Loomis and Gerber, i.e., the transport
of vacancy defects to sinks via complex, the low swelling of V on Ti additions
might be similarly explained. Moreover, the enhanced swelling of V by Cr
additions may be attributed to the low affinity of Cr atoms relative to V
atoms for O (and/or C) atoms in the complex that are diffusing to vacancy
sinks. An additional factor that was considered by Loomis and Gerber [15] to
explain the observed effects of substitutional-atom solutes on void swelling
in Nb was the relative diffusivity of the solute atoms in the host lattice.
On application of this schema to the V-15 Cr alloy, the higher diffusivity of
Cr atoms relative to V atoms [16] may have resulted in enhanced transport of
vacancy-oxygen complex to defect sinks. If this is the case, then the
concentration of Cr in the surface layers of void sinks should be reduced
relative to the Cr concentration in the matrix. This expectation seems to be
contradicted by experimental results which show an enrichment of Cr at the
surface of irradiated V-15 Cr specimens [14].

In conclusion, we call the reader's attention to the remarkable similarities
(that may be fortuities) in the dependence of void swelling on damage dose for
the V-Cr and V-Cr-Ti alloys (Figure 3) and for 316 stainless steel and Ti-
modified 316 stainless steel [17]. These similarities are (1) a transient
stage of low swelling, (2) a stage of high swelling rate, (3) a prolonged
transient stage of low swelling on addition of Ti and (4) irradiation-induced
segregation of Cr.
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7.0 Future Work

1) The swelling of the reference V-15 Cr-5 Ti alloy should be determined at
temperatures in the range of 625-800°C on dual-ion irradiation to damage
levels up to 200 dpa and He-injection rates of -5 appm/dpa.

2) The effects of a systematic reduction of the Cr concentration in the
reference alloy should be determined with the intent of optimization of
the combined mechancial properties and swelling.

8.0 Publications

1. G Ayrault, Cavity Formation During Single- and Dual-lon Irradiation in a
9 Cr-1 M Ferritic Alloy, J. Nucl. Mater. 113 (1982).

2. Z. Wang, G. Ayrault and H. Wiedersich, Segregation in Irradiated Titanium
Alloys, J. Nucl. Mater. 108 and 109 (1982) 331.
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HELIUM BUBBLE FORMATION IN Cu, Ni AND CU-Ni ALLOYS

S. J. Zinkle, R. A Dodd, G. L. Kulcinski (University of Wisconsin-Madison),
and K. Farrell (Oak Ridge National Laboratory)

1.0 Objective

The purpose of this study is to investigate cavity formation in the Cu-Ni
alloy system after helium ion irradiation wusing transmission electron
microscopy.

2.0 Summary

Copper, nickel, and Cu-Ni alloys have been irradiated with 200-400 keV 34e
ions at a constant homologous temperature of T/Ty, = 0.65. The samples have
been analyzed by TBM to compare helium bubble size and density. Visible
bubbles were observed in all samples. The pure copper and the Cu-Ni alloys
were found to contain similar bubble densities and sizes after irradiation.
The pure nickel samples contained helium bubbles of smaller size and higher
density as compared to the alloys.

3.0 Program

Title: Radiation Effects to Reactor Materials
Principal Investigators: G L. Kulcinski and R. A Dodd
Affiliation: University of Wisconsin

40 Relevant DAFS Program Task/Subtask

Subtask II.C.2.1 Effect of Helium on Microstructural Evolution
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5.0 Accomplishments and Status

51 Introduction

The Cu-Ni system has been the subject of many experimental investigations over
the past decade.(1-8) |t is one of the few alloy systems which forms a com-
plete solid solution over the entire composition range, although there is some
evidence for a miscibility gap under certain conditions.(1-3)  |ts radiation
damage properties are of considerable interest in that Cu-Ni alloys have been
shown to be very resistant to void formation over a wide range of damage
levels and temperatures.”‘ﬁ) Recently, some Cu alloys have been considered
for use as high field magnet inserts in both tandem mirror”’a) and Tokamak"™ ")
fusion reactors. The irradiation conditions under which this alloy system has
been investigated in the past are shown in Fig. 1  Voids have been easily
produced in pure Cu and pure Ni but there has been no published evidence of
void formation in Cu-Ni alloys during neutron, ion, or electron bombardment.
The cause of the suppressed void formation in the Cu-Ni alloys has remained
uncertain.

In order to investigate some of the properties of the Cu-Ni system, we have
undertaken a study of helium bubble formation. The purpose of this investi-
gation was twofold. The first objective was to determine if helium bubble
formation is possible in the Cu-Ni alloys which are resistant to void for-
mation. A significant difference in the bubble parameters of the alloys as
compared to the pure copper and nickel would indicate that there is some
fundamental difference in the way that cavities are formed in the Cu-Ni
alloys. Secondly, we wished to determine if there was something unusual about
the formation or migration energies of vacancies in the alloys compared to the
pure metals.

5.2 Experimental Procedure

Copper, nickel and Cu-Ni alloys (Cu-20 Ni, Cu-50 Ni, Cu-80 Ni) were obtained
from J. L. Brimhall of Pacific Northwest Laboratory in the form of 3 mm disks.
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FASTNEUTRON HEAVY ION (Ni, Cu}

0.07 dpa > 30dpa
Ty = 285°C 300° - 600°C
0.01- 0.1appmHe 10appm He

Ref. 4 Ref. §

FIGURE 1 Summary of Previous Studies 0of Void Formation in Cu-Ni Alloys.

These samples were polished and then annealed at a homologous temperature of
0.75 Ty prior to implantation with helium. The TEM discs were irradiated with
200-400 keV 3He ions at the Osk Ridge National Laboratory Van de Graaf facili-
ty to obtain a helium concentration of 200 appm at a depth of approximately
0.7 wm. Figure 2 shows the implanted helium profile for nickel, which was
calculated using the program E-DEP-1. The incident He flux was on the order
of 5 x 10! He/cmz-s and the total damage level created during the implant-
ation was less than 1073 dpa. The samples were implanted at a constant
homologous temperature T/T, = 0.65 to ensure equivalent thermal vacancy con-
centrations in each alloy. The temperatures ranged from 608°C for pure copper
to 849°C for the pure nickel specimens. The premise of constant thermal
vacancy concentration at a given homologous temperature assumes that E¥ varies

monotonically with alloy concentration, and experimental evidence indicates
that this is a valid assumption. {10)
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This Study.

Al1 samples were held at the implantation temperature for one hour following
the irradiation. The relatively high homologous temperature of T/Typ = 0.65
was used to ensure that there was no survival of displacement damage structure
from the SHe irradiation.

A thickness of 0.7 um was removed from the front surface of the TEM samples

using an electrolyte of 67% CH30M/33% HNO; at -20°C and a voltage of 3-4
volts. The depth removed was checked by measuring the amount of fringe shift

at the step height between the polished and unpolished region of the foil with
an interference microscope. The foils were then back-thinned by jet polishing
with the same electrolyte at a temperature of -45°C and a voltage of 9-12 V.
The samples were examined in a JEOL 200 CX electron microscope.

5.3 Results

A low density of He bubbles was observed in the pure Cu and pure Ni, and in
all three of the alloys. Typical micrographs of the helium bubbles are shown

in Figs. 3 and 4 for the pure elements and the alloys, respectively. The
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bubble parameters for the Cu, Ni and Cu-Ni alloys are summarized in Table 1.
The helium bubbles for all samples investigated were found to be at, or in the
vicinity of, a strain field such as a dislocation or grain boundary. No large
systematic difference was determined between the bubble parameters at grain
boundaries versus dislocations. Figure 5 shows the variation of bubble density
and size as a function of alloy composition. There is essentially no depend-
ence of these parameters on alloy composition, with the exception that the
bubble distribution in the pure nickel sample is substantially more dense and
of smaller size. An appreciable density of these small {(d < 5 nm) bubbles was
also observed in the other samples. For the alloy and pure copper samples the
small bubbles accounted for less than 5% of the total visible helium bubble
volume .

The concentration of implanted helium in the visible bubbles was calculated
using a newly developed high-density equation of state for He. (11)  The gas
concentration in the visible bubbles as a function of alloy composition is

shown in Fig. 6. As can be seen, a substantial fraction of the implanted
helium can be accounted for by TEM. For this calculation, the solid-vapor

surface energy was assumed to vary linearly among the alloys from 1.8 J/mé for

TABLE 1

BUBBLE PARAMETERS FOR Cu, Ni AND Cu-Ni ALLOYS

Bubble

Density Average Visible
Material Tipp (°K) x 1020 (m~3) Bubble Size (nm)
cu 881 1.0 18
Cu-20 Ni 912 2.5 18
Cu-50 Ni 983 1.2 17
Cu-BO Ni 1071 0.83 25
Ni 1122 > 11 7
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HELIUM BUBBLE DENSITY AND SIZE AS A FUNCTION
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copper to 2.3 J/cme for nickel.(12)  The helium atom per vacancy ratio for the
visible bubbles was calculated to be on the order of 1/2 by utilizing the
previously mentioned equation of state for helium, and assuming equilibrium
bubbles.

5.4 Discussion

Helium bubbles have been found to form readily in Cu-Ni alloys at the homologous
temperature of T/Tm = 0.65. The observed bubble parameters of the alloys are
similar to those in pure Qu -- no significant differences have been found. This
behavior is not unexpected as there are theoretical and experimental indications
that helium tends to undergo spontaneous precipitation when implanted in metals,
even when implanted at below damage threshold energies.(13’14) The fact that
nothing unusual was observed in the bubble parameters for the Cu-Ni alloys
indicates that there is apparently nothing anomalous about the vacancy forma-
tion energy for these alloys; otherwise, one would expect a significant differ-
ence in the bubble parameters of the alloys compared to those bubbles formed in

pure metal (e.g., bubble size and/or bubble density). This conclusion is in
agreement with published experimental results. (10)

The bubble parameters for the pure Ni samples were found to be substantially
different from those of the pure Cu and alloy samples. The addition of Cu to
Ni causes a decrease in the bubble number density and an increase in the bubble
size. The cause of this effect was not determined in this study.

In summary, we have found nothing concerning helium bubble growth in the Cu-Ni
system at a homologous temperature of T/Tg, = 0.65 which would explain the sup-
pression of void swelling in the alloys. It would be worthwhile to study
helium bubble growth in this alloy system at a lower homologous temperature
and at lower helium concentrations. Also, the use of subthreshold energy im-
plantation methods would be relevant as this would eliminate the contribution
of implantation-produced vacancies.
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7.0 Future Work

The behavior of the helium-implanted Cu-Ni alloys after HVEM irradiation is
currently being investigated.

8.0 Publications

This paper will be published in the Proceedings of the Symposium on Radiation
Damage Analysis for Fusion Reactors, October 24-28, 1982, St. Louis, MO.
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SUPPRESSION CF VOID NUCLEATION BY INJECTED INTERSTITIALS

D. L. Plumton and W. G. Wolfer (University of Wisconsin)

1.0 Objective

The depth-distribution of voids in ion-bombardment contains valuable infor-
mation on the dose-rate dependence of void nucleation and growth. The purpose
of this study is to assess the effect of the injected interstitials on void
nucleation. 'The ultimate goal bf this investigation is to obtain a better
correlation between neutron displacement damage and ion-induced damage.

2.0 Summary

The injected ions come to rest at the end of range as interstitials without a
vacancy partner. These extra interstitials perturb the delicate balance of
vacancy and interstitial flux to voids. 1t is shown that the void nucleation
rate is drastically reduced by the injected interstitials whenever recombi-
nation is an important process. As a result, void nucleation is suppressed in
ion-bombardment experiments below a characteristic threshold temperature in
the region of the ion deposition. This leads to a void free zone at inter-
mediate depth in low temperature ion-bombardment experiments. The results
obtained are in qualitative agreement with earlier experimental observations.

3.0 Programs

Title: Effect of Radiation and High Heat Flux on the Performance of First
Wall Components

Principle Investigator: W. G Wolfer

Affiliation: University of Wisconsin-Madison

Title: Radiation Damage Studies

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

DAFS Subtask 11.B.2.3
Subtask C. Correlation Methodology

5.0 Accomplishment and Status

5.1 Introduction

lon bombardment has been in use for over a decade now as a tool to study radi-
ation damage and void swelling in metals. As an irradiation technique, it has
the advantage of obtaining data on void swelling with considerable savings in
time and money compared to neutron irradiation experiments. However, the non-
uniform damage distribution has been considered as a disadvantage. The
development of the cross section procedur'e“’Z) for the post-irradiation
examination has turned this disadvantage into a considerable asset of the
technique; it is now possible to obtain void swelling data for different dis-
placement rates from one sample. This increase in experimental sophistication
has also enabled researchers to examine more closely the variation of void
formation and growth as a function of the ion range.

The comparison of ion bombardment results with those obtained from neutron
irradiations has revealed significant differences which cannot easily be ex-
plained based only on different displacement rates and different temperatures.
First, swelling as a result of ion bombardment is often found to saturate at
levels ranging from a few percent to several tens of a percent; in contrast,
no saturation is found for comparable neutron irradiations. Second, the
steady state swelling rate per dpa appears to be significantly lower than the
one for neutron irradiated materials. Furthermore, this rate seems to depend
on the depth.(?’) There are additional differences, e.g. a denuded zone near
the front surface, and the presence of an inevitable compressive stress in the
bombarded layer.

217



Rate theory has been used to demonstrate that an increase in displacement rate
leads to a shift of the temperature range over which swelling occurs.(4) How-
ever, no difference in the steady state swelling per dpa would be expected.

At low temperatures, where recombination is dominant, the injected inter-
stitials can reduce the void growth rate as shown by Brailsford and Mansur. (5)
This reduction is significant only when the bias is small, {.e. when the
current of vacancies is almost equal to the current of interstitials into the
void. Obviously, this will be the case for voids of the critical size.
Therefore, we expect that the injected interstitials will affect void nucle-
ation to a greater extent than void growth. The results presented in this
paper confirm this expectation.

The organization of the paper is as follows: we review first in Section 2 the
void nucleation theory as originally developed by Katz and wiedersich,(m and
RusseH,”) and as further refined by Si-Ahmed and wo1fer;(8) into which we
incorporate the effect of injected interstitials. Numerical results are pre-
sented in Section 3 for the void nucleation rate as a function of temperature,
displacement rate, and rate of injected interstitials. Since the latter two
variables are dependent on the depth, detailed results will be given for the
void nucleation as a function of depth. The results are then discussed and
compared with experimental observations in Section 4.

5.2 Void Nucleation With Injected Interstitials

The steady state void nucleation rate in the presence of supersaturations for
both vacancies and interstitials is governed by the quantity

8G(x) = kT T In [{ald) + v(§))/8(j - 1}] (1)
which represents the nonequilibrium counterpart of the Gibbs free energy for a

vacancy cluster containing x vacancies. In contrast to its conventional defi-
nition for thermodynamic equilibrium, this energy is determined by the re-
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action rates «(j), 8{j), and v{(j) for interstitial absorption, vacancy ab-
sorption, and vacancy re-emission, respectively, at a cluster containing Jj
vacancies. These reaction rates depend in turn on the average point defect
concentration as given by

a{x) = 4wr{x) z?(x) D,C, (2)

B(x) = Amr{x) zgtx) D.C, (3)
_ 0 0

v(x} = 4nr(x) Zv(x) Dvcv(x) (4)

where r(x} is the void radius, Z?(x) and ZS(X) are the void bias factors for
interstitial and vacancy capture, and Dy and Dy, are the diffusion coefficients
for interstitial and vacancy migration. If W(x) = 4nr2(x)yo represents the
surface energy of a void, where v, is the specific surface energy, and p the
gas pressure inside the void, then

7%x - 1)

¢O(x) = ¢ VZO( ) ”‘t(;)l’ exp[(W(x) - W(x - 1) - po)/KT] (5
X
v

where @ is the volume per atom.

The concentration of interstitials and vacancies, C; and C,, are given by the
solution to the usual rate equations. However, in the present paper, the rate
of interstitial production, P;, as a result of both displacement damage and

injection, is different from the rate of vacancy production, ?,, so that

D;C; = DVZVF (6)
and

DVCV = Dv{ZiF +'Cv) - (Pi - PV)/TVS . (7)

Here, S is the total sink strength, Z; and Tv are the sink averaged inter-
stitial and vacancy bias factors, and tv is the average vacancy concentration

in thermodynamic equilibrium with the sinks. Note, that the vacancy concen-
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tration, (such as CS(x)) in local thermodynamic equilibrium with a particular
sink type (such as a void of size x) differs both from Uv and from qu; the
latter i s the equilibrium concentration in an ideal crystal.

Equations (6) and {7) contain the quantity

F:%{/(1+M)Z+L-(1+M)} (8)

\Y
where M = KDVCV/(‘[TS) - K(P_i - PV)/(‘[JVSZ) (9)
_ o b
L = 4P /(T,7 %) (10}
and K = 81ra0/DV (11)

with ag being the lattice parameter.
When the injected interstitials are absent as in neutron or electron irradi-

ations, then P; - P, = 0, and the above equations reproduce those given
earlier. (8)

The determination of AG(x)/kT allows the steady state nucleation rate to be
computed by the equation

N"l _1 '].
e = 4 218 (x) expl-aG(x)/kT]} (12)
x:

where N is a cluster size large compared to the critical void size; the latter
is defined as the maximum of AG(x).

As shown pr‘eviousl_y,(g) the void nucleation rate is critically dependent upon
the void bias factors Z?(x) and ZS(x) which are given by

°0) = /1 + D KTy (13)

220



This equation is an entirely adequate approximation to the more elaborate
formulae given earlier.{8:9)  Here, h{x) is the effective thickness of the
segregation region around a void of radius r{x), Z5(x) is the bias factor of a
bare void,(g) and

Aa 2y

* 2(L + vluq rl (vy2 A v 0 (1 + v o vy A
& =—r1“-“2?‘§‘[§[§] u_u+(ﬁ)a0]-3(1-v)(?‘ "p)('si)iy‘ (14)

is the effective barrier energy of the segregation region. Here, v is the
Poisson's ratio, u the shear modulus of the matrix, and v is the relaxation
volume of the point defect. In the segregation region, the shear modulus
differs by au, and the lattice parameter by 4a, from the corresponding average
values in the matrix.

5.3 Results

The effect of injected interstitials on void nucleation will be expressed in
terms of the parameter e; which is equal to the ratio of the injected inter-
stitials to the interstitials produced by displacements. The total inter-
stitial production rate is then given by

Py = Pvll + &) (15)

where P, is equal to the displacement rate times the survival fraction, n, for
in cascade recombination.

The physical parameters listed in Table 1 were used for the numerical evalu-
ation of the void nucleation rate, and they represent appropriate values for
nickel and austenitic stainless steels.

The parameters for the void segregation shell were chosen so that the void
nucleation rate in the absence of injected interstitials, at T = 500°C and for
a dose rate of 1073 dpa/sec, was equal to about 1014 voids/cm3-sec, a value
comparable to the observed one in the nickel ion-bombardment experiments on
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MATERIALS PARAMETERS

Parameter Value Dimension
Lattice parameter, a, 0.352 m
Surface energy, v, 1.0 J/m2
Shear modulus, u 10° MPa
Poisson's ratio, v 0.3 ———
Pre-exponential factor, Dy, 15 x 10-6 m/s
Vacancy formation energy, Ez 1.67 eV
Vacancy migration energy, ET 1.1 eV
Vacancy formation entropy@, S{, 1.5 k ——-
Interstitial relaxation volumeb, v 14 g -
Vacancy relaxation volume, v, -0.2 @ ---
Interstitial polarizability, a? 150 eV
Vacancy polarizability, a\? 15 eV
Modulus variation, au/u 5 x 1074 -—-
Lattice parameter variation, aa,/a, 5 x 1074 ---
Cascade survival fraction, n 0.25 ———
Sink strength, $ 1014 m™ 2
Bias factor ratio, '[I/ZV 1.2 ---
Thickness of segregation shell, h/r 01 T
81n units of the Boltzmann constant k.
BIn units of the atomic volume & = a§/4.

nickel.(3) As will be seen below, the injected interstitials have a minor

effect on void nucleation for the above irradiation conditions.

Including the effect of various amounts of injected interstitials, in the
range g5 = 0 to 10'3, gives the void nucleation rates shown in Figs. 1 and 2
as a function of temperature. It is clearly seen that when the injected
interstitials exceed 0.01% of those produced by displacements, void nucleation
i s severely suppressed at low temperatures. In fact, there exists a tempera-
ture threshold, below which void nucleation does not occur at all. This

threshold depends on the dose rate, the injected interstitial fraction 5, and
to a lesser extent on the sink strength, and on the vacancy migration energy.
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If the vacancy migration energy is assumed to be 1.4 eV (and if the vacancy
formation energy is reduced so as to keep the activation energy for self-
diffusion constant) the results shown in Fig. 3 are obtained. It is seen that
the void nucleation rates are reduced compared to the results shown in Fig. 1,
while the threshold temperatures are increased. An increase in the vacancy
migration energy shifts the curves simply to higher temperatures and lower
nucleation rates. The results in Figs. 1and 2 further indicate that the most
severe suppression of void nucleation i s expected in regions of maximum damage
production where most of the injected interstitials come to rest.

Accordingly, the suppression of void nucleation needs to be evaluated for a
particular ion-bombardment of interest and as a function of depth. The case
examined here is 14 MeV Ni-ion bombardment of nickel. Displacement rates and
the fraction e; of injected interstitials were computed with the Brice
code,(lo) and the results are shown in Fig. 4. Note that only the depth
region around the end of the range is shown in this and the following figures
as this is the region of interest for the present investigation.

Using the displacement rates of Fig. 4, the void nucleation rates shown in
Fig. 5 are obtained without the inclusion of the injected interstitials. As a
function of depth, the void nucleation rates follow the profile of the dis-
placement rate. However, since a variation in the displacement rate with
depth is equivalent to a "temperature shift", the void nucleation rates
particularly for the lower temperature range do not decrease as drastically on
either side of the peak damage region as one would expect.

If the injected interstitials are now included in the void nucleation calcu-
lations, the results shown in Fig. 6 are obtained. At the temperatures of 300
and even 400°C a depression of the void nucleation becomes noticeable where
the fraction €5 of injected interstitials is greatest. Since void nucleation
IS sensitive to the sink strength, cascade survival fraction, vacancy mi-
gration energy, etc., the depression should also be strongly dependent on
these parameters.
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FIGURE 5.

FIGURE 6.
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For example, recent measurements of the vacancy formation energy by the po-
sition annihilation technique have yielded a value of 1.8 * 0.1 eV,(ll) which
is significantly larger than the previously established value. Since the
value of self-diffusion energy remains unaltered it implies a vacancy mi-
gration energy for nickel of 1.1 + 0.1 eV. This value agrees then closely

with the recently measured value of 1.04 + 0.04 eV for the Stage III acti-
vation energy.(lz) Suppose now that the vacancy migration energy is 12 eV
instead of 1.1 eV used for the results in Figs. 5 and 6. As Fig. 7 shows, the
suppression of void nucleation becomes more pronounced. Furthermore, if we

reduce the sink strength from 1044 m-2 to 5 x 1013 m'z, the gap in void nucle-
ation increases even further as shown in Fig. 8.

5.4 Discussion

The suppression of void nucleation by the injected interstitials is most ef-
fective when their number becomes a significant fraction of the number of
interstitials which have escaped recombination both in the cascade and in the
bulk. Accordingly, the suppression i s found where the ions are deposited and
where recombination is the predominant fate of point defects. These con-
ditions are identical to those valid for void growth suppression.(4) The dif-
ference lies merely in the magnitude of the suppression; it is much more dra-
matic for void nucleation than for void growth.

If void swelling after ion bombardment i s measured either from step heights or
by microscopic examinations in the peak damage region the effect of the in-
jected interstitials is present. The swelling-temperature relationship ob-

tained by these two techniques exhibits a sharply peaked behavior with a pre-
cipitous decline in swelling towards lower temperatures around 400°C to 500°C,

depending on the displacement rate.(l?’) Our present results suggest that the
suppression of swelling for these lower temperatures is due, in part, to the

effect of injected interstitials on void nucleation.
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The existence of a void free gap in the depth distribution has been discovered
experimentally by whit'ley.(3) Figure 9 shows the depth distribution of the
void density in nickel irradiated with 14 MV Qu ions at a temperature of
400°C. While the present theoretical predictions on the depth distribution of
void nucleation agrees in principle with this observation of a void free gap,
there are quantitative differences. First, the extent of the observed gap is
larger than the predicted ones. Second, the deepest void region in this
experiment is in fact beyond the end of range as computed with the Brice Code.
Apart from the latter discrepancy, a direct quantitative comparison between

the above experimental observation and the theoretical results cannot strictly
be made for the following reasons.

The observed void distribution reflects both the processes of nucleation and
growth to a visible size. In contrast, the computed nucleation rates must be
interpreted in terms of a depth distribution for voids larger than the criti-
cal size, regardless of how small. The critical size is generally below the
limit of visibility for transmission electron microscopy. Another difference

' | 1 1 ] T
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FIGURE 9. Void Density vs Depth for Nickel Irradiated at24OOUC with 14-MeV
Cu lons to a Fluence of About 5 x 1016 Ions/cm® .
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arises from our assumption of a spatially uniform sink strength. Even though
this is justified with regard to the initial distribution of grown-in dislo-
cations, irradiation quickly produces a spatially nonuniform distribution of
dislocation loops prior to void nucleation. Consequently, the void nucleation
calculations should be carried out with this nonuniform distribution of the
total dislocation density as obtained at low doses. Unfortunately, this
information is not presently available.

Garner has recently shown that the injected interstitial has a pronounced
effect on self-ion-induced swelling, leading both to an extension of the
transient re ime of swelling and to a suppression of the steady-state swell-
ing rate. (* He also demonstrated that the strongly peaked swelling dis-
tributions characteristic of ion irradiations were not typical of neutron
irradiations and attributed the divergence to the injected interstitial. He
noted, however, that within the confines of available theory, the injected
interstitial was insufficient in itself to affect the steady-state swelling
rate.

Whereas a reduction in the magnitude of the vacancy migration energy from
1.4 to 1.1 eV strongly reduces the predicted influence of injected inter-

(15) we have shown that it enhances the

stitials on the swelling rate,
suppression of void nucleation by injected interstitials. Therefore, the
work presented in this report provides a qualitative explanation for the
observed difference in the low temperature dependence of neutron and ion-
induced swelling. The suppression of the steady-state sweling rate at
higher temperatures by the injected interstitial has not yet been explained

and work is in progress to provide a theoretical explanation.
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COVPARISON OF LOW DOSE NEUTRON AND GAMMA IRRADIATION DAMAGE N G-10CR
G. F. Hurley, J. D. Fowler, Jr., and D. L. Rohr
(Los Alamos National Laboratory)

1.0 Objective

This study is being carried out to determine the effects of neutron-irradiation
at 4.2 K on epoxy and polyimide insulators, and to compare these effects with
those from gamma-irradiations at the same temperature, and in the same mater-
ials.

2.0 Summary

Insulators in superconducting magnets for fusion reactors will be exposed to
radiation doses of 10 to 100 MGy, with more than half the dose coming from
neutrons. Samples of the epoxy-matrix laminate G-10CR were irradiated with
high energy neutrons in liquid helium to a dose of 2.5 MGy, to simulate the
operating environment. Mechanical and electrical properties were subsequently
measured at room and liquid nitrogen temperatures. Results are compared to
other studies of changes due to gammas. Dose effects due to the heterogeneous
nature of this composite material and the nature of the radiation sources are
discussed.

3.0 Program

Title: Radiation Damage Analysis and Computer Simulation (Radiation Effects
in Organic Insulators)

Principal Investigator: G. F. Hurley

Affiliation: Los Alamos National Laboratory

4.0 ' Relevant DAFS Program Plan Task/Subtask

Task 11.B.4: Damage Production in Insulators
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Subtask 11.B.4.3: Experimental Validation/Calibration of Theory

5.0 Accomplishments and Status

5.1 Introduction

In previous reports in this study, (1,2)
ganic insulation in magnetic confinement fusion reactors, and described an

we reviewed the requirements for or-

irradiation experiment including a preliminary characterization of the irradia-
tion-induced degradation of electrical and mechanical properties for a series
of candidate electrical insulation materials. At the dose level attained to
date, only one of the materials has shown clear-cut property changes: G-10CR.
The present report describes the measured changes in the electrical and mecha-
nical properties of this material, and compares these changes to those observed
by other investigators in the same material after irradiation in the Bulk

Shielding Reactor (BSR).

5.2 Experimental Details

G-10CR was obtained from the Spaulding Fibre Co., in plate and sheet forms from
which the various sample configurations were machined. Compression and flexure
samples had their axes in the plane of the fabric and parallel to the warp
direction. Electrical test samples were punched from sheet materials preser-
ving as-fabricated upper and lower surfaces. Details of sample configuration

and pre- and post-irradiation treatments have been described previously.(]’z)

Irradiation was carried out in IPNS in liquid helium to a neutron fluence of
1.52 x 102! n/m2, En>0.1 MeV. Neglecting the in-reactor gamma dose which
accompanies the neutron dose (<15% of the total dose), further calculations(3)
have revealed the ionizing dose contributions for G-10CR as given in Table 1.
It is assumed that for low doses, the dose to the glass is not important. At
much higher doses, say > 108 Gy, damage to the glass might become non-negligi-
ble. Silica glass has been observed to become metamict with a few percent
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TABLE 1

DOSIMETRY FOR G-10CR

+ *
Neutron dose, >.1 MeV Absorbed dose

Component Units of 1021 n/m2 Units of 106 Gy
Epoxy Matrix 1.52 = .03 2.48 + .05
E-Glass Fibers 1.52 + .03 0.801 + .015
Laminate 152 + .03 1.30 =+ .03

+ Total n/m? = 1.44 x number given; thermal n/m2 = .008 x number given.
Range represents variation among 5 dosimetry wires analyzed.

Absorbed dose neglects contribution from gamma rays, which i s estimated
to be less than 15%of the dose as stated.

volume compaction within this dose range. (4) This might greatly affect the
composite behavior, even conceivably leading to rupture of the fibers.

53 Results

5.3.1 Electrical Tests

Measurements of D.C. conductivity and A.C. dielectric properties for G-10CR

(2) Results showed increased

D.C. conductivity measured at room temperature, an increase in dielectric
constant over the frequency range 10 to 10° Hz, at both 80 K and room tempera-
ture, and no significant change in loss tangent measured over the same fre-

after irradiation were described previously.

quency range and temperatures. The increase in dielectric constant was about
6 percent, which implies a radiation-induced decrease in A.C. resistivity of
5to 6%. Large sample-to-sample variations in l0SS tangent were observed at
the higher frequencies.

Dielectric breakdown strength tests were conducted at room temperature in a

chamber pressurized to 1.3 MPa of nitrogen gas to prevent surface flashover.
Bulk breakdown was observed in all samples. Electrodes consisted of a flat,
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circular, polished steel rod 6.4 nn diameter on one side of the sample, with
a flat, polished steel plate 10 nin diameter On the other. The D.C. voltage
was ramped from zero to the breakdown voltage at a rate of 200 ¥/s. Results
(Table 2) indicate no significant radiation-induced changes in breakdown
strength.

TABLE 2

DIELECTRIC BREAKDOWN STRENGTH OF 3 IRRADIATED AND 5 CONTROL
SAMPLES AT 295 K. VARIATION |'S ONE STANDARD DEVIATION.

0BS (kV¥/mm)
Control 78.4 + 7.3
Irradiated 80.2 + 9.2

Microscopic examination of the breakdown path indicates that the normal en-
trance point was over a junction of two orthogonal glass reinforcement
strands. The current would follow one of the strands horizontally to the next
junction and exit on the other side of the sample. There were N0 apparent
path differences between control and irradiated samples.

5.3.2 Mechanical Tests

Flexural and longitudinal compression tests were carried out at room and liq-
uid nitrogen temperatures. Test procedures and results of the tests at 75 K
have been reported. 2) The effect of irradiation was to reduce flexural
strength and strain to failure by 15 and 12 percent, respectively. Longitudi-
nal compression strength and failure strain were also reduced, though less
distinctly. Results of flexure and compression testing at room temperature
are presented in Figure 1. Flexure strength and modulus were reduced just
over 10 percent, with no significant change in flexure strain. Change in room
temperature compression strength was negligible; if any it may have increased
slightly. Modulus and failure strain scattered too badly to assess changes.
The level of unirradiated ultimate compressive strength is in the range
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G-10CR; COMPRESSION; 295K

Results of Neutron Irradiation on Flexural and lLongitudinal Com-
pression Strength of G-T0CR, Measured at Room Temperature.

FIGURE 1.
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reported by other investigators. (5-7)

F¥gure 2 shows the appearance of typical fractures for each of the four com-
pression cases. At room temperature, failure generally occurred by shear,
with either a single oblique shear fracture or a wedging-type combination of

two shear planes. Characteristics of fracture have been described in a com-
prehensive study of compression fracture in these materials. {8)

FIGURE 2. Characteristic Appearance of Longitudinal G-10CR Fractures, Before
and After Neutron Irradiation, at Two Test Temperatures.

Although many of the general features observed were the same as our observa-
tions, some differences, especially in temperature dependence, were found.
These may have resulted from differences in specimen configuration and test

method. W see no change in fracture mode with irradiation, after room tem-
perature testing.
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Fracture at 75 K was dramatically different than at room temperature (Figure
2), with longitudinal cleavage strongly predominating. Further, a small
effect of irradiation was evident in that the irradiated samples tended to
separate along multiple planes with the result that the long longitudinal
fractures could be comprised of parallel, interlaminar cracks linked by the
fabric between the layers. Macroscopic examination of flexure samples re-
vealed only minor changes due to irradiation after testing at 75 K,(z)
the same observation was true after room temperature testing.

and

Fracture surfaces of both flexure and compressionisamples were examined by
S$M and by optical microscopy. Characteristic differences were found in the
way that fibers separated from the matrix when control and irradiated samples
fractured at 75 K. Representative views are shown in Figure 3, for flexure
failures. In the control sample (Figure 3a), fracture occurred partly in the
resin and partly along the fibers. Wher the latter occurred, separation was
quite clean, although generally adhesion between fibers and matrix appeared
fairly good.

Irradiated samples appeared quite different, as shown in Figure 3b. Here
clean separation from the matrix was rare and the fracture path tended to
occur in the matrix near, but not at, the interface. This was manifested by
a rough film-like material remaining on separated fibers.

5.4 Discussion

The present results may be compared with those oT an ongoing study of G-10CR
and other materials by Cnltman and coworkers at the Osk Ridge National Labo-
ratory (cf, Ref. 5). In that work, samples were irradiated inside a cadmium
shield in the Bulk Shielding Reactor (BSR), resulting in an external dose
estimated to be primarily (>96%) from interaction with gamma radiation. A
complicat’ion in the work is the large thermal neutron flux in BSR, ot en-
tirely eliminated by the cadmium shield, which interacts with boron in the E-
Glass reinrorcemenr i'n u-1ULK. Thus, exrra energy i's deposifea from 10B
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(a) (b)

FIGURE 3. Fracture Surfaces on (a) Control Sample and {b} Neutron-Irradiated
Sample. Both samples were tested at 75 K. Fiber diameter is
10 wm.

fissions which yield 7Li and “He recoil fragments. To eliminate this extra
dose, a variant of G-T10CR containing boron-free S-Glass, denoted G-10CR BF,
was also tested. These materials were irradiated to minimum imposed gamma ray
doses of 3 x 108Gy.

Table 3 compares the strength retained by G-10CR in the present work (2.5 x
106 Gy) with that reported for G-10CR and its S-Glass variant (the latter
limited to flexural strength) in the previous work. () The gamma-irradiation
data are given at 3 x 106 Gy, and values extrapolated to 25 x 108 G/ are also
presented. This comparison shows that:

Reduction of flexural strength is greater than for longitudinal
compression strength, for both neutron and gamwma radiation,
measured at liquid nitrogen temperatures.
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TABLE 3

COMPARISON OF RETAINED FLEXURE AND LONGITUDINAL COMPRESSION STRENGTH
FOR G-10CR AFTER NEUTRON OR GAMMA IRRADIATION AT LIQUID HELIUM TEMPERATURE

25 x 106 Gy 3 x 106 Gy 25 x 108 gy ¥
{Neutrons} (Gamma} {Gamma}
Flexure Strength 85% 60% 0%
{75%} {82%}
Longmtudinal
Compression Strength 94% 75% 88%

* Extrapolated

+ Bracketed yalues are for G-10CR BF

The degradation of flexural and longitudinal compressive
strength measured after gamma irradiation of G-10CR in the BSR,
extrapolated to 2.5 x 10® Gy, is substantially greater than that
after fast neutron irradiation.

The flexural strength degradation at the same extrapolated dose
of G-10CR BF is similar to that for G-10CR after neutron ir-
radiation.

No data for the effects of gamma irradiation on the electrical properties are
available below a dose of 2 x 107 Gy. Data at 2 x 107 Ry indicate no signi-

ficant change in post-irradiation resistivity, loss tangent at 1 kHz, or
breakdown strength, measured at room temperature. (9) Breakdown in that work
occurred by surface flashover at comparatively low voltage stress; hence only
resistivity and loss tangent can be concluded not to have changed.

Those results contrast with the small but significant decrease in post-ir-
radiation room-temperature restivity at an equivalent neutron-induced dose
an order of magnitude smaller. If the preference of breakdown paths for the
fiber bundles or adjacent material is indicative of D.C. conduction paths,
then radiation-induced changes in this area are the likely cause for the
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resistivity decrease. This decrease, along with the observed increase in
dielectric constant at both temperatures, could be a result of different
damage-producing mechanisms of neutrons, as compared to gammas. In any case,
these changes are much smaller than previously observed in-situ changes in
radiation-induced conductivity,(g) and would in no way limit the use of the
material at this dose in a superconducting magnet.

Damage to G-10CR and similar materials is complicated by the nature of the
component materials and by the spatial relationship of their interactions with
the 1rradiation source. The microstructure of G-10CR contains 10 vm glass fi-
bers, arrayed in bundles (yarns), with small (10um) spacing, while the yarns
themselves are much more widely separated. Prior to impregnation of the resin
matrix, the glass cloth is treated with a coupling agent, in this case amino-
silane,(]o’ *) which acts to retain adhesion between matrix and fibers.
Silane typically is present in substantial quantity(1]° 12) and hence may be
expected to change the composition of the matrix in the vicinity of the fi-
bers. In particular, aminosilane contains more hydrogen than the resin ma-
trix. As the result of efficient energy transfer between fast neutrons and
hydrogen, the interface region can therefore be expected to be a preferred
site for initial energy deposition. Resulting damage would of course extend
over the range of displaced hydrogen atoms (10"s of wm)} but local chemical
changes could also be expected to occur as the result of bonding unsaturation.

Thus, in the two cases we are comparing--neutron-irradiationin IPNS and
gamma-irradiation in BSR--the doses to the components of G-10CR vary, and in
different ways. The single case of G-10CR BF, irradiated in BSR, is an ex-
ception, with the dose quite uniform throughout. &-10CR irradiated in BSR
has an essentially uniform gamma ray dose enhanced by !®3 fission damage iIn
a region primarily restricted to the yarns. Neutron irradiation in IPNS re-
sults in the major dose to the matrix, especially in the silane-rich areas
(the yarns), and a lower dose to the fibers. Modeling of the dose distri-
bution for these cases would seem to be a fruitful area for additional work.

y-aminopropyltriethoxysilane
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5.5 Conclusions

Neutron-irradiation of G-10CR at liquid helium temperature to 2.5 MGy results
in small but significant changes in mechanical and electrical properties.
Flexural strength was reduced at both room temperature and 75 K, while lon-
gitudinal compression strength was reduced only in 75 K measurements. D.C.
resistivity decreased in room temperature measurements, while 10ss tangent
was not found to change at either room temperature or 80 K. The latter
measurements revealed a small increase in dielectric constant at both tem-
peratures, implying a small decrease in AC. resistivity. Dielectric break-
down strength was determined at room temperature and did not change signifi-
cantly with irradiation.

Fracture mode and fracture surfaces were examined in samples tested at both
temperatures in irradiated and control forms. Macroscopic fracture mode was
primarily a function of test temperature but qualitatively showed an increase
in delamination in irradiated longitudinal compression samples tested at

75 K. Both flexure and compression fracture surfaces, after the 75 K test,
showed a marked change in appearance with preferential failure near the fibers
occurring through the resin in irradiated samples, and more cleanly at the
fiber surface in control samples. This change may be associated with greater
energy deposition by neutrons within the aminosilane coupling layer.

As a result of the heterogeneous nature of the composite structure of G-10CR,
and the interaction with the spectral components of various irradiation
sources, damage production is microscopically inhomogeneous and probably af-
fects the detailed nature of degradation. For this reason, conclusive com-
parison of this data with that for the same and similar materials irradiated
in BSR, will require higher fluence neutron damage data, as well as a detailed
model for how and where the damage occurs and its effect on properties. The
present results compare most favorably with the results for essentially pure
gamma damage in boron-free G-10CR BF.
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1. Future Work

Additional irradiations are underway or completed in IPNS to extend the total

dose out to 1 x 1022 n/m2. Two compounds to model the epoxy matrices have
been prepared and are being irradiated.
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